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This report is one of the deliverables from the Integrated Research Project “Sustainable Bridges - Assessment for
th
Future Traffic Demands and Longer Lives” funded by the European Commission within 6 Framework Programme. The Project aims to help European railways to meet increasing transportation demands, which can only
be accommodated on the existing railway network by allowing the passage of heavier freight trains and faster
passenger trains. This requires that the existing bridges within the network have to be upgraded without causing
unnecessary disruption to the carriage of goods and passengers, and without compromising the safety and economy of the railways.
A consortium, consisting of 32 partners drawn from railway bridge owners, consultants, contractors, research
institutes and universities, has carried out the Project, which has a gross budget of more than 10 million Euros.
The European Commission has provided substantial funding, with the balancing funding has been coming from
the Project partners. Skanska Sverige AB has provided the overall co-ordination of the Project, whilst Luleå University of Technology has undertaken the scientific leadership.
The Project has developed improved procedures and methods for inspection, testing, monitoring and condition
assessment, of railway bridges. Furthermore, it has developed advanced methodologies for assessing the safe
carrying capacity of bridges and better engineering solutions for repair and strengthening of bridges that are found
to be in need of attention.
The authors of this report have used their best endeavours to ensure that the information presented here is of the
highest quality. However, no liability can be accepted by the authors for any loss caused by its use.
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Preface
In this report an extended summary of the work carried out in work package 6, deliverable
D6.2: Research report regarding repair and strengthening of railway bridges in Europe, is
summarised. The work has been carried out from November 2004 to December 2006. The
report is based on eight sub-deliverables, D6.2.1 to D6.2.8 which in turn has ended in 16
background documents which are attached in 16 appendices. These appendices are divided
into two main branches; background document for literature review and background document for research. Where the latter one presents all research and testing carried out within
WP6.
The deliverable contained a considerably amount of laboratory testing, which normally take
long time and is costly to carry out. Despite the majority of the work was carried out within
the time limit and budgets. In addition to this, the testing can consider to be successful. It
needs also to be mentioned that to be able to carry out all laboratory testing results from
other close related projects, not funded by the EU, have supported our finidngs and strongly
contributed to the final result. The work in D6.2 has been accomplished by the following partners: Swedish Geotechnical Institute (SGI), Sweden, Luleå University of Technology (Ltu),
Sweden, Norut Teknologi AS, Norway, Chalmers University of Technology, Sweden, Sto
Scandinavia AB (STO), Sweden, COWI – Denmark, Salford University (SAL) – United Kingdom, Banverket (BV), Sweden, City University, United Kingdom, Bundesanstalt für Materialforschung und – prüfung (BAM), Germany, Rheinisch-Westfälische Technische Hochschule
(RWTH), Germany, Eidgenössische Materialprüfungsanstalt (EMPA), Switzerland and Skanska Sverige AB - Sweden.
In the deliverable D6.2 all partners in WP6 have been active and the work has been divided
on the following sub-deliverables, with the responsible partners given at the end of each subdeliverable:
D6.2.1

Strengthening Methods for the Subsoil

SGI

D6.2.2

Combined CFRP Strengthening and Cathodic Protection

Norut

D6.2.3

Automated Thermography Systems for Quality Control of the Bond
BAM
Behaviour for Typical CFRP Systems

D6.2.4

Strengthening Metallic Structures using Advanced Composites

D6.2.5

Strengthening of Concrete Structures with the use of Mineral Based
Ltu
Composites

D6.2.6

Strengthening of Structures with External Prestressing

Ltu

D6.2.7

Integrated Sensor Systems for FRP repair and Strengthening

City

D6.2.8

Repair and Strengthening of Masonry Arch Bridges

SAL

Chalmers

This summary report has been conducted by the work package leader Prof. Björn
Täljsten/Luleå University of Technology. Contribution to the different sub-deliverables have
been carried out by different WP6 partners presented at respectively subject in this report.

October 2007
Björn Täljsten
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Summary
In the current report, the results from the literature review and the accomplished research are
put together in an extended summary report.
The studied areas are wide, extending from strengthening of the subsoil to CFRP strengthening and smart components for strengthening of concrete structures. However, the common
multiple in all projects is repair and strengthening of railway bridges. The study is summarised from 16 background documents divided into two main appendices, appendix A: Background documents for literature review and appendix B: Background documents from research. It has not been possible to cover all findings in this summary, and that has not been
the intention of the editor of this report. If the reader finds one or several of the studied areas
in particular interesting it is recommended that a more detailed study is made of the specific
background document. In addition to this all documents have been put together by different
authors, and the chapters are intended to be read separate from each others. This also
means that even though the editing was carried out by one author the reader will in some
sections find repeated material. This reason for this is to follow the context in each chapter. It
should also be mentioned that the work in D6.2 is the basic and background work for all deliverables in WP6.
The report is divided as follows:
Chapter 1 give a brief description repair and strengthening needs of bridges in general, In
chapter 2 a summary of commonly used strengthening methods for the subsoil is presented
and in chapter 3 the possibilities of using carbon fibre in combination with cathodic protection
is discussed. Furthermore in chapter 4, the use of thermography for quality control is discussed. Both a literature review and laboratory tests are presented. In chapter 5 a comprehensive study how to strengthen metallic structures with CFRP composites are presented
and in chapter 6 the possibilities of using external prestressing for strengthening purposes
are discussed. Chapter 7 presents an innovative strengthen method for concrete structures
where a mineral based composite (MBC) systems are used. In chapter 8, a laboratory study
of integrated fibre optic sensors in CFRP laminates is presented and finally in chapter 9
strengthening of masonry arch bridges are treated.
The work has focused on innovative repair- and strengthening methods that are cost effective, environmental friendly and not disturbing the ongoing train traffic. This has been
achieved to a large extent within the studied projects. In particular the use of CFRP for
strengthening of concrete, metallic and masonry bridges has shown to be very suitable for
bridge retrofitting. In addition the development of the MBC system is a very interesting environmental friendly method that is comparable with epoxy based systems and more temperature tolerable in reinforcing existing structures.
In the deliverable also methods to investigate the quality of the strengthening work have
been presented. This enables us to control and follow up the strengthening results.
To summarise, the work carried out within this deliverable can consider being successful
where all the goals that were set up in the beginning have been reached. However, it also
needs to be mentioned that this had not been possible if additional funding from other projects have not been brought into the Sustainable Bridges project.
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1

Repair and strengthening needs of Railway Bridges

1.1

Introduction

In recent years the demand on rehabilitation and renewal of aged and deteriorated civil concrete structures has increased. Ever increasing deterioration of infrastructure elements punctuates the imperative need for effective rehabilitation techniques with low material and maintenance costs and short installation time which leads to reduced interruptions of train traffic.
The cause of world-wide deterioration of infrastructure elements depends on a variety of factors including time dependent material degradation, widespread fatigue damage, initial use of
poor materials or insufficient workmanship, flaws in design and in some cases the use of deicing salts. Many countries must enhance the requests of upgrading and retrofitting the existing concrete structures beyond the original design limits due to rapid population increase,
higher demands on logistics etc. Figure 1.1 shows an railway arch bridge over the Frövi river,
in Sweden, that has been strengthened with near surface mounted reinforcement (NSMR)
carbon fibre barsdue to concrete deficiencies and higher load requirements.

Figure 1.1 Bridge in need of strengthening, the crack in the right picture is exaggerated in black to
emphasize the propagation of the crack.

1.2

Need of Repair and strengthening

1.2.1 General
The work in WP6 and in particular in deliverable D6.2 is based on real industry (railway)
needs though a detailed survey carried out by WP1 and Bell, (2005), in the beginning of the
Sustainable Bridges project. The completed returns from the study provided a good geographic spread across Europe, spanning from Italy in the South to Finland in the North and
from Poland in the East to the Irish Republic in the West, and represent all the major European railways. They also successfully cover several different European climates; hot dry
Mediterranean; colder Alpine/Nordic and wet/warm Atlantic seaboard.
The survey was in the form of a questionnaire sent to railway owners in Europe regarding
existing bridges and their need for rehabilitation and strengthening. Here a summary of this
survey is presented. This to motivate the direction of the present report. The survey, Bell,
(2005) showed that nearly 23% of the bridges are concrete constructions, 21% are metallic,
41% are arches and 14% have steel/concrete composite or encased beams construction.
Overall, nearly 11% of the bridges surveyed are less than 20 years old, 22% are between 20
and 50 years old, 31% are between 50 and 100 years old and 35% are over 100 years old.
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Overall, nearly 62% of the bridges surveyed span less than 10m, 34% span between 10m
and 40m and 5% have spans greater than 40m. These figures are broken down in more
detail below.
The main objective of the project Sustainable bridges is to investigate the possibility to upgrade the European railway infrastructure so that the traffic frequency and traffic volume can
grow up to 30%. Thus, repair and strengthening gained mayor importance, to meet the main
objective.

1.2.2 Sustainable upgrading
An important aspect in upgrading of existing structures is the possibility to sustainable upgrading. In this project sustainable upgrading is defined as:
“Methods/systems that are time and cost saving and at the same time are efficient and environmental friendly – not disturbing the ongoing traffic or service”
This is not always possible to obtain, but our effort in this project has been to achieve this to
as large extent as possible for the chosen methods/systems studied. In some situations it
might be necessary to grade the disturbance of traffic to environmental friendliness, cost or
efficiency. What is most important has to be decided from object to object. In some situations
the grading can not be answered until the methods/systems are starting to be used in full
scale in the field.

1.3 Bridge types
1.3.1 General
The nature of the questions asked in relation to this deliverable means that the answers are,
at least in part, subjective. This means that they represent the views or opinions of the person answering the questionnaire, rather than necessarily representing the “corporate” position of the railway approached and cannot be checked.
It is interesting, in view of the points outlined above, that there is a great measure of agreement on maintenance problems and research priority areas, which, fortunately, agree closely
with the preliminary results drawn from the initial returns of the partner railways. This is
probably because there is not a great variation in brige types, ages and span lengths across
the railways surveyed for this exercise.
The data is presented in outline below under a number of heading that seem relevant to the
Sustainable Bridges project, the following definitions have been used:
“Maintenance” means any physical work undertaken to a bridge within the more detailed
categories “rehabilitation”, “strengthening” or “replacement”.
“Rehabilitation” means returning the bridge as nearly as possible to its original condition
and carrying capacity.
“Strengthening” means improving the carrying capacity beyond that for which the bridge
was originally designed.
“Replacement” means either the replacement of the superstructure or the total substitution of the bridge, either in its original position or in a new position.
There has not been a detailed investigation of “Replacement” activities, since the focus of the
Sustainable Bridges project relates to the life extension of existing bridges with the minimum
of interruption to the traffic using the bridge. Replacement cannot normally achieve this objective, although it will continue to be a necessary activity as bridges reach the end of their
natural life.
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1.3.2 Reinforced concrete bridges
The survey contains data relating to almost 50,000 concrete bridges. It shows that 78% of
concrete bridges are classified as reinforced and 21% are either pre stressed or posttensioned. The survey shows that 25% of concrete bridges are less than 20 years old, 55%
are between 20 and 50 years old, 16% are between 50 and 100 years old and 4% are over
100 years old. The survey shows that 63% of concrete bridges span less than 10m, 33%
span between 10m and 40m and 4% have spans greater than 40m.

1.3.3 Metal bridges
The survey contains data relating to just over 47,000 metallic bridges. It shows that 3% of
metallic bridges are cast iron, nearly 25% are wrought iron and almost 53% are steel. The
survey shows that 10% of metallic bridges are less than 20 years old, 22% are between 20
and 50 years old, 40% are between 50 and 100 years old and 28% are over 100 years old.
The survey shows that 45% of metallic bridges span less than 10m, 44% span between 10m
and 40m and 11% have spans greater than 40m.

1.3.4 Arch bridges
The survey contains data relating to nearly 90,000 arch bridges. It shows that 52% have
brick arch barrels and 33% have stone barrels. The remaining 15% either have concrete barrels, or the construction material was not specified by the respondent. It is probably reasonable to assume that concrete barrels will equate to no more than 5% of the total, with the
remaining 10% split 52:33 between brick and stone. The survey shows that 1% are less than
20 years old, 1% are between 20 and 50 years old, 34% are between 50 and 100 years old
and 64% are over 100 years old. The survey shows that 75% span less than 10m, 24% span
between 10m and 40m and 1% have spans greater than 40m.

1.3.5 Composite and encased beam bridges
The survey contains data relating to over 30,000 composite or encased beam bridges. This
data has not been split down between these two sub types. The survey shows that 25% are
less than 20 years old, 33% are between 20 and 50 years old, 35% are between 50 and 100
years old and 7% are over 100 years old. The survey shows that 47% span less than 10m,
48% span between 10m and 40m and 5% have spans greater than 40m.

1.4

Rehabilitation and Strengthening

1.4.1 Current rehabilitation methods
In order to assess the relative importance of rehabilitation methods currently in use, the railways surveyed were asked to prioritise their activities in this field. This prioritisation was converted into a score out of 10 (with 10 being the most important) and the results recorded.
Six activities stand out as being the most important currently in use. These are (in approximate order of importance): painting of metalwork, concrete repairs, patch repair of damaged
brickwork/masonry, patch repairing of corroded metalwork, waterproofing and pointing of
brickwork /masonry.

1.4.2 Current strengthening methods
In order to assess the relative importance of strengthening methods currently in use, the
railways surveyed were asked to prioritise their activities in this area. This prioritisation was
converted into a score out of 10 (with 10 being the most important) and the results recorded.
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Unlike the rehabilitation activities discussed above there is a less clear-cut split between
more important and less important. Two activities are clearly very important: replacement of
metallic structural members and concrete saddling of arches. The following are less important, but still widely used: arch reinforcement, underpinning of foundations, addition of new
metallic members, underlining of arches, increasing the cross section of concrete members
and soil improvement.

1.4.3 Bridge substructures and transition zones
For bearings, the biggest maintenance issue appears to be their seizure or fracture, whilst
settlement is the major issue with abutments, foundations and transition zones and scour
features highly for bridges with abutments or piers in, or close to, rivers.

1.5

Priority needs from Sustainable Bridges

Finally, the railways surveyed were asked to give five priority research topics/outcomes from
the Sustainable Bridges project. As this information was not in a standard format it was
listed and combined where it seemed appropriate to do so. These results were recorded on
a “block chart” under the following main headings; assessments, inspection/monitoring, repair/maintenance, bridge management and new build.
It is clear that the main priority need relates to assessment, with better assessment rules and
confirmation of dynamic factors both scoring very highly, with one or the other being mentioned by virtually all respondents. No other theme attracted the same level of response, but
better inspection/diagnosis tools, the repair of concrete structures and the use of new materials in both maintenance and new build all appear to be important topics for investigation.
In the coming sections different investigated strengthening methods will be presented, with
focus on relative new methods, starting with strengthening of the sub-soil. The placement of
the chapters follows the different sub-deliverables, and each of the chapters can be read
without considering the previous one.
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Strengthening methods of the subsoil

Authors: Göran Holm and Per-Evert Bengtsson, SGI

2.1

Background

Bridge abutments are normally supported on non-yielding foundations; however the railway
embankment (ballast/sub-ballast/backfill) in the transition zone is typically constructed above
the native subsoil and is normally not supported on foundations. As a result, the transition
zone often experience problems related to stability and settlements or deformations. These
problems are exacerbated as train traffic becomes heavier and faster.
To a large extent the subsoil conditions govern the behaviour of the transition zone. In order
to fulfil safety and settlement requirements for future train traffic with higher axle loads and
higher speeds, strengthening of the subsoil might be required.
Many currently available methods for strengthening the subsoil adjacent to existing railway
bridges require railway traffic to be interrupted. These methods often require that the railway
tracks and sleepers be removed, and the ballast, sub-ballast and part of the embankment fill
to be excavated in order to perform the strengthening works. Such methods are complicated,
time consuming and expensive. Ideally, strengthening works should be performed with minimal impact on the railway traffic and without, or with only marginal, reduction of train speed
and axle loads. A number of methods have been identified in this project based on the:
−

Strengthening effects possible to achieve,

−

Influence on the existing railway and train traffic,

−

Applicability for European soil and railway conditions and

−

Availability in Europe.

The identified methods have also been analyzed in regards to the applicable soils, anticipated increase in stability and/or reduction of settlements, cost and experience with existing
railways. It is important to stress that costs for strengthening measures zones are very site
specific, and have different relative costs in different countries. The costs presented in this
report are approximate values for the Nordic countries.
This chapter provides an overview of subsoil strengthening methods that may be used for
existing railway bridge transition zones. The chapter includes descriptions of several subsoil
strengthening methods, including installation procedures and advantages/disadvantages.
The content of the chapter may serve as a guide in evaluating potential subsoil strengthening
methods in order to identify the most suitable subsoil strengthening method for a given site.

2.2

Summary of the literature review

2.2.1 The problem in bridge transition zones
Many railway lines in Europe are 60 to 100 years old, and are not designed in accordance
with modern railway traffic. Due to the future demands for faster and heavier trains, transition
zones at railway bridges may experience problems, such as reduced stability and increase of
differential settlements, and possibly also deterioration and/or loss of ballast material.
For railway bridges, there is a large difference in stiffness between the portion of the track on
the bridge and the portion in the transition zone. Unlike the bridge, which is supported on
stiff foundations, the transition zone is supported on the subsoil and inherently settles more
than the bridge.
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Settlements in the transition zone will lead to the “jump & bump” phenomenon. This phenomenon will increase the loads in the transition zone and the loads on the bridge
When increasing the train axle loads and speeds, it is important to evaluate the stability of
the embankment in the transition zone. The stability is to a large extent governed by the
strength of the subsoil, especially below the embankment, as shown in Figure 2.1.

Train Load
Ballast
Abutment

Embankment in
transition zone

Subballast
Fill

Subsoil

Slip surface for
stability calculation

Figure 2.1. Stability issues including the subsoil in transition zones

The “jump & bump” phenomena develops due to settlements within the transition zone, see
Figure 2.2. As soon as differential settlements begin to develop (i.e. the bump), the railway
traffic seems to "jump" between the stiff structure and the less stiff transition zone. As a result, the variations of the dynamic train/track forces increase and this speeds up the track
deterioration process further.

"Jump & Bump"
difference in rail level

Much less stiff track foundation
Very stiff track foundation
Embankment

Bridge structure

Subsoil

Figure 2.2 Transition zone at bridge abutment. “Jump & Bump” phenomena.

2.2.2 Soil Improvement methods
Ideally, soil improvement works should be performed with minimal impact on the railway traffic and without, or with only marginal, reduction of train speed and axle loads. There is a
need for methods that can be used to improve the subsurface soils within the transition zone
of existing railways. Table 2.1 presents an overview of such soil improvement methods; the
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methods presented in Table 2.1 are discussed in greater detail in appendix D6.2.1. The methods presented in Table 2.1 were chosen as most relevant with reference to the achievable
possible strengthening effect, minimum influence on the existing railway, applicability for European soil and railway conditions and availability in Europe.
For all subsoil strengthening methods, it is recommended that an experienced contractor be
involved in the design process, especially for the “specialty” technologies such as deep mixing or grouting. During and after installation of any subsoil strengthening work, the following
should be closely monitored:
−

Vertical movements, including settlement and heave,

−

Horizontal movements,

−

Railway track geometry, and in some cases,

−

Vibrations, and

−

Pore pressures.

2.2.3 Conclusions
There are a number of methods that can be used to strengthen the subsoil without interrupting the train traffic. The most suitable method and installation procedure for a specific
site/project depends on
• if the actual problem is related to stability and/or settlements
• technical issues, such as
− actual soil types in the subsoil profile
− the accessibility to the area beside the railway embankment,
− the length and number of periods of time with no train traffic
• financial issues
Principle sketches of zones for subsoil strengthening at a transition zones at a bridge abutment are shown in Figures 2.3 and 2.4. Figure 2.3 is for slab bridge foundation and Figure
2.4 for piled bridge foundation. Two important comments on the zone of improvement:
1. The length of the transition zone is depended on the difference in stiffness between
the bridge and the embankment and on the train speed. The length of the transition
zone increase with the train speed, and
2. The stiffness in the zone of improvement shall be highest at the bridge abutment and
gradually decrease with increasing distance from the bridge in order to get a smooth
transition to the embankment on native soils.
.
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Transition Zone

Exaggerated track settlement

Embankment
Material

ZONE OF IMPROVEMENT

Native
soft soils

Firm bearing layer

Figure 2.3 Principle sketch of subsoil strengthening zone in transition zone for the case of a slab
bridge foundation. The stiffness of the zone of improvement shall decrease gradually with increasing
distance from the bridge

Bridge

Transition Zone

Exaggerated track settlement
Embankment
Material

Native
soft soils

ZONE OF IMPROVEMENT

Firm bearing layer

Figure 2.4 Principle sketch of subsoil strengthening zone in transition zone for the case of a piled
bridge foundation with existing embankment piles. The stiffness of the zone of improvement shall
decrease gradually with increasing distance from the bridge

Sustainable Bridges

Table 2.1

2007-11-30

18 (142)

Overview of existing strengthening methods of subsoil in transition zones at existing railway bridges
Method

Deep Mixing,
beside railway
embankment

No

Applicable
soils
Wet method:
most soft soil
types;
Dry method:
soft finegrained soils
Wet method:
most soft soil
types;

Incr.
Stab.

Approx.
Costs

Railways
experience

X

10 Euro/m
column
at an
amount of
binder of
90-120
kg/m3

Some

X

X

15 Euro/m
column
at an
amount of
binder of
90-120
kg/m3

X

40-100
Euro/m
column
Depending
on access

X

Mob/Demo
b
30-50,000
Euro
250-350
Euro/m
column

Mixes in-situ soils
with cementitious
materials to form
a vertical stiff
inclusion in the
ground

Yes
(No, if
performed
during
periods with
no traffic)

Jet grouting

Erodes soil in situ
and mixes with
cementitious
materials to form
stiff inclusion in
the ground

No
(unless
installed
beneath
embankment)

Stabilizing
berms, alone
or in combination with
anchored
sheet pile
walls

Compacted
material constructed adjacent
to embankment.
Driven steel
sections provide
resistance
against horizontal
movements.

No

Clay

X

Compaction
grouting

Low slump grout
is pumped into
the ground to
form grout bulbs,
which displace
and densify the
soil

No

Granular soils

X

Pile deck or
piles with pile
caps and
possibly,
geosynthetic
reinforcement

Piles transfer
loads to more
competent strata
through friction or
end-bearing; piles
caps and geosynthetic transfer
load to piles

Yes

Embankment
piles, without
pile caps

Driven or grouted
piles transfer
loads to more
competent strata
through friction or
end-bearing

Yes
(No, if
performed
during
periods with
no traffic)

Deep Mixing,
installed
through embankment

Soft
foundation
soil

Mixes in-situ soils
with cementitious
materials to form
a vertical stiff
inclusion in the
ground

Traffic
disturbance

No

installed
inclined under
embankment

(Same three
configurations
as for Deep
Mixing)

Principle

Mixes in-situ soils
with cementitious
materials to form
an inclined stiff
inclusion in the
ground

Deep Mixing,

2.3
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Dry method:
soft finegrained soils
Wet method:
most soft soil
types;
Dry method:
soft finegrained soils

Most soil types

All soil types

All soil types

X

X

X

X

Reduces
Settl.

150-200
2
Euro /m
sheet pile
excl.
anchoring

X

None
(some for road
embankment)

Some

Some

Extensive

Some

X

For driven
concrete
piles:
45-55
Euro/m
+ Pile caps

Extensive

X

For driven
concrete
piles:
45-55
Euro/m
+ Pile caps

Some

Special value for the railway owners

In general, permanent strengthening methods of subsoil fulfil basic goals dealing with safety
of railway transportation and limitation of costly maintenance in transition zones close to the
railway bridges. To carry out subsoil strengthening with no or a minimum influence on the
traffic, is of great value for the railway owners. A number of such methods have been identified and described including applicable soil conditions. A field test of one method has been
performed and reported within the project Sustainable Bridges.
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Future needs

A number of strengthening methods are presented and analysed. Only one has been tested
in a field test within project Sustainable Bridges. There is a need of performing field test with
the other methods. Some of these methods also have different possible configurations/layouts of the strengthening which all should be tested. A systematic gathering of the
experiences of the different strengthening methods should be organised, the results analysed, reported and distributed to the railway organisations and also to the members of Sustainable Bridges, especially Swedish Geotechnical Institute (SGI) as being responsible for
the subsoil strengthening work within Sustainable Bridges.
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Electrochemical protection and measurements

Author: Bård Arntsen, Norut Teknologi AS

3.1

Background

During recent years, widespread problems of deterioration of reinforced concrete infrastructure have been experienced in many countries. The principal cause of this deterioration is
corrosion of embedded reinforcement resulting from chloride ingress, carbonation or a combination of these two degradation mechanisms.
Conventional repair by removal of contaminated concrete has been the most common repair
method for several decades, (Gjörv, 1968). Problems relating to high costs, structural safety
and the formation of so-called incipient anodes have excluded this repair method from structures that have suffered from chloride initiated corrosion. Instead the use of electrochemical
methods, i.e. cathodic protection and chloride removal, are now widely recommended as the
efficient repair method in these events. An USA Federal Highway Administration memorandum from 1982 states that “the only rehabilitation technique that has proven to stop corrosion
in salt contaminated bridge decks regardless of chloride content of the concrete is cathodic
protection” (Barnhart, 1982).
Electrochemical methods aim at reducing or stopping the corrosion process, but they don’t
influence or remedy the structural properties of the deteriorated structure. This means that in
cases where the structural properties of an attacked structure are reduced other repair or
strengthening methods also are necessary.
The use of Carbon Fibre Reinforced Polymers (CFRP) is a method that promises to be one
of the most attractive alternatives for strengthening and repair of concrete structures. Among
many useful properties, carbon fibres are highly conductive and as such could be used as an
integral part of a cathodic protection system as well as a strengthening system. Indeed, carbon fibres and carbon particles are already being used as current distributors and electric
conductivity enhancers in cathodic protection systems today. However, available systems
only offer marginal strengthening to the structures.

3.2

Summary of the literature review

3.2.1 General
Cathodic protection (CP) is a permanent technique for inhibiting corrosion or reducing the
corrosion rate to an acceptable level. This means that CP is applied to structures already
affected by corrosion for the rest of the structures service life.
In CP the reinforcement is subjected to cathodic polarization, i.e. its potential is brought to
values more negative than the free corrosion potential, so that the corrosion rate is reduced
or even stopped. CP is normally applied to structures affected by chloride induced corrosion,
but it may also be used to mitigate corbonation induced corrosion.
One main advantage with CP-systems is that only detached concrete needs to be removed
and repaired when installing the system, i.e. there is no need to remove all the chloride contaminated or carbonated concrete.
Cathodic protection (CP) of steel in chloride environments has been established since the
work by Sir Humphrey Day in 1824. CP is well understood, widely practised, legislated and
regulated by international standards for steel in seawater and soils. CP systems for submerged reinforced concrete structures today are based on these well established principles
and systems.
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CP of concrete structures above ground was first applied to concrete structures by Richard
Stratful in 1958 on the San Mateo – Hayward Bridge across the San Francisco Bay. The
main problem of applying CP to atmospherically exposed reinforced concrete structures is
the need to ensure a reasonably uniform current distribution in an electrolyte (the concrete)
of fairly high resistivity. To satisfy this requirement, several different anode systems have
been developed along with special design and operating criteria.

3.2.2 Fundamental principles
When CP is applied to reinforcing steel in concrete the objective is to reduce the susceptibility of metal to pitting, mostly in the presence of chlorides. The means of understanding this
may be understood by reference to Figure 3.1. The intention is to polarize the steel from its
condition of pitting to the domain where pitting is unstable so that complete repassivation will
be the result. Even if it is not possible to achieve this polarization it will still be beneficial to
depress the potential to a position within the region of imperfect passivity as this will at least
reduce considerably the corrosion rate and stop the initiation of new pits.

Figure 3.1

Approximate domains of electrochemical behaviour of steel in concretes with different
levels of chloride contamination, (Page and Sergi, 2000)

Another important effect of CP-systems is that the material in the vicinity of the steel will become enriched with respect to OH- and diluted from Cl-. This will reduce also reduce the risk
of corrosion. Indeed, the effect is so pronounced, that applying CP intermittently in certain
situations has been suggested, (Hassanein et. Al., 1996)
In practice there are two fundamental principles by which CP is applied. For reinforced concrete above water the most common principle is the so-called impressed current cathodic
systems (ICCP). ICCP make use of a direct current source and an external anode to depress
the potential of the reinforcement. The other principle, which is mostly used on submerged
concrete structures, utilises a less noble metal such as zinc or aluminium connected to the
reinforcement to provide the current instead of an external power supply.

3.2.3 Impressed current systems
General
Impressed current CP systems work by passing a small direct current (DC) from a permanent anode fixed onto the surface or into the concrete to the reinforcement. The anode is
connected to the positive terminal of a low voltage direct current source, while the reinforcement is connected to the negative terminal of the DC source, see Figure 3.2.
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Figure 3.2 Schematic representation of impressed cathodic protection system.

The electron flow in ICCP-systems is shown in Figure 3.3.

Figure 3.3 Schematic representation of electron flow in ICCP systems, (Kristansen et. Al., 1998)

The power supply passes sufficient current from the anode to the reinforcing steel to stop or
reduce the anode reaction and make the cathodic reaction the only one to occur on the steel
surface. In order to make the systems more applicable in field it has been necessary to develop extended anode systems that meet the following conditions:
•

The system should be capable of being applied to concrete surfaces, often of various
orientations, in such a way as to allow uniform electrolytic conduction.

•

The system should be acceptable in terms of weight, cost and durability in service
under a wide range of environmental exposure conditions.

In the 1980s and 1990s several different anode systems were developed to meet these requirements. The most common anode systems are described by the European standard, (EN
12696).
•

Organic conductive coatings, normally applied to a dry film thickness in the range
0.25 to 0.5 mm. Organic coatings have been successfully used in full scale applications on highway bridges, car parks and buildings. They show variable performance
but have a range of effective service lives of 5-15 years when properly applied and
operated in an appropriate environment, (Wyatt, 1993).

•

Metallic conductive coatings of thermally sprayed zinc, zinc alloys or subsequently
activated titanium, normally applied to a thickness in the range 0.15 to 0.2 mm. Show
greater tolerance than organic coatings to conditions of moisture at the time of application and during service. Adhesion problems may arise if the coating thickness exceeds 0.2 mm. Calculated rates of zinc anode consumption at normal current densities suggests service lives at about 6 years, (Wyatt, 1993).
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•

Activated titanium anode systems, substrate of titanium and an electrocatalytic coating containing oxides of platinum group metals in a cementitious overlay or surround.
The anodes may be surface mounted (mesh or grid), installed into recesses in the
concrete cover (strips or grids) or embedded within the structure (strips, mesh, grid
or tubes). Activated titanium anodes may be operated at very high current densities
and are generally very robust. Depending on the electrocatalytic coating loading, and
whether the anode is placed in an overlay or, within a backfill material, service lives
of 25-100 years may be expected.

•

Other anode systems such as conductive overlays, conductive polymers, conductive
ceramics and conductive cementitious materials.

Recent developments
In addition to the anode systems already mentioned a new anode system based on carbon
fibre mesh have recently been developed. The system called CarboCath (CCS), is a woven
carbon net with fibres in all directions acting as anode, see 3.4. Areas of use are meant to be
both marine and onshore structures.

Figure 3.4 CarboCath system, (www.cpm-systems.com)

The CCS is interesting because it utilizes carbon fibres as anode and it is said to have crack
preventive abilities, (US –Patent). Although the patented system is claiming reinforcing and
crack preventive effects it is not able to strengthen a structures load carrying capacity substantially, like pure CFRP (Carbon Fibre Reinforced Polymer) - systems.

3.2.4 Sacrificial systems
General
Sacrificial anode systems are the other main principle for CP. This method is based on the
use of sacrificial anodes which are consumed during corrosion and the reinforcement remains unaffected. The standard electrode potential of the sacrificial anode must be lower
than the standard electrode potential of the reinforcement so that during galvanic corrosion,
the reinforcement acts as the cathode and remains unattacked.
The main advantages of sacrificial systems are their simplicity and ease of application. In the
simplest case, cracked concrete is removed mechanically and zinc is sprayed over the surface, including the exposed bars. The main question however, concerns their effective service life.
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Anode systems and applications
Sacrificial anode systems may be used on both submerged and atmospherically exposed
reinforced concrete structures. On submerged structures it is possible to use bulk anodes
and distribute the ionic current through the water, see Figure 3.5.

Figure 3.5 Schematic representation of bulk anode for submerged concrete structures.

Submerged systems will mainly protect the reinforcement below the water, although recent
research has suggested that it may protect reinforcement that are about 0,5 – 1,0 m above
the water, (Bertonlini et. al., 2002). Typical anode materials used for submerged systems are
zinc and aluminium or their alloys.
Several sacrificial anode systems are also available for structures or parts of structures directly above the water line, typically named the splash-zone. Practical experience exists in
the USA, among others on bridges.
Recent developments
Recently a sacrificial anode system has been developed to protect patch repairs, (Sergi and
Page, 1999). It is based on a piece of zinc in a mortar specially designed to keep zinc actively corroding and accommodate zinc corrosion products, see figure 3.6. These zinc/mortar
blocks are inserted in repair patches and the zinc is connected to the reinforcement by wires.
The system is intended to suppress any of steel in areas next to the repairs.

Figure 3.6 Galvashield electrode for patch repairs, (http://www.fosroc.com/)
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Combined strengthening and cathodic protection

The cracking and spalling of concrete cover, loss of steel bar cross sectional area and reduction in bond strength associated with reinforcement corrosion may severely impair the structural integrity of reinforced concrete structures, (Horrigmoe, 2003). Although CP is recognised and well established as an efficient repair method for reinforcement corrosion, it is not
able to re-establish or improve the load carrying capacity of the structure. As a result, other
structural repair and strengthening techniques must also be utilized when the structural capacity of the structure or structural element is reduced.
Carbon Fibre Reinforced Polymer (CFRP) strengthening is a method that promises to be one
of the most attractive alternatives for strengthening and repair of concrete structures. CFRPsystems may be used as barrier systems to avoid the penetration of aggressive agents such
as Cl- and Co2, but unfortunately they will not stop ongoing corrosion as long as sufficient
moisture and oxygen is available. As a result, removal of large quantities of contaminated
concrete may be necessary to ensure a sound and durable strengthening.
From the above it is obvious that there exists a need for developing a system which combine
both strengthening and corrosion protection. Among many useful properties, carbon fibres
are also highly conductive and as such can be used as an integral part of a cathodic protection. Carbon fibres are also used to increase the current conductivity of cement mortars used
in CP-systems, (Hou and Chung, 1997), (Brousseau and Glendon, 1997) and (Bertolini et.
al., 2004). However, in order to achieve a durable combined system of strengthening and
cathodic protection, which is based on carbon fibres, it is necessary to overcome the problems associated with the degradation of carbon fibres in anode systems.
For this reason a laboratory test series was planed aiming at developing a combined
strengthening and CP systems. This is presented in the next section.

3.4

Planning of research

The scope of the current research project was to investigate the possibility to use CFRP as a
combined strengthening and CP system. In the project 3 different systems were tested. This
included systems where the carbon fibre were used as an active material both for strengthening and protection, and systems where the carbon fibres were isolated from the protection
system (inert systems).

3.5

Accomplishment of the research

3.5.1 General
The primary objective with this research was to study whether carbon fibres or the bonding
between the concrete and the carbon fibre would degrade as a result of the CP current.
In the test programme three different systems were tested in four different series. The first
system may be called an active system because the carbon fibre functions both as strengthening and an (active) anode. For the other two systems the carbon fibres was used only for
strengthening purposes. Here, the CP was applied by the use of Mixed Metal Oxide (MMO)
plated titanium ribbon mesh moulded into a commercially available conductive concrete mortar.
The following developing steps and tests were performed:
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•

Development of a conductive Carbon fibre grid (Delivered by Sto Scandinavia)

•

Development of a connection system that would give a satisfactory electrical connection between current feed and the carbon fibre grid

•

Moulding and conditioning of reinforced specimens

•

Application of strengthening and cathodic protection systems

•

Curing

•

Initial CP-tests, adjustments and verification

•

CP exposure

•

Anode potential measurements

•

Bond/max load tests

•

Anode service-life test, NACE Standard TM0294-2001

Parallel to the load tests, accelerated life tests of the anodes where performed. The anode is
tested in three different aqueous solutions; NaCl, NaOH and simulated pore water with sand.
The test consists of 2 parts. First a short test where the current is reversed. This simulates
incorrect powering of a real installation. The main test lasts for 180 days where a standard
size anode surface is subjected anodic polarisation under a constant current of 17.8 mA.
During the test the cell voltage and current and anode potential potentials are recorded at:
1h, 24 h, 7, 14, 28, 42, 56, 70, 84, 98 …180 days.
Anode failure is marked by a rapid escalation in both cell voltage and anode potential. The
time of failure should be recorded when the anode potential increases by 4.0 V above its
initial value.

3.6

Results from research

Table 3.1 and Figure 3.7 show the results of the load tests for all specimens and systems.
The results show relatively large scatter within each series. For series 1 and 2 the failure
load of the exposed samples is approximately 108 and 94 % of the reference value respectively. The scatter of the individual specimens is however so high that no significant effect of
exposure can be observed. The same results are observed for series 3. Here, the exposed
specimens have a failure load 119% higher than the reference.
For system 4 the exposed specimens only obtained 74% of the reference failure load. This
indicates some degradation, but there where no visible damage to the CFRP prior to the load
tests. Because of the relatively large scatter and few parallel specimens no final conclusion
could be drawn.
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Table 3.1 Maximum failure load for the different specimens and systems.
Specimen nr
11
12*
13
Mean
21
22
23
Mean
Reference 11
Reference 12
Reference 13
Mean
31
32
33
Mean
Reference 21
Reference 22
Reference 23
Mean
41
42
43
Mean
Reference 31
Reference 32
Reference 33
Mean

Pressure at failure [bar]
126,7
52,2
158,6
143
134,4
125,3
112,9
124
150,5
144,9
99,9
132
188,3
109,4
131,1
143
110,6
89,7
158,8
119,7
225,2
168,6
250
215
302,1
302,3
264,7
289,7

Type of failure
Fibre failure
Debonding: repair mortar - concrete
Fibre failure
Fibre failure
Fibre failure
Fibre failure
Fibre failure
Fibre failure
Fibre failure
Fibre failure
Fibre failure
Fibre failure
Fibre failure
Fibre failure
Fibre failure
Debonding: concrete - adhesive
Debonding: concrete - adhesive
Debonding: concrete - adhesive
Debonding: concrete - adhesive
Debonding: concrete - adhesive
Debonding: concrete - adhesive

* Specimen rejected because of the failure mode.

Load test
350

Pressure at failure [bar]

300
Series 1

250

Series 2
Reference 1

200

Series 3
Reference 2

150

Series 4
Reference 3

100
50
0
Tested1series

Figure 3.7 Mean failure loads and standard deviation for all test series.
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The findings from the research project that aimed at investigating the possibility to use CFRP
as a combined strengthening and CP system are summarised. Three different systems were
tested. This included systems where the carbon fibre were used as an active material for
both strengthening and protection, and systems where the carbon fibres were isolated from a
commercially available CP (inert systems) and only functioned as strengthening.
Most of the tests were performed with a prototype conductive CFRP grid produced by Sto
Scandinavia AB. The results show that CFRP-grid will dissolve if they are used as anodes in
CP systems. Although no significant loss of strengthening effect could be demonstrated in
the load tests performed, the dissolution of the epoxy matrix and the carbon was clearly
demonstrated in accelerated CP life tests performed in aqueous solutions.
Two other systems where the CFRP grids were not an active part of the CP-system were
also tested. The results from these tests are somewhat inconclusive. For system 2 (series 3);
where a CFRP grid was placed together with a MMO-anode no effect of the CP exposure
was found. For system 3 (series 4), which was thought to be the safest system, the exposed
specimens showed a lower failure load than the unexposed samples. This is somewhat unexpected and may be a result of the relatively few parallel samples and the large scatter of
the results.
At this stage it is concluded that the tested CFRP strengthening grids should not be used as
an active part of the anode in CP systems. Combined systems where the CFRP are kept
electrically isolated from the CP systems could be used, but with extreme caution.
Although the research performed here gave negative results for the active CFRP-system,
more research may be able to overcome the problems revealed here, see the next section.

3.7

Special value for the railway owners

The results from the tests were discouraging in the sense that a combined strengthening and
cathodic systems with active CFRP products was not achieved. At this stage no special
value can be added to the railway owners, except for the strong indications that inert systems
can be fully functional for both strengthening and CP. Nevertheless, the findings are very
interesting and the research is unique and further research may give systems with great
value considering a combination of strengthening and cathodic protection, especially in areas
where concrete structures are exposed to high chloride content, for example in costal areas.

3.8

Future needs

Future research should include fundamental electrochemical tests on carbon and carbon
embedded in other matrix materials for the use in concrete. Because of the difficulties of accelerating CP tests in concrete, longer exposure tests has to be performed in order to evaluate the combined inert systems tested in this project as well as possible new systems developed. Due to the attractive gains that be provided by combined strengthening and CP systems Norut Technology Ltd have already started more tests and fundamental research within
this area.
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Thermography systems for quality and assurance

Author: Rosemarie Helmerich, BAM

4.1

Background

The study in this chapter is restricted to remedial measures on reinforced concrete and
prestressed concrete structures using Carbon Fibre Reinforced Polymers (CFRP) with special enhancement on the use of thermography as a tool for quality control and defect detection. The quality evaluation focuses on applications for railway bridges.
It is intended to develop a fast applicable defect detection tool for use on site on the basis of
Infrared-Thermography. It will be applied for quality control of workmanship after repair or
strengthening. In cases of doubts, if strengthening or repair measures using carbon fibre
products may fail in service due to overload or other reasons (aging, spalling, peeling off,
fibre cracking), thermography can be an efficient tool for control.
In particular, the study gives an overview of application of active thermography as a tool for
quality control in bridge engineering:
•

Physical explanation of different types of active thermography including data processing

•

Examples for use of active thermography for CFRP-applications

•

Applicability and limitations of thermography for use as a quality control tool for repair
and strengthening using carbon fibre systems

•

Development of an automated linear scanning system.

Results from thermographic measurements were recorded as the thermal contrast in digital
images. The thermal contrast images were available online during the laboratory tests. Further data processing in time and frequency domain revealed additional information using
phase and/or amplitude analysis of the thermographic images.
It is possible to detect debonding with the presented concept for application of active thermography. Even small designed defects with a size of <1,0 x 1,0 cm below one layer of 10
cm wide CFRP plates were detectable. It is assumed; that this size is not crucial for the
structural safety.
The detection of small debonded areas in service is assumed to be an early warning signal
for railway owners to increase the density of inspection in this area, to follow the increase of
the debonding tentatively, if the debonding was detected in a non-redundant cross section
and to investigate the cause for the debonding.
Finally, a prototype thermographic system was constructed for use by the railways as a quality assurance tool after repair and strengthening. The prototype for automated quality assessment of debonding was tested in laboratory.
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Summary of the literature review

4.2.1 Introduction
Different types of CFRP systems are used for reinforcement, repair or strengthening measures in civil engineering, today. A mayor aim of the EU funded project Sustainable bridges is
the strengthening of railway bridges to increase the load bearing capacity, speed of trains
and the transport volume. This demand is fulfilled, if the strengthening measures applied,
especially if their application is reliable and durable. The quality control system using active
thermography considers different CFRP-applications, depending on the type of the used
composites and their mechanical properties, used bonding methods and materials and of
course their thickness.
The use of carbon fibre reinforced systems in bridge engineering is challenging the idea of
repair and strengthening of bridges in order to increase the durability and the load carrying
capacity. The advantages of carbon fibres used to produce a composite structure are significant:
•

High tensile strength in the main fibre direction, about 5 times higher that reinforced
steel

•

Variable Young´s modulus of elasticity, to be designed depending on the requirements

•

100 % resistance against corrosion

•

Resistance to chemical attack

•

Easy to handle due to the low weight

On the other hand, the presence of air inclusions or debonding may reduce the strengthening
effect of the composite drastically. Differing from embedded rebars, externally bonded fibre
reinforcement shows a brittle bond behaviour. Already small relative displacements between
the externally bonded reinforcement and the concrete surface may cause complete debonding. There is no European standard for limitation of the size of a debonded area.
Because of this reasons the use of non-destructive testing for quality control of the bondis of
high importance. By means of thermography can be tested both, the quality of the application
(workmanship) as well as possible delaminations or destructions in service caused by overload, aging effects or impact due to accidental load.

4.2.2 Typical damages
Generally, defects can be classified as defects caused by insufficient workmanship, in service due to loading unforeseen in design or deterioration induced by extreme environmental
conditions. In context with the NDT-Evaluation, the typical defects are listed.
Bad workmanship
- Debonding between concrete surface and adhesive
- Debonding between multiple layers of laminates
- Debonding between adhesive and laminate
In-service damage
- Shear failure
- Bending failure
- Cracking due to fatigue
- Unforeseen load effects
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Environmental caused deterioration of the basic material
- Spalling due to insufficient concrete cover of the reinforcement
- Cracking due to corrosion of the reinforcement
- Chloride ingress.

4.2.3 Thermography
Thermal NDT can help to discover inhomogeneities hidden in structural elements. To obtain
very good results different specialised procedures have to be applied, depending on the task
to be solved. For the evaluation procedure the properties of the investigated materials have
to be considered as:
-

Thermal properties (conductivity, diffusivity, density, specific heat, effusivity)
Spectral properties (emissivity absorption, reflection, transmission)
Other properties( humidity, porosity, evaporation).

It is easy to understand, that evaporation of humidity from a surface and thermal conductivity
can influence the result contrarily.
Non-destructive testing methods can be used to evaluate occurring damages in debonded
areas or to estimate the quality of application of carbon fibre reinforced composites. Typical
defects are assumed to be caused by
-

Fabrication failure
Insufficient workmanship during application between concrete and adhesive or
between adhesive and carbon fibre product
Fibre breakage
In-service (heat , fatigue, overload, earthquake and others).

4.2.4 Characterization of infrared thermography (IRT)
Development of thermography in civil engineering began with passive thermography to detect thermal losses in buildings. In the last 10-15 years, active infrared thermography was
enhanced for use for damage detection of voids in concrete structures, Maldague, (2001),
Arndt et. al., (2004), Brink, (2004) and Lütti et. al., (1995), e.g.:
-

-

Localisation of voids in concrete structures
First tests on localisation of defects and delamination of layered structures (e.
g. colours or other layers, laminates on concrete)
Localisation of plaster delamination on concrete and brickwork
Localisation of voids and delamination behind tiles
Localisation of enhanced moisture in the near surface region

There is still a need for a systematic development of a thermographic system for use on site.
The development will respect the limitation to a short heating impulse or low heating temperature with respect to the sensitivity of the adhesive to high temperatures.
Two main classes of thermography are the passive and active thermography.
Passive thermography
Passive thermography is an easy tool to see the distribution of temperatures on the surfaces
of structures. It is possible to use a thermogram to detect heat differences on a surface e.g.
as a result of energy flow caused by thermal bridges in insulations or lacks in underfloor
heating or even due to heat production at the tip of an increasing active surface fatigue crack
of a steel structure.
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Passive thermography does not use any additional heating system. By means of an infrared
camera, the actual temperature differences on surfaces are recorded. Passive thermography
is the most common application used in civil engineering to detect thermal losses in buildings.
It is also used in other industries or even in military to detect or observe persons from a certain distance of some hundred meters. Passive thermography is not favourable to detection
of small voids, such as e.g. delaminating lamellae or bubbles below carbon fibre wraps or
sheets.
Active thermography
Active thermography, Maldaque, (2001), Arndt et. al., (2004) and Brink, (2004) is a safe, fast
applicable non-contact and non-destructive test to detect invisible damages, as honeycombs,
air blisters, debonding or delaminations in concrete structures located relatively close to the
surface. The results are relatively easy to interpret. The method profits from different thermal
characteristics of different materials, humidity or air. On the other hand, the inspection is limited to detecting subsurface defects only in such cases, if they result in a measurable change
of the thermal properties on the surface. Inconvenient weather conditions on site as heavy
cold wind could make the test impossible. The equipment for the test is cost-intensive due to
the relative high prize of the infrared camera with high geometrical and thermal resolution.
Active thermography for subsurface evaluation requires homogeneous external heating orcooling, to produce a temperature gradient after the source is switched off. Depending on the
materials characteristics, the heat impulse is choosen to reach into the necessary depth.
Inhomogeneities below the surface lead to different surface temperatures during a time period, caused by the different thermal conduction of voids and the basic material. The infrared
(IR) camera visualises the final thermal contrast, which is characterising the positions of the
voids. Structures with reinforcement made of carbon fibre products can be assessed by
means of thermography. Infrared thermography is characterised by its fast inspection rate,
secure use and non-contact applicability. The results, obtained as images, are relatively easy
to interpret. Depending on the evaluation procedure and the tasks to be solved, the following
classification is common in application: impulse infrared thermography, lock-in thermography
(Phase sensitive modulated thermography), pulse-phase thermography, Inductionthermography and transient thermography, see also appendix D6.2.3.
If the surface is heated active by an heat impulse using halogen lights, flash lights or sinemodulated radiators, voids or delaminations (debondings) between layers hinder the homogeneous heat transfer. The infrared camera is recording the different surface temperatures of
delaminations and of undisturbed concrete surfaces during the cooling down process. The
thermal data is evaluated pixel by pixel in thermal contrast images. This evaluation is called
active (im)pulse-thermography (PT).
For modulated thermography (MT) a single frequency is launched into the specimen and
analysed in the stationary system. By means of discrete Fourier transformation, the picture
data can be transformed from time into frequency domain. For each single frequency, phase
and amplitude fraction can be described for each single point on the surface.
The combination of the advantages from PT´s experimental procedure and MT´s data analysis technique with the use of discrete Fourier transformation leads to computed phasegrams,
the pulse-phase-thermography (PPT).
Induction-thermography (IT) is used to ascertain the position of reinforcing steel bars in RC.
The structure is minimal invasive destructed for the connection of the inductive heating to the
reinforcing rebars.
Investigations on transient-thermography can record for instance voids in highway pavement,
ceilings or voids and delaminations at the walls of historic buildings.
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Figure 4.1 shows the basic principle of active impulse thermography. A heating impulse from
radiator is used for external heating of a concrete surface to obtain a temperature gradient
during the cooling phase. An infrared camera records the surface temperature over a time
period (time domain). The void affects the internal flow of a heating pulse caused by the radiator in the solid specimens. The same general premise is used for detecting debondings or
inclusions. The infrared camera detects the temperature differences on the surface of the
specimen during the cooling down process. The heat pulse is depending on the type of defect to be detected. Thus, the heat impulse must be rather high for getting deep into a concrete structure and low respectively short for assessment of fibre reinforced polymers, which
are sensitive to high temperatures.
Infrared camera

Specimen

heating pulse from radiator
Damage /defect

Instationary heat flow

emitted surface radiation

λ ... thermal conductivity
ρ ... density
c ... heat capacity

Figure 4.1 Principle of impulse (pulsed) thermography, Brink (2004)

4.2.5 Use of thermography for assessing CFRP-applications
In general, thermography is used in civil engineering for localisation of voids in concrete
structures, localisation of delaminating of layered structures (e. g. carbon reinforced laminates bonded to concrete) . Localisation of plaster delamination from concrete and brickwork,
localisation of voids and delaminating behind tiles and localisation of enhanced moisture in
the surface near region are additional applications.
In case of CFRP strengthened structures, the surface is often covered and visual inspection
can be complicated. The preferred type of thermography for these applications is active
thermography.
Active thermography is characterised by the fact, that a surface is heated by purpose using a
short or long term radiating heating unit for example using: 1) flash light (short heat effect for
material voids in high conductive materials close to the surface), 2) radiation heating (heating
low conductive material into deeper regions- transmission) and 3) natural heating (sun light,
recording temperature decay over night). Within the project Sustainable bridges, only active
thermography has been investigated.

4.2.6 Development at BAM
Thermography as a tool of Non-Destructive-Testing in civil engineering was used at BAM
since the early 90th. Systematically use of thermography of CFRP applications were performed at BAM since about 10 years, as summarized and refined by Arndt et. al., (2004), and
Brink, (2004). Figure 4.2 and 4.3 show latest test results obtained at BAM during a national
funded projects.
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Figure 4.2: Test specimen with CFRP- lamellae and designed failures

reference defect

Figure 4.3 Results of thermographic investigation 10 s after radiator heating with an temperature
range between 19 to 21°C

Among investigations of other materials and effects, application of Carbon fibre reinforced
laminates was tested in the national funded project between 1999 and 2002. Man-made designed defects as different adhesive layer thickness and unforeseen debonding in the lowest
three laminates were visualised.

4.2.7 Infrared Thermography in civil engineering - International development
Examples for use of IR-thermography to assess applications of CFRP under laboratory conditions are available in different institutions. The EMPA in Switzerland has a long tradition in
research of carbon fibre application including IR-thermography as an inspection tool, Keller,
(2003) and Lütti et al., (1995).
The use of thermography in bridge inspection is introduced in the US, e.g. by AST Minneapolis.
Periodic monitoring of the in-service performance using repeated IR-thermography application is a tool to record changes in a structure caused by deterioration, overload or aging effects, which is of increasing importance.
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AST uses thermography for the quality control of applied CFRP laminates for strengthening
the tension flange of RC-bridge girders in bending, see Figure 4.4

Figure 4.4 Example for use of IR thermography at AST, Minnesota

4.3

Planning of research

4.3.1 Block specimen
Two different types of specimens were developed for laboratory testing: a block specimen
and beam specimens. The block specimen with a size of 1.50 m x 1.50 m x 0,30 m, containing designed artificial voids, was designed for validation of the IR-thermography for this special application. CFRP-plates, a grid and rods were applied to the surface. Different methods
are known from literature to produce the voids. Although blow-in air is the most comparable
method to reality, it is not convenient for validation of methods, since the size of a planned air
bubble cannot be measured.
Therefore, we simulated voids using patches made of self-adhesive foamed rubber tape and
polystyrene patches. The size of the patches varied between 1 cm2 and 50 cm2. The thickness of the small polystyrene patches is only 1 mm. The thickness of the foam rubber tape is
3 mm. The polystyrene patches were fixed to the surface with the same two-component adhesive, as was used to apply the CFRP-plates. 4.5 shows the block specimen with the applied CFRP-plates, Table 4.1 describes the artificial defects.
Table 4.1 Designed defect size at the block specimen SB_Valid1
Designed defects

Material for the void, void location

Size

1-3

Rubber tape, 2 layers adhesive, 2 layers CFRP

70 x 100 mm

4-6

Rubber tape, 2 layers adhesive, 2 layers CFRP

35 x 100 mm

7-10

Rubber tape, 2 layers adhesive, 2 layers CFRP

35 x 50 mm

11

Polystyrene, 2 layers adhesive, 2 layers CFRP

50 x 50 mm

12-14

Polystyrene, 2 layers adhesive, 2 layers CFRP

25 x 25 mm

15-17

Polystyrene, 1 layer adhesive, layer CFRP

15 x 15 mm

18-20

Rubber tape, 1 layer adhesive, layer CFRP

25 x 35 mm

21-22

Rubber tape, 2 layers adhesive, 2 layers CFRP

25 x 25 mm

23-24

polystyren, 2 layers adhesive, 2 layers CFRP

15 x 15 mm

25-32

polystyren, 1 layer adhesive, layer CFRP

10 x 10 mm
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24

21

17

22

25-32

Figure 4.5 Block specimen SB_Valid with artificial defects, CFRP-plates 100 x 1,4 mm (produced and
applied by STO Scandinavia). All specimens bonded with epoxy

4.3.2 Concrete beams
A load test series was planned to follow the bond behaviour of the applied CFRP-plates that
were bonded with epoxy to the concrete beams. Therefore, two reinforced concrete beams
with a size of 5.20 m each were constructed, see Figure 4.6. The choice of reinforcement
respects design rules, valid some decades ago. The German approvals do not allow
strengthening of structures with more than doubling the load carrying capacity. Thus the
beams were strengthened 100%.
A combination of bending and shear failure was expected in the load test. The static load test
until ultimate failure was used to simulate defects due to overload respectively due to an accelerated deterioration process. The test set-up is shown in Figure 4.7.
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Figure 4.4: Beam specimen for four-point-bending test

Figure 4.5: Test setup for the four-point bending test in laboratory

The test was performed as a 4-point bending test. In the test set-up, the load was applied
from underneath the investigated beam. A better handling of the thermography equipment
was possible from the top. The intention was to prevent, that falling pieces would destroy the
thermography set-up. A constant moment region was chosen with a distance of 1100 mm
between the introduced loadings. It was expected to achieve higher shear strength in the
cross sections with bended reinforcement as traditionally used in many old reinforced concrete structures.

4.4

Accomplishment of the research

4.4.1 Choice of the optimum heating units
The experimental set-up consists of a thermal heating unit, an infrared camera and a computer system with real time digital data recordings. For selecting optimum system measurement parameters, three different heating units were tested:
•

Heating unit consisting of three infrared radiators (each with 2400 W) which can be
moved along the surface in a distance of about 15 cm for homogeneous heating,

•

Two halogen lamps with 650 W each,

•

Two flash lights with a power of 1500 W each.

By using the infrared radiators as heating source, a relatively large area of about 1.5 x 1.5 m2
can be investigated in one cycle. A heating time of about 1 min is required to achieve a
maximum contrast of the defects of about 3.5 K. A maximum surface temperature of 31.5 °C
was measured. All simulated defects larger than 100 mm2 could be detected. By using halo-
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gen lamps, already after 3 s heating a maximum surface temperature of 34 °C was obtained
and a much smaller area could be tested in one cycle as with the infrared radiators. The
maximum contrast of the defect was less than 1 K. With the flashlights, seven flashes with a
time out of 10 s between the next one were used to get a maximum surface temperature of
27 °C. Here, a maximum thermal contrast of the defect of 1.5 K was achieved. The relative
low thermal contrast turned out to be sufficient for detection of defects< 100 mm2.
The CFRP-system itself limits the choice of an appropriate heating unit. Approvals require a
service temperature for CFRP-strengthening systems below 42°C for short time. Thus, the
maximum applied heating in the quality assurance should not exceed 42°C as well.
Infrared radiator:
Three infrared radiators were mounted parallel to get a uniform heating of the surface area of
1.5 x 1.5 m2. The power of each infrared radiator was 2400 W (3 x 2400 W = 7,2 kW). The
heating time was only 1 min, to not to heat up the epoxy more than restricted in the approval.
The recording period with the thermo camera in a distance of 2,50 m was 5 min. The optimum contrast was observed already 66 s after switching off the radiator. Following the difference curve in Figure 4.8, of the cooling down behavior of a void and a reference point, the
maximum contrast is reached after 66 s. This curve is automatically created for each pixel of
the thermal image to get a final image with maximum contrasts.
Both types of failures were found, insufficient workmanship and designed voids. Incomplete
bonding to the surface appeared at the end of plates. The best contrast was between surface
temperatures from 22° and 29.4°C. The maximum contrast for voids below two laminate layers occurred later, but best result was reached by the phase analysis, see also appendix
D6.2.3.
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Figure 4.8 Heating of the block specimen with infrared radiator

Halogen lamps
As a second method, halogen light was applied, especially to investigate details of the void.
The power for the investigation of an area of about 625 cm2, was much lower, only 2 x 650
W. For 2,25 m2 it is 46 kW. The thermal surface data have been recorded for 5 minutes. The
maximum contrast was found in the difference curve after 76 s, respectively 90 s, see Figure
4.9.
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Figure 4.9 Cooling down behaviour after halogen lamp heating of an area of about 625 cm

2

Flashlight
The final alternative for heating was a set-up with two flash lights with a power of 1500 Ws
(J), each (2 x 1500 Ws = 3000 Ws). Since one flash was not enough the heat up the surface
repeated flashing was tested, see Figure 4.10.
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Figure 4.10 Investigation of small polystyrene patches and rubber tape patch with flash light heating

An optimum number was found to be seven flashes during 60 s with a flash duration of 2 ms.
Between the flashes, the lamps need a recovery time of 1,8 s. The heated areas were comparable to those of the halogen light tests: 625 cm2 with voids of up to 75 cm2.
By comparing these results, although with the thermal radiators the best thermal resolution of
the defects was obtained, the most efficient method for automatic testing of CFRP-plates
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along a linear trace are the flashlights resulting in a detectable thermal contrast in short
measurement time by applying usable and efficient equipment. The surface was heated up
after seven flashes to only 25,4°C.
These flashlights were used for the development of an automated scanning prototype system.

4.4.2 Block specimen
Workmanship
The application of CFRP-plates can lead to insufficient bonding of the edges. Crossing of
plates requires educated skills. As visible Figure 4.11. Especially the upper layer of plates is
endangered to develope debonding at edges and flanges, although the work was done under
laboratory conditions with special care.

Figure 4.11 Amplitude evaluation of the thermal images recorded during cooling down. Crossing of plates
with air inclusions at the flanges of the upper CFRP-layer

4.4.3 Load tests
Reinforced concrete beams
Load tests on two identical beams were performed in order to simulate overload and debonding in service. Repeated thermographic evaluation was carried out to early detect changes
during load increase until failure.

Amplitude image (1)
Cooling down, automated scaling

Phase image (1)
Cooling down, automated scaling.

Figure 4.12 Section where the maximum bending strains are expected

After strengthening, the complete surface of both beams was investigated in a systematic
approach, whether the application quality was good quality. Thermographic images and
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FHP 1+2 section I

FHP 1+2 section I

FHP 1+2 section I

FHP 1+2 section I

FHP 1+2 section 5

FHP 1+2 section 6

FHP 1+2 section 7

FHP 1+2 section 8

Figure 4.13 Investigation of the bond quality for the 8 sections of beams FHP 1 and FHP2

evaluation in the time and frequency domain did not give any hints on defects from application. The maximum bending strains were calculated and measured in the centre of the beam.
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The beam surface was divided into nine sections for thermographic evaluation section by
section. Figure 4.12 shows the centre section, where maximum bending strains were expected. The remaining 8 sections are in Figure 4.13. Only in the end of the applied CFRPplates, the edges showed small areas of insufficient application. Beam FHP 1 showed in section 9 minor bond defects at the edges. In case that the end of the beam was a critical cross
section, the debonding would begin there.

4.5

Four-point-bending-test

4.5.1 Preloading
Before the strengthening, both beams have been preloaded to simulate both, repair and
strengthening, see Figure 4.14 and 4.15. The bending cracks were documented with permanent colour pencil on the white painted beam surface
Figure 4.14 shows the displacement in the middle of the beam in both preloading tests. The
preloading is compared with the calculation (gray line). In the first phase the dead load of the
beam had to be carried untill approximately 20 kN (compare: 0,78 m2 x 2400 kg/cm3 ~1,89 t).
The beams were loaded until visible bending cracks occurred. The load was applied from
underneath the beam. The test set-up was chosen top-down for avoiding cracked concrete
parts damaging the thermocamera and the heating unit. In the first test, a traditional test set
up was applied in thermography test. In order to simulate existing cracking, the beams were
precracked in a first load cycle before strengthening.

Figure 4.13 Preloading of the beam FHP2 before strengthening and bending cracks after unloading
Figure 4.14 Pre-cracking before CFRP-strengthening
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Figure 4.14 Pre-loading before CFRP-strengthening

4.6 Strengthening
Two 100 mm STO FRP Plate S100C, with the cross section 1.4 x 100 mm and a modulus of
elasticity corresponding to 170 GPa, were surface-mounted in the tension zone on top of the
beams, by STO Scandinavia AB. During the application, defects or adhesive porosity can be
caused e.g. by aged or insufficient processed components, insufficient thin layers of the adhesives or by air inclusions. Already at the production site, the CFRP-plates themselves were
running through a quality control process. Therefore, they are assumed to be free of voids in
the tests described below
In close cooperation with the laboratory for Structural Engineering at the Potsdam University
of applied sciences, BAM tested the two CFRP-strengthened beams in a four point bending
test.

4.7

Results from research

Active thermography is an appropriate tool to provide evidence of required workmanship and
bond during the service life of a bridge in the quality assurance process. The digital contrast
images as the online result of active thermography is recordable and can be used to confirm
good quality or to reveal areas of debonding. Further data processing by analysis of phases
and amplitudes refines the result for near surface destruction. The failure of testing is smaller
than +1cm2 for defects above the concrete surface.
Once the quality of workmanship is prooved, the process of debonding under normal service
conditions is very slow. Surface cracks of the deteriorated concrete, which arose after application of the strengthening CFRP-plate under increasing load are an early signal for the need
of repeated thermographic evaluation.
A further quality control in service can be necessary after extreme impact, as impact of lorries or ships or of environmental impact as earthquake. Other signals can be the detection of
surface cracks in the near CFRP-plate region, spalling of the concrete e.g. caused by corrosion, extreme humidity and low concrete quality.
Fast periodic measurement requires optimization of the measureing time and a very precise
geometrical correlation of the measurement. To reach these goals, an automated linear
scanning system was developed. The automated scanning device carries the heating system consisting of two flash lights and the infrared camera along the surface. Once started,
the system measures the contrast image during cooling down of the surface in each section
of the beam. Additional steering is not necessary.
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Figure 4.15 Test set-up for the reinforced concrete beam in four point bending test with the arrangement for the prototype of an automated thermoscanner system.

Thermo-Scanner

Flash-Lamps and IR-Camera

Fig. 4.16 New developed automated linear scanning system in use, left: thermoscanning unit which is
moved along the surface. Helmerich et al. (2007)
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Special value for the railway owners

Quality assurance of repair and strengthening measures guarantees that the resistance of
the repaired or strengthened structure is increased as much as assumed for perfect application. for the expected higher axle load or higher train frequency. Early damage can be detected.
Active thermography is a fast and easy method for verification of the execution quality. The
prototype of a scanning system can be applied to areas, which are of special interest because of the high load level or insufficient appearing application. Decision about the application of active thermography should be proposed as a result of inspection or because of special doubts in condition assessment. The quality assurance should be always restricted to a
limited area or the single structural elements.
The method is included in the NDT-toolbox (D3.15, D3.16) and can be implemented in an
inspection and condition assessment procedure. Some railway require object related deep
analysis of the condition in case of doubts, as e.g. the German Highway Bridge Maintenance
System sib-Bauwerke.
Advantage of the method: The method is reliable, thus the owner can be sure, that no
debonded plates are in the investigated area. Even a debonding of 1 cm2 is detectable.
Automation guarantees a high geometrical correlation. Introducing flashlight reduces the heat
exposure and reduction of the inspection to critical sections minimized the time for measurement. For recalculations, the full cross section including the strengthening can be introduced in the calculation as fully transferring the load.
Disadvantage of the method is still a time consuming process. Only specialised laboratories
should make the measurement. The combination of different methods may reduce the time
required for inspection.

4.9

Future needs

The applicability of the system to cyclic or dynamic loaded structures was not investigated.
Fatigue testing with repeated non-destructive evaluation of selected failure modes is advisable. As well as to fatigue loading, the application of the developed thermoscanner-prototype
can be used to investigate the effect of other external impacts on structures, as environmental impact, impact loads or natural hazards.
Further investigation is recommended to get a fast applicable airborne measurement system.
Those systems, as thermography, can act on larger distance. For this purpose, thermocameras with high temperature and geometrical resolution are necessary with higher resolution in
geometry and temperature.
A unification of national technical approvals, guidelines and standards is necessary on European level for both, application of CFRP products and appropriate quality assessment tools.
The following parameters need to be taken into account:
•

Delivery standards for the components (CFRP-product, adhesive, concrete, concrete
surface conditions),

•

Pull-off strength limits (partly standardised),

•

Defect detection: A requirement for the application of an appropriate NDT-method
shall be, that the smallest allowable defect must be larger, than the smallest
detectable size of a debonding. Investigations are required, to define the maximum
allowable defect size (in tension, compression, combination of loading condition),

•

Defects: minimum detectable defect size, portion of allowable defects in relation to
the whole strengthened cross section area and in relation to the whole boned surface
need to be ascertained.
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•

Investigations on durability of CFRP-plate repair with respect to temperature limitation
in case, that the surface is exposed to sun light, need to be investigated.

•

Investigation of the influence of a cover layer on CFRP-repaired surfaces exposed to
sunlight on the durability.

These standards or technical approvals should have a close link to the European regulations
in EN 1504.
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Repair and strengthening of metallic structures with
advanced composites

Authors: Dag Linghoff and Mohammad Al Emrani, Chalmers, Johannes Naumes, RWTH and
Rosemarie Helmerich, BAM

5.1

Background

The aim of this study is to investigate the state-of-knowledge regarding the strengthening
and repair of metallic structures using bonded composite materials. The review covers several practical and theoretical issues related to the application of the strengthening technique.
Pre-treatment and application procedures are treated. The theoretical work conducted in
view of the problem of interfacial stresses in the bond line is also presented as well as design
criteria and methods of analysis. Furthermore, laboratory work performed on metallic elements strengthened with bonded composites is also presented and the main results of this
work are put forward. Issues related to the durability and long-term behaviour of the
strengthening system is also discussed and finally, field experiences where the strengthening
scheme has been tested are presented.
In the field of analytical and numerical analyses for bonded composite materials there are
some derivations made with reference to the interfacial stresses. Most of this work is based
on knowledge from earlier derived formulations concerning application of FRP plates to other
materials than steel. Closed-form solutions are available for calculating the shear and peeling
stresses in the elastic phase, both for mechanical and thermal loading. The effect of tapering
ends of the FRP plate has been studied analytically, and the results show that it is possible
to reduce the high stress concentrations at the ends of the plate by using tapered ends.
Models are also developed for predicting shear-bond stresses for different phases of plastification of a steel beam with unsymmetrical cross-section.
As the method of application is a decisive factor for the quality and durability of the bonded
joint, this report has given some general recommendations concerning the surface pretreatment and bonding procedure. It also addressed the questions of galvanic corrosion.
Some of the major issues of the deterioration of bonded CFRP-steel joints due to accelerated
ageing under extreme environmental conditions have been discussed and the most important standards for accelerated ageing tests have been introduced. However, from steel plate
bonding the expected life of FRP strengthening is estimated to be more than 50 years.
Results from laboratory tests together with the experiences gained from strengthening work
performed on bridge girders in field, show that retrofitting of girders with CFRP provide increases in both strength and stiffness. The amount of CFRP and their stiffness influence the
improvements that can be achieved on the strengthened girder. Today, it is possible to produce CFRP plate with axial stiffness above 400 GPa, which is twice as that of ordinary steel.
In addition, material properties of the adhesive will determine the effect of the strengthening.
The experiences from many studies demonstrate also the possibility to perform rehabilitation
of high deteriorated beams due to e.g. corrosion. There are many advantages of using CFRP
for strengthening structures in bending instead of steel plates. CFRP has low weight in relation to its strength and its resistance against corrosion makes it interesting for the use in
strengthening work. Another advantage of using bonded CFRP plates to rehabilitate metallic
girders in field is the decrease in labour time compared to traditional methods, which is
needed during field experiments.
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Experimental studies have been performed to investigate the ability to use bonded CFRP
plate, attached to cracked steel members, to increase the fatigue life of these members. The
results show that the bond lines have good resistance of fatigue and it will decrease the
stresses at the crack tip.
Due to the high strength of CFRP materials, it was demonstrated that prestressing of the
plate will increase the effect of strengthening. There is limited information on the different
methods for prestressing of plates, and further research within this area could lead to production of simple anchoring systems which are easy to install.
The work carried out in this section is very comprehensive and only the most important findings are presented. For more detailed information refers to appendix D6.2.4-A for the literature review and to appendix D6.2.4-B for the research carried out.

5.2

Summary of the literature review

5.2.1 Introduction
The state-of-the-art on repair and strengthening of metallic structures focuses mainly on remedial measures using carbon fibre reinforced polymers (CFRP). In order to present a complete view on repair and strengthening of metallic bridges, traditional repair and strengthening techniques are also included in state-of-the-art report.
This sentence is repeated below.

5.2.2 Traditional repair and strengthening of existing metallic structures
In general, metallic members and connections, exposed to high cyclic loading, are sensitive
to fatigue. The fatigue resistance, besides corrosion, governs the service life of steel bridges.
In the following, repair and strengthening techniques are presented in close connection with
damage cases, which are supposed to be typical for existing bridges. Often, during the last
century, traditional measures were applied for repair and strengthening. Fatigue, besides
corrosion, is the estimated most responsible reason for damages in steel bridges. Consequent maintenance, as the best preventive measure can reduce corrosion. In case of fatigue
damage, only consistent analysis of causes leads to reasonable repair and strengthening
measures. A more comprehensive reporting is given in appendix D6.2.4-A.
The fatigue resistance and the redundancy of bridge members differ depending on their importance/ priority for the load carrying capacity of the bridge. The sensitivity to fatigue damage of the main bridge members can be characterised as follows:
•

•

•

Main girders are exposed to less main load cycles, the longer the span is. If there
are many structural elements in one built-up cross section, the higher the redundancy. A failing main girder could cause the collapse of the whole bridge with high
risk for human lives. Bridges with short spans and low number of built-up elements in a cross section have a lower redundancy.
Cross girders (stringers) carry usually one full cycle from each bogie of a wagon.
A failure of a cross girder can lead to local failure with increased risk to the
neighboured cross girders, which take over the loading from the failed member
(redundancy).
Longitudinal beams (floor beams) as all beams with short influence length are
loaded from load cycles of each single axle of trains. In open decks with sleepers,
directly connected to the longitudinal beams, may suffer from friction, humidity
and early corrosion additionally
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Ballast plates or other elements of the track may suffer from secondary moments.
They can be loaded, e.g. with additional bending moments in their connection to
the cross or longitudinal girders. As example, they do not behave as they were
designed, e.g. calculated theoretically with tension forces only,
Joints may suffer from secondary stresses or from boundary conditions different
from the reality, not foreseen in the design process. Thus, higher stress cycles
can lead to lower service life.

Rivets in riveted connections have to be exchanged as soon as possible, if their clamping
force is reduced, e.g. because of their elongation due to corrosion of the connected members, due to heavy corrosion of their heads or if they get loose.
The Railway companies usually exchange bridge members, if damages during regularly inspections are found or after an inspection because of special request after accidents or other
reasons. Considering the tight financial budget of public organisations is understandable, that
repair and strengthening will gain major importance in the future. The traditional repair methods will probably remain important in the future too, since they are still significantly less expensive than the use of modern materials or techniques. The repair methods differ a lot depending of the connecting method, riveting, welding or bonding.
Overview on typical damages
The mayor damage cause of well-maintained steel bridges is fatigue. In general, the engineer has to identify the details with the highest sensitivity to fatigue in a structure. The typical
fatigue failure details differ between welded and riveted structures as identified in the following sections.
Damage types of riveted and bolted structures
The magnitude of stress concentration and tensile stresses is dictated by the geometry of the
detail and the fabrication process on the resistance side and load cycle resp. number of load
cycles on the other side. Fatigue crack initiation may start from micro-cracks at stress concentrations, e.g. around a rivet hole, resulting from riveting (punching) process. Fatigue
cracks can infect the neighboured element of a built-up section. In bearing type connections,
both, stress concentration and residual stresses are responsible for susceptibility to fatigue
failure.
Damage types of welded structures
Welded structures can have fatigue cracks starting from either the weld root or from the weld
toe. Fatigue cracks starting from the weld root are much more difficult to identify. Concerning
crack propagation one has to differentiate between a continuously growing process, starting
usually at the weld and propagating into secondary or main structural elements and fatigue
cracks arresting in low stress areas to relieve the restraint condition. The later one is in general not that serious compared to the first type of crack propagation.
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Overview on traditional strengthening techniques
In this case the following remedial measures are proposed:
•

Changing the static system,

•

Adding of structural elements (steel lamellae, incl. filler lamellae, additional support,

•

External prestressing,

•

Reduce load,

•

Use of prestressed bolts instead of high loaded rivets in tension zones,

•

Replace rivets by prestressed bolts in critical cross sections of connections/ joints,

•

Weaken cross sections to prevent secondary stressed by cut outs or drilling holes

•

Damping measures to reduce high dynamic load

In general, before repair and strengthen a structure or a structural element, the reason of the
failure must be known to reduce stresses in the weak details purposeful.
Examples
The following sections include a short summary on most common fatigue failure problems in
existing old steel bridges as well as proposals for adequate repair and strengthening methods.
Welded structures
Table 5.1 give an overview about typical fatigue failures of welded structures and resulting
adequate repair and/or strengthening methods. The tables were prepared by Ustutt (welded
structures) and BAM (riveted structures) as a contribution to ECCS, TC6.
Table 5.1

Typical fatigue failures of welded structures
used in practice Riveted and bolted structures.
Fatigue failure
Repair
Transverse groove welds

Cracks in the butt connection groove weld of tension-side longitudinal stiffener or flanges (w1), (w2),
(w3)

and

remedial

measures

often

Strengthening

- stop hole drilling(w-g) - adding filler plate or
FRP (w-d)
- adding a filler plate or
FRP (w-d)
- splicing by using HTbolts (w-e)
- splicing by using HTbolts (w-e)
- re-welding (w-b)
- re-welding and surface treatments if
cracks are small and
have not reached the
web (w-b) and (w-c)
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Fatigue failure

Repair

Strengthening

Cover end plates

Depending on the
surface crack length:
- long cracks
L < 40 mm:
stop holes (w-g) and
splicing with HT-bolts
(w-e)
- short cracks
L < 10 mm: surface
treatments such as
TIG dressing or
hammer peening
(w-c)

- improve the weld toe
detail (w-f)

Gusset plates on flanges

- stop holes (w-g)

Cracks in welded gusset plate joint on flanges (w7),
(w1)

- improving of weld toe
detail (w-f)

- improving of weld toe
detail (w-f)

Coped end of deck plate girder

- stop holes (w-g)

Cracks at the coped end of deck plate girders (w7)

- full penetration welding (w-b) and surface
treatment (w-c)
- adding plates or FRP
(w-d)
- reinforcement by
splice plates (w-e)

Cross bracing connections

- stop holes (w-g)

Cracks at transverse front welds at cover plate end
(w7), (w1)

- surface treatments
such as grinding
and/or peening
(w-c)
- adding filler plate or
FRP (w-d)
- shear splices using
HT-bolts or injection
bolts (w-e)

- surface treatments
(w-c)

- adding bolt connection with rib plates
(w-e)

- improve the weld toe
detail (w-f)

Fatigue cracks at the cross bracing connection detail - full penetration welding (w-b) and surface - surface treatments
on the upper flange (w4), (w1)
treatment (w-c)
such as grinding
and/or peening (w-c)
- use symmetrical
connections (w-h)
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Fatigue failure

Repair

Strengthening

Sole plate connection

- adding plates or ribs
to the web of the
supported girder
(w-d)

- adding plates or ribs
to the web of the
supported girder
(w-d)

- reinforcement by
bolted splices (w-e)

- reinforcement by
bolted splices (w-e)

- stop holes (w-g)

- remodification of
connection detail
(w-h)

Cut out web

- stop holes (w-g)

Fatigue crack in the web or flange, initiated at the
fillet weld toe of the cut out web (w7)

- adding filler plate or
FRP (w-d)

- adding filler plate or
FRP (w-d)

Fatigue crack in sole plate connection detail at support (w4), (w7)

- increasing the curvature ratios of the cut
outs (w-f)
- full penetration welding (w-b) and surface
treatment (w-c)

Orthotropic deck

- stop holes (w-g)

Orthotropic steel bridge deck, different details with
low fatigue strength (w4), (w7), (w1), (w2)

- adding filler plate or
FRP (w-d)

- preventive stop holes
(w-g)
- strengthening deck
plate by thicker steel
deck (w-h)
- adding steel plates or
FRP strips (w-d)
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Fatigue failure

Repair

Hangar and pinned connections

Repair is depending on - change of the static
the degree of failure:
system (w-h)
- stop holes at the end
- improvement of weld
of fatigue cracks
quality by surface
(w-g)
treatment methods
- re-welding of small
(w-c)
cracks followed by
- increase curvature
surface treatments
ratios (w-f)
(w-b) and (w-c)

Cracks induced by vibration, e.g. by wind or traffic
(w5)

Transverse stiffener web gaps

- stop holes (w-g)

Cracks near the end of a vertical web stiffener (w6),
(w1)

- weld toe finishing by
TIG-dressing or
grinding (w-c)

Floor-beam bottom flange

- stop holes (w-g)

Fatigue crack occurred in the coped web of the end
floor-beam (w7)

- gouging and rewelding (w-b)

Strengthening

- prevention out-ofplane distortion of
the girder web (w-h)
- increase flexibility of
the connection (w-h)

- adding filler plate
(w-d)
- splicing by using HTbolts (w-e)

Riveted structures
Table 5.2 gives an overview about typical fatigue failures of riveted and bolted structures and
resulting adequate repair and/or strengthening methods.
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Table 5.2

Typical fatigue failures of riveted and bolted structures and remedial measures often used
in practice
Typical fatigue failure
Repair
Strengthening
Cover plate end

Cracks initiating at the holes in net cross section at
the end of cover plates due to overload and due to
changes of geometry (r2)

- remove cracked
member, add longer
cover and filler plate
in the tension flange
with HT-bolts (r-a)
(r-b)

- adding filler plate and
longer cover plate by
HT-bolts (r-b)
- adding FRP or steel
plates (r-d)

- high strength bolts in
the last connection
of the upper cover
plate (r-a),
- remove microcracks
in rivet holes by drilling one swarf

Cover plate end

Cracks in the flange of the gross cross section due
to changes of geometry (r3)

- remove cracked
member, add longer
cover and filler plate
in the tension flange
with HT-bolts (r-b)
- high strength bolts in
the last connection
of the upper cover
plate (r-a)

Gusset plates

Cracks in gusset plates due to insufficient thickness
(r4)

- short cracks: HTbolts (r-a)

- adding filler plate
and longer cover
plate by HT-bolts
(r-b)
- adding FRP or steel
plates (r-d)

- use HT-bolts in the
last 3-4 rivets of the
connected truss
members (r-a)

- long cracks: exchange of the gusset
plate (r-b)
- drilling of rivet holes
to remove micro
cracks, caused by
riveting process
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Typical fatigue failure

Repair

Strengthening

Ballast sheets

- stop holes as contemporary measure
(r-f)

- unload the barrel
shaped ballast
sheets without horizontal stiffeners by
stiff load transfer
beams (r-e)

Cracks in barrel shaped ballast sheets (r5)

- change of the static
system by applying
the load directly into
the cross beams by
means of stiff load
transfer beams (r-e)
- reduce stiffness due
to large hole drilling
(r-e)

- reduce stiffness due
to large hole drilling
(r-e)

Bearings

- stop holes (r-f)

Cracks due to frozen bearings or joints, e.g. because of corrosion or temperature differences (r8)

- exchange of the
cracked member
(r-d)

- control corrosion
protection (r-g)

Cross beam – longitudinal beam connection

Cracks in a connection between cross beam and
longitudinal roadway beam (r5)

- make the bearing
movable (r-g)

Stringer to floor-beam connection

Fatigue failure of rivet heads due to localised due to
local bending of the rivet head

- substitution of the
critical rivet by high
strength bolts in the
connection of the
angle to the floor
beam (r-a)

- control of moveability
bearings and joints
(r-g)

- exchange critical
rivets by high
strength bolts in advance (r-a)
- adding additional
members (r-b)
- change static system
(r-e)

Chalmers University, Åkesson

Existing riveted structures should not be welded without detailed verification of the weldability
of the used old steel.
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5.2.3 CFRP strengthening of metallic structures
Fibre-Reinforced Polymers (FRP) and especially Carbon-Fibre-Reinforced Polymers (CFRP)
are commonly used for strengthening of concrete structures. Due to its excellent material
properties, such as high fatigue resistance, high stiffness and high tensile strength, CFRP is
used to improve the flexural stiffness and ductility as well as to strengthen and repair existing
concrete structures. Extensive research work has been conducted during the last years to
transform this modern strengthening technique to metallic structures. In addition to the above
mentioned advantages, for steel structures FRP strengthening provides the opportunity to
increase the fatigue resistance. The present document gives a brief summary of a comprehensive literature review which has been carried out within the Sustainable Bridges Project
within the study regarding strengthening of metallic structures.
Installation procedure
A good summary of the installation topics is given in (Rizkalla, 2000), where some major
questions concerning the installation procedure of FRP strengthening systems on steel are
discussed. He indicates that surface treatment must be environmental friendly, and easily
accomplished under field conditions. He quotes (Brockmann, 1993) who has shown that application of the CFRP material can be made up to 150 hours after completion of the surface
preparation. If strengthening occurs after this time, a lower bond strength could be the result.
Surface grinding or sandblasting is recommended to remove all rust, paint, and primer from
the steel surface. Additionally, the bare steel may be pre-treated using either an adhesion
promoter or a primer/conditioner, which leaves a thin layer attached to the metal oxide surface (Mays and Hutchinson, 1992). This type of bond significantly improves the long-term
durability because water displacement through this coating is unlikely since the hydrolysis of
the primary bonds is a slow process. The bonded side of the FRP plates may be sanded to
increase the surface roughness using medium grit sandpaper or a sandblaster, and wiped
clean with acetone. However, excessive surface preparation of FRP plates may expose the
surface of the carbon fibres leading to possible galvanic corrosion if placed in direct contact
with the steel surface. The adhesive is then applied to the pre-treated steel surface, bonding
either FRP plates or sheets to the steel. The adhesive typically used is a two-component
viscous epoxy. A less viscous epoxy is used for bonding the plates to each other. It is recommended to leave the bonded plates to cure for a sufficient time, not less than 48 hours.
(Miller et al., 2001) suggested application of an accelerated curing method, such as heating
blankets or induction heater to increase the curing rate of the adhesive. An adhesive for a
particular rehabilitation scheme must perform three functions. First, the adhesive must have
adequate bond strength so that the composite material can be optimally utilized. Consequently, this requires the failure mode of the system to be governed by the ultimate strength
capacity of the composite and not by a premature bond failure. Second, the system must be
sufficiently durable in the design environment to match the life expectancy of the structure
(typically 75 years). Finally, the adhesive must also be easy to use under field conditions.
Material selection
Carbon-fibre composites and adhesive systems are today available with various material
properties. Important within this field are the selection of material for the strengthening and
repair of metallic structures, and what the designer needs to consider to achieving highstrength joints between steel and FRPs.
(Pasternak et al., 2004) studied the efficiency of using adhesives to join steel members. The
study is carried out with both an experimental test and a FE analysis. The results show that it
is possible to connect steel members and the adhesive connections show higher stiffness
and strength compared with bolted connections. Long-term effects and its brittle failure is a
problem according to the author. If the joints are combined e.g. both bolts and adhesive, the
adhesive increases the stiffness and reduces the peak stresses while the bolts guaranteed
the safety in the connection.
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The fibre content in unidirectional CFRP effects on the macroscopic fracture mode have
been studied by (Rochardjo et al., 1997). They have tested specimens with different fibre
volume fraction. The volume ranging from 30% to 70% and the specimens were tested in
tension in the fibre direction. The results show that a transition in fracture mode occurred,
from tensile fracture at low fibre content to interlaminar shear failure at high fibre content.
Information about the choice of adhesive and practical information is also given by different
manufactures. E.g. (Permabond Division, 1999), which disposal literature about bonding
composites both to themselves and other materials.
Surface preparation before bonding
To gain a strong and durable adhesive bond, surface treatment and accurate bonding plays
a very important role. In particular if its application takes place onsite. Inappropriate surface
preparation and bonding with contaminated adhesive can lead to premature debonding of the
CFRP sheets. Due to bond defects stress concentrations within the bond line can also cause
premature peel-off of the FRP-sheet long before the theoretical ultimate load has been
reached, see also (Liu et al., 2001). In the following two appropriate surface preparation
methods are presented.
Sandblasting
The surface roughness characteristics of blast-cleaned steel substrates are regulated by
(ISO 8503) This document specifies the requirements for ISO surface profile comparators
which are intended for visual and tactile comparison of steel substrates that have been blastcleaned with shot abrasives. ISO surface profile comparators are use in assessing, on site,
the roughness of surface before the application of paints and related products or other protective treatments. Surfaces of steel members which are prepared for bonding should be
cleaned up to a roughness of at least Sa 2-½, compare (ISO 8501)
SACO method
SACO is a physical-chemical surface preparation method which is used for the pre-treatment
of metal surfaces before bonding. The aim is the cleaning (SAndblasting) and COating of the
surface at the same time. The SACO treated metal surface results in a very thin and good
adherent layer of polar primer. Afterwards primer and adhesive are applied as usual. As precondition for this method all assembly components have to be previously cleaned from rough
impurity and rust. The SACO method works as follows: The pre-cleaned metal surface is
blasted with the special coated corundum SACO-Plus. Due to corundum impact on the surface it is cleaned and roughened similar to common sandblasting. During the impact parts
from the corundum coating are transferred to the steel surface. After the detachment of the
corundum particle the impact area is left coated with a very thin layer of polar primer. After
SACO-blasting the surface is coated with the primer SACO-Sil which causes a chemical reaction with the adhesive layer applied shortly after. According to laboratory tests, performed
in the scope of the Sustainable Bridges Project, SACO treated metal surfaces are 2.7-times
less sensitive to bondline corrosion than simply sandblasted ones. See also appendix
D6.2.4-B of Sustainable Bridges Report.
Bonding procedure
Bonding has many advantages compared to conventional joining methods such as bolting or
welding, e.g.: the possibility to join different kinds of materials, no heat introduction into the
base material and no sectional weakening due to drill holes. Besides these advantages it has
to be mentioned that bonding normally is a very labour intensive and sensitive technique.
The way of implementation is a decisive factor for the quality and durability of the bonding.
Like welding, bonding should only be done by specially skilled workers. In table 5.3 a summary of the main working steps of the installation of a CFRP repair and strengthening system
is given.
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Table 5.3 Working steps of the installation procedure of a CFRP strengthening system
st

1
step

nd

2
step

rd

3
step

th

4
step

th

5
step

th

6
step

Cleaning of the metal surface
To remove any dust, paint or unsound material on
the bonding surface, the steel member has to be
mechanically cleaned. Recommended methods are
sandblasting or SACO treatment.
This first mechanical surface preparation is accomplished by a chemical cleaning of the bonding surface to remove all dirt and debris using acetone or
any other appropriate cleaning agent.
Application of primer
To optimize the adherence between steel and adhesive and to avoid any corrosion of the substrate,
the steel surface has to be treated with a thin layer
of primer. This special coating is usually based on
the later on applied adhesive and forms part of the
bonding system. Therefore the used primer has to
be chosen according to the recommendation of the
adhesive producer to assure the maximum adherence between steel and adhesive.
Cleaning of CFRP
Depending on the used strengthening system the
CFRP surface may be cleaned with acetone before
bonding. Some producers protect the plate surface
with a special protection layer, e.g. peel ply, which
has to be removed before bonding. In such cases
cleaning via acetone may not be necessary. (See
manufacturer information!)
Preparation of the adhesive
During the whole bonding procedure absolute
cleanliness is required to avoid any contamination of
the adhesive. In case of a two component adhesive
new stirring rods and cups should be used for each
mixture.
Special attention has to be paid on the right component ratio and a sufficient stirring to assure the optimal bonding performance.
Application of the adhesive
After curing of the primer and accomplishing step 3
and 4, the adhesive can be applied. To reach a high
homogeneity of the adhesive layer without any air
pockets, the adhesive should be applied single
sided (preferentially on the CFRP side) and in a
triangular shape (:= triangular cross-section).
Assembling
Once the adhesive has been applied, the CFRP
plate or laminate has to be placed during the potlife
time of the adhesive. Like all steps before, the assembling has to be carried out with great care to
avoid any contamination or air pockets. Therefore
the CFRP should be attached carefully in one working step, which means that an adequate number of
workers and fixing equipment has to be available.
Any detaching or replacing may cause air inclusions
or contamination of the adhesive.
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Durability
Due to the exposure to extreme environments a bonded FRP-strengthening-system can lose
its good characteristics and deteriorate over time. From this follows that the durability of the
bonding is at least as important as its intrinsic strengthening capacities. It has to be considered, that each single component of the composite (FRP laminate, resin-matrix, adhesive,
steel) may react differently to one and the same environmental exposure condition. So first of
all, the influence that each service environment has on the single components has to be understood before general recommendations can be made and discussed. The following chapter gives a summary of the reports on laboratory experiences which could be found in the
literature
With focus on the durability of the bond between composite and steel, (Karbhari et al., 1995)
conducted 30 tests according to the wedge test, which enabled the determination of overall
durability within short period of time. Among the five different composites used in this research were carbon- and glass-fibre reinforced epoxy systems. See Table 5.3. In all specimens the resin itself acted as the adhesive. Six different environments were tested: ambient,
synthetic sea water (ASTM D1141) at 25°C, hot water at 65°C, room-temperature water
(25°C), freezing (-18°C) and freeze thaw (alternating 12hr cycles between -18°C and 25°C).
Each specimen was exposed to the selected environment for two weeks before testing. According to the method of the wedge test, only a relative conclusion can be made. A summary
of results is given in Table 5.4. It shows a relative ranking and leads to the conclusion that
the used S-glass-type system (GT-30) has the most durable bonding attributes within the
environments tested. (Karbhari et al., 1995) summarise the results as follows:
The final material selection will undoubtedly have to be made on the simultaneous consideration of both durability and performance criteria, which might suggest that the best overall
combination would be a hybrid of S-glass and carbon, with the glass being in contact with the
steel. This inner layer of S-glass would not only help on overall durability, but would also significantly decrease the potential for long-term degradation due to galvanic corrosion triggered
by the presence of carbon fibres in contact with steel. The hot-water environment was the
most aggressive environment, causing severe breakdown of the bond due to the rapid formation of oxides at the interface. The most durable bonds were those subjected to a subzero
environment. The overall results portend well for this rehabilitation scheme, although further
investigations of the overall durability and accelerated testing are necessary (Karbhari et al.,
1995).
Table 5.3 Unimpregnated fibre properties (in tow-sheet form) acc. (Karbhari et al., 1995)
Fibre type

Classification

Weight
[g/m²]

Tensile
strength
[Mpa]

Tensile
modulus
[Mpa]

Carbon

C1-20

200

3 480

228 000

Carbon

C1-30

300

3 480

228 000

Carbon

C5-30

300

2 940

370 000

E-Glass

CE-30

300

1 520

76 000

S-Glass

GT-30

300

2 070

86 000

Sustainable Bridges

SB-6.2

2007-11-30

61 (142)

Table 5.4 Summary ranking of durability of systems tested in acc. to (Karbhari et al., 1995)
Environment
Fibre type

Roomtempera- Salt water
ture water

Ambient

Hot water

-18°C

Freezethaw

C1-20

5

4

3

2

1

3

C1-30

4

3

5

3

4

4

C5-30

3

5

2

4

5

2

CE-30

2

2

1

5

2

5

GT-30

1

1

4

1

3

1

Note: 1 = Smallest crack extension and 5 = greatest crack extension

Galvanic corrosion
Apart from fatigue and increase in dead-/live load, corrosion is the primary reason for deterioration of steel bridges. Especially in cold regions, where de-icing salts are used, it can influence considerably the long-term serviceability. Due to the structure of a CFRP reinforced
steel member, the possibility of galvanic corrosion should be considered. As galvanic corrosion can not be related directly to the later on discussed “ageing under environmental conditions” it will be discussed in this chapter.
Corrosion can be defined as degradation of a metal by an electrochemical reaction with its
environment, (Trethewey and Chamberlain, 1988). However, galvanic corrosion needs four
essential components to occur:
•

an anode (metal; where the corrosion takes place),

•

a cathode (e.g. carbon),

•

an electrolyte (e.g. salt water) and

•

an electrical connection

If one of these components is missing, the electrochemical reaction stops.
Because of the electrochemical potential between carbon fibres and steel, CFRP reinforced
steel bridges may have the tendency to form a galvanic cell, which could accelerate the corrosion rate. Based on the fact that a CFRP-reinforced bridge is exposed to a humid, aggressive environment, three of the four above mentioned components (anode, cathode, electrolyte) are existent. The fourth component, the electrical connection, depends mainly on the
thickness and effectiveness of the epoxy coating of the fibres.
(Tavakkolizadeh and Saadatmanesh, 2001) describe a series of experiments comparing the
corrosion behaviour of specimens with different amounts of epoxy coating in addition to
samples with no coating The tests were performed under the two different aggressive environments of seawater and de-icing salt solution. The test results indicate the existence of
galvanic corrosion when there is a direct contact between the CFRP plate and the steel substructure. The galvanic corrosion rate is directly related to the epoxy coating thickness.
Applying a thin film of epoxy coating (0.1mm) on the saturated carbon fibres decreases the
galvanic corrosion rate in seawater and deicing salt solution by seven and five times, respectively, compared to those with no coating. By using the typical epoxy coating for wet lay-up
(0.25mm), the galvanic corrosion rate in seawater and deicing salt solution decreases by
twenty-one and twenty-three times, respectively. To eliminate the problem of galvanic corrosion, (Tavakkolizadeh and Saadatmanesh, 2001) recommend the use of a non-conductive
layer of fabric between carbon and steel, an isolating epoxy film on the steel surface and in
addition a moisture barrier coating.
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Generally it must be said that limited literature treating galvanic corrosion in FRP-steelsystems have been found. The above mentioned research by (Tavakkolizadeh and Saadatmanesh, 2001), one of the most extensive ones, leads to the conclusion, that galvanic corrosion is not significant if there is a sufficient layer of non-conductive material (adhesive or nonmetallic composite) between steel and CFRP and if the CFRP plates are covered by a moisture barrier. Thus a coating of the whole reinforcement via a durable protection paint is highly
recommended.

5.2.4 Case studies
The following section gives a summary of some field reports. In general it must be said that
very little information concerning field experiences could be found in the literature. The cases
discussed in the following include strengthening for increasing load-carrying capacity and
stiffness, as well as strengthening to improve fatigue strength and repair of fatigue damaged
metallic elements.
Two steel girder bridges have been a subject for strengthening work funded through the
Federal Highway Administration’s Innovative Bridge Research and Construction (IBRC) Program. Iowa Department of Transportation employed techniques for strengthening the two
bridges using CFRP and the aim of the project was to improve the live load carrying capacity
of the two bridges and to identify the changes in structural behaviour that might occur due to
the addition of strengthening system and time. Two different techniques are used to
strengthen the two bridges and in the first case the bridge was strengthened using posttensioned CFRP rods in the positive moment regions. In the second case, CFRP plates were
installed on the bottom flange of the girders in the positive moment regions. The projects
have been documented by (Phares et al., 2003), and (Wipf and Phares et al., 2003) have
written a more detailed report about the post-tensioning of a steel bridge.
The first bridge which was strengthened with post-tensioning CFRP rods is a three span continuous steel girder bridge. The total length of this bridge is about 64 m consisting of two end
spans of about 19.5 m and a centre span of about 25 m, see Figure 5.1.

Figure 5.1 Side view of the bridge, (Phares et. al., 2003)

As described above the post-tensioning system was installed in the positive moment region
of the exterior girders in all three spans. Two CFRP rods were attached on both sides of the
web of the girder via an anchor system, which was bolted to the web near the bottom flange.
After that the CFRP rods were placed in position between each pair of anchorages, the tension force was then completed in several steps at each location of the anchor in a symmetrical manner, see Figure 5.2. The position of the anchors was based on design calculations
and field measurements.
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Figure 5.2 Application of post-tensioning force at the anchorage, (Phares et. al., 2003)

The results from this strengthening method is that post-tensioning does not significantly reduce deflection due to live load, but it increase the load carrying capacity of the bridge by
generating strain opposite to those produced by dead load. It was determined that approximately five to ten percent of live load moment was reduced by the post-tensioning moment.
The second bridge strengthened with CFRP plates is a 45.7 m long three span continuous Ibeam bridge. The goal of this strengthening was to enhance the capacity of the overstressed
beams through the addition of CFRP plates attached to the tension flanges. The bridge has
two end spans with a length of about 13.9 m and a centre span of about 18 m and is supported by six beams of different dimensions, see Figure 5.3.

Figure 5.3 Side view of the strengthened bridge, (Phares et. al., 2003)

The material used for strengthening was CFRP consisting of continuous unidirectional carbon fibres. The CFRP plates were selected due to their mechanical characteristics, noncorrosive nature and relative ease of application. Calculations had been performed, which
showed that the overstressed beams could be adequately strengthened by use of CFRP
plates bonded to the bottom flange of the beams. The CFRP plates were applied on both
interior and exterior beams in the areas of positive moment of all three spans, figure 5.4 illustrates some of the installation procedures.
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Figure 5.4: Installation procedures, (Phares et. al., 2003)

For each span a different number of CFRP plates were used to investigate the effect of varying amount of CFRP plates, to compare the response of the different scheme used in different conditions, to investigate the ease of construction of multiple layers, and to evaluate the
durability of the installation. One beam had half of the CFRP plates installed on the bottom of
the bottom flange and half on the top of the bottom flange, this to investigate the performance and in-service durability under detrimental environmental conditions, see figure 5.5.

Figure 6: Installation of the CFRP plates, (Phares et. al., 2003)

The result of the strengthening procedure concerning this second bridge is not reported yet,
so the conclusions on performance and behaviour of this bridge will be made as follow-up
test takes place.
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Planning of research

The work in this Task started in January 2004. An initial plan for the work to be performed
within the frame of this Task was produced through cooperation between all partners in the
Task and in coordination with the WP-leader. In this section the carried out research work
are briefly described a more comprehensive recording is given in appendix D6.2.4-B.
In the following text, a brief description of the work conducted during the period January2004 to June-2006 is described. This work followed the preliminary planning in the task without problems.
1) Material testing: Two material systems provided by different material suppliers are
considered in the project. These involved 6 types of CFRP-plates and two different
adhesives. Prior to any application, the properties of the materials used should be established. The material properties, which were considered being of major interest and
for which the tests were conducted includes:
a) For the plates: Young’s modulus, Poisons ratio, ultimate tensile strength and
ultimate tensile strain. These properties were provided in two directions, parallel and perpendicular to the fibres.
b) For the adhesives: Young’s modulus, Poisons ratio (and shear modulus), ultimate tensile strength and ultimate tensile strain.
c) In addition, material properties for the adhesives were obtained at different
temperatures (-20, 0, 20 and 40 °C) and after different curing times (1, 3, 5,
and seven days).
2) Small-scale testing of Steel-CFRP joints: After a preliminary analysis of the behaviour of steel-CFRP joints, it was concluded that test procedures adopted for characterizing the behaviour of concrete-CFRP joints are not directly applicable to metallic
elements. The behaviour, the load-transfer mechanisms and the fracture modes are
all expected to be different, especially after the onset of yielding in steel. Therefore,
an extensive numerical analysis was conducted to examine alternative test specimens, which can be used for this purpose. The analysis resulted in the development
of new tests specimens for characterization of behaviour of metallic-CFRP composite
elements. A series of static tests was conducted to validate the analysis and to study
the various fracture modes, which are expected to be found in steel members
strengthened with bonded plates. The results were very satisfactory and the new
specimens were able to reflect the behaviour of the composite steel-CFRP joints very
well.
3) Large scale testing of steel beams strengthened with bonded plates: Static tests
on large-scale steel beams strengthened with bonded CFRP are now ongoing. A pilot
test-series with five beams has already been conducted to confirm the behaviour anticipated by analytical and numerical models developed in the project. The idea of the
pilot tests was to vary the type, amount and position of the materials used in
strengthening to produce various strengthening effects, fracture modes and degrees
of ductility.
4) Durability tests on small-scale joints with bonded steel-CFRP elements. The aim
of the tests was to determine the effect of different surface preparation methods on
the ageing of bonded CFRP-steel joints. In this light, a conventional surface pretreatment method has been compared to a new, innovative one. During the tests
special focus has been set on the bond-line corrosion, which means that no corrosion
protection has been applied to simulate the ageing behaviour under any absence or
destruction of the protective coating.
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5) Design tools and analysis models: The problem of metallic beams strengthened
with both prestressed and non-prestressed plates was studied analytically and using
finite element models. Analytical solutions for predicting the moment capacity and the
moment deflection behaviour of the strengthened beams have been produced. In addition, the problem of interfacial shear stresses in metallic beams strengthened with
bonded plates has been studied.

5.4

Accomplishment of the research

Adhesively-bonded composite materials are now widely used in the field of strengthening
and repair of existing structures. In later applications, the material, often in form of unidirectional plates, has been employed to strengthen metallic structures such as steel and composite bridges. In this report, the results from an experimental and numerical study on the
behaviour and strength of steel elements strengthened with bonded carbon-fibre plates are
presented.
Material tests on adhesives and CFRP-laminates have been conducted to establish several
material parameters of interest for the application of the strengthening technique. Tensile
tests were conducted on various types of laminates both parallel and perpendicular to the
direction of the fibres in the laminate. For the adhesives tensile tests were done on dog-bone
specimens at various temperatures and different curing times to establish the characteristics
of the adhesives at these conditions.
A new type of test specimen has also been developed in order to study in more detail the
behaviour and strength of composite steel-CFRP joints. The specimens were developed
based on extensive FE-analysis. Five specimens, one with steel only and four with various
types of adhesively-bonded carbon-fibre-plates were tested. The behaviour displayed by the
tested specimen varied widely. The degree of strengthening (i.e. the increase in the ultimate
load-carrying capacity) that could be achieved by bonding the plates varied between 12 and
80%. The degree of ductility, which was observed for the tested specimens also varied, ranging from brittle to very ductile failure. The tests succeeded in resembling the failure modes
that can be obtained in steel elements strengthened with bonded composite plates. Tensile
rupture of the plate as well as debonding and delamination failures in the middle and at the
ends of the plates could be observed. The stiffness of the composite plates and the adhesive
used for bonding play both a dominant role for the type of fracture mode, and thus the ultimate load-carrying capacity that can be achieved for steel elements strengthened with adhesively-bonded plates.
Tests are performed in laboratory on steel beams strengthened with CFRP laminates of different material properties. The strengthened beams were provided with strain gauges, both
over the cross-section and at the end and midspan of the CFRP laminate. From the measured strains the stresses were derived. The behaviour of the strengthened beams and the
obtained failure modes were studied. It was found that the increase in stiffness was negligible, but the moment capacity was increased. The variations of material and geometrical
properties of the CFRP laminate influenced the behaviour of the strengthened steel beams.
The most preferable result was obtained for a strengthened beam where the used CFRP
laminate had a modulus of elasticity equivalent to that of steel. This configuration gave the
highest increase in moment capacity and ductility. The dominant failure modes were rupture
of the CFRP laminate. The laboratory results gave that the magnitude of the shear stress at
the ends of the CFRP laminate reached a maximum value in a linear way, and then decreased in magnitude.
Analytical calculations and FE models were developed and conducted to analyse the capacity of the strengthened beams and the interfacial stresses, which appear in the bond line. The
analytical calculation showed that the degree of strengthening of a double symmetric steel
beam is limited. It is the section’s capacity to resist compressive stress that will affect to
which extent the section can be strengthened.
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The FE analyses showed that the interfacial stresses near the ends, which may cause
debonding, had not reached critical values when the strengthened beams reached failure,
caused by rupture of the CFRP laminate. Even the analyses from FE showed that the development of the interfacial shear stress still were quite linear after that the steel beam had start
yielding in the mid-section.
Nevertheless, the FE analyses showed that high shear stresses appeared near midspan
when the steel beam started to yield, and the magnitude of these shear stresses might
widely exceed the critical value for the epoxy. The interfacial stresses had a variation over
the width of the bond line, where the greatest values where found in the areas nearest to the
web plate of the steel beam.

5.5

Results from research

The laboratory tests and analytical calculations shows that it is possible to increase the flexural strength up to about 20% when using CFRP plates bonded to the outer side of the tensioned flange of an I-shaped cross-section. For the tested specimens there were no difficulties with debonding of the plate due to high interfacial stresses, except for one beam (Beam
1-2) were the failure was between the primer and steel substrate. This failure has to be studied further to avoid wrong combinations of materials. Instead, the major failure mode for the
tested beams was rupture of the CFRP plate due to high stresses. Aside from the failure
mode of Beam 1-2 there are a possibility to increase the quantity of CFRP plate on the tensioned flange and thus increase the capacity of the steel beam even further, presuming that
the section is able to transmit the compression stresses. The laboratory tests show that use
of a high strength CFRP with steel equivalent stiffness produces the most preferable behaviour of the strengthened steel beam. An increase of stiffness can be obtained by using either
a stiffer CFRP or a greater quantity of CFRP. The disadvantage with using CFRP with high
modulus is the decrease in strength that causes a more brittle behaviour of the strengthened
beam. The measured interfacial shear stress distribution fits fairly well to the shear stress
distribution obtained from the analytical solutions, but experiences from the laboratory tests
shows that it is hard to capture the strain without having small disturbances in the measured
values. These disturbances produce large fluctuations in the distribution of shear stress obtained from derivations of the strains. However, the magnitude of the interfacial shear stress
is well below the capacity of the epoxy. The FE-analyses can be seen as a very useful tool
for modelling and analysing of strengthened beams. The model used in the present study
employing 20-nodes solid element is quite time consuming when it comes to the computational effort. More simplified models have been conducted and are shown to be a good alternative to the present model. Some advantage with modelling with solid element is that it is
possible to analyse non-linear stress and strain distribution in a three dimensional condition.
Additionally conclusions from the present study are summarized below:
•

The interfacial shear stress distribution varies along the width of the bond line, with its
maximum value in the path at the inner edge of the bond line.

•

The longitudinal shear stress distribution extracted from the FE-analyses reflects the
shape showing the increase and decrease in shear stress at the outermost point of
the bond line.

•

For an I-section where the stiffness varies along the width of the strengthened flange,
the analytical solution gives values of the shear stress which are lower compared to
the results from the FE-analyses. The intersection between the results from the analytical solution and the FE-analysis will vary for different configuration of the strengthening materials and is thus not constant.

•

The shear stress development, in a point where the numerical and analytical results
coincide, as a function of applied load will be equal until a very high load is reached.
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This gives indication of that the analytical solution can be valid even after the steel
has reached yielding.
•

Even the peeling stresses at the end of the bond line will vary along the width, and
the maximum value is reached at the path located on the inner edge of the bond line.
The magnitude of the peeling stresses in this path overrides the results from the analytical solution.

•

The interfacial shear stress distribution near the midspan of the beam varies along
the width of the bond line. In the elastic phase the distribution will have a shape similar to the theoretical solution, but further away from the inner edge the distribution will
change in behaviour and peak values will appear.

•

For the plastic phase of the strengthened beam the maximum value of the interfacial
shear stress near the midspan will move along the bond line away from the midspan
as the area of yield increases. The magnitude of the interfacial shear stress may
widely exceed the capacity of the epoxy for high loads.

•

When the capacity of the epoxy is reached all the tension forces will be carried by the
CFRP plate and cause higher stresses in the CFRP plate over the region where no
shear stress will act anymore.

•

A 3D solid element model can reflect the behaviour of a strengthened steel beam.
With addition of initial deformations and modelling of internal stresses the results
would fit even better in the region where the steel starts to yield.

In appendix D6.2.4-A some of the major issues of the deterioration of bonded CFRP-steel
joints due to accelerated ageing under extreme environmental conditions have been discussed and the most important standards for accelerated ageing tests have been introduced.
As the way of implementation is a decisive factor for the quality and durability of the bonded
joint, this report has given some general recommendations concerning the surface pretreatment and bonding procedure. It also addressed the questions of galvanic corrosion.
Within this project RWTH Aachen carried out a standardised ageing test with a total of 71
single shear lap samples (see appendix D6.2.4-B). The bonded CFRP-steel specimens have
been prepared using two different surface preparation methods: Conventional sandblasting
and SACO method
As a result of the discussion and the tests, the following conclusions can be drawn:
•

A good surface preparation and an accurate bonding procedure is essential for the
durability of a bonded joint.

•

As bonding is a sensitive joining method, it should only be done by special skilled
workers, as it is already the case for welded connections.

•

To reach a better adherence between steel surface and adhesive the application of
new surface preparation methods, which combine cleaning and coating of the steel
surface in one working step, should be considered.

•

In case of absence or destruction of any protective coating, bond line corrosion leads
to a fast deterioration of the bonding.

•

The part of the bonding area which is affected by bond line corrosion is completely
inoperative, which means that a direct correlation between ultimate strength and percentage of corroded bonding area can be drawn.

•

The tests show that the progress of bond line corrosion can proceed with an estimated speed of 1mm/year under normal environmental conditions in middle Europe,
if the reinforcement is not protected against environmental exposure.
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•

The bond line corrosion progress can be decelerated to nearly a third by the use of
advanced surface preparation techniques such as the mentioned SACO method.

•

Using a sufficient layer of non-conductive material (such as the adhesive layer) between steel and CFRP and a protection coating for the whole reinforcement, there is
no detectable risk of galvanic corrosion.

•

In general a coating of the whole reinforcement via a durable protection paint is highly
recommended

5.6

Special value for the railway owners

The topic discussed in this chapter, strengthening of metallic structures, is of great value for
the railway owners. A comprehensive study of existing methods to repair and strengthen
metallic structures has been conduced. In addition to this, extensive laboratory testing and
analyses has been carried out. In particular has the use of CFRP to strengthen metallic
structures been studied and the understanding how to use this method has been deeply
highlighted. If metallic structures needs to be strengthened CFRP plate bonding is a strong
alternative compared to traditional methods and this method will be added to our “toolbox”.

5.7

Future needs

To introduce this system concerning rehabilitation and/or upgrading of steel structures with
adhesively bonded CFRP, design tools and specifications have to be fully developed. The
interfacial stresses near the end of the bond line may be critical, especially at higher degree
of utilization of the CFRP. Therefore an anchorage system should be developed, which in
addition could be used for prestressed CFRP systems.
Long term effects and durability of the strengthening system are very important factors,
which have to be further investigated.

Sustainable Bridges

SB-6.2

2007-11-30

70 (142)

References
Brockmann, W. Steel Adherents. In Kinloch, A. J., Ed. Durability of Structural Adhesives.
Applied Science Publishers, London, 1993, pp. 281-316
ISO 8503: Preparation of steel substrates before application of paints and related products Surface roughness characteristics of blast-cleaned steel substrates
ISO 8501: Preparation of steel substrates before application of paints and related products –
Visual assessment of surface cleanliness
Karbhari, V.M., Shulley, S.B., Use of composites for rehabilitation of steel structures –
determination of bond durability, Journal of Materials in Civil Engineering, ASCE,
November 1995
Liu, X., Silva, P.F., Nanni, A., Rehabilitation of steel bridge members with FRP composite
materials, Composites in Construction, Porto, Portugal, October 2001^
Mays, G. C. and A. R. Hutchinson. Adhesives in Civil Engineering. Cambridge University
Press,New York, NY, 1992
Miller, T. C., Chajes, M. J., Mertz, D. R., and Hastings, J. N. Strengthening of a steelbridge
girder using CFRP plates. Journal of Bridge Engineering,ASCE, Vol.6, No. 6,
November/December 2001; pp. 514-522
Pasternak, H., Schwarzlos, A. and Schimmack N., The application of adhesives to connect
steel members. Journal of Constructional Steel Research 60, 2004: p. 649-658.
Permabond Division, Composite Bonding.
Ltd.: Woodside Road, Eastleigh, Hampshire.

1999,

National

Starch

and

Chemical

Phares. M, et al.: Strengthening of Steel Girder Bridges Using CFRP, Proceedings of the
2003 Mid-Continent Transportation Research Symposium., Ames, Iowa State
University, August 2003
Rizkalla, S.: Retrofit of Steel Structures Using Fiber Reinforced Polymers (FRP): State-ofthe-Art; Civil Engineering Department – North Carolina State University, USA
Rochardjo, H.S.B., et al., Effects of the fiber content on the longitudinal tensile
fracture behavior of uni-directional carbon/epoxy composites. Journal of materials
processing technology 67, 1997: p. 89-93.
Trethewey, K. R., Chamberlain, J. “Corrosion for students of science and engineering”,
Wiley, New York, 1988Tavakkolizadeh, M., Saadatmanesh, H., Galvanic corrosion of
carbon and steel in aggressive environments, Journal of Composites for Construction,
ASCE, august 2001
Wipf, T.J., et al., Evaluation of Post-tension Strengthened Steel Girder Bridge Using FRP
Bars. 2003, Iowa Department of Transportation.

Sustainable Bridges

6

SB-6.2

2007-11-30

71 (142)

Repair and strengthening of concrete structures using
mineral based composites

Authors: Thomas Blanksvärd and Björn Täljsten, Luleå University of Technology

6.1

Background

A large part of the existing concrete structures of the world’s infrastructure are in need of
upgrading or strengthening. There are a number of reasons for this. Increasing traffic
flows/loads, a large part of the existing infrastructure has reached the designed life length
and needs to be replaced. An additional reason for upgrading and strengthening is the degradation of the infrastructures of today. It is important from an economical point of view to
solve these problems in a cost effective way. One way of solving these problems is by applying repair and strengthening methods that are environmental friendly and energy saving.
A common repair and strengthening techniques is the use of advanced composites, normally
carbon fibre reinforced polymers (CFRP), together with epoxy resins as the bonding agent
between the structure and the composite. This method has been utilized on different types of
concrete structures over a decade worldwide. There is however certain parameters that
needs to be improved and developed. One of these parameters are the working environment, the epoxy adhesive is compounded of two different components that can provoke allergic reactions unless protective clothing is being used. It is then of interest to replace the
epoxy adhesive with a bonding agent that ensures a better working environment. Other aspects that may limit the use of epoxy adhesives is the diffusion tightness, thermal compatibility and application temperature. The two first aspects can evoke freeze and thaw problems
and the third aspect refers to the required minimum temperature of the surroundings, approximately 10°C at time for application. This limits the use of the strengthening method in
the northern parts of the world. Epoxy resins also have very poor fire resistance. It is then
advantageous and of interest if the epoxy adhesives can be replaced with a mineral based
bonding agent, e.g. polymer modified mortar, which has similar properties to concrete and
are more working environmental friendly.
Mineral based composites (MBC) are a new type of strengthening system, under development, which can be designed in many different ways depending on the desired properties of
the strengthening system. MBC can be divided into two main groups of materials, mortars
and fibre composites (fibre reinforced polymers, FRP). The most suitable mortars in a mineral based strengthening system are the polymer modified cement mortars. The modifiers
are polymer or polymeric based admixtures. These admixtures can be divided into four main
groups; polymer latex or polymer dispersion, redispersible polymer powder, water soluble
polymer and liquid polymer. The most commonly used FRP for strengthening concrete structures consists of carbon fibre polymers. The fibre composites can be designed in various
geometries to fit the desired properties. One of the limiting parameters with the MBC
strengthening system is the bond strength. Bond strength problems can generally arise in
two transition zones; between the base concrete and the applied mortar and secondly in the
layer plane of the added FRP since the bond between polymer and mortar is insufficient.
Aspects that influences the bond strength is the compatibility between the two materials,
base concrete and applied mortar. The modulus of elasticity and shrinkage incompatibilities
can be of great concern. From experience it is shown that the strengthening material should
have approximately 30 % higher modulus of elasticity than the modulus of elasticity for the
base concrete. There are also different types of test methods that can measure the bond
strength. However, the measured bond strength is greatly dependent on the test method.
Existing method can generally be divided into three categories; tensile stresses, shear
stresses and a combination between shear stresses and compressive stresses. The bond
strength can also be enhanced with chemical and mechanical processes.
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Summary of the literature review

6.2.1 Purpose and aim
The main ambition of the literature review is to investigate and map the compound of the
included materials that can be used for cement based bonding materials instead of using
epoxy adhesives in combination with FRP strengthening.
The methodology of the literature review is to scrutinize earlier performed repair, strengthening and possible materials in the area of mineral based composites. It also includes assemble and structure of the information so it can work as a base for future research and development of mineral based composites.

6.2.2 Introduction to mineral based composites
A combination between the polymer modified mortar and fibre reinforced polymer (FRP) can
be used for upgrading of civil structures. Mineral Based Composites (MBC) is such a combination. MBC is a composite material which is made by replacing a part or all of the cement
hydrate binder of conventional mortar or concrete with polymers and by strengthening the
cement hydrate binder with polymers and with the addition of conventional FRP it becomes a
high performance upgrading system.

6.2.3 MBC components
Mineral based composites can be designed in various ways depending on the required attributes of the upgrading system. The primary foundation in choosing the right MBC should
be based on the type of structure that is being subjected to upgrading and the required mechanical properties. Application methods and environmental effects govern the choice of the
integrated materials in the MBC. The integrated materials in the MBC can be divided in two
main groups, mortars and fibre composites. These two main groups are being described further in the coming parts of the report. Figure 6.1 shows an overview of the different features
and material choices that creates a MBC for a desirable upgrading purpose.
Mortars
There are different types of cement based mortars. The commonly used mortars are ordinary
portland cement and polymer enhanced mortars, polymer impregnated cement (PIC), polymer concrete (PC) and polymer modified cement (PMC). A state of the art by Fowler (1999)
describes the polymer enhanced mortars.
Polymer impregnated cement (PIC) is produced by impregnating hydrated portland cement
concrete with a low viscosity monomer, usually methyl methacrylate, which is subsequently
polymerized by radiation or thermal catalytic techniques. PIC develops compressive
strengths three to four times greater than the concrete from which it was made and also has
corresponding increases in tensile and flexural strength.
Polymer concrete (PC) contains no Portland cement or water, just aggregates with a polymer
binder. Polyester-styrene, acrylics and epoxies have been the most widely used monomers/resins. Due to the PC rapid curing, excellent bond to concrete and steel reinforcement
and excellent strength and durability makes it a very attractive repair material.
Polymer impregnated mortar and concrete are rarely used as construction materials because
of poor balance between their performance and their high processing cost and awkwardness
in applying despite their outstanding performance, (Ohama,1997).
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Figure 6.1 Overview of the MBC structure.

Polymer modified cement (PMC) using latexes has been in use since the 1950s. PMC consists of portland cement concrete with a polymer modifier such as acrylic or styrenebutadiene latex (SBR), polyvinyl acetate, and ethylene vinyl acetate. From a construction
point of view PMC has similar desirable attributes as conventional portland cement concrete
technology. The advantages of SBR PMC are excellent bond strength to concrete, higher
flexural strength, and low permeability. Wet curing is usually required for 24-48 hours to allow
the concrete to gain strength before permitting the latex film to form. The mortar that has
shown the best results when strengthening is the polymer modified mortar, (Mirza et al.
2002) and (Sakai and Sugita, 1995).
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Polymers
A cement modifier is a polymer or polymeric based admixture which consists of a polymeric
compound as a main ingredient. This ingredient modifies or improves the properties, of cement mortar and concrete, such as strength, deformability, adhesion, waterproofness and
durability. The polymeric compound can be a polymer latex, redispersible polymer powder,
water soluble polymer or liquid polymer. The polymer based admixtures are called polymer
modified mortar (PMM) and polymer modified concrete (PMC). The properties of polymer
modified mortar and polymer modified concrete depends extensively on the polymer content
or polymer-cement ratio rather than the water-cement ratio in comparison with ordinary cement mortar and concrete, (Ohama,1998). However, the influence of the polymer modification on the short term flexural strength at high relative humidity is limited, (Van Gemert et al.
,2005). Immediately when dry curing is introduced, a polymer film starts to build up through
the binder phase. The flexural strength is increased with increasing polymer to cement ratio
until a certain limit. The strength development will be optimal if the curing condition starts
with a wet curing period and then followed by a dry curing period. Higher final flexural
strength will be obtained if a longer moist and water curing period (up to 28 days) is provided
and if shrinkage is prevented, (Beeldens et al., 2003).
The classification of polymer based admixtures can be divided in to four main types: Polymer
latex or polymer dispersion, redispersible polymer powder, water soluble polymer and liquid
polymer.
Mixtures
In (Schulze, 1999) the influences of water to cement ratio and cement content on the properties of polymer modified mortar is investigated. In all of the experiments portland cement
CEM 1 32.5 R and the sand mixture according to DIN EN 196 was used, the sand content
was always adjusted to reach 100 parts.
The study showed that the compressive strength is decreased with increasing water cement
ratio and the cement content is of minor influence. Higher cement content and higher water
cement ratio induces increased shrinkage and water absorption. The flexural strength is
nearly independent of water to cement ratio and cement content in unmodified mortars at
water to cement ratios of 0,4-0,6. This is in contradiction to some previously published work,
(Wendehorst, 1992), but confirms other data, (Beton, 1990). The flexural strength in polymer
modified mortars is increased in comparison to the unmodified mortars. There is only a small
increase of the flexural strength with decreasing water to cement ratio at a constant cement
level in the formula. There is a distinctive increase in flexural strength with decreasing water
to cement ratio when the mortar is stored in water.
Both binders in the modified mortar act in synergy. The cement acts as the inorganic binder
and is responsible for mechanical stability such as compressive strength. The redispersible
powder is the organic binder and that acts as reinforcement and is responsible for the internal tensile strength and at interfaces for the adhesion bond strength.
Additives
The addition of different polymers enhances the properties of ordinary portland cement. But
there are also a number of chemical admixtures such as water reducing agents, ashes, aluminosilicate, superplasticizers etc. that further improves the mortar and concrete quality.
Other ways of improving the performance of concrete and mortars can consist of adding reinforcing fibres. All of the above mentioned improvements can be enhancing strength, shortened setting time, decreasing autogenously shrinkage, controlling alkali aggregate reaction,
reducing risk of chloride induced corrosion of embedded steel, improving the durability etc,
(Li and Ding, 2003).
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In order to increase the fluidity of fresh mortar and concrete for pumping, increasing the
strength and prolong durability of hardened mortar and concrete, a small quantity of superplasticizers are often added into the mortar and concrete mixture.
Reinforcing fibres
It is very important to obtain high performance mortars for utilization in special applications
such as shotcreting, upgrading or mining, just to mention a few. The incorporation of fibres in
cement based compounds can be in two different ways; by the use of chopped or milled fibres or the use of continuous fibres.
Different types of fibres can be used such as steel, glass, carbon, polypropylene and natural
fibres, (Groth, 2000), (Cuypers et al., 2006), (Garcés et al., 2005) and (Agopyan et al., 2005).
Drying shrinkage can be reduced by adding fibres in cement based materials. However, the
compressive strength will generally be reduced by incorporation of fibres in the material and
the permeability can be increased, (Gutiérrez et al., 2005).
In the case of continuous fibres the load bearing capacity and crack loads are highly dependent on the design of the fibre bundles and of course the fibre material. A study on mechanical properties for glass and carbon yarn reinforced mortar, (Langlois et al., 2005),
shows the effectiveness of the yarns entails the most significant difference between glass
yarn and carbon yarn Glass fibre yarn had the best effectiveness. The study also indicated
that the glass yarn samples had better penetration and bond to the mortar matrix. On the
other hand, the carbon yarn incorporated specimens had better strength over time when
compared to the glass yarn reinforced mortars.

6.2.4 Composites
Fibre
The appellation fibre reinforced polymers (FRP), normally intends a material with an amount
of long (continuous) or short fibres that are held together and united by a polymer matrix. The
mechanical properties of the composite material are determined by the properties of the fibres, matrix and contact stratum together with the orientation of the fibres. Fibre materials
often consist of carbon, glass and aramid fibres. These fibres have greater failure strength
than steel and are linear elastic until failure, see Figure 6.2. The fibre amount for a FRP is in
the range of 35-70 % depending on the choice of material, production process and expected
properties of the composite.
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Figure 6.2 Properties of different fibres and typical reinforcing steel. HS stands for High Strength and
HM for High elastic Modulus, Carolin (2003).
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Carbon fibre
The carbon fibre, which is a inorganic fibre, is manufactured in bundles of about 104 individual fibres with a diameter of 5-15 µm. There are two main production processes to manufacture carbon fibre. It is the raw material that differences the two processes apart. The best and
most costly carbon fibres are manufactured of polyacrylnitrile (PAN). These are also the most
current fibres for load carrying purposes with high modulus of elasticity 200-800 GPa and
ultimate elongation 0,3-2,5 %. Other characteristics of carbon fibres is that they do not absorb water, are resistant to many chemical solutions, do not corrode and they withstand fatigue. Carbon fibre is electrically conductive and might give galvanic corrosion in direct contact with steel.
Glass fibre
Glass fibre is a inorganic fibre manufactured by melted glass compressed through an opening with a diameter of 1-3 mm and is then prolonged which gives the fibre a thickness of 3-20
µm. The glass fibres can have a modulus of elasticity in the range of 70-85 GPa and a ultimate elongation of 2-5 % depending on the quality. Glass fibres are sensitive to moisture and
alkaline environments, but with the correct choice of matrix the fibres are protected (alkali
resistant AR).
Aramid fibre
Aramid fibres are mostly known from the product Kevlar who is a material in bullet-proof
garments. The aramid fibre is an organic fibre manufactured from a solution with aromatic
polyamide. The diameter of the fibre are 10-15 µm and the modulus of elasticity range from
70-200 GPa and the ultimate elongation are 1,5-5 % depending on the quality. Aramid fibres
are sensitive to high temperatures, moist and ultra violet radiation and are therefore not suitable for all applications in construction industries.
Matrix
The purpose of the matrix material is to bind the fibres and transmit and distribute shear
forces between the fibres and give them environmental protection. It is important for the matrix for fibre composites used in concrete to withstand the alkaline environment in the concrete and in that way protect the fibres. Fibre composites that are used in construction industries contain most likely a matrix of thermosetting resins. The thermosetting resins can be
vinylester, epoxy and polyester, the properties of these matrix materials are shown in Table
6.1. Epoxies have good strength, bond, creep properties and chemical resistance.
Table 6.1 Properties for different matrix materials, after (Betongrapport nr 9, 2002)
Density
3

Tensile strength

Tensile modulus

Failure strain

Material

[kg/m ]

[MPa]

[GPa]

[%]

Polyester

1000-1450

20-100

2,1-4,1

1,0-6,5

Epoxy

1100-1300

55-130

2,5-4,1

1,5-9,0

Vinylester

1120

80-90

3,2

4-5

Geometry
The fibres can be placed in different directions in the composite (FRP) and in that way form a
large amount of FRP geometries with different mechanical properties. If the fibres are placed
in one direction the FRP becomes unidirectional, but the fibres can also be woven or bonded
in many directions and the FRP then becomes bi or multi directional. Table 6.2 shows different geometries for composite strengthening materials, there can of course also be 3D geometries. Depending on the type of fibre used, the FRP material can be referred as CRFP
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(Carbon Fibre Reinforced Polymer), GFRP (Glass Fibre Reinforced Polymer) and AFRP
(Aramid Fibre Reinforced Polymer), (Täljsten, 2002).
Table 6.2 Different geometries for composite materials
1 Dimensions

Mono-axial

Biaxial

Triaxial

Multi-axial

Pultruded rod

-

-

-

Plane Weave/grid

Triaxial
Weave/grid

Multi-axial
Weave/grid

2 Dimensions

Sheet

Woven fabrics
Woven fabrics, such as sheets or weave, are commonly made of orthogonal interlacing yarns
called warp and fills. Figure 6.3 shows the structure of different types of woven fabrics, the fill
yarns are those parallel to the vertical axis and the warp yarns are those perpendicular to the
vertical axis in the figure. The warp and fill yarns pass over and under each other. This leads
to that every single yarn will get crimped shape. The density of the fills and warps can be
controlled independently for each direction under the manufacturing of the fabric. There are
many possibilities with different designs of the woven fabrics, from a single yarn to advanced
3D designs, (Roye and Gries, 2005). The penetrability of the bonding material, polymer
modified mortars or epoxies, into the fabric is affected by the density of the warp and fill
yarns, higher density leads to lesser penetrability.

A. Warp Knitted Weft Insertion

B. Short weft Warp knitted

C. Woven plain weave

D. Plain weave

E. Twill weave

F. Satin weave with warp
passing over four fill yarns

Figure 6.3 The structure of different types of woven fabrics. A, B and C from (Peled and Bentur,
2003),D, E, F from (Peled et al., 1994).
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Grids
The main difference between a grid and a fabric or sheet is that the grid is not woven. Grids
can also be called meshes and nets. To produce a grid the continuous fibres are braided or
bundled into shape and the impregnated with a resin. Grids can be manufactured in a large
variety of geometries, from dense meshes for reinforceing boards and panels to reinforcing
nets for slabs. The advantages of grids are that they have higher mechanical properties than
consolidated woven fabric and have smother surface, better surface aspect. They are also
considered to be highly thermorformable. Figure 6.4 shows biaxial and triaxial grids. Grid
geometries can also be introduced as a substitute to steel reinforcement of concrete structures in certain situations. FRPs are non-corrosive, magnetically neutral and have a high
strength to weight ratio, (Zhang and Benmokrane, 2004).

Figure 6.4 Biaxial grid (to the left) and a triaxial grid (to the right), (Han and Tsai, 2003).

6.2.5 Mineral based strengthening systems
Strengthening of concrete structures with continuous fibres or FRPs and mineral/cement
based bonding agents are not a simple action. Each and all of the incorporated materials are
very complex to be combined into a composite with optimal strengthening properties. Both
the components in the cement bonding agent and the materials and geometry of the fibres or
FRPs play a significant role in the performance of the strengthening system. Because perfect
penetration of the fibres, or bond to FRPs, in the cementitious matrix are very hard to
achieve. Enhanced bonding of the fibre or FRP should be obtained when a non linear geometry is introduced into the cement based matrix. A special geometry may provide mechanical anchoring to the cement based matrix. In mineral based composites, the matrix
does not fully penetrate in the spaces surrounding the fibre or FRP, this is supported by
many studies (Wiberg, 2003), (Chudoba et al., 2006) and (Garcés, 2005). Here two different
approaches when constructing a mineral based strengthening system for concrete structures
will be presented. The first system described is Textile Reinforced Concrete (TRC) developed at the collaborative research center “Textile reinforced concrete: the basis for the development of a new material technology” installed at Aachen University, Germany, in 1998.
This strengthening system basically consists of woven fabric bonded to the concrete surface
with modified cement. The second system is called Mineral Based Composites (MBC) and is
being developed at Luleå University of Technology in Sweden. This strengthening system
consists of a 2D CFRP grid bonded to the concrete surface with a polymer modified and fibre
reinforced mortar.
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Textile Reinforced Concrete (TRC)
This strengthening technique is comprised of a cementitious matrix as the bonding agent and
a textile fabric as reinforcement. The TRC system is mounted with a fine-grained high
strength concrete as the bonding agent. This high strength concrete has a maximum aggregate size of 1 mm. The reinforcing fibres are made of AR-glass (alkali resistant glass fibres)
which are produced into to a woven fabric. There can be many designs of textile fabrics depending on the load case and positioning of the fabric. A maximum of 4 different fibre orientations can be obtained in the same multiaxial fabric. Fabrics with relatively complicated yarn
shapes, such as short weft knit, enhance the bonding and improve the composite performance, (Peled, 2005). Figure 6.5 shows a multiaxial textile fabric with filament bundler and
stitching fibres.
10
.2

.2
10

filamentbundles

stitching
fibres

Figure 6.5 Multiaxial textile fabric used in textile reinforced concrete, (Brueckner et al., 2005).

Shear strengthening of concrete beams have been performed with the TRC strengthening
system in (Brueckner et al., 2005), Dresden University of Technology. The concrete beam
specimens have the a T cross section and the test set-up was 3 point beam bending with a
support span of 200 cm, see Figure 6.6 The concrete T-beams were strengthened with the
TRC system symmetrically around the middle of the beam with a total length of 180 cm. The
TRC strengthening system was applied layer by layer. Fine-grained cement was used as
bonding agent and the fabric was laminated with a spatula in the wet cement matrix, mounting of the TRC system are recorded in Figure 6.7. The steel shear reinforcement was designed to ensure the redistribution of internal forces in the state of cracking. The steel flexural
reinforcement was designed for a higher load than the shear reinforcement to avoid bending
failure in the T-beam.
F
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Ø 12

Ø 8, s = 20 cm
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Ø 8, s = 10 cm

Ø 20
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240
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18
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Figure 6.6 Test set-up and geometry of T-beams, strengthened area situated in the middle,
(Brueckner et al., 2005).
Table 6.3 Strengthening effect of TRC, ultimate failure load divided by the failure load of the reference
beam, after (Brueckner et al., 2005).

Strengthening
effect

2
textile
layers
(without anchoring)

3 textile layers
(with anchoring)

4
textile
layers
(without anchoring)

4 textile layers
(with anchoring)

1,08

1,12

1,06

1,19
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Figure 6.7 Mounting of the TRC strengthening system. To the left, the fabric is laminated onto the side
of the beam. To the right, a layer of cement matrix is spayed on to the surface of the fabric. Courtesy
of A. Brueckner, Dresden University of Technology.

Strengthening of the T-beam cross section with TRC significantly increased the shear load
capacity. However, when the number of textile fabric layers increase so does the need of
mechanical anchoring. The strengthening effect of TRC strengthened concrete T-beams system compared to the unstrengthened reference T-beam is recorded in Table 6.3.
Mineral Based Composites (MBC)
Strengthening of concrete structures with mineral based composites (MBC) is quite similar to
the strengthening system with the use of TRC. But instead of using a woven textile fabric
with a carbon fibre reinforced polymer (CFRP) grid is used. The designs of the CFRP grid
can be affiliated in many different attributes accept for the grid shape. The fibre amount can
be varied and so can the distance between the tows in the grid. Different surface treatment
can also be applied for better bond to the cementitious matrix. As mentioned earlier, the
bond between CFRP and the cement based matrix is an issue since the cement matrix is not
entirely compatible to the CFRP. Mostly mechanical anchoring attributes is applied.
Shear strengthening of concrete beams with rectangular cross section has been performed
in (Blanksvärd, 2006) and (Blanksvärd et al., 2006). The test set up for the concrete beams
was four point beam bending, test set-up and steel reinforcement scheme are recorded in
Figure 6.8. The concrete beam specimens were heavily steel reinforced in flexural and were
also heavily shear reinforced in one shear span. This design of the steel reinforcement was
conducted so that one shear span was unreinforced and the MBC strengthening was applied
on this part of the beam. The MBC strengthening system was applied on the unreinforced
shear span on both sides on the beam. Mounting of the strengthening system was conducted
in five stages. First the beams was sandblasted, then a primer was applied, then a 10 mm
layer of polymer modified mortar was applied, then CFRP grid was applied and last a second
10 mm layer of polymer modified mortar was applied. Mounting of the MBC strengthening
system is recorded in Figure 6.9. In these tests one design of the CFRP grid was used and
two different polymer modified and fibre reinforced mortars (PMM) was evaluated. Mortar 1
had the lowest strength properties and mortar 2 had the highest strength properties and the
highest amount of reinforcing fibres, the reinforcing fibres were made of shopped polypropylene fibres. Maximum aggregate size in the PMMs is 1-2 mm depending on which type
of mortar being used.
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Figure 6.8 Test set-up, beam geometry and steel reinforcement scheme of concrete beam specimens.

Figure 6.9 Mounting of MBC strengthening system. To the left, primer application. In the middle first
layer of PMM and CFRP. To the right, final layer of PMM.

Results from the shear strengthening tests indicates significant strengthening effect and that
full composite action can be achieved by fibre breakage in the transverse tows of the CFRP
grid. Since the strengthened shear span had no steel reinforcement the failure mode was
characterized by an ultimate shear crack and no delaminating of the MBC strengthening system was noticed. The strengthening effect compared to the unstrengthened reference beam
is recorded in Table 6.4. There were no large differences in the behaviour between the two
PMMs. The load deformation rate was set to 0,01 mm/sec
Table 6.4. Strengthening effect of MBC shear strengthening.
Bonding agent

Mortar A beam 1

Mortar A beam 2

Mortar B

Strengthening effect

2,00

1,97

1,91

6.2.6 Bond strength
One of the limiting and important parameters when applying repair and strengthening materials on a existing concrete structure is the bond strength. Poor bond strength will propagate
according to the familiar “rule of the weakest link” and decrease the overall performance of
the repair or strengthening system. Generally, bond strength problems can arise in two transition zones. Firstly between the base (old) concrete and applied mortar (new) and secondly,
if the structure is strengthened with additional FRP (e.g. grids, sheets etc) there might be
problems with good bonding in the transition zone between the FRP and the mortar.
Adhesion forces between the hydration products of base concrete and repair or strengthening material are mainly of the intermolecular type (Van der Waals force). The bond strength
is therefore strongly dependent on the specific surface between the adherents in the transition zone.
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There are several surface preparation measures for roughing the surface of the base concrete, such as sandblasting, chipping with jack hammers, grinding, hydro-jet blasting, needle
gunning etc, ACI Committee 549. Rough preparation of the surface leads to better bond
strength, (Momayez et al., 2005).
One further factor that mainly influences the bond strength quality is the use of primers (bond
coatings). The composition of existing primers is numerous, but the most common primers
consist of ordinary Portland cement, sometimes with addition silica fumes, fly ash, polymers
etc. Epoxy resin based primers are also used as a link between the repair or strengthening
mortar and the base concrete, it can also be used as a modifier of the mortar, (Saccani and
Magnaghi, 1999).
The existing mechanical roughening methods only increase the macro-roughness of the
base concrete surface. In turn, this will limit the increase of specific surface of the base concrete. Etching with hydrochloric acid has shown further enhancements of the bond strength,
(Xiong et al., 2004).

6.3

Planning of research

6.3.1 Flexural strengthening
A pilot study carried out at Luleå University of Technology with mineral based composites
bonded to concrete slabs is presented. Four concrete slabs with no steel reinforcement were
cast and three of these slabs were strengthened with a carbon FRP grid with three different
bonding agents, which were different types of polymer modified mortars. The unstrengthened
concrete slab acts as a reference to the strengthened specimens. Prior to the strength tests
three beams were sawed out of the four different concrete slabs and were then subjected to
four-point beam bending according to Figure 6.10.

Figure 6.10 Test set-up for concrete beams with flexural strengthening

6.3.2 Shear strengthening
The dimensions of the strengthened concrete beams in this study were chosen according to
the concrete beams in previous studies, (Hägglund, 2003).
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Accomplishment of the research’

6.4.1 Flexural strengthening
Materials
The base concrete was cast as unreinforced slabs with a length and width of 1000 mm and a
thickness of 75 mm. The concrete slabs were cast in two different sets with two slabs in each
set. Six concrete cubes for each set were cast to evaluate the compressive and tensile
strength of the concrete mixture for the different slabs, the properties of the concrete are recorded in appendix D6.2.5 – B. The three different commercially available polymer modified
mortars were supplied from Sto Scandinavia AB and are described in Table 6.5. Mortar 1 has
the lowest amount of polymers and mortar 3 the highest amount of fibres.
Table 6.5 Technical data and description of the polymer modified mortars
Mortar

Compressive
strength

Bending tensile
strength

Description

Mortar 1

45 MPa (28 days)

9 MPa (28 days)

35 MPa (7 days)

5 MPa (7 days)

One component, cement based
polymer and fibre reinforced
powder material mixed with water.

Mortar 2

64 MPa (28 days)

10 MPa (28 days)

One component, cement based
polymer and glass fibre reinforced powder material mixed
with water.

Mortar 3

77 MPa (28 days)

11 MPa (28 days)

70 MPa (7 days)

9 MPa (7 days)

One component, cement based
polymer reinforced and hydraulic
hardening mortar. Can be applied
with dry spraying.

The carbon FRP grid is also a commercially available product supplied by Sto Scandinavia
AB, the grid spacing was 40 mm in both longitudinal and transverse direction. To enhance
the bond between the base concrete and the polymer modified mortars a silt-up product were
primed to the surface of the base concrete. This product prevents moist transportation from
the wet mortar to the dry base concrete which leads to lesser crack formations and better
bonding.
Strengthening
First the concrete slabs were cast and hardened for 7 and 9 days, concrete set 1 and 2.
Then the concrete surface was sand blasted to remove the cement laitance for better bonding between the base concrete and the polymer modified mortars. Before the application of
the polymer modified mortar the base concrete surface was primed with silt-up product for
better bonding. The polymer modified mortar was applied in two layers each with a thickness
of about 10 mm. The first layer was cast with a higher viscosity to improve the workability of
the mortar to act as a distance between the base concrete and the carbon fibre grid. The
second layer was applied as a cover and to keep the carbon fibre grid in place. The concrete
slabs had hardened for 11 and 13 days prior to the application of the polymer modified mortars. The concrete and polymer modified mortar was then further hardened for 7 days.
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Test set-up
Each beam was subjected to four-point bending tests. Figure 6.11 shows the test set up for
the beams. The distance between the two line loads were chosen smaller than the distance
between the line load and the support to avoid large scale shear failure and delaminating of
the strengthening material.

Figure 6.11 Test set-up for the concrete beams in the laboratory, reference beam.

6.4.2 Shear strengthening
Materials
In total three concrete beams that were strengthened and tested. All of the concrete surfaces
were sand blasted prior strengthening. The concrete beams are reinforced in such a way that
shear failure will occur at one half of the beam span, details about the design can be found in
appendix D6.2.5-B.
Two polymer modified mortars as bonding agents were evaluated in the tests. The mortars in
this test program have shown good bonding and strengthening capabilities based on the results from the pilot study on mineral based flexural strengthening. Mechanical properties for
the mortars 1 and 3 are recorded in Table 6.5.
The CFRP grid used in the tests is a two dimensional grid. In Figure 6.12 a photo of the grid
is shown and the mechanical properties are recorded in Table 6.6. The distance between the
longitudinal and transverse carbon fibre strips are 40 mm in average.

Figure 6.12 The two dimensional carbon FRP grid with traditional strain gauges attached.
Table 6.6 Mechanical properties of the carbon fibre properties.

CFRP grid

Tensile strength
[MPa]

Modulus of elasticity [GPa]

Failure elongation
[%]

Carbon content
2
[g/m ]

3800

284

1,5

159
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Strengthening
The surface of the concrete beams were sand blasted and prior to the application of the
strengthening system the surface were treated with a steel brush and pressurized air to remove dust from the surface. Before the polymer modified mortars were applied, the surface
was primed with a silt-up product which prevents moisture transport from the wet mortar to
the dry base concrete. The polymer modified mortars were then applied in two layers of 10
mm each with the CFRP grid applied in between these layers. After casting the strengthening
system it is important to keep the strengthening system moisturized for about 4 days, this is
mainly to prevent shrinkage crack formations. The strengthening system is only applied on
the left shear span in Figure 6.13.
Test set-up
The test set-up for the shear strengthening tests a shown in Figure 6.13. All tests are performed in four-point beam bending. Measurements include load capacity, deflection, support
settlement, strengthening effect, internal and external strain measurement of the strengthened concrete beams. Internal strain measurements consist of traditional strain gauge
measurement on the CFRP grid. External strain measurement was conducted with photometric strain measurement.
P/2
250

1250

P/2
1500

1250

500

2 Ø16
12 Ø16

4500
Stirrups at support Ø10

250

180
Stirrups in one shear span Ø12 s100

Figure 6.13 Test set-up and steel reinforcement scheme

Strain measurements on the CFRP grid were conducted with foil strain gauges (SG). A more
detailed scheme over the emplacement of the strain gauges on the CFRP grid in the
strengthening system can be found in appendix D6.2.5-B.
For the speckle pattern correlation to work the surface needs to have a random pattern. This
pattern is given by the mixture of white and black sand bonded to the strengthened surface,
see Figure 6.14. The photographic equipment consisted of a digital camera with a maximum
resolution of 3504 x 2336 pixels and a professional lightning set, see Figure 6.15. The results
from the speckle pattern correlation analysis can be plot as shear strains, principal strains or
strains in any arbitrary direction.
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Figure 6.14 Strengthened shear span with applied speckle pattern

Figure 6.15 Set-up for the photometric equipment, to the right the beam with the speckle pattern is
seen in the background

6.5

Results from research

6.5.1 Flexural strengthening
Reference beams
In this section the results from the flexural test will be given for the concrete beam specimens. Figure 6.16 shows the load-displacement curves for the reference beams with a rectangular unreinforced cross section. Figure 6.17 shows a reference beam while loading with
the initial crack and prior to failure. Figure 6.18 shows the bending failure that was similar for
all of the reference beams.
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Figure 6.16 Load deflection curves for the reference beams

Figure 6.17 Initial bending crack propagating
from tensile side of reference beam

Figure 6.18 Typical failure of reference beam

Polymer modified mortar 1
Figure 6.19 shows the load-displacement curve for the concrete beams that were strengthened with the polymer modified mortar 1. The first crack load is higher for this series than the
crack load for the reference beams. This behaviour depends on the new and improved cross
section. The initial crack is fairly the same for all of the beams in this test series. These set of
beams compared to the reference beams shows a larger amount of cracks until failure. Two
different failure types appeared in these set of beams. One beam failed in bending and rupture of the carbon fibre grid. Two beams failed due to shear failure and splitting of the mortar.
Figure 6.20 shows bending failure and the rupture of the carbon fibre grid can be seen in
figure 6.21.
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Figure 6.19 Load deflection curve for beams strengthened with mortar 1

Figure 6.20 Failure of beam and rupture of the
CFRP grid

Figure 6.21 Rupture of the CFRP grid, circles
indicates the location of raptures in longitudinal
CFRP tows

Polymer modified mortar 2
Figure 6.22 shows the load-displacement curve for the concrete beams that were strengthened with the polymer modified mortar 2. These set of beams compared to the beams
strengthened with mortar 1 has lower first crack load. This series also have smaller dips in
the curves which indicate on a less stiff cross section compared to the beams strengthened
with mortar 1. The failure initiates in bending and results in splitting of the mortar at the same
level as the carbon fibre grid, this can be seen in Figure 6.23 and Figure 6.24. A closer inspection of the connection point in the carbon fibre grid shows that the transverse bars have
slipped and the connection points are no longer rigid and the strengthening system will loose
anchorage.
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Figure 6.22 Load displacement curve for beams strengthened with mortar 2

Figure 6.23 Beam strengthened with mortar 2,
splitting of the mortar

Figure 6.24 Shear failure and splitting/spalling of
the mortar

Polymer modified mortar 3
Figure 6.25 shows the load-displacement curve for the concrete beams that were strengthened with the polymer modified mortar 3. The crack load for this series is in the same ratio as
the concrete beams strengthened with polymer modified mortar 2. Mortar 3 contains more
fibres, than the other mortars, this leads to a quicker redistribution of stresses in the cross
section which is shown in the curve as smaller dips. All of the concrete beams strengthened
with mortar 2 fail in shear of the concrete substrate and anchor failure between base concrete and mortar. Figure 6.26 shows shear and bond failure. Figure 6.27 shows the surface
of the debonded mortar.
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Figure 6.25 Load deflection curve of beams strengthened with mortar 3

Figure 6.26 Shear and bond failure of the M3
beam 2

Figure 6.27 Debonded surface of mortar 3

Conclusion from the pilot test
The result of this pilot study indicates that strengthening of concrete structures with mineral
based composites has a big strengthening potential since it is possible to obtain fibre rupture
in the carbon fibre grid. The failure modes alternated from bending failure with one crack, for
the reference beams, to bending and shear failure with several cracks for the strengthened
beams. Note that the bonding between the carbon fibre grid and the polymer modified mortar
is of the type, mechanical anchoring. This means that the surrounding mortar keeps the grid
in place.
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6.5.2 Shear strengthening
General
The results of the shear strengthened concrete beams contain analysis of measured load
capacity, deflection, support settlement, strengthening effect, internal and external strain
measurement of the strengthened concrete beams. Internal strain measurements consist of
traditional strain gauge measurement on the steel reinforcement and the CFRP grid. External
strain measurement will be conducted with photographic strain measurement.
Load and deflection
Figure 6.28 shows the load and midpoint deflection for the unstrengthened and strengthened
concrete beams. The midpoint deflections are corrected with regard to the support settlements. There are no large differences in stiffness and failure loads for the beams strengthened with the two different polymer modified mortars.
The behaviour during the load steps was similar for all of the strengthened concrete beams.
Initial cracks in the concrete and strengthening material appeared as small bending cracks in
the load range of 280 – 320 kN. Visual shear cracks first appeared in the load range of 320 –
380 kN, initial shear cracks and crack propagation for specimens M1 beam 1 and M1 beam 2
are recorded in Figure 6.29 and Figure 6.30. All of the strengthened beams exhibited distinguished noises prior to the failure of the beam. These noises first appeared at; 475 kN for the
specimen M1 beam1 (failure load 493 kN), 480 kN for the specimen M1 beam 2 (failure load
487 kN) and for the beam M3 beam 1 at 466 kN (failure load 474 kN). All of the strengthened
beams failure modes were the same with propagating shear cracks in the polymer modified
mortar and finally a brittle failure and rapture of the transverse tows in the CFRP grid.
After failure of the strengthened concrete beams the outer layer of the polymer modified mortar was separated from the underlying layer of the mortar. This splitting occurrence does not
regard the entire strengthened surface only in the vicinity of the ultimate shear crack. Figure
6.31- Figure 6.34 shows ultimate failure of concrete beams with polymer modified mortar M1
as bonding agent.
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Figure 6.28 Load and mid-point deflection curves for concrete beam specimens
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Figure 6.29 Initial shear cracks for M1 beam 1

Figure 6.30 Shear crack propagation for beam M1
beam 2.

Figure 6.31 Failure of beam M1 beam 1, shear
crack on the speckle pattern side.

Figure 6.32 Failure of beam M1 beam 1.

Figure 6.33 Failure of beam M1 beam 2, shear
crack on the speckle pattern side.

Figure 6.34 Failure of beam M1 beam 2, spalling of
the mortar at same side as the strain gauges.
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Conclusion
A significant strengthening effecting shear was achieved by the presented and tested
strengthening system. Good bond and composite action between the concrete beam and the
strengthening system was obtained. The presented strengthening system was not complicated to install. The mineral based bonding agent did provide such good anchorage that fiber
rupture in the used carbon fiber grid was achieved.
Prior to final failure, distinguished noises where recorded from the strengthening system
which is explained by local failures of the grid structure. During undertaken tests, strain
gauges and photometric measurements were used. Readings from photometric measurements and from strain gauges were in accordance.
In comparison with epoxy bonded sheet systems comparable loads at failure could be obtained, see also appendix D6.2.5-B.

6.6

Special value for the railway owners

The research carried out in this study has shown that environmental friendly strengthening
systems can strengthen concrete structures both in flexure and in shear. The system can be
applied at ambient temperatures down to approximately 5 °C and on moist surfaces. A further development towards more production directed development will give the railway owner
a strong strengthening tool to increase the load carrying capacity of railway bridges. In particular since the compatibility to the base concrete is excellent and that the system us diffusion open and possible freeze thaw problems is not to be expected.

6.7

Future needs

The research carried out is consider to be a pilot study. Despite this, the results clearly show
that it is possible to strengthen concrete structures with MBCs (Mineral Based Composites).
However, there are still questions unsolved, for example creep and drying shrinkage must be
investigated as well as the long time behaviour.
In addition production methods needs to be developed, for example spray on systems similar
to shotcrete. In the presented tests the cementitious material has been applied by had – this
is not practical in field applications.
Furthermore, more accurate design models needs to be developed and verified, both by FEanalysis and laboratory tests.
Research in the abovementioned fields are ongoing and primary results are promising.
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Repair and strengthening of structures with external
prestressing systems

Authors: Håkan Nordin and Björn Täljsten, Luleå University of Technology

7.1

Background

External prestressing may be defined as a prestress introduced by tendons located outside a
section of a structural member, only connected to the member through deviators and endanchorages. The main advantages using this technique are; higher utilization of small sectional areas, ease in inspection of the tendons and in their replacement and the low friction
losses. This type of prestressing can be applied to both new and existing structures that have
to be strengthened due to several reasons like: changes in use, deficiencies in design or
construction and structural degradation.
External pre-stressed tendons of FRP materials have shown to be an alternative to steel tendons. Good durability properties and a first-rate behaviour in creep and relaxation have given
very good results so far, especially for CFRP tendons. The weak part for prestressed FRP
tendons has shown to be proper anchorage. This is due to lower lateral material properties of
the tendons compared to the axial properties.
In this section a brief literature review of the use of external tendons for strengthening is presented. Focus is placed on FRP materials. The research presented in this section has been
carried out at Luleå University of Technology, Sweden, and cover steel as well as CFRP tendons and prestressed NSMR (Near Surface Mounted Reinforcement) of CFRP. The study is
fully presented in appendix D6.2.6-A and D6.2.6-B.

7.2

Summary of the literature review

7.2.1 Background
External prestressing is when unbonded tendons are placed, and prestressed, outside the
structure anchored at the ends and sometimes with one or several deviators during the
length of the structure. The external tendons can be made of steel, but also fibre reinforced
polymer (FRP) materials can be used. They provide one of the most efficient solutions to
increase the load carrying capacity of existing structures, eg. bridges, in need of renewal and
all structural materials, such as concrete, steel and timber can be strengthened.
There are two different ways of prestressing, pre-tensioning and post-tensioning. Moreover,
there are mainly two ways to place the reinforcement, inside the concrete or outside as external reinforcement.
Pre-tensioning is when the cables are stressed prior to casting of the concrete. The cables
remains stressed until the concrete has cured and then it is released or cut. The cables can
be bonded in two ways, to the concrete only or with a mechanical anchorage. Pre-tensioned
cables are used for structures with the reinforcement inside the structure.
Post-tensioning is when the cables are stressed on an existing structural element, for example after the concrete has cured if it is a concrete structure. The cables can be located both
inside and outside of the structure. Here a mechanical anchorage in the end must be used to
hold the cables in place and to keep the pre-stress active.
An externally stressed cable is defined as post-tensioned. External tendons can be used in
new structures but also on existing structures.
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7.2.2 FRP for prestressed structures
The use of FRP (Fibre Reinforced Polymers) as pre-stressed reinforcement for concrete
structures has increased over the last two decades, mainly the use of CFRP (Carbon Fibre
Reinforced Polymers). CFRP has a potential to become widely used in concrete structures
with its relatively low weight, high stiffness and strength and the fact that it is non-corrosive.
Therefore no pre-stress loss should be experienced due to long-term corrosion as it might
with steel cables. Consequently they are ideal materials with which to restore the pre-stress
in structures whose tendons have suffered corrosion, (Garden and Hollaway, 1998).
However, the linear elastic behaviour of the FRP material up to failure requires special design consideration to ensure a safe construction due to possible brittle failure.

7.2.3 External prestressed reinforcement
External prestressing refers to a post-tensioning method in which tendons are placed on the
outside of a structural member. It is an attractive method in rehabilitation and strengthening
operations because it adds little weight to the original structure, its application poses little
disturbance to ongoing services and it allows monitoring, re-stressing and replacement of
tendons. The first use with external steel tendons was in the 1950s, but after that it lay dormant for some time. Now external pre-stressing techniques with steel tendons and rods have
been widely used with success to improve existing structures in United States, Japan and
Switzerland. However there might be a problem with corrosion in the steel that forces the use
of steel protection on the external tendons, for example plastic sheeting. This problem can be
resolved by the use of FRP materials. Therefore research in the area has been conducted
since the early 1970’s. In the beginning glass FRP was used but at the moment aramid and
carbon are mainly used due to their higher modulus of elasticity. In Table 7.1 a brief comparison between steel, GFRP, AFRP and CFRP are made.
FRP tendons lack the ductility under extreme loading exhibited by steel, which means that a
CFRP prestressed beam may simultaneously provide greater ultimate load capacity and
lower energy absorption than a similar steel pre-stressed beam, (Stoll et al., 2000). Research
has shown that a pre-stress loss within 5 – 7 percent can be expected, (Grace and AbdelSayed,1998).
Table 7.1 Characteristics of steel and FRP tendons, (Pisani, 1998)
Typical proporties

Fibre volume fraction (%)
3

Density (g/cm )

Steel
(ASTM Grade
270, Euronorm
Fe7S1860)

GFRP
Glassline

AFRP
Arapree

CFRP
Leadline

---

65

50

65

7.85

2.15

1.25

1.6

o

1860

1500

1490

1840

o

Tensile modulus, 20 C (GPa)

195

50

62

147

Ultimate elongation (%)

> 3.5

3.0

2.4

1.3

Thermal expansion coefficient,
-6 o
axial direction (10 / C)

12

5.2

-1.8

0.68

Thermal expansion coefficient,
-6 o
radial direction (10 / C)

12

~35

~35

~20

Strength decrease after a 100
year loading (%)

~0

30

35

~0

3

4

>30

3

Tensile strength, 20 C (MPa)

o

Relaxation, 20 C (%)
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Experimental tests have shown that the load-displacement relationship of concrete beams
reinforced with FRP has almost the same behaviour as beam reinforced with steel, (Mutsuyoshi, 1991).
(Picard et.al., 1995) presented advantages and disadvantages with external prestressing,
see Table 7.2.
Table 7.2 Advantages and disadvantages of external prestressing, Picard et.al. (1995)
Advantages
Disadvantages
Concreting of new structures are improved as
External tendons are more easily accessible than
there are no or few tendons and bars in the secinternal ones and, consequently, are more vultion
nerable to sabotage and fire.
Dimensions of the concrete section can be reExternal tendons are subjected to vibrations and,
duced due to less space needed for internal rein- therefore, their free length should be limited.
forcement.
Profiles of external tendons are simpler and easDeviation and anchorage zones are cumbrous
ier to check during and after installation.
additions to the cross section. These elements
must be designed to support large longitudinal
and transverse forces.
Grouting is improved because of a better visual
In the deviation zones, high transverse pressure
control of the operation.
is acting on the prestressing steel. The saddles
inside the deviation zones should be precisely
installed to reduce friction as much as possible
and to avoid damage to the prestressing steel.
External tendons can be removed and replaced if In the case of internal grouted tendons, the longthe corrosion protection of the external tendons
term failure of anchor heads has limited conseallows for the release of the prestressing force.
quences because prestressing may be transferred to the structure by bond. In the case of
external tendons, the behaviour of anchor heads
is much more critical. Therefore, anchor heads
should be carefully protected against corrosion.
Friction losses a significantly reduced because
At ultimate limit states, the contribution of exterexternal tendons are linked to the structure only
nal tendons to flexural strength is reduced comat the deviation and anchorage zones.
pared to internal grouted tendons. The stress
variation between the cracking load and ultimate
load cannot be evaluated at the critical section
only, as is done for internal bonded tendons.
The main construction operations, concreting and At ultimate limit states, failure with little warning
prestressing, are more independent of one andue to insufficient ductility is a major concern for
other; therefore the influence of workmanship on
externally prestressed structures.
the overall quality of the structure is reduced.
The actual eccentricities of external tendons are
generally smaller compared to internal tendons.

7.2.4 Deviators and second-order effects
As the tendons is placed outside the structure the connection to the structure are at deviators
and anchorage. Between those points the tendons are free to move relative to the section of
the structure. If deviators is not used the second-order effects due to changing tendon eccentricity, see Figure 7.3, lead to a lower load carrying capacity, (Tan and Ng, 1997) and (Ng
and Tan, 2006a). The use of deviators along the span of the structure can effectively reduce
those effects.
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Figure 7.3 Second-order effects without deviators, (Tan and Ng, 1997)

Tests conducted by (Tan and Ng, 1997) showed that a single deviator at the section of
maximum deflection resulted in satisfactory service and ultimate load behaviour. However,
tests have shown that the deflection before the internal steel reinforcement starts to yield is
not significantly larger for specimens without deviator compared to with, see also appendix
D6.2.6-A.

7.2.5 External prestressing with steel tendons
Material properties
The mechanical properties of prestressing steel must satisfy some requirements, which include the tensile strength and the corresponding strain, the yield point and the modulus of
elasticity.
Typical stress-strain curves for pre-stressing steel is plotted in Figure 7.4. From the figure,
it’s possible to see that pre-stressing steels have a high yield strength and that there isn’t a
clear yielding point. The stress to strain curve can be divided in three portions: an initial linear
elastic proportion up to the proportional limit, a non-linear portion with gradually decreasing
slope and a final almost linear strain-hardening portion with a small positive slope leading to
failure.

Figure 7.4 Typical determination of yield strength for prestressing steel
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An ideal tendon material should not only have high-strength but it also has to remain in elastic range until relatively high stresses are reached. Further, it has to show sufficient ductility
and good bonding properties, low relaxation and high resistance to fatigue and corrosion.
There are three main types of tendons used in prestressed concrete: wires, strands (made of
several wires), and bars.
External influences
Relaxation
The force required to hold a highly stressed tendon at a given elongation will reduce with
time, also known as relaxation. Relaxation of steel is analogous in many ways to creep in
concrete and, like creep, relaxation can be accurately predicted only if information for the
specific material under the specific conditions is available.
The temperature of the steel strongly influences the magnitude of the relaxation; at higher
temperature the prestress loss due to relaxation will be reached earlier in time.
Fatigue
Fatigue is the process of deterioration of the mechanical properties of materials under fluctuating stresses, generally due to repetitive application of live loads on the structure. Prestressing steel doesn’t suffer so much from fatigue and in design, 2 million cycles are the
minimum but sometimes 10 million cycles are possible to reach.
The design of cracked partially pre-stressed concrete beams should be based on limiting
both the stress range in the reinforcement and the crack width range in the concrete to reduce fretting or abrasion between wires of the same tendon or between the tendon and the
concrete. The addition of ordinary reinforcing bars to a pre-stressed concrete member should
improve its fatigue resistance even if this reinforcement is not needed for strengthening.
Temperature
Above about 200°C there is a substantial decrease in both the stiffness and the strength of
the steel. By 400°C, the tensile strength of wires or strand will be only about 50% of its value
at room temperature.
Corrosion
The prestressing steel is more sensible to corrosion than reinforcement steel bars. This is
because of the diameter of tendons is relatively small and high-grade steel is more susceptible to corrosion. Even a small uniform corrosive layer or a corroded spot can substantially
reduce the cross sectional area of the steel. The exposition of unprotected steels to the environments, even for few months, can produce a larger reduction of mechanical properties but
also in the fatigue life. If unbonded tendons are used, they must be protected by anticorrosive material such as asphalt, grease, oil or a combination of grease and plastic tubing.

7.2.6 External prestressing with FRP materials
Although FRP materials have many good qualities for pre-stressing purposes there is still
research needed in the area. One problem with external FRP tendons is the anchorage. Due
to its anisotropy as a material, perpendicular forces might crush the tendon, which is a problem for some wedge systems.
EMPA Switzerland has developed a system where they use a conical anchorage system. In
general, the anchor casing is made of steel, but it can also be made of a fibre composite,
(Meier, 1998).
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In Japan extensive national programs have been undertaken to examine the use of FRP (Fibre Reinforced Poylmer) reinforcement in concrete structures. Several commercial tendon
systems have been developed.
In Canada several researchers have been investigating application of FRP prestressing tendons. At the University of Manitoba research on CFRP (Carbon Fibre Reinforced Polymers)
has been taken place, (Fam et al., 1997) and at the Royal Military College work on AFRP
has been done, (McKay and Erki, 1993), just to mention some examples.
One of the largest advantages of FRP tendons is its low weight to high strength ratio. Compared to steel tendons FRP tendons can be made with down to one tenth of the weight,
(Jungwirth and Windisch, 1995).
Material properties
Composites
The term composite often refers to a material consisting of two or more distinct parts working
together. Mostly one of the parts is harder and stronger then the other while the other is more
of a force transferring material.
FRP
Fibre reinforced polymer, FRP, is a composite material consisting of fibres and a polymer
matrix. The FRPs mostly used for civil engineering applications is CFRP (Carbon Fibre Reinforced Polymer), GFRP (Glass Fibre Reinforced Polymer) and AFRP (Aramid Fibre Reinforced Polymer). The polymer matrix has in this case three major purposes, force transfer
between, bind together and protection of the fibre.
Fibres
In civil engineering applications the most suitable fibre has proven to be carbon fibre. Almost
95% of all applications for strengthening purposes are by carbon fibres. Therefore the focus
in this report is placed on CFRP.
The fibres are what make the FRP strong and there are three things that control the mechanical properties of the FRP:
• Constituent material
• Fibre amount
• Fibre orientation
Matrix
The matrix, the polymer, is used to bind the fibres together, transfer the forces between the
fibres and to protect the fibres from external mechanical and environmental damage.
The shear forces created between the fibres are limited to the properties of the matrix. The
matrix is also the limited factor when applying forces perpendicular to the fibres.
The most usual polymeric matrixes for FRP are polyester, vinyl ester and epoxy.

7.2.7 Prestressing systems
Tendons
FRP tendons are available in the form of rods or cables, rectangular strips, braided rods and
multi-wire strands. Here there is a short presentation of four different commercially available
rods, Arapree, Technora, Leadline and CFCC, (Benmokrane et al., 2000) and (Nanni et.al.,
1996).
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Arapree: a tendon developed by AKZO Chemicals and Hollandsche Beton Groep, even if by
now the manufacturing rights are transferred to Sireg S.p.a. an Italian industry. Arapree is a
tendon made of aramid fibres embedded in epoxy resin. The anchorage device for this tendon consist of tapered metal sleeve into which the tendon can be grouted or clamped with
two wedges.
FiBRA: is a rod that is produced by Mitsui Construction Company of Japan. It is produced by
the braiding of fibre tows followed by epoxy resin impregnation and curing. The fibre can be
different, but commonly aramid fibres are used. It is possible to use two types of anchor. The
first is a resin-potted anchor for single tendon anchoring and the second a wedge anchor for
multiple tendon anchoring.
Carbon Stress: is a tendon produced by Nederlandse Draad Industrie, but the original technology for this pre-stressing system was developed by AKZO Chemicals and it is similar to
Arapree. The rod can be flat or round and both are formed by pultrusion of epoxyimpregnated carbon fibres. The anchoring systems for Carbon Stress are similar to those of
Arapree, the only difference is the need of a dry lubricant coating on the exterior surface of
the plastic wedges to improve the wedge setting.
Leadline: Mitsubishi Kasei Corporation of Japan produces this pith-based carbon FRP rod,
that is pultruded and epoxy impregnated. There are several types of Leadline, round, indented and rib shapes rods, see Figure 7.5

Figure 7.5 Example of Leadline rods and strands, (Karbhari, 1998)

Technora: this rod was developed by Sumitomo Construction Company and Teijin Corporation, both of Japan. It is a spirally-wound pultruded rod impregnated with a vinyl ester resin.
Technora tendons can use both wedge and potted anchoring systems, but in the research a
potted anchor was used.
CFCC: is the trade name for Carbon Fibre Composite Cable and it is produced by Tokyo
Rope and Toho Rayon Co., both of Japan. The cable is formed by twisting a number of small
diameter rods. The materials used for this tendon are PAN-based carbon fiber and epoxy
resin developed by Tokio Rope. CFCC anchoring system are classified as resin filling and
die cast methods, see Figure 7.6.

Figure 7.6 Example of CFCC strands, (Karbhari, 1998)

Lightline: is a tendon produced by Neptco Inc. and it is composed by seven rods, one central
rod surrounded by six others. The Lightline tendon is formed by E-glass fiber and epoxy
resin. Because of at the time the manufacturer had not developed an anchor to utilize for this
particular rod, in the research the authors have used a resin potted anchor.
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In Table 7.3 four of the above products are presented with the material data presented by the
manufacturer.
Table 7.3: Manufacturers data for FRP rods, (Benmokrane et al., 2000)
Tendon

Nominal diame- Cross-section
2
ter
[mm ]
[mm]

Mean
tensile
strength
[MPa]

Elastic Ultimate Density Possions
3
ratio
modulus
strain [g/cm ]
[GPa]
[%]

Arapree-8

7.5

44.2

1506

62.5

2.40

1.25

0.38

Technora

8

50.2

2140

54

3.70

1.30

0.35

Leadline

7.9

46.1

2550

150

1.30

1.67

n.a.

CFCC

7.5

30.4

2120

137.3

1.57

2.10

n.a.

Anchors
A key design issue for composite cables is how to harness all of the available tensile
strength. Conventional anchoring systems for steel cables cannot be used with large composite cables because of the material's relatively low lateral properties, including shear
strength. Cable manufacturers have developed new anchorage systems, enabling composite
cables to achieve upwards of 90 percent of the total ultimate strength of the individual
strands before failure in the anchorage. There are mainly two types of anchors used, wedge
anchor and grout potted anchor, both these systems are discussed in more detail in appendix D6.2.6-A. The principle for these anchorages is shown in Figure 7.7. In Figure 7.7A) is
the typical anchor wedge system shown, these systems are similar to traditional anchorage
systems for steel tendons. Figure 7.7B) shows a grout potted anchorage systems, these type
of systems are often special developed for FRP tendons and bars with the purpose to redistribute shear stresses.

FRP tendon

Anchor sleeve Anchor wedge

FRP tendon

Anchor sleeve

A)

Anchor matrix

B)

Figure 7.7 Sketch of A) a wedge anchor and B) a grout potted anchor
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7.2.8 External influences
Creep
Glass and carbon fibre has an almost perfect linear behaviour to failure. For most FRP composites, creep deformation becomes a more important role at high stress levels or high temperatures or a combination of the two. Creep will not be a significant factor if the loads to the
structure are kept within manufacturer recommended stress levels, (Busel, 2000).
Both the GFRP and the AFRP show an important decrease in their tensile strength when
they are subjected to a long-term constant load, (Pisani, 1998), while studies show that
CFRP has very little loss in tensile strength.
The resistance to creep and relaxation is a huge advantage when using the materials in prestressed applications. If a material has problems with creep and relaxation there will be
losses in the pre-stressing force over time. Structures can be made to make it possible to put
extra stress in the material during the constructions life span, but if this can be avoided it will
be beneficial.
Relaxation
Relaxation losses in FRP tendons come mainly from three sources.
-

When the tendon is initially stressed, a portion of the load is carried in the matrix.
The fibres in a pultruded section are not completely parallel.
The fibers themselves relax.

The initial matrix relaxation occurs in the first 24 to 96 hours. Two characteristics of the tendon affect this relaxation, the volume of fibers in the tendon, and the modular ratio of the
resin to the fibre.
Straightening of the fibers is a function of the quality control of the pultrusion process. The
packing of the fibers in a solid pultrusion precludes much straightening. A one to two percent
relaxation is adequate to predict this phase of loss calculation.
Fiber relaxation is dependent upon the fiber type. Carbon fibers are reported to have no relaxation. High stress level creep-rupture tests have confirmed this behaviour. Aramids have a
creep behaviour that is reflected in their relaxation behaviour.
Fatigue
FRP show significantly enhanced fatigue resistance over metallic materials, (Busel, 2000),
but this is limited to the material, i.e. rods etc. One problem that still remains is joints, connections and anchorage. Since the material is strong it is not likely to have a fatigue failure in
the FRP. Although it has been limited research in larger structures it can be said that fatigue
failure in the FRP is unlikely to occur except in joints, connections and anchorage.

7.2.9 Strengthened structures
In this section only a few examples will be presented, more examples of externally
prestressed structures are given in appendix D6.2.6-A.
Condet Bridge
A 4-lane composite bridge built in 1989 and strengthened 1994 with externally prestressed
steel cables, (Daly and Witarnawan, 1997).
The Condet bridge is a 4-lane composite bridge with three spans, see Figure 7.8. The bridge
was built in 1989 and already after five years it was in need of strengthening. Investigations
of the bridge concluded that the load carrying capacity was decreased by 35 %.
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External post-tensioning was chosen as the strengthening could be done with minimum of
disturbance to the ongoing traffic, also the method was considered cost effective.

Figure 7.8 The Condet Bridge, (Daly and Witarnawn, 1997)

The strengthening was carried out with two external cables for each steel girder. Each cable
consisted of three 12,7 mm high strength strands. The cables were anchored near the end of
the girder in anchor plates that was applied to the web. Deviators were installed at the onethird points of the middle span. Additional cover plates were installed on the underside the
top flange for a length of 1,6 meters and stiffeners were added also, this to prevent high
stress concentrations and local buckling in the area around the deviators.
During the investigation of the bridge strain gauges was used to evaluate the bridge. The
strain gauges were placed on the steel girders.
Road bridge in Dukla, Poland
A three span RC bridge strengthened with external steel tendons, (Siwowski, 2003). The
bridges is in Dukla, Poland, close to the Polish – Slovak border. It is 3 three span RC bridge
with a total length of 85,9 meters. The cross section of the bridge can be seen in Figure 7.8.
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Figur 7.8 Cross-section of the bridge, (Siwowski, 2003)

Static analysis of the bridge showed that it didn’t meet the requirements for bending or shear
and therefore should be strengthened.
The strengthening works were performed with the BBR CONA External system, the aesthetic
result can be seen in Figure 7.9. To be able to get both good strengthening effect for bending
and shear the cables where placed with deviators for best performance. In the middle section
five deviators where used and in the outer sections three deviators. The anchorage was created in concrete blocks that were cast on the beams.

Sustainable Bridges

SB-6.2

2007-11-30

106 (142)

Figure 7.9 A photo of the bridge after the external tendons were installed, (Siwowski, 2003)

The concrete and the steel reinforcement were examined before the project started to
achieve knowledge about the existing material properties.
Verdasio Bridge
A two span concrete boxgirder bridge strengthened with external CFRP cables, (Keller,
2003).
The Verdasio bridge was built in 1984 and is a continuous concrete box girder bridge with
two spans. During examination of the bridge 14 years later serious damage was discovered
on the web on one side of the box girder. Substantial corrosion was found on both nonprestressed reinforcement and prestressing cables. The load carrying capacity was calculated without the worst corroded reinforcements. Although the results from the calculations
showed that the bridge had sufficient load carrying capacity, due to high level of prestressing,
the owners requested that the original load carrying capacity was restored.
It was desired to use small bundles dimensions, that together with the low weight led to the
use of CFRP cables. The low weight was advantageous due to the limited crawlspace in the
box girder, see Figure 7.10.

Figure 7.10 The cables inside the box girder after installation, Keller (2003)

On the inside of the damaged web four carbon cables was installed in pairs. The cables were
composed of 19 carbon wires with a diameter of 5 mm, the outer diameter of the cables was
32 mm.
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The cables were prestressed to 65% of their nominal ultimate load, which corresponded to
the prestress of the corroded steel cable. The anchors include conical resin-cast terminators.
A ceramic and epoxy based gradient material prevents peaks in the shear stress when the
cables enter the anchors.
Deviators were placed in the one-third points of the spans and over the pier.
The load was monitored by strain gauges on the cables. During the monitoring in 1999
measured variation in strain was due to temperature changes and almost no long-term
prestress losses was seen.
The bridge was only strengthened on one side as the other side was not subjected to the
damages.

7.2.10 Conclusion
Prestressed tendons placed outside a structural member is an effective strengthening
method if improved load carrying capacity is looked for. It needs a relatively small work effort
and can be made very cost effective in comparison to other strengthening methods.
When it comes to FRP tendons the anchorage of the tendons is still the critical area. Anchoring systems have been developed but there is still work to be done in making an anchorage
system that works as easily as the wedge system for steel tendons.
Strengthening of steel structures with external tendons is a valid technique, tests have shown
that the method can work very well. The importance when working on steel structures is to
remember not to treat the strengthening the same way as for concrete, it is important to take
in consideration the different behaviour steel structures have.

7.3

Planning of research

The aim with this section is to present the laboratory tests that have been conducted at Luleå
University of Technology during the spring of 2004 concerning strengthening of concrete
structures with external tendons.
The tests aim to compare the strengthening techniques of prestressed external tendons and
steel and CFRP and strengthening with Near Surface Mounted Reinforcement (NSMR), both
with and without prestress. The tests are an initial study that will be complemented in future
test series.
The tests have been limited to concrete T-beams. The strengthening methods that were chosen were external tendons with steel and CFRP. During the initial face of the study it was
decided to include internal post-tensioned tendons of steel and Near Surface Mounted Reinforcement with and without prestress.

7.4

Accomplishment of the research

7.4.1 Laboratory tests
Test set-up
The tests were carried out at Luleå University of Technology during spring of 2004. The test
specimens were concrete T-beams with a length of 6 meters, see Figure 7.11, details for the
beam dimensions and monitoring set up can be found in appendix D6.2.6-B. The beams
were loaded under four-point bending d with deformation control at 0.2mm/s until failure or to
a point where the beam no longer could carry any more load.
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F/2
CSG - Concrete Strain Gauge
SSG - Steel Strain Gauge
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Figure 7.11 Test Set-Up

Beams tested.
A total of eight beams were tested during the series. The strengthening techniques used
were externally prestressed steel rods, externally prestressed CFRP rods and Near Surface
Mounted Reinforcement (NSMR) with CFRP rods with and without prestress.
For complete view of the beams tested see table 7.4 and the material properties for the reinforcement see table 7.5. The material properties for the strengthening material are those
provided by the supplier.
Table 7.4 Beam configuration
Beams

fcc/fct

Strengthening
technique

Strengthening material properties
E
Atot
f

Ref
Steel 1
Steel 2
Steel 3
CFRP
NSMR 1
NSMR 2
NSMR 3

47/3.2
54/3.4
52/3.3
40/2.7
42/2.8
53/3.5
50/3.6
49/3.4

External steel
External steel
Internal steel
External CFRP
NSMR
NSMR
Prestressed NSMR

195
195
195
150
150
150
150

300
300
300
301
300
300
300

1760
1760
1760
2600
2600
2600
2600

Prestressing force

180
180
180
110
150
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Table 7.5 Data of the steel reinforcement, tendons, CFRP and the adhesive used

ε fu

Ef
[GPa]

[‰]

210
200
160
160
-

53
17.5
17.5
-

Steel bars, Ks500
Steel tendons, 7 wire
CFRP tendons
®
Sto BPE NMSR 101S
®
Sto BPE Lim 465/464

fy
ff
[MPa] [MPa]

500
-

>1760
2800
2800
-

fac
[MPa]

fat
[MPa]

103

31

Ea
Visc.
[GPa]

7

Tix

15

Three beams had grooves sawn in the soffit for use of the NSMR technique. The groves
were sawn with a two-blade concrete saw and was then chiselled with an air pressure driven
chisel, and finally cleaned by high pressure air. In figure 7.12 the sawing and chiselling is
shown together with the size of the grooves.

35

15

42.5

15

42.5

15

35

200

Figure 7.12 Preparation for the NSMR technique and the sizes of the grooves.

Reference beam
The reference beam had no external reinforcement, strengthening, and was used for comparison to evaluate the strengthening effect that each technique would provide, see figure
7.13.
F/2
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6000

Figure 7.13 reference beam configuration

The concrete started to crack at 24kN and the steel to yield at 108 kN. The test was aborted
at 115kN when the load had levelled out, see Figure 7.14.
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Figure 7.13 Load-displacement for the reference beam

Steel 1
The first strengthened beam was strengthened with external steel tendons. The tendons
were placed as can be seen in Figure 7.14. The tendons were a bundle of 7 twinned steel
wires with an anchor plate at each end. Steel wedge anchors were used to secure the tendons to the steel plates.
F/2
1000

350

500

2500

F/2

6000

Figure 7.14 Setup for beam Steel 1

The tendons were prestressed using wedge anchors and a hydraulic pump. The loading
started with a rapid increase in the load and only a small displacement was noticed before
cracking of the concrete. At approximately 75kN the concrete started to crack and the displacement increased. This load corresponds to 200% higher load then the reference beam.
The load-displacement is shown in figure 7.15.
At 215kN the internal flexural reinforcement in the lower part of the beam started to yield,
causing the beam to lose stiffness. The placement of the tendons helped the beam to increase the load with almost 100kN from steel yielding, followed by large displacement.
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Figure 7.15 Load-displacement for beam Steel 1 compared to the reference beam

Steel 2
As it would not be possible to place the CFRP tendons in the same way as beam Steel 1, a
second beam with steel tendons was tested. The tendons were placed in the lower part of
the beam as can be seen in figure 7.16 and the tendons were only fixed at the ends. Opposite to beam Steel 1 the tendons will always remain at the same level as the endpoints, regardless of displacement of the middle of the beam.
F/2
1000

500

2500

F/2

6000

Figure 7.16 Beam configuration

The beam behaved as beam Steel 1 in the beginning. A rapid increase in load until the concrete started to crack at 74kN and then reinforcement started to yield at 207kN, see figure
7.17. As the beam started to get larger displacements after steel yielding the active crosssection at the middle of the beam changed. Although the beam got larger displacement the
tendons remained at the same level as the endpoints causing the effective height of the
beam to decrease.
The decreased cross-section caused a much smaller increase of load after steel yielding
compared to beam Steel 1, the load increased to 246kN and then the beam started to loose
load and the test was aborted.
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Figure 7.17 Load-displacement comparing beam Steel 2 with the reference beam

Steel 3
Beam Steel 3. see figure 7.18, is not a strengthened but a beam with post-stressed internal
steel tendons. The tendons are placed in steel pipes that are installed before casting of the
concrete. Apart from the steel pipes the beam is exactly the same as the other beams in the
series.
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Figure 7.18 Placement of the internal pipes for the tendons

After the concrete has cured the tendons were placed in the pipes and the prestressing force
was applied in the same way as the previous beams. After prestressing the pipes were filled
with cement paste according to the Swedish code, in figure 7.19 the steel pipes and the
pipes for filling can be seen. The tendons used had the same material properties as the external tendons.
.When the loading started the concrete cracking began at 69kN and steel yielding at 224kN.
The behaviour of the beam was the same as the beams with external unbonded tendons
until before steel yielding. As can be seen in figure 7.20 the behaviour during steel yielding is
softer then for the beams with unbonded tendons.
After the soft behaviour the load started to level out and the test was aborted at 284kN when
the load started to decrease.
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Figure 7.19 The steel pipes and the end zone during manufacturing and after prestressing
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Figure 7.20 Load-displacement comparing beam Steel 3 with the reference beam

CFRP External
The tendons used could not be placed as beam Steel 1 and therefore was placed in the
lower part as can be seen in figure 7.21. The tendons used had a diameter of 8mm, with a
modulus of elasticity of 150GPa and ultimate strength at failure of 2600MPa.
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Figure 7.21 Beam configuration

As normal steel wedge anchors would crush the FRP tendons amodified anchor with a plastic wedge was used, see figure 7.22. To get better effect of the anchor the tendons had
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70 70

quarts sand glued on them. As those anchors would not be able to take as high forces as a
steel anchor on a steel tendon six tendons were used instead of two.

Figure 7.22 The placement of the rods and the modified wedge anchors used

Once the anchors were in place they could not be moved as it is possible with steel tendons,
therefore using the hydraulic pump as for steel tendons was not possible. Instead the whole
anchor plate was used to apply the prestressing force. As the prestressing was applied it
became clear that it would not be possible to achieve the same prestressing force as with the
steel tendons. Instead the prestressing force stopped at 90kN. Due to the lower prestressing
force the concrete cracking load got lower then the beams with the steel tendons, 51kN. After
that the steel reinforcement started to yield at 149 kN, but before that there were some slip
between the anchors and the tendons. After steel yielding the slips caused the beam to have
just a small increase in load capacity and a slippage in one of the anchors occurred at
173kN. See Figure 7.23.
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Figure 7.23 Load-displacement comparing beam CFRP external and the reference beam

The concrete cracking load increased with 100% and the steel yielding load with 50% compared to the reference beam.
It is important to keep in mind that the results from this beam would have been other if the
anchorage had worked better. The anchor devices consequently needs to be improved before future tests.
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NSMR 1 and NSMR 2
Two beams were tested with the Near Surface Mounted Reinforcement (NSMR) technique
without prestress. The rods used were 10x10mm BPE® NSMR 101S and the adhesive was
BPE® Lim 465/464, see appendix D6.2.6-B for more details.
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Figure 7.24 Beam configuration

As there was no prestressing force on the beams the concrete cracking started at the same
level as the reference beam, 25kN. But after that the NSMR beam had a stiffer behaviour
and the steel reinforcement started to yield at around 295kN. Both beams failed at around
300kN, see figure 7.25. Both beams failed when the rods were ripped of the concrete due to
the high shear stresses between the concrete and rods.
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Figure 7.25 Load-displacement comparing the NSMR beam 1 and 2 with the reference

NSMR PS
One beam was strengthened with prestressed NSMR. The material and placement of the
rods were the same as for the previous NSMR beams, but here a prestressing force of
150kN (50kN per rod) was applied. During prestressing the beam was placed with the soffit
up to make the strengthening work easier. The slots where filled with the adhesive and the
rods placed in the slots and then presstressed. The adhesive cured for 5 days and then the
prestressing force was released. The prestressing force was then transferred to the concrete
via the adhesive.
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Figure 7.26 Load-displacement comparing the NSMR beam 1 and 2 with the reference

When testing the beam it was hard to find the concrete cracking load, this may be due to
initial cracks in the beam. At 216kN, see figure 7.26, the steel started to yield and at 324kN
the concrete in the soffit was ripped off due to high shear stresses, see Figure 7.27.

Figure 7.27 Beam NSMR PS after failure

7.4.2 Results from research
With the exception of the beam with external CFRP tendons all the tested beams behaved as
expected. The strengthening effects for the prestressed beams were over 100%, all with a
limited addition to the beam. In table 7.6 the results from the tests are summarised.
Table 7.6 Loads and displacements
Beam
Ref
Steel 1
Steel 2
Steel 3
CFRP
NSMR 1
NSMR 2
NSMR PS

Cracking
Load
Displ.
[kN]
[mm]
24
1.6
75
3.4
74
3.5
69
3.4
51
2.6
25
1.5
25
1.6
-*
-*

*Cracking load could not be determined

Yielding
Load
Displ.
[kN]
[mm]
108
23
215
31
207
29
224
123
149
25
196
29
195
30
216
29

Ultimate
Load
Displ.
[kN]
[mm]
115
43
314
150
246
84
284
99
173
84
302
76
298
75
324
74
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When looking at the post-steel yielding behaviour it is interesting to compare the beams
strengthened with unbonded tendons and those with bonded tendons (Steel 3 and NSMR
PS). The beams with bonded tendons and rods showed a better behaviour after steel yielding than those with unbonded tendons. In Figure 7.28 and 7.29 the loads and displacements
for all beams are shown.
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Figure 7.27 Load-displacement for the tested beams strengthened with CFRP
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Figure 7.28 Load-displacement for the tested beams strengthened with steel

7.4.3 Conclusions
Eight beams have been tested, seven strengthened with and without prestress. The results
from the tests show that the strengthening techniques used have effective strengthening effect.
As the beam with external CFRP tendons had problems, it is hard to compare that beam with
the other. But the technique with prestressed NSMR showed to work very well compared to
external steel cables. Although the NSMR technique today is less labour efficient, it should
be a competitive method when fully developed.

Sustainable Bridges

SB-6.2

2007-11-30

118 (142)

The tests show a large increase in crack and steel yielding loads. The increase in load for
steel yielding can be very important for a constructions life, the fatigue behaviour will improve
and as a consequence the crack widths will be smaller which can result in increased durability. Together with higher crack loads the cracks also go smaller, this should also indicate a
more advantageous behaviour in the service limit state (SLS).
With fairly simple theory, see appendix D6.2.6-B, it is possible to obtain an estimated value
of stresses and strain in the midpoint beam that is, compared with tests, in good agreement
during prestressing. However, the values for the prestressed NSMR beam differed more and
should need further studies as the technique is new.

7.5

Special value for the railway owners

External strengthening of existing railway bridges is one of the tools for our “toolbox” investigated. The investigation shows that external prestressing is a very effective method to increase the load carrying capacity of existing structures. Both concrete and steel structures
can be strengthened with this technique. The method is not very work intense and strengthening can be carried out during service. In addition to this, with further development, the use
of CFRP tendons will also minimise the effect of possible corrosion which have been a concern when steel tendons are used for strengthening.

7.6

Future needs

The focus on the future work should be on prestressed FRP. The use of steel tendons, especially practical work, is already well known.
The method with external tendons of FRP materials could, with a more efficient anchor system, give interesting results that could be beneficial.
The method of prestressed NSMR has now been proven to give good results, comparable
with external steel tendons. The future work with NSMR should be focused on the following
areas:
The composite
In the tests the modulus of elasticity has been tested at two levels, different prestressing
forces have been investigated and two bond lengths of the rods. But only one size of the rod,
cross-section, have been tested. Testing of different cross-sections might show what the
most optimised size of the cross-section is.
Anchorage and prestressing system
The most important part is to develop an anchorage system that can be used for prestressing
the rods in the field. It is not possible to use the same technique in the field as have been
done in the tests presented. The other reason for having an anchorage device is to try and
reduce, or even remove the loss of strain that happens at the end of the rods when releasing
the prestressing force.
Fibre optics
An interesting aspect would be to be able to have fibre optics embedded in the FRP. In that
way it would be possible to monitor the behaviour of the FRP, possibly over a long time.
Durability
The long-time behaviour of the prestressed strengthened CFRP has to investigate. What
happens to the prestress over a long time? If there is a significant loss of strain that has to be
taken in consideration when designing the strengthening. There is no doubt that without a
mechanical anchorage system this will be a problem, but with a correctly developed anchor it
should be possible to get good long-time behaviour.
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Theory
Theory for design has to befurther developed. A more thoroughly understanding of the failure
modes must be derived. In addition the long-term effects of prestressed NSMR rods should
be investigated. It is important to have an complete theoretical investigation for understanding the process of strengthening with prestressed CFRP. But it is also important to develop
calculation methods that can be used by engineers working with strengthening works. If engineers can not in a not to advanced way calculate the strengthening and the effect it will
have on a structure the strengthening technique will not be used.
It would also be beneficial to have investigated the theory around the anchorage. The
stresses in an anchor and fractural mechanics of the concrete in that area has to be investigated to get a full understanding of what happens in that part of the beam.
Field applications
With a developed anchorage system the next step will be to use the method on a real structure in field. Here it will be of great importance to have the possibility to continuously monitor
the structure, both before and especially after the strengthening.
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Integrated sensor systems for FRP Repair and
Strengthening

Authors: William Boyle and Yonas Gebrimichael City University, London, UK

8.1

Background

The objective with this project is to integrate sensors in the strengthening system so that the
effectiveness of the strengthening measure can be followed over time. Here it has been chosen to integrate a fibre optic senor in a CFRP rod. Here fibre Bragg grating (FBG) strain sensors has been used.
Fibre Bragg grating (FBG) strain sensors have been applied in variety of sensing and inspection techniques for in-service monitoring of steel, concrete and composite structures. The
FBG strain sensor is formed from a periodic perturbation in the refractive index of the fibre
core. When broadband light is coupled into the optical fibre FBG sensor, a reflection peak
centred around a specific wavelength called Bragg-wavelength will be obtained which depends on the refractive index and the period of the grating, which both change due to mechanical and thermal effects applied to the fibre sensor.
In most applications, these sensors are surface bonded to the structure with some level of
protection against mechanical as well as chemical hazards during usage in as much the
same manner as conventional foil gauges. A suitable adhesive is used to bond the sensor to
the structure. Although surface bonding allows optimised linear strain transfer, long term
sensor integrity can be significantly improved if the sensors are embedded within the structure; this is more practical for use in carbon or glass fibre composite structures. Further to
this, pre-assembled or embedded sensors minimise the risk of sensor drop-outs both during
filed installation and long-term usage. In this work, results from experiments carried out with
surface bonded and embedded FBG strain sensors are presented with comparative data
obtained from surface bonded resistive strain gauges.
The integration of fibre FBG strain sensor system into carbon fibre composite materials is an
essential step towards a continuous, remote monitoring of composite material in the design
of "smart" structures.

8.2

Planning and accomplishment of the research

A test setup, see Figure 8.1, was implemented to characterise the response of embedded
FBG sensors to applied strain loading. Both surface attached and embedded sensors were
tested. Figure 8.2 shows three surface attached FBG strain sensors as well as electrical resistive strain gauges (ESG) attached on the opposite sides of a carbon fibre strip orientated
along a common longitudinal axis. In Figure 8.3, two FBG sensors are embedded within
1mm deep and 1mm wide pre-cut grove inside the carbon fibre road. Similarly resistive strain
gauges were also attached at respective points for comparison. Embedding the sensors is of
great importance for the use of Bragg gratings in mechanical and civil structures with ease of
installation and for improved long-term survivability in harsh environments e.g. for concrete
embeddiment.
The Monitoring instrument and the test set-up were connected with a 10m long lead fibre.
The carbon fibre test elements were subjected to static-loading increments as well as to
slowly varying dynamic-loads applied pneumatically, as shown in Figure 8.1. The cyclic load
application pattern is reflected in the stepped response of the measured data.
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Figure 8.1 Test rig for cyclic loading

Figure 8.2 Three No FBG strain sensors and a resistive strain gauge (RSG) surface bonded to a carbon fibre strip

Figure 8.3 Two No. FBGs strain sensors embedded in a 1mm wide grove in the carbon fibre rod and
x3 RSG surface bonded sensors for comparison

Sustainable Bridges

8.3

SB-6.2

2007-11-30

123 (142)

Results from research

Periodic tensile strain tests were conducted on the carbon fibre test pieces by employment of
a hydraulic test rig by slowly varying the tension applied to the carbon fibre specimens. Two
such tests were conducted on (i) a 350mm long carbon fibre strip with surface bonded FBG
strain sensors and resistive gauges (RSG) and, (ii) a 450mm long carbon rod with FBG strain
sensors embedded in a 1mm deep grove and surface bonded resistive strain gauges (RSG).
For each type of test conducted, one set of recorded test data is shown on Figures 8.4, 8.5
and 8.6. Figure 8.4 (a) and (b) show the measured strain against time from both the surface
bonded FBG sensors and co-located RSG gauges. Figures 8.5 and Figure 8.6 show data
from the carbon fibre rod with embedded FBGs and corresponding surface bonded RSG
gauges. In each of the tests conducted the shift in the reflected wavelength and thus the
strain measured by the FBG sensors, whether surface bonded or embedded within the carbon fibre composites, shows similar temporal strain variations as that from the co-located
RSG strain gauges with a good overall linear agreement.
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Figure 8.4 Showing tensile strain readings from, (a) surface bonded FBG sensor and
(b) co-located ESG sensor on a carbon fibre test strip
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Figure 8.5 Tensile strain readings from, (a) embedded FBG sensor and
(b) co-located surface bonded ESG
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Figure 8.6 Tensile strain readings from, (a) embedded FBG sensor and
(b) co-located surface bonded ESG

8.4

Special value for the railway owners

To follow up the results over time from a repair or/and strengthening measure is essential,
particular in remote locations where physical inspections are difficult and expensive. Development of smart integrated monitoring systems for strengthening measures can be a valuable tool for quality and assessment for strengthening systems. With some further development this can also be of great value for the railway owners, where the physical inspections
can be decreased at the same time as the function of the strengthening system can be followed over time.

8.5

Future needs

From the results it can be seen that use of embedded fibre Bragg grating sensors for strain
monitoring has been demonstrated to be as good as surface bonding in relation to strain
transfer and sensitivity with added benefits of sensor protection for long term harsh environment use. Embedded sensors also offer sensor packages, which are easy and quick to install even in the most remote/limited access and harsh environments. This extends the use
of Bragg grating sensors as smart packaged sensors for routine applications either in allcomposite structures or as part of smart composite repair elements using composite materials.
Following these promising results presented here, the current research work is directed at
embedding Fibre Bragg grating sensors in carbon composite structures of various thicknesses during the composite protrusion stage. The objective of this work is to produce smart
carbon rods, which could either be flexible, or ridged elements for repair and re-enforcement
applications of concrete as well as masonry structures and other fibre reinforced composite
materials.
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Repair and strengthening of Masonry Arch Bridges

Authors: Clive Melburne and Adriann Tomor, Salford University of Technology

9.1

Background

It is vital from the outset that a holistic approach is taken to the assessment and repair/strengthening of masonry arch bridges. To change the nature and/or stiffness of one
element of the bridge may only result in overstressing of another.
This literature review, see also appendix D6.2.8-A for the comprehensive literature review
and D6.2.8-B for the research, encompasses a range of preventative, remedial and strengthening techniques that can be successfully implemented to minimise deterioration and address various structural defects and inadequacies commonly encountered in masonry arch
bridges.
There are three levels at which work is undertaken on a bridge:
•
•
•

routine maintenance, eg repointing, which is often preventative in nature
repair, eg replacement of defective masonry, which is corrective in nature
strengthening, eg where an enhanced carrying capacity is required, which is intended
to provide improvement.

In all cases the bridge may have multiple defects of various degrees of severity, and it may
be advantageous to coordinate such works so that problems are tackled together, minimising
disruption to the bridge's normal service and potentially saving time and money. Selection of
the most appropriate approach to bridge works should include consideration of a number of
factors (after Broomhead and Clark, 1995):
•
•
•
•
•
•
•
•
•
•

type of fault or faults to be repaired
ease of access
health and safety, environmental and heritage considerations and constraints
available clearances
length of possession times/lane closure requirements
cost of repair options
expertise required to execute repairs and contractor availability
performance, long-term durability and maintenance requirements of repairs
purpose of repair and ability to satisfy requirements
obstruction of future arch barrel inspections.

As well as aiming for an effective and economical solution to immediate problems, it is particularly important to consider the potential influence of any works on the bridge's long-term
performance. Since most masonry arch bridges will be expected to remain in service for considerable periods of time in the future, and it is important not to carry out works which might
compromise their inherent durability.
Once a repair or strengthening option has been selected, there are many factors that must
be considered prior to its implementation. Some of these are common to most bridges and
are presented in 9.1.
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Table 9.1 Common factors for consideration when carrying out bridge works
Factor

Items to be considered

Access

traffic topography services (location and diversion) nature of
obstacle (eg river) wayleaves.

Procurement

traditional tendering methods for one-off contracts design and
build contracts with specialist subcontractors call off contracts
maintenance contracts.

Health and safety

risk assessments method statement (including manual handling,
COSHH, dust and debris, working at height and/or over water
etc use of power tools and mobile plant, buried services, structural collapse).
protection of watercourses noise, light and dust pollution species
protection (especially protected species such as bats) minimisation and safe disposal of waste reuse of materials and minimisation of new materials SSSI and other designations

Environment

Heritage

listed building, national monument and other designations maintenance of original appearance and
features preservation of original structural fabric.

In order to carry out the works it is vital that all the appropriate preparatory work is undertaken before the contract is awarded:
•
•
•
•
•
•

•
•
•
•
•
•

•

identify and establish causes of deterioration and defects and ensure that these are
addressed where appropriate
an initial desktop study should be undertaken to identify important parameters
a site investigation is required to confirm the structural dimensions and the
properties of the fabric of the bridge, including the backfill
consideration of the effects of temporary loading conditions of plant etc on the
bridge
ensure that material specifications are compatible with existing fabric of the bridge
it should be checked that the works do not change the mode of behaviour of the
bridge - ideally this should be avoided but if they do, full account should be taken
not only of their immediate consequences but also their effects on the long-term
performance.
consideration should be given to the effect of local repairs on the global
performance of the bridge and vice versa
assess the adequacy of the existing fabric of the bridge at each stage of the works;
requirements for temporary support works should be assessed
location and diversion of utility company equipment should be carried out as
necessary
site access should be secured (eg railway possessions)
clearance for temporary works should be checked
personnel should be appropriately trained and have the necessary skills and
experience to undertake the work. (In particular, working with historical structural
materials and at height, over water etc)
the requirements for post-repair monitoring and the most suitable techniques
should be considered.
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Summary of the literature review

9.2.1 Repairing deteriorating masonry
Often the focus is placed on the structural causes of problems without giving due consideration to the contribution of the materials that make up the structural fabric. Keeping a bridge
performing efficiently in the long-term and optimising its serviceable life depends to a great
extent on monitoring the deterioration of its materials.

9.2.2 Investigating the causes
When treating deteriorated masonry it is important that a good understanding of the cause of
deterioration is achieved before remedial works are embarked upon. Failure to do this may
result in the problem recurring or possibly new problems becoming manifest. For instance,
local softening and deterioration of mortar in the spandrel walls, associated with local leakage of water through the masonry, may be the result of saturated fill with no suitable drainage path. Simply carrying out local repairs to the masonry with new materials does not address the root cause of the problem, and risks its recurrence or possibly even an increase in
fill saturation which could result in increased pressure on the spandrel walls. In order to determine the cause of materials deteriorating, appropriate assessment by a knowledgeable
engineer or engineering materials specialist is required. This is likely to involve a close visual
inspection of the deterioration, possibly supported by on-site testing, materials sampling and
laboratory analysis using techniques such as petrographic examination. Damage with a potential structural cause, such as new or progressive cracking or distortion, should always be
investigated to determine its cause prior to carrying out any repairs.

9.2.3 Remedial treatments
As discussed previously, the root cause of masonry deterioration should be addressed before undertaking any direct measures to preserve, improve or replace the masonry itself.
However, frequently the problem is associated with inadequate maintenance and can be
solved by local masonry repairs and replacement, combined with improved maintenance in
future.

9.2.4 Repointing
Deterioration and loss of mortar loosens masonry units, which may present a hazard to traffic
and members of the public using the area below the bridge. Loss of mortar from joints also
reduces the ability of the masonry to transmit and evenly distribute forces, focusing stresses
in localised areas and potentially leading to cracking and distortion. Repointing should be
considered a routine maintenance item or, if extensive or a part of other works, a repair. Although the need for repointing can vary considerably depending on the structure, its materials, design, location and exposure, masonry typically requires extensive repointing at intervals of between 25 and 50 years, or even longer.
When undertaking repointing work it is important to ensure that materials used in the mortar
are obtained from a reliable source and that due regard is given to the appearance and performance characteristics of the original mortar. It is good practice to match closely the
strength of the existing mortar, and new mortar should always be weaker than the masonry
units themselves. New mortar should also have adequate permeability to allow the brickwork
to "breathe" and for moisture to evaporate through the joints rather than through the masonry
units. The choice and application of suitable mortars for conservation and restoration requires a careful approach and it is recommended that the advice of specialist conservators
and material scientists is sought. Testing is normally carried out to determine the existing
mortar constituents and approximate mix proportions
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Some general advice on the selection of mix constituents and proportions for "typical" repointing applications is:
• for work on structures with no special historic value containing non-cementitious
mortar, a mix of about one part cement and one part lime to six parts of sand
(1:1:6) is appropriate for routine repointing. Likewise for work on bridges where
cementitious mortars have been used for construction, a mix of 1:3 or 4
cement: sand is often adequate (Yu and Dean, 1997). However, when repointing
historic masonry, a closer match of mortar materials is often required for reasons of
performance, appearance and historic integrity. This will require matching both
the character and colour of the sand and colour of the cement matrix in the
historic mortar, and is a specialist task requiring the involvement of a suitably
experienced conservator
• lime is available as lime putty and as hydrated lime, and can be mixed with sand
and water to produce lime mortar. Lime putty should be properly "matured" and
is available from specialist suppliers (Teutonico, 1997). Although hydrated lime is
more freely available, its use is not recommended since it is a less consistent
material and its properties and quality may vary compared to lime putty. Mortars
based on lime putties would normally be a mix of one part lime to three parts
aggregate (1:3). In sheltered locations a weaker mix may be considered (1:4) and
in exposed areas a richer mix (1:2) can be used to provide enhanced durability. In
very thin joints, a stronger and more workable mix of 1:1 might be most suitable,
and the use of more finely graded aggregate will be necessary. Where a slightly
stronger mortar is required, gauging lime mortar with a pozzolan may be
considered, or the use of a weakly hydraulic naturally hydraulic lime
• hydraulic limes tend to give a more rapid set and produce stronger, more durable
mortar than pure limes. They are supplied in bags of powder,
similar to cement, and have a limited storage life before use. For conservation
work, on bridges with historic value, limes classified by BS EN 459 (BSI, 2001a) as
natural hydraulic limes (NHL) should be used. For mortars based on such limes an
all-purpose mix suitable for jointing and pointing would be a 1:2 or 1:3 of
moderately hydraulic lime (NHL3.5). A weaker mix suitable for use existing
materials that are weak and friable could be a 1:2 mix of feebly hydraulic lime
(NHL2) and aggregate. Where a stronger and more durable mortar is required,
this might be achieved with a 1:2.5 mix of eminently hydraulic lime (NHL5) and
aggregate (CADW, 2003). Care should be taken when using some of the more
strongly hydraulic limes, since these can produce mortars nearly as strong and
impermeable as some cement-based mixes.
Joints are cleaned out to a depth of at least twice the width of the joint, or to a minimum
depth of 15 mm from the finished face of the joint, using hand tools (quirks and long necked
jointing chisels with parallel faces) and taking care to avoid damaging the arises of the
brick/stone, see Figure 9.1.
Where mortar is weak and soft hand tools are adequate but where joints are thin and dense
mortar has been used it can be very difficult to remove, requiring considerable care to avoid
damaging the masonry units. Cutting out using angle grinders is not advised, and should only
be considered when necessitated by the scale of work, in which case appropriate equipment
should be used by skilled and motivated staff to prevent damage to brickwork. Particular caution should be exercised where aesthetic or historic value is a concern, Figure 9.2. When
removing hard mortar, a skilled mason may sometimes use a hand-grinder fitted with a thin
diamond blade to score the centre of a joint, then remove the rest with a hand chisel. However, this technique requires the utmost care and skill. The use of small pneumatic chisels,
such as those used to tool stone, can work well for mortar removal, but even this method can
cause chipping to the edges of masonry units if it is not done carefully.
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Figure 9.7 Removal of deteriorated mortar using a long-necked chisel to avoid damage to brickwork
(courtesy British Waterways)

Figure 9.8 Contractor's personnel should be suitably experienced else the quality of finished repointing
work may be very poor

Once the deteriorated mortar has been removed, joints should be brushed and flushed out
with water to remove dust and loose material, any joints which have dried out since cleaning
should be re-wetted.
The new mortar should be plastic and workable but stiff as possible and it should be pushed
into the back of the joints in layers and finished flush with the surrounding brick/masonry with
a bucket handle or weather-struck finish (recessed joints should be avoided).
Further information and guidance on good practice in the selection and application of mortars
for repointing is included in Mack and (Speweick, 1998) and in (Ashurst, 1990).

9.2.5 Deep pointing and filling of joints
For narrow or deeply eroded joints, specially shaped pointing keys or tamping rods may have
to be used, and lime mortars may need to be built up in layers up to 25 mm thick to assist
with its curing, with each layer firmly tamped in place. Where deterioration of jointing mortar
is extensive, resulting in voids and friable mortar well back in the joint, greater than approxi-
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mately 50 mm, normal repointing techniques are often unsuitable and pressurised mechanical pointing using a "dry-mix process" becomes necessary. Loose and very soft mortar
should be removed by hand tools or by high-pressure water jetting, back to more solid material, to a depth of up to 100 mm for brickwork and potentially more for stonework. This may
cause loosening of the facing course of brickwork, and care should be taken not to damage
or displace the masonry units which can be pinned in place using suitable "pinning stones". A
suitable mortar can be injected to fill the joints under pressure using spray pointing equipment, which uses compressed air to pressurise the mortar and force it through a hose to a
gun nozzle which is used by an operator to build up mortar in layers from the back of the joint
to the front. Such techniques have been successfully used by Network Rail (and formerly
British Rail) for deep-pointing of masonry tunnels and bridges for almost 50 years (Sowden,
1990). The resulting mortar surface is rough and rather messy, with mortar projecting proud
of the joints, but this can be tooled to an acceptable finish once the mortar begins to set.
Care should be exercised where this technique is used on structures where the aesthetic
appearance of the bridge is important.
Pressure injection of grout within the structure
Where there are voids within the structure or excessively deep mortar loss from joints, pressure injection of grout into the structure may be necessary. As with shallow pointing, it is important to select a grout mix which will have suitable properties once hardened and not adversely affect the performance of the bridge or its original materials, for example allowing
elements such as arches to accommodate a limited degree of movement. Further detail is
given in (Sowden, 1990).
Superficial crack repairs
Cracking should never be repaired until its cause has been adequately established and,
where necessary, dealt with. Crack repairs are only worthwhile if the forces that caused the
crack are unlikely to recur, or if provision is made for future movements. Superficial repairs to
cracking involve sealing the surface of the crack to prevent the ingress of moisture and deterioration of the adjacent materials, but do not restore structural connection between the masonry either side of the crack.
Longstanding inactive cracks can be repaired using mortar materials which should not be too
hard or brittle, or else small movements are likely to result in a recurrence of the cracking
and failure of the repair. Cracks which expected to experience further movement, for example, through cyclic moisture or thermal variations, can be treated as joints and sealed with a
flexible material that can accommodate the anticipated range of movement.
Where cracks will have confined themselves to the mortar joint lines they can be repaired
using normal pointing methods. Cracks that pass through the masonry units themselves are
more difficult to treat, and patch repairs may be required.
Alternatively, cracks can be widened and undercut with a saw or chisel so that they are about
10-15 mm wide at the surface, a few millimetres wider at the back, and 15-20 mm deep.
Loose dust should be brushed away, the crevice and surrounding block dampened with water, and a suitably stiff repair mortar applied and properly cured. It may be permissible to use
dry-pack mortar or carefully selected proprietary materials in this respect. If cracks are fine,
they should not be widened but a mortar containing fine sand may be worked into them to
seal them, or they may be injected under pressure using a proprietary sealant material selected to meet suitable performance requirements.
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9.2.6 Patch repairs
Where deterioration has affected the masonry units themselves, particularly where they are
deeply spalled or unstable, they may have to be replaced with new units. This is typically a
local repair. For brickwork it will normally involve the careful removal of a single skin of brick
over a limited area, including the damaged bricks, and replacement with new, or sometimes
recycled, brick or stone. With stone units, damage of the stone surface is more likely to be
addressed by "piecing in" which involves cutting out the damaged section and using a mortared-in fillet of stone, matched with the original stone to preserve its appearance, and possibly pinned in place using dowels. More extensive damage may, however, require the complete replacement of one or more blocks.
This type of repair may be superficial in nature, used to restore the appearance of deteriorated elevation and to protect underlying materials, or can be expected to act structurally and
compositely with the surrounding structure, in which case the selection of materials with appropriate physical properties is particularly important. The repair should be able to take some
load but avoid forming hard spots and risking damage of the surrounding structure. It is particularly important that such repairs are well bonded to the adjacent masonry, normally by
pinning and grouting.

9.2.7 Application of consolidants and sealants
There is much debate about the use of consolidants and sealants to preserve masonry. Although it appears that they can in certain circumstances be beneficial to the structure, incautious use can have the reverse effect and they should certainly not be considered a quick
and easy solution to the problem of masonry deterioration. Many such materials are enthusiastically marketed by their producers who are quick to point out their potential benefits, but
their long-term effects are less well known. Great care should be exercised in considering
their use, particularly in old and historic structures, and expert advice should be sought before using any such treatments so as to fully understand their potential benefits and disadvantages for the specific structure in question.
Masonry consolidants are either applied to the surface or can be pressure-injected through a
network of holes drilled in the masonry. They are low-viscosity liquids which work by penetrating the pore-spaces in permeable masonry and either depositing an inorganic substance,
typically a silicate, or reacting with the mineral phases present. The intention is to reduce
porosity and improve cohesiveness and strength. When applied to soft and porous masonry
which is crumbling away it can in certain situations provide some preservative benefit. However, such techniques and materials are not tried and tested and their effects are unpredictable, particularly in the long-term. When surface-applied, consolidants penetrate only a limited distance into the masonry to produce a hard skin at its surface; this layer has different
properties to the underlying masonry, both in terms of thermal response and moisture permeability and in some situations could accelerate deterioration by delaminating from it. When
pressure-injected, weak masonry may be damaged by the drilling of injection holes and the
pressure of injection itself. Penetration is unlikely to be uniform, particularly if conservative
limits are placed on injection pressures, resulting in incomplete and patchy impregnation of
the masonry.
Although more widely used, masonry sealants and water-repellent applications can also
present problems, particularly for old masonry. These are surface-applied and are intended
to inhibit the ingress of moisture into the masonry through the sealed surface. Although
they may be beneficial in certain circumstances, for instance reducing the penetration of
moisture through the treated surface from driving rainfall, unfortunately they may also inhibit or reduce surface evaporation of moisture from other sources and lead to an increase
in masonry saturation. Also, moisture movements and evaporation may be concentrated
through certain parts of the structure, leading to accelerated localised deterioration through
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leaching, salt crystallisation or freeze-thaw action. Another consideration is that the application of sealants can significantly change the masonry's appearance, sometimes leading
to patchy discolouration.

9.2.8 Cleaning
Where it has become dirty and discoloured, disfigured by waterborne or airborne deposits,
or colonised by unsightly biological growth, it may be desirable to restore the attractive
original appearance of brick or stone masonry by cleaning. In certain cases, the soiling
may be contributing to the deterioration of the masonry and cleaning may be desirable for
its preservation - for example where sulfate-bearing sooty deposits have been left by steam
trains on railway bridges.
A variety of techniques and proprietary cleaning products are available and are often actively marketed by their producers/applicators. However, with old masonry in particular,
every structure and situation is unique and there is no single technique or product that can
be relied upon to achieve the desired result while avoiding undesirable effects.
There are three main groups of masonry cleaning methods (Mack and Grimmer, 2000):
• water methods soften the dirt or soiling material and rinse the deposits from the
masonry surface
• chemical cleaners react with dirt, soiling material or paint, allowing it to be rinsed off
the masonry surface with water
• abrasive methods mechanically remove the dirt, soiling material or paint (and, usually,
some of the masonry surface) and may also be followed with a water rinse.
Often it is possible to adequately clean masonry surfaces by soaking using a low-pressure
water spray followed by light brushing, but the most suitable technique and product will
depend on a variety of factors including the type and condition of the masonry materials,
the nature of the material needing to be removed, and the acceptability of the change in
appearance (and possible damage) that might result. Great care should be taken to select
an appropriate cleaning method, particularly where the masonry has historic or aesthetic
value, or is subject to any kind of preservation order.
Applying the wrong cleaning materials or techniques to old masonry can have disastrous
results and leave the masonry surface in a weakened and disfigured state. For instance,
some stones, such as limestone and sandstones with calcareous cement, can be damaged
by acidic treatments. Others can contain impurities such as iron, which may result in
streaky reddish discolouration on cleaning. Very harsh abrasive methods, such as grit
blasting, are always damaging and their use is seldom justified.
The "golden rules" are:
•
•
•
•

do not clean historic masonry unless there is a good reason and a definite benefit
use the gentlest method possible, commensurate with achieving the desired result
trials need to be carried out on parts of the structure that are not clearly visible
cleaning should only be carried out by experienced contractors.

A thorough understanding of the physical and chemical properties of the masonry will help
avoid the inadvertent selection of damaging cleaning agents, and where historically or aesthetically valuable masonry is to be treated it is essential that expert advice is sought.
Valuable guidance on masonry preservation and the selection of suitable cleaning techniques is given by (Ashurst, 1988) and (Ashurst, 1994).

Sustainable Bridges

SB-6.2

2007-11-30

133 (142)

9.2.9 Other specialist treatments
In addition to the above, there are a variety of specialist treatments for preserving and repairing masonry, depending on its type and the cause of the damage. These are often
technologically advanced, experimental or labour-intensive techniques, more frequently
used over limited areas in the course of preserving important stone buildings and their architectural details, statuary etc and would not normally be routinely considered for application to bridges. For example, the concentration of soluble salts at stone surfaces can cause
them to "blister" and flake off or delaminate in sheets, and this can be treated by the use of
poultices to draw out the salts and reduce their concentration at exposed surfaces. Also
laser-based techniques are available for cleaning masonry, but are too slow and expensive
to be used for treating large areas. Although not suitable for routine use, specialist treatments might be worth considering in certain circumstances, for instance to treat limited
areas of bridges with substantial historic value.

9.2.10 Repair and strengthening techniques
It is essential that the cause of the deterioration is understood and the effects of any
strengthening or repair techniques are considered before commencing any work on the
bridge. At all times it is important to consider that masonry arch bridges derive their strength
and tolerance to movement from their ability to articulate - it is their particulate nature that
gives them their unique structural characteristics. If this is lost then they behave in a different
way that should be taken into account when considering their strength and residual life.
Wherever possible, repairs must be sympathetic to the structure, not alter its working mode
and use materials compatible with those already existing.
If remedial or strengthening works are selected without due consideration, remedial work
may result in more harm than good and can address one failure mode only to allow, or even
cause, another. Particular care is required when work is necessary to one span of a multispan bridge.
Sometimes repair and strengthening options are limited or their execution complicated by the
presence of previous works on the bridge. The response of the bridge to past works and their
success can provide useful information for assessing the potential effects of the proposed
works and their chances of success.
In order to aid the process of selection of appropriate preventative, remedial and strengthening techniques, this section includes guidance on the selection of potentially suitable techniques for addressing common structural problems and deficiencies of masonry arch bridges.
This information is for guidance only; it is not a substitute for experience and knowledge of
masonry arch structures.

9.2.11 Case studies
This chapter includes a case study involving works on a masonry arc bridges to illustrate
some of the issues associated with the practical implementation of the management and
maintenance works, more case studies are presented in appendix D6.2.8-A.
Strengthening and refurbishment of Hungerford Canal Bridge
Client:
West Berkshire District Council
Bridge owner

British Waterways

Consulting engineers

Babtie Group

Principal contractor:

Bersche-Rolt l
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Introduction
Hungerford Canal Bridge is a Grade II Listed, brick arch structure built in the late eighteenth
century, Figure 9.3. The bridge is situated in the centre of Hungerford and carries the A338
over the Kennet and Avon Canal. The structure is a 7 m single span brick arch supported on
brickwork abutments with brick spandrels and wing walls. Little is known about the abutment
and wing wall foundations. The arch ring is 330 mm thick and is elliptical in shape. The average depth of fill at the crown is 460 mm. The rise of the arch at the crown is 3 m. Site investigations established that there is no backing to the arch although the wing walls thicken at the
ends of the arch ring.

Figure 9.3 General appearance after strengthening works

Assessment
An assessment of the structure undertaken by the consultant determined the arch to have a
three tonne capacity. West Berkshire Council entered into an agreement with British Waterways, who owned the bridge, whereby it would be strengthened at the Council's expense and
the ownership of the bridge would then be transferred to the Council with an agreed commuted sum. The consultant was then commissioned by West Berkshire Council to undertake
a feasibility study to investigate and compare the various strengthening options available.
Options considered
The feasibility study considered the following three options:
• provision of concrete backing to the arch
• strengthening of the arch using anchors
• retro-reinforcement of the arch ring.
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The options were evaluated on the basis of cost, safety and the minimisation of inconvenience to highway users, canal users and nearby residents. Consideration was also given to
the presence of existing electricity, gas, water and telecommunications services in the
bridge.
• Option 1: Provision of concrete backing to the arch. Under this option the fill material
at the back of the arch would have been removed down to the arch springing and
replaced with lean mix concrete up to 2.2 m above springing level. The concrete
would then require seven days to cure. The top of the arch would be backfilled with
class 6N material to 100 mm of the wearing course. The location of services in the
footways and the carriageway would need to be established. The work would have
involved excavation and concreting while providing temporary support to the services. Consideration was given to using this option and undertaking the works in
two phases, enabling the road to be kept open using temporary traffic signals.
However this would have caused significant delays to highway users over a long
period. The bridge is very narrow and there were also concerns about safety in
keeping the bridge open to traffic and pedestrians during the works. With no convenient alternative route complete closure of the road was considered to be an unsatisfactory solution.
• Option 2: Strengthening of the arch using anchors. This method involves proprietary
masonry stitching consisting of stainless steel ribbed bars, pressure grouted in predrilled holes in the structure. Each bar is enclosed in a mesh fabric sock, which inflates under grout pressure to fill completely the masonry hole, and allow the grout
to pass through the expanded sock to form a chemical and mechanical bond with
the structural material. The stitching work is carried out from road level. Using this
method the works could have been undertaken at night under road closures and
temporary traffic signals, reducing inconvenience to highway users. It was also considered a safer option for both site operatives and the general public. It would have
caused little if any inconvenience to canal users. However the existence of residential properties within 5 m of the bridge gave cause for concern regarding the noise
levels imposed on residents as a result of night working. There were also concerns
that the large amount of services in the bridge would hinder the works and the need
for trial holes in advance of the works would cause traffic delays.
• Option 3: Retro-reinforcement of the arch ring. This method requires the grouting of
stainless steel reinforcement into the arch ring. Small diameter bars (up to 16 mm)
are placed in 50 mm diameter holes drilled laterally and circumferentially 50 mm
from the intrados. The reinforcement is placed at close centres over the whole face
of the arch and grouted in using a proprietary grout. The holes drilled laterally are
straight and therefore relatively easy to drill. The circumferential holes follow the
curve of the arch and are therefore much more difficult to drill. The circumferential
drilling is achieved by removing several bricks at the springings and crown of the
arch to insert the drill. The drill is then carefully guided on its radial path, just below
the surface of the brickwork, around the circu ference of the arch. Reinforcing bars
are then fed through the holes andgrouted into place. The bricks at the springing
and crown are replaced leaving no visible traces of the strengthening works.
Adopted option
The estimated costs for the three options were very similar with less than 10 per cent variance between the highest and lowest estimates. Cost was not considered when evaluating
the options and consideration was given to safety and the minimisation of inconvenience to
the public.
Option 3, arch ring retro-reinforcement, was selected as the preferred option.
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The design
Retro-reinforcement is based on the use of stainless steel reinforcing bars inserted below the
surface of the intrados bonded in place with thixotropic cementitious grouts.
Masonry arch bridges mainly constructed during this period (1750-1920) can be strengthened by inserting a comprehensive mesh of reinforcement behind the surface of the intrados,
to strengthen and support the masonry while allowing the bridge to continue to flex and move
as normal in response to imposed loads. Stainless steel reinforcement is used because of its
excellent strength and corrosion resistance, bonded in place with thixotropic cementitious
shrink resistant grouts. This technique has required the development of special drills and
reinforcement installation techniques.
Before the bridge engineer can decide on the extent of the reinforcement and other remedial
works, it is important to carry out a proper survey to establish the form of construction, including the thickness of the arch ring, the height of the haunching and to identify any weakened
and damaged areas.
Transverse reinforcement is designed to strengthen arches with circumferential cracking and
spandrel wall separation. Reinforcement 18 mm in diameter is installed in 50 mm diameter
holes which pass through the arch ring at a depth of about 75 mm from the surface.
The depth of the hole will vary as the brick surface is often uneven and it is also normal to
find voids in the arch barrel due to leaching by surface water. The reinforcing bars have fixed
spacers which locate the bar in the centre of the hole allowing the grout to completely surround the bar and pumping of the grout continue until all voids have been completely filled.
Circumferential holes are drilled below the surface of the intrados by removing bricks from
the crown and springing. Diamond tipped drills mounted on flexible drive shafts are guided
around the arch and the path of the drill head is continually adjusted to ensure that the depth
and path of the hole does not go beyond the permissible limits.
Reinforcement is inserted with laps at joins to form a continuous length of reinforcement
which passes around the arch and into the springings. In this way each hinge is reinforced
regardless of the eventual position and tests show that increases of 50 per cent in the load
bearing capacity are possible.
As radial reinforcement, stainless steel dowels are grouted into holes drilled through the arch
rings, to allow the prevent ring separation.
Execution of the works
Using the retro-reinforcement method allowed the works to be undertaken from beneath the
bridge eliminating delays or inconvenience to highway users. It was agreed with British Waterways that the work would be undertaken from a floating platform that would be moved out
of the way periodically to allow the passage of boats through the works ensuring that delays
to canal users were kept to an acceptable level. Using the retro-reinforcement method also
eliminated the need for night working and the resulting disturbance to nearby residents.
West Berkshire Council entered into an NEC short contract with the main contractor, who
specialise in the design and construction of reinforced masonry systems and who developed
the unique system to achieve the circumferential drilling required for this method of reinforcement.
The strengthening works commenced on 24 February 2003. For the first four weeks of the
contract British Waterways were able to offer a complete canal closure on the back of other
works being undertaken on this reach of the canal. After four weeks British Waterways required that the canal be re-opened and the remaining work was undertaken from the floating
platform. The canal was opened at set and pre-advertised times during the day.
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The contractor also agreed to open the canal immediately for commercial craft and when
special circumstances arose.

Figure 9.4 Drilling circumferential holes for reinforcement in arch intrados

Figure 9.5 Close-up of installed circumferential reinforcement

Summary
The main objective of the council was to execute the works with minimum delays and disruption to bridge users and local residents. The working methods adopted were successful in
achieving this and a good working relationship developed between the contractor and local
residents and businesses. With the goodwill of these parties West Berkshire Council took the
opportunity to extend the contract with the contractor to include much needed repair and reinforcement of the retaining walls on the bridge approaches. These walls are extremely close
to shop frontages and residential entrances. After full consultation with the occupiers and
owners of these premises it was agreed that the works be carried out during weekday early
evenings, and the works to the bridge and approach retaining walls were completed in August 2003.

9.3

Planning of research

At USAL a series of large-scale arch tests have been carried out under both static and cyclic
loading to investigate the efficacy of the FRP near surface reinforcement and radial pinning.
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Accomplishment of the research’

9.4.1 FRP reinforcement
A series of arches was tested with glass fibre sheet reinforcement on the arch intrados under
both static and cyclic loading conditions. The effect of FRP reinforcement on the load capacity and arch behaviour was investigated.
The composite material chosen for application was Enforce Glass Fibre Sheet (1 layer
340mm wide, 90/10 weave, tensile strength 53kN/m width) as the weakest form of FRP
which was applied directly onto the good quality intrados surface.

9.4.2 Radial pinning
Radial stitching on three arches has been carried out so far. Prior to pinning, all arches had
been reinforced by FRP and subjected to cyclic loading up to failure. After the arch failed by
ring separation radial pins were introduced (using 10mm diameter bars in pairs at 130mm
centres longitudinally) and cyclic loading continued. Radial pinning stopped further separation of the rings and reinstated the original load capacity.

9.5

Results from research

9.5.1 FRP reinforcement test results
While under static loading unreinforced 3m arches failed as four-hinge mechanisms, with
FRP reinforcement they failed by ring separation between the point of load application and
the nearest abutment. Unexpectedly, by changing the failure mode of the 3m arches, the
presence of FRP reinforcement also reduced the load capacity of 3m arches by up to 30%.
The 5m reinforced arch however failed at significantly higher load compared to the without
reinforcement.
Under cyclic loading FRP reinforcement improved the load capacity of the 3m and 5m arches
by at least 30%, see table 9.2.
Table 9.2 – FRP reinforcement test results

Unreinforced
Max
Span

Load

Static
3m
Cyclic

5m

Static
Cyclic

FRP reinforced
Arch

(kN)

Number
Failure
of
mode
cycles

A

29

1

H

25

1

G

28

1

I

20

1

C

14

23,500

J

26

174,500

E

12

25,000

K

18

145,000

L

18

500,000

N

72

1

P

26

2900

Arch

M
O

load

30

1

18

333,00
0

Fourhinge
Ring
separation

Ring
separation

Max
load
(kN)

Number
of cycles

Failure mode

Ring separation
Ring separation

Ring separation
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The surprisingly low static load capacity of the 3m reinforced arches was the consequence of
the change in failure mechanism due to the presence of reinforcement. While unreinforced
arches under static loading generally failed as four-hinge mechanisms, the presence of glass
fibre-sheet changed the mode of failure by preventing the formation of hinges at the extrados
and thus resulting in higher shear stresses between the rings.
Flexural strengthening of arches using composites enhanced the stiffness of the arch but
also increased brittleness. For reinforced arches the initial cracks in the critical (high tensile
stress) region occur at higher loads compared to unreinforced arches because of the ability
of the bond between the glass fibre and masonry to transfer tensile stresses. Once the bond
strength is reached an initial crack occurs and the glass fibre acts as bridging over the crack
and transfers tensile stresses through the bond back into the stiffer (masonry) part. This can
happen as long as there is sufficient bond between the glass fibre and masonry. Once the
bond between the FRP and masonry is broken down in the cracked region, cracks will similarly occur at other locations. Although in the experiments no cracks have been observed
prior to final failure, acoustic emission recordings did clearly indicate cracking in the brickwork during load application. Cracks were however held together by the glass fibre sheet and
were prevented from developing hinges. All reinforced arches failed by ring separation. A
limited extent of delamination over a few individual bricks under the points of load application
was observed which however did not propagate and was not responsible for failure. There
was no (tensile) failure of the reinforcement itself.
The lower than expected static load capacity of the 3m arches has highlighted the pronounced danger of FRP strengthening if it is used when its consequences are not well understood. Masonry arches can fail by a number of different ways, such as four-hinge mechanism, ring separation, sliding, crushing, etc. Each mode of failure has its own load capacity
and the arch will fail by whatever is the lowest. Capacity of the arch is therefore the capacity
of the failure mode which is the lowest.
Any reinforcement technique, e.g. FRP sheet at the intrados, is designed to change the way
the arch behaves with the aim of reinforcing certain weaknesses. It is however inevitable,
that by changing one aspect of the arch’s behaviour, others are also modified and so will the
associated capacity with each mode of failure. The presence of the FRP sheet in the current
tests has changed (increased) the load capacity of the four-hinge mechanism but simultaneously changed (reduced) the capacity of the ring separation failure.
On the contrary to the 3m arches, FRP reinforcement greatly enhanced (by 140%) the static
load capacity of the 5m arch. Both unreinforced and reinforced 5m arches failed by ring
separation therefore the reinforcement did not change the mode of failure. Out of the possible failure modes (e.g. ring separation, four-hinge mechanism, sliding, crushing, etc.) ring
separation occurred at the lowest load in both cases. It is expected that if the presence of
reinforcement does not change the mode of failure it is likely to be beneficial for increasing
the load capacity of the arch. If the presence of reinforcement however changes the mode of
failure it is important to ensure that the new failure mode will occur at a higher load and does
not ‘weaken’ the arch.
The fatigue performance of both 3m and 5m arches was improved with composite reinforcement although it became more varied and less predictable. Since both unreinforced and reinforced arches failed by ring separation, the presence of FRP sheet did not change the mode
of failure and was therefore beneficial for the system.
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9.5.2 Radial pinning test results
The arches eventually failed by slippage (radial shear) or by pin failure, see table 9.2.
Table 9.3 – Radial pinning test results

3m

Cyclic

5m

cyclic

K-Pin

28

1000

Slippage

J-Pin

29

16000

Pin failure

P-pin

36

500000

Pin failure

Radial pinning increased the capacity of ring separation failure and changed the modes of
failures, e.g. failure of pins, slippage or crushing. When reinforcing arches, it is necessary to
consider the capacity of all possible modes of failures which can occur after modifying the
arch. Radial pinning together with FRP reinforcement has been found to be beneficial for reestablishing the original load capacity of the arch.
Ring separation may occur in multi-ring arches because of loss of inter-ring mortar due to
deterioration or wash-out or due to longitudinal shear stress overload. Either way there will
be a loss of mechanical integrity with the resulting reduction in mechanical performance. 9.3
illustrates the consequence of ring separation on the flexural and shear stress distribution for
a two-ring arch.
FLEXURAL STRESS
DISTRIBUTION

LONGITUDINAL STRESS
DISTRIBUTION

Ring separation
Ring separation
Figure 9.3 – Effects of ring separation on stress distribution

Previous work had established the flexural stress redistribution due to ring separation but the
effects on the longitudinal shear stresses had not been considered before. If there is no mechanical connection between the rings (i.e. no radial pins etc.) then the barrel will rely entirely
upon the bond between the mortar and the bricks to transfer the longitudinal shear stress. In
which case, there will be slip strain between rings. (Slip strain is the rate of change of slip
along the beam - this is not actual slip but is the same as strain is the rate of change of displacement). For full interaction a very stiff connection is required. Radial pins may be introduced to provide the necessary shear connection between the rings and these can fail in a
number of ways as illustrated in 9.4 separately or in combination. Each mechanism may be
considered in turn and quantified in the context of an idealised model.

a) Shear in pin

b) Bearing/crushing

c) Plastic hinge

d) Tension in pin

Figure 9.4 – Failure mechanisms in pin

e) Pull out

Sustainable Bridges

SB-6.2

2007-11-30

141 (142)

According to recent tests radial pinning (together with FRP reinforcement) re-established and
slightly increased the original fatigue capacity of the arch by reinstating the shear capacity
between the arch rings.
It is vital from the outset that a holistic approach is taken to the assessment and repair/strengthening of masonry arch bridges. To change the nature and/or stiffness of one
element of the bridge may only result in overstressing of another.
Sometimes repair and strengthening options are limited or their execution complicated by the
presence of previous works on the bridge. The response of the bridge to past works and their
success can provide useful information for assessing the potential effects of the proposed
works and their chances of success.

9.6

Special value for the railway owners

Methods and systems for repair and strengthening of Masonry Arch bridges are very important for the railway owners. In particular when one consider that a large amount of the existing bridge stock consist of these type of bridges. Even though most of the bridges can be
considered small any failures can lead to severe consequences for the rail way owners. In
this section brief descriptions of some possible methods have been given. The presented
results show that it is possible to reach a increased load carrying capacity with use of several
different strengthening methods.
It is not easy to repair or strengthen an existing masonry arch bridge and more research is
needed in this field

9.7

Future needs

The focus on the future work should be on methods that can easily be installed to a reasonable cost and with a foreseen life. In addition demonstration projects in field with combination
of assessment, monitoring and strengthening are needed. This is in particular motivated
since the boundary conditions for real structures are very complicated and can not always be
transferred into laboratory conditions.
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Preface
At the assessment of existing railway bridges it is important to have a holistic approach considering the bridge itself, the foundation and the transition zones. The subsoil conditions
govern to a large extent the behaviour of the transition zone. In order to fulfil safety and settlement requirements for future train traffic with higher axle loads and higher speeds,
strengthening of the subsoil might be required. A literature review of strengthening methods
has been performed focused on methods which can be executed without interrupting the
train traffic. Based on this study one method is to be selected for a full-scale field test at an
existing railway line.
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Summary
Bridge abutments are normally supported on non-yielding foundations; however the railway
embankment (ballast/subballast/backfill) in the transition zone is typically constructed above
the native subsoil and is normally not supported on foundations. As a result, the transition
zone often experience problems related to stability and settlements or deformations. These
problems are exacerbated as train traffic becomes heavier and faster.
The subsoil conditions govern to a large extent the behaviour of the transition zone. In order
to fulfil safety and settlement requirements for future train traffic with higher axle loads and
higher speeds, strengthening of the subsoil might be required.
Many currently available methods for strengthening the subsoil adjacent to existing railway
bridges require railway traffic to be interrupted. These methods often require that the railway
tracks and sleepers be removed, and the ballast, sub-ballast and part of the embankment fill
to be excavated in order to perform the strengthening works. Such methods are complicated,
time consuming and expensive. Ideally, strengthening works should be performed with minimal impact on the railway traffic and without, or with only marginal, reduction of train speed
and axle loads.
A number of methods have been identified based on the:
−

strengthening effects possible to achieve,

−

influence on the existing railway and train traffic,

−

applicability for European soil and railway conditions and

−

availability in Europe.

The identified methods have also been analyzed in regards to the applicable soils, anticipated increase in stability and/or reduction of settlements, cost and experience with existing
railways. It is important to stress that costs for strengthening measures zones are very site
specific, and have different relative costs in different countries. The costs presented in this
report are approximate values for the Nordic countries.
This report provides an overview of subsoil strengthening methods that may be used for existing railway bridge transition zones. The report includes descriptions of several subsoil
strengthening methods, including installation procedures and advantages/disadvantages.
The report may serve as a guide in evaluating potential subsoil strengthening methods in
order to identify the most suitable subsoil strengthening method for a given site.
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1 Introduction
1.1 The problem in bridge transition zones
1.1.1 General
Many railway lines in Europe are 60 to 100 years old, and are not designed in accordance
with modern railway traffic. Due to the future demands for faster and heavier trains, transition
zones at railway bridges may experience problems, such as reduced stability and increase of
differential settlements, and possibly also deterioration and/or loss of ballast material. These
issues have an adverse effect on the safety, reliability, and economy of the railway line, and
therefore, many existing bridge systems may require upgrading. Engineers are faced with the
task of assessing the performance of existing bridges, and, if necessary, designing the
strengthening or repair systems.
At railway bridges, there is a large difference in stiffness between the portion of the track on
the bridge and the portion in the transition zone. Unlike the bridge, which is supported on
stiff foundations, the transition zone is supported on the subsoil and inherently settles more
than the bridge. This difference in stiffness between the bridge and the transition zone differs
between sites and varies for different types of bridges. For example, for masonry arch
bridges, there is a gradual change in stiffness, which is favorable, while for a concrete
bridges, the change is more abrupt.
Settlements in the transition zone will lead to the “jump & bump” phenomenon. This phenomenon will increase the loads in the transition zone and the loads on the bridge. Settlements may occur in the subsoil, as well as in the ballast, sub-ballast and the backfill layers if
these materials cannot handle the increased loads.

1.1.2 Stability of transition zones
When increasing the train axle loads and speeds, it is important to evaluate the stability of
the embankment in the transition zone. The stability is to a large extent governed by the
strength of the subsoil, especially below the embankment, as shown in Figure 1.

Train Load
Ballast
Abutment
Subballast

Embankment in
transition zone

Fill

Subsoil

Slip surface for
stability calculation

Figure 1. Stability issues including the subsoil in transition zones
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1.1.3 Settlements in transition zones
Settlements in soft subsoil are governed by consolidation and long-term creep due to the
load from the embankment. When assessing the behaviour of the transition zones, the actual
conditions/properties of the subsoil with depth/layers have to be investigated and evaluated.
Settlements, or deformations, may also occur in the ballast, subballast, and backfill layers.
The “jump & bump” phenomena develops due to settlements within the transition zone, see
Figure 2. As soon as differential settlements begin to develop (i.e. the bump), the railway
traffic seems to "jump" between the stiff structure and the less stiff transition zone. As a result, the variations of the dynamic train/track forces increase and this speeds up the track
deterioration process further.

"Jump & Bump"
difference in rail level

Much less stiff track foundation
Very stiff track foundation
Embankment

Bridge structure

Subsoil

Figure 2. Transition zone at bridge abutment. “Jump & Bump” phenomena.

2 Background and Objective
Many currently available methods for strengthening the subsoil adjacent to existing railway
bridges require railway traffic to be interrupted. These methods often require that the railway
tracks and sleepers be removed, and the ballast, sub-ballast and part of the embankment fill
to be excavated in order to perform the strengthening works. Such methods are complicated,
time consuming and expensive. Ideally, strengthening works should be performed with minimal impact on the railway traffic and without, or with only marginal, reduction of train speed
and axle loads. This would eliminate the costs for removal and replacement of track and embankment. The costs related to traffic interruption will also be eliminated.
The primary purpose of this report is to provide an overview of subsoil strengthening methods that may be used for existing railway bridge transition zones. This report provides a description of several subsoil strengthening methods, including installation procedures and advantages/disadvantages. This report is intended to serve as a guide for the design engineer
in evaluating potential subsoil strengthening methods. Recommendations regarding engineering design, construction and performance monitoring, and construction specifications are
beyond the scope of this report.
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3 Soil improvement methods
Many in-situ site improvement technologies are available to increase the stability and mitigate settlements in bridge transition zones. Several technologies have been used to support
new embankments in railway transition zones, such as embankment piles with pile caps, pile
decks, deep mixed columns, and the construction of embankments using light weight fill.
However, many currently available methods for strengthening the subsoil adjacent to existing
railway bridges require railway traffic to be interrupted. These methods often require that the
railway tracks and sleepers be removed, and the ballast and embankment fill be excavated in
order to perform the strengthening works. Such methods are complicated, time consuming
and expensive. Ideally, soil improvement works should be performed with minimal impact on
the railway traffic and without, or with only marginal, reduction of train speed and axle loads.
There is a need for methods that can be used to improve the subsurface soils within the
transition zone of existing railways. Table 1 presents an overview of such soil improvement
methods; the methods presented in Table 1 are discussed in greater detail in this report.
The methods presented in Table 1 were chosen as most relevant with reference to the:
−

strengthening effects possible to achieve,

−

influence on the existing railway,

−

applicability for European soil and railway conditions and

−

availability in Europe.

The costs for strengthening measures at existing transition zones are very site specific and
have different relative costs in different countries. The costs provided in Table 1 are approximate values for the Nordic countries.
Prior to choosing the appropriate soil improvement method, a geotechnical investigation
should be performed to determine the soil stratigraphy and soil material property values at
the project site, including the actual soil property values below the embankment, see Deliverable 3.14. The investigation should also determine the depth to water table and if there are
any buried obstructions beneath or in the vicinity of the railway.
For all subsoil strengthening methods, it is recommended that an experienced contractor be
involved in the design process, especially for the “specialty” technologies such as deep mixing or grouting. During and after installation of any subsoil strengthening work, the following
should be closely monitored:
−

Vertical movements, including settlement and heave,

−

Horizontal movements,

−

Railway track geometry, and in some cases,

−

Vibrations, and

−

Pore pressures.

Monitoring programs will be project specific.
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Table 1. Overview of existing strengthening methods of subsoil in transition zones at existing railway bridges.
Method
Deep Mixing,
beside railway
embankment
Deep Mixing,
installed inclined
under embankment

Deep Mixing,
installed through
embankment

(Same three configurations as for
Deep Mixing)

Soft
foundation
soil

Principle

Mixes in-situ soils with cementitious
materials to form a vertical stiff inclusion
in the ground

Mixes in-situ soils with cementitious
materials to form an inclined stiff inclusion in the ground

Mixes in-situ soils with cementitious
materials to form a vertical stiff inclusion
in the ground

Can be performed
without affecting
traffic

Applicable soils

Approximate
Costs

Experience
with existing
railways

X

10 Euro/m column
at an amount of
binder of 90-120
3
kg/m

Some

X

X

15 Euro/m column
at an amount of
binder of 90-120
3
kg/m

X

40-100 Euro/m
column
Depending on
access

X

Mob/Demob
30-50,000 Euro
250-350 Euro/m
column

Increases
Stability

Reduces
Settlements

Wet method: most
soft soil types;
Yes
Dry method: soft
fine-grained soils
Wet method: most
soft soil types;
Yes
Dry method: soft
fine-grained soils
No
(Yes, if performed
during periods with
no traffic)
Yes
(unless installed
beneath embankment)

Wet method: most
soft soil types;
X
Dry method: soft
fine-grained soils

Jet grouting

Erodes soil in situ and mixes with cementitious materials to form stiff inclusion in the ground

Stabilizing berms,
alone or in combination with anchored sheet pile
walls

Compacted material constructed adjacent to embankment. Driven steel
sections provide resistance against
horizontal movements.

Yes

Clay

X

Compaction grouting

Low slump grout is pumped into the
ground to form grout bulbs, which
displace and densify the soil

Yes

Granular soils

X

Pile deck or piles
with pile caps and
possibly, geosynthetic reinforcement

Piles transfer loads to more competent
strata through friction or end-bearing;
piles caps and geosynthetic transfer
load to piles

No

Embankment piles,
without pile caps

Driven or grouted piles transfer loads to
more competent strata through friction
or end-bearing

No
(Yes, if performed
during periods with
no traffic)

Most soil types

All soil types

All soil types

X

X

X

150-200 Euro /m
sheet pile excl.
anchoring

None
(some for road
embankment)

Some

Some

2

X

Extensive

Some

X

For driven concrete
piles:
45-55 Euro/m
+ Pile caps

Extensive

X

For driven concrete
piles:
45-55 Euro/m
+ Pile caps

Some
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4 Deep Mixing Method
4.1 The method
The deep mixing method has been used since 1970-ties in Japan and Nordic to stabilise
embankments. In Japan they typically use the wet method of deep mixing with large-scale
equipment capable of producing relatively large diameter columns. In Nordic countries they
typically install columns using the dry method of deep mixing. Lately a modified dry mixing
method (MDM) has been developed, in which low water content soil layers can be treated by
adding water (Eriksson et al, 2005). The majority of embankments stabilised with dry mixed
columns in Scandinavia have heights ranging from 2 to 4 m; however, columns have been
used successfully to improve the stability of embankments with heights up to 9 m (Broms
2003).
Deep mixing procedures produce improved ground that has greater strength, lower ductility,
and lower compressibility than the original ground. The degree of improvement depends of
the amount and type of stabiliser, installation process, characteristics of the original ground,
and the curing time. Deep mixed columns are shown in Figure 3.
The wet method of deep mixing may be used in most soil types, whereas the dry method is
appropriate for sites with soft soils, and sufficient groundwater to hydrate both the lime and
the cement. As mentioned above the modified dry mixing method can be used when the soil
profile includes stiff and dry layers. Cohesive soils with moisture contents between 60 and
200% are best suited for dry mixing, although successful examples of treatment have been
recorded beyond this range. For both the wet and dry methods of deep mixing, there is a
temporary reduction of the strength of the deep mixed soil during installation but the strength
increases with time. The development of strength with time is dependent on the binding
agent mixture and the soil type. The presence of high organic content and low soil pH will
reduce the column strength and increase the quantity of binder material required.
The strength and deformation properties of deep mixed columns are anisotropic. In design,
this anisotropy is taken into account by choosing different values of the strength parameters
depending on the actual loading conditions and also the pattern of installed columns. At low
stability conditions the deep mixed columns are installed overlapping in panels perpendicular
to the railway line direction.

Figure 3. Deep Mixed columns.
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4.2 Installation
There is a European standard for the execution of deep mixing, “Execution of special geotechnical works – Deep mixing”, EN 14679:2005. This is a standardisation of the execution
procedures for geotechnical works (including testing and control methods) and the required
material properties. Guidance on practical aspects of deep mixing, such as execution procedures and equipment is given in an annex. Methods of testing, specification and assessment
of design parameters, which are affected by installation, are also given in an annex.
The deep mixing method is a technology that mixes in-situ soils with cementitious materials
to form a vertical stiff inclusion in the ground. A mixing tool is rotated down to the design
depth, and once the design depth is reached, the direction of rotation of the mixing tool is
reversed and the tool is withdrawn at a constant rate. During advancement and/or withdrawal
of the mixing tool, agents such as quicklime, slaked lime, cement, and flyash are forced into
the ground. The agents, widely referred to as binders, may be introduced in the form of either
a dry powder or wet slurry. The wet methods of deep mixing are usually designed to provide
higher unconfined compressive strengths values than the dry method. The MDM (Modified
Dry Mixing) switches seamless from wet to dry during each individual installation. This technique facilitates penetration of stiff soils, fluidises low plastic clays as well as ensures the
complete hydration of the added binder. A schematic of the deep mixing installation process
is shown in Figure 4. Figure 5 shows a photo of installation equipment.
The deep mixing method produces columns in the ground that can be installed singularly, or
in rows, grids, or blocks. The design spacing, diameter and length of columns depends on
such factors as the allowable total and differential settlements, and the required capacity to
prevent stability failures. Single dry-mixed columns are typically spaced at 1.0 to 1.6 m, center-to-center, and diameters range from 0.4 to 1.0 m. Single wet-mixed columns are typically
installed with diameters ranging from 0.9 to 2.4 m. The maximum depths of treatment for the
dry and wet methods of deep mixing are about 35 m and 40 m, respectively.

Figure 4. Schematic of soil mixing installation (SGF, 2005)
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Figure 5. Dry Deep Mixing equipment

Three ways that deep mixed columns can be installed in railway transition zones include:
1. Columns installed vertically through the railway embankment,
2. Columns installed vertically beside the railway embankment, or
3. Columns installed inclined under the railway embankment.
The three methods of installing deep mixed columns beneath railway embankments are discussed in the following paragraphs. Included is a discussion regarding the advantages and
disadvantages of each method of installation.

4.2.1 Columns installed vertically through the railway embankment
Deep mixed columns are most effective when they are subjected to axial loads, such as
when they are installed vertically directly under the embankment, see Figure 6. When installed vertically beneath the railway, the soft soil beneath the railway is stabilised. There is
extensive experience with the use of deep mixed columns to support new railway embankments; however, there is less experience with the installation of deep mixed columns through
existing railway embankments. A field test performed in Germany as described by Katzenberg & Ittershagen (2005a) and by Katzenberg & Ittershagen (2005b) is shown in Figure 7
and 8.
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Figure 6. Deep mixed columns installed beneath railway embankment

Figure 7. Installation of deep mixed columns through embankment at field test (LCM, 2002)

Figure 8. Installation patterns at field test (Katzenberg & Ittershagen, 2005a)

There are some limitations with installing the columns beneath the railway embankment.
First, columns must be installed with equipment resting on the tracks, and as a result, the
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installation will disturb railway traffic unless it can be performed during limited time periods
without traffic. Second, some materials, such as compacted, well-graded crushed rock as
well as fill with blasted stone, in the railway embankment, may not be possible to penetrate.
Third, it is possible that the ballast material is contaminated with the subsoils during installation. A certain remoulding of the ballast material and the underlying fine-grained material is
difficult to eliminate completely. To what extent soft clay is pushed up around the drill rod
depends on how sensitive the clay is, as well as on the thickness and properties of the embankment and mixing process used

4.2.2 Columns installed vertically beside the railway embankment
There is extensive experience in Scandinavia with installing vertical columns beside the railway embankment to increase the stability of the embankment, as shown in Figure 9. The
columns are installed either in blocks or in a grid pattern.

Figure 9. Deep mixed columns installed vertically beside the railway

Columns that are installed vertically beside the embankment will be subjected to axial and
horizontal loads. It is typically recommended that columns be installed overlapping in slabs or
wall patterns perpendicular to the railway alignment as questions remain regarding the behaviour of the columns when subjected to horizontal loads. Installation is carried out from a
temporary road constructed along the railway embankment using conventional installation
machines.
There will remain a zone on unstabilised soil between the embankment and the deep mixed
columns. The effect of this unstabilised zone will vary from case to case. In some cases, the
embankment itself has settled to such an extent so this zone mainly consists of embankment
material.

4.2.3 Columns installed inclined under the railway embankment
Deep mixed columns may also be installed inclined overlapping in panels (or fans) under the
railway, as shown in Figure 10.
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Figure 10. Inclined deep mixed columns installed under the railway embankment

The advantage of installing inclined overlapping deep mixed columns in panels (or fans) is
that the soft soil immediately beneath the railway is stabilised; there is no zone of unstabilised soil beneath the railway. Another advantage of installing columns in this manner is that
the installation can be performed without disturbing railway traffic. There are deep mixing
tools capable of installing inclined columns; the installation machines of today can install columns of 600 or 800 mm diameter with a maximum inclination of 45°. However, experience
with installing inclined deep mixed columns under the embankment is limited. Inclined columns will be subjected to horizontal loads and moment loads, and should, therefore, be installed in slabs, maybe in a sun-fan shape. There is limited experience with the installation of
inclined columns in the shape of a sun-fan under the embankment. Only one record from a
previous project has been found (Holm et al, 2002). Further investigation is needed to study
the effect of this type of installation and also the function of inclined columns.

4.3 Advantages and Disadvantages
The advantages and disadvantages of installing deep mixed columns (1) vertically beneath
the railway embankment, (2) beside the railway embankment, and (3) inclined beneath the
embankment were discussed in the preceding paragraphs. Advantages of the deep mixing
method in general include that it can be performed with no or only minimal disruption to train
traffic. Furthermore, there is a wide range of experienced contractors and equipment available in Europe to perform deep mixing. The dry method of deep mixing has been used extensively in Scandinavia to support new railway embankments, and for the widening of existing embankment.
Both the wet and dry methods of deep mixing require a high level of field control. The high
cost of mobilization/demobilization, plus the cost of the accompanying auxiliary batch plants,
makes the wet method of deep mixing uneconomical for small projects. Furthermore, the wet
method of deep mixing requires considerable headroom for the equipment and the disposal
of large quantities of spoil volumes.
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5 Jet grouting
5.1 The method
The jet grouting technology is very similar to the deep mixing technology except that very
high-pressure fluids are used in the jet grouting technology to erode subsurface soil particles
and mix them with cement. Jet grouting uses hydraulic energy in order to erode the soil, and
to mix/replace the eroded soil with an engineered grout of water and cement to form a solidified in situ element. Jet grouting has been used to create underpinning structures and water
cut-off barriers. It has also been used to reinforce weak or liquefiable soils beneath embankments or structures.

5.2 Installation
There is a European Standard for the execution of jet grouting, “Execution of special geotechnical works – jet grouting” EN 12716:2001. The standard is applicable to execution, testing and monitoring of jet grouting works. ( Note: The jet grouting processes should be distinguished from the grouting processes covered by EN 12715.)
Jet grouted elements can be installed in a variety of subsurface geometries. Columns with
diameters of 0.6 to 2 m are typical, though in Japan, jet grouted columns with diameters up
to 5 m have been installed (Pengelly 2000). Jet grouted columns can be formed vertically,
horizontally, or at an angle. A schematic of the jet grouting process is shown in Figure 11,
and a photo of jet grouting in operation is shown in Figure 12.

Figure 11. Jet grouting process. (from Hayward Baker 2006)

Sustainable Bridges

TIP3-CT-2003-001653

2004-06-18
Rev. 2006-08-31

17
(28)

Figure 12. Jet grouting installation in progress.

There are three traditional jet grouting techniques. Single-fluid jet grouting uses high pressure (400 to 500 bar) grout only; double fluid-jet grouting uses high pressure grout sheathed
in compressed air; and triple-fluid jet grouting uses high pressure water sheathed in air followed by a second jet of high pressure grout. The equipment to perform jet grouting remains
specialized but many specialty contractors are available to perform the technology. Drills
range from relatively small electrically powered units to large crane supported systems, and
some drills have the ability to create a wide variety of jet grouted geometries. Theoretically,
treatment depth is unlimited, but jet grouting has rarely been performed in depths greater
than 50 m (Hayward Baker 2006).
Like the deep mixing method, jet grouting can be used to create
• vertical columns beneath the railway embankment, see Figure 5,
• vertical columns beside the railway embankment, see Figure 8 or
• inclined columns beneath the railway embankment, see Figure 9.
The same pattern should be applied as for deep mixed columns.

5.3 Advantages and Disadvantages
The main advantage of jet grouting is that it can be applied to all types of soil since the soil
structure is eroded and replaced with a composite mass of soil and grout; however, jet grouting is not effective in most stiff clays. Other advantages include that it can be performed in
limited workspaces, it does not create harmful vibrations during installation, and it can be
used to create vertical, horizontal, or inclined elements. Jet grouting requires an experienced
specialty contractor, but there is wide range of experienced contractors and equipment available in Europe to perform the jet grouting.
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The main limitation of the technology is that the installation process can create heave or excess lateral ground movements, especially if the return flow stops. Excess soil cuttings (return flow) that are carried to the surface as cuttings must be disposed of. Soils containing
peat or organic materials may delay or prevent the hardening of the soil-grout mix. Another
disadvantage of jet grouting is the relative high cost.
Jet grouting has been used extensively to support existing railways during tunneling activities
(Pengelly 2000); however, there is limited experience with this technology for the rehabilitation of railway transition zones. However, with increasing availability and experience contractors, the method is worth examining further.
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6 Anchored sheet pile walls including combined with stabilising berms
6.1 The method
Stabilising berms are often constructed adjacent to existing railway embankments to increase the resistance of the embankment to stability failures. Stabilising berms consist of a
few meters of compacted material, but are at least 1 to 2 m in height. The use of loading
berms is an effective way of increasing stability conditions, and the costs are often competitive compared to other methods. However, a disadvantage of the method is that it doesn’t
reduce settlements or vibration effects. In fact, the settlements of the railway embankment
can increase when loading berms are used. This negative effect can be reduced by combining the loading berms with sheet piles installed along the railway embankment, as shown in
Figure 13.

(a)

(b)
Figure 13. Anchored sheet pile walls in combination with stabilizing berms: (a) principle of technology,
and (b) photo of technology at a site in Vitmossen, Sweden.

The anchored sheet pile wall system reduces or eliminates shear deformations. By extending
the sheet pile walls so that the slopes can be made less steep, the creep of steep slopes of
approach embankments is mitigated. Furthermore, the use of the anchored sheet pile wall
system allows for the widening of existing railways close to the bridge.
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6.2 Installation
Stabilising berms are constructed using compacted engineered fill. Typical geotechnical
placement and compaction methods can be used to construct the stabilising berms. Sheet
pile walls consist of stiff steel interlocking sections that are either vibrated or driven into the
ground. If sheet pile walls are installed on both sides of the railway embankment, anchors
can be installed to connect the sheet pile walls on opposing sides of the embankment. The
anchors are post-tensioned to reduce horizontal movements in the walls.
Stabilising berms can only be constructed above soil with adequate bearing capacity. Prior to
constructing stabilising berms, the predicted total and differential settlements should be
evaluated. It could be problematic to install sheet piles through subsurface soils containing
cobbles or boulders.

6.3 Advantages and Disadvantages
The use of loading berms is an effective way of increasing stability conditions, and the costs
are often competitive compared to other methods. However, a disadvantage of the method is
that it doesn’t reduce settlements or vibration effects. In fact, the settlements of the railway
embankment can even increase when loading berms are used. This negative effect can be
eliminated by combining the loading berms with anchored sheet pile walls installed along the
railway embankment.
The greatest advantage of this method is that it can be installed with minimal impact on the
railway traffic. The installation method is relatively quick, and staged construction is typically
not required. However, large quantities of fill material used to construct the berms must be
transported to the site; often this material is transported by railway.
A significant disadvantage of this method is the stabilising berm itself may settle, and therefore, the stabilising effect of the berm will gradually decrease with time. Furthermore, this
method requires that open space is available adjacent to the railway.
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7 Compaction grouting
7.1 The method
Compaction grouting is a technology that injects low slump grout into the ground to form a
stiff, homogenous mass in the subsoil. The grout does not enter soil pores but remains in a
stiff mass that gives controlled displacement in order to compact granular soils (Schaefer
1997). Compaction grouting is commonly used to increase the density of soils. Grouted
columns also add strength in the vertical axis, since the grout compressive strength exceeds
that of the native soils. There are a number of applications of compaction grouting including
remediation of settling structures and embankments, soil densification for site improvement,
and liquefaction mitigation.

7.2 Installation
Compaction grouting is performed by injecting a very stiff grout through a casing at a high
pump pressure; the casing is withdrawn incrementally and a column of interconnected grout
bulbs is created. Grout bulbs are created through the use of vertical or inclined grout pipes.
Compaction grouting can be performed on a grid pattern. A schematic of the installation process is shown in Figure 14. A schematic showing how compaction grouting can be used beneath existing railway embankments is shown in Figure 15.

Figure 14. Compaction grout bulb construction (from Schaefer 1997)
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Figure 15. Compaction grouting beneath an existing railway

Compaction grouting is typically very effective in porous soil with permeability greater than
10-4 cm/s and in situ vertical stresses greater than 100 kPa (Pengelly 2000). The key to the
compaction grout program is the controlled placement of the grout. Many factors influence
the installation process, such as the composition of the grout mix, pumping rate, injection
pressure, stage length and grout hole spacing. To be effective, compaction grouting should
not be undertaken at depths less than 1 to 2 m. Several conditions must exist in order for
compaction grouting to yield its best results (Hayward Baker 2006):
• The in situ vertical stress in the treatment stratum must be sufficient to enable the grout
to displace the soil horizontally (if uncontrolled heave of the ground surface occurs,
densification will be minimized).
• The grout injection rate should be slow enough to allow pore pressure dissipation.
Pore pressure dissipation should also be considered in hole spacing and sequencing.
• Soils that lose strength during remolding (such as saturated, fine-grained soils; sensitive clays) should be avoided.
• Greater displacement will occur in weaker soil strata.
• Stratified soils, particularly thinly stratified soils, can be cause for difficult or reduced
improvement capability.

7.3 Advantages and Disadvantages
The advantage of compaction grouting is that the speed of installation is relatively quick, and
specific areas can be pinpointed for treatment. Compaction grouting can also be performed
in very tight access. It is effective in a variety of soil conditions, but is most effective for
granular soils, including rubble fill, liquefiable soils, and collapsible soils. Compaction grouting has minimal impact to the surface environment.
Compaction grouting can also be performed without disrupting train traffic. Pengelly (2000)
presents several case studies in which compaction grouting was used successfully beneath
existing railways without interrupting train traffic.
The greatest difficulty with the technology is the accurate verification of anticipated improvement. The design of compaction grouting is heavily dependent upon local experience, and in
some cases, a test program may be required.
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8 Embankment piles
8.1 The method
Driven pre-cast concrete, steel or timber piles may be used to increase the stability and reduce predicted settlements within railway transition zones. Driven piles transfer vertical loads
through skin friction or end-bearing to deeper, more competent soil strata. Driven piles can
also provide resistance to lateral loads.
The use of driven piles to support highway embankments is not a new concept, and is especially popular in Scandinavia and Southeast Asia. A common application of driven piles beneath embankments is to provide transitional deep foundations at bridge approaches since
the total and differential settlements of pile-supported embankments are typically very small.
Pre-cast reinforced concrete piles are most commonly used to support highway embankments, but other types of driven piles have been reported. For example, timber piles are
commonly used in Southeast Asia.
For driven piles, it is typically assumed that all of the embankment loading will be transferred
through the piles down to a firm stratum. Piles may or may not have pile caps. Consequently,
soft foundation soil no longer has a direct effect on the embankment, except for impacting
the choice of piles used.

8.2 Installation
Piles are installed through the use of a pile hammer. Driven piles can be subdivided into two
categories: (1) displacement piles, such as pre-cast concrete piles or timber piles, or (2) nondisplacement piles, such as steel H piles or open-ended pipe piles.
Piles are typically spaced in square or triangular patterns. Piles are typically installed at spacings of 2.5 to 4 pile diameters, but may be installed at smaller spacings when no pile caps
are used. A limitation of driven piles is that piles provide only limited lateral resistance
against stability failures. Consequently, battered piles may be installed in some cases to account for possible lateral spreading of the embankment.

8.2.1 Embankment piles, with pile caps and possibly, geosynthetic reinforcement
A schematic of a piled embankment with pile caps and including battered piles is shown in
Figure 16. A recent development is to use geosynthetic reinforcement as part of the pilesupported embankment system. Geosynthetic reinforcement material can be placed above
the pile caps and beneath the embankment to increase the load transfer to the piles. In theory, the geosynthetic reinforcement will permit the spacing of the piles to be increased and/or
the size of the pile caps to be decreased. The reinforcing material can also serve to stabilize
the edges of embankments and eliminate the need for battered piles.
The piled foundation shown in Figure 16, with or without geosynthetic reinforcement, is
commonly used for new embankments, especially for railway embankments that are adjacent
to bridge structures. However, such foundations cannot be installed beneath existing railway
embankments without disrupting train traffic. The railway tracks, sleepers and embankment
fill would have to be removed in order to install the foundation system shown in Figure 16.
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Soft
found
soil

Figure 16. Piled embankment with battered piles and pile caps

8.2.2 Piles Installed without Pile Caps
One alternative pile foundation is the use of piles driven directly through the existing railway
embankment with no pile caps (or geosynthetic reinforcement). Such piles are typically slender piles installed at close spacings, and are bored through the embankment. One project in
Canada where this type of strengthening method was used is described by Ho (1996). Potentially, grouted micro piles, the Ischebeck Titan pile, or similar piles, can be used.
This type of pile foundation can be used to provide stability and to mitigate settlements of
existing railway embankments.

8.3 Advantages and Disadvantages
Piles driven or grouted directly through the existing railway embankment with no pile caps (or
geosynthetic reinforcement) can be installed at periods of time without train traffic.
Piles enable new embankments to be constructed to unrestricted heights, at any construction
rate, with subsequent controlled post-construction settlement. A great advantage of piles is
that the design of pile foundations to support vertical loads is well documented. Pile installation is a common construction practice and materials are widely available. Concrete and
steel piles have relatively large axial capacities. Non-displacement piles can be driven in areas where undesirable ground heave and lateral displacements of the soil are anticipated.
One limitation of driven piles beneath embankments is that driven piles or grouted micro piles
provide only limited lateral resistance against stability failures. For the construction of new
embankments, battered piles, geosynthetic reinforcement, or a combination of battered piles
and geosynthetic reinforcement can address this.
The disadvantage of the piled foundation with pile caps (and possibly geosynthetic reinforcement) is that it cannot be constructed without disrupting train traffic. The railway tracks
and sleepers would have to be removed in order to install the foundation system. For the
case in which no pile caps are used and piles are driven at close spacing, attention must be
given to the subsurface conditions. Driving piles at close spacings in dense sands and saturated plastic soils can cause heave or lateral ground displacements.

Sustainable Bridges

TIP3-CT-2003-001653

2004-06-18
Rev. 2006-08-31

25
(28)

9 Conclusions
There are a number of methods that can be used to strengthen the subsoil without interrupting the train traffic.
The most suitable method and installation procedure for a specific site/project depends on
• if the actual problem is stability and/or settlements
• technical issues, such as
− actual soil types in the subsoil profile
− the accessibility to the area beside the railway embankment,
− the length and number of periods of time with no train traffic
• economical issues
An overview of possible methods is given in Table 1, including sketches of the technology,
and descriptions regarding
• if they can be performed without interrupting the train traffic,
• applicable soils,
• problems solved,
• relative costs and
• experience with existing railways.
Principle sketches of zones for subsoil strengthening at a transition zones at a bridge abutment are shown in Figures 17 and 18. Figure 17is for slab bridge foundation and Figure 18
for piled bridge foundation. Two important comments on the zone of improvement: 1) The
length of the transition zone is depended on the difference in stiffness between the bridge
and the embankment and on the train speed. The length of the transition zone increase with
the train speed, and 2) The stiffness in the zone of improvement shall be highest at the
bridge abutment and gradually decrease with increasing distance from the bridge in order to
get a smooth transition to the embankment on native soils.
.
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Transition Zone
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Figure 17. Principle sketch of subsoil strengthening zone in transition zone for the case of a
slab bridge foundation. The stiffness of the zone of improvement shall decrease gradually with increasing distance from the bridge
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Transition Zone

Exaggerated track settlement
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Figure 18. Principle sketch of subsoil strengthening zone in transition zone for the case of a piled
bridge foundation with existing embankment piles. The stiffness of the zone of improvement shall
decrease gradually with increasing distance from the bridge
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1 Introduction
1.1 General
During recent years, widespread problems of deterioration of reinforced concrete infrastructure have been experienced in many countries. The principal cause of this deterioration is
corrosion of embedded reinforcement resulting from chloride ingress, carbonation or a combination of these two degradation mechanisms.
Conventional repair by removal of contaminated concrete has been the most common repair
method for several decades, [1]. Problems relating to high costs, structural safety and the
formation of so-called incipient anodes have excluded this repair method from structures that
have suffered from chloride initiated corrosion. In stead the use of electrochemical methods,
i.e. cathodic protection and chloride removal, are now widely recommended as the efficient
repair method in these events. An USA Federal Highway Administration memorandum from
1982 states that “the only rehabilitation technique that has proven to stop corrosion in salt
contaminated bridge decks regardless of chloride content of the concrete is cathodic protection” [2].
Electrochemical methods aim at reducing or stopping the corrosion process, but they don’t
influence or remedy the structural properties of the deteriorated structure. This means that in
cases where the structural properties of an attacked structure are reduced other repair or
strengthening methods also are necessary.
The use of Carbon Fibre Reinforced Polymers (CFRP) is a method that promises to be one
of the most attractive alternatives for strengthening and repair of concrete structures. Among
many useful properties, carbon fibres are highly conductive and as such could be used as an
integral part of a cathodic protection system as well as a strengthening system. Indeed, carbon fibres and carbon particles are already being used as current distributors and electric
conductivity enhancers in cathodic protection systems today. However, available systems
only offer marginal strengthening to the structures.
This report summarizes the basic principles and applications of cathodic protection systems.
Also the need for developing a combined system of protection and strengthening is presented.
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2 Cathodic protection systems
2.1 Historical development
Cathodic protection (CP) is a permanent technique for inhibiting corrosion or reducing the
corrosion rate to an acceptable level. This means that CP is applied to structures already
affected by corrosion for the rest of the structures service life.
In CP the reinforcement is subjected to cathodic polarization, i.e. its potential is brought to
values more negative than the free corrosion potential, so that the corrosion rate is reduced
or even stopped. CP is normally applied to structures affected by chloride induced corrosion,
but it may also be used to mitigate corbonation induced corrosion.
One main advantage with CP-systems is that only detached concrete needs to be removed
and repaired when installing the system, i.e. there is no need to remove all the chloride contaminated or carbonated concrete.
Cathodic protection (CP) of steel in chloride environments has been established since the
work by Sir Humphrey Day in 1824. CP is well understood, widely practised, legislated and
regulated by international standards for steel in seawater and soils. CP systems for submerged reinforced concrete structures today are based on these well established principles
and systems.
CP of concrete structures above ground was first applied to concrete structures by Richard
Stratful in 1958 on the San Mateo – Hayward Bridge across the San Francisco Bay, [3]. The
main problem of applying CP to atmospherically exposed reinforced concrete structures is
the need to ensure a reasonably uniform current distribution in an electrolyte (the concrete)
of fairly high resistivity. To satisfy this requirement, several different anode systems have
been developed along with special design and operating criteria.

2.2 Fundamental principles
When CP is applied to reinforcing steel in concrete the objective is to reduce the susceptibility of metal to pitting, mostly in the presence of chlorides. The means of understanding this
may be understood by reference to Figure 1. The intention is to polarize the steel from its
condition of pitting to the domain where pitting is unstable so that complete repassivation will
be the result. Even if it is not possible to achieve this polarization it will still be beneficial to
depress the potential to a position within the region of imperfect passivity as this will at least
reduce considerably the corrosion rate and stop the initiation of new pits.

Figure 1 Approximate domains of electrochemical behaviour of steel in concretes with different levels
of chloride contamination, [4].
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Another important effect of CP-systems is that the material in the vicinity of the steel will become enriched with respect to OH- and diluted from Cl-. This will reduce also reduce the risk
of corrosion. Indeed, the effect is so pronounced, that applying CP intermittently in certain
situations has been suggested, [5].
In practice there are two fundamental principles by which CP is applied. For reinforced concrete above water the most common principle is the so-called impressed current cathodic
systems (ICCP). ICCP make use of a direct current source and an external anode to depress
the potential of the reinforcement. The principle, historical development and anode systems
of ICCP are presented in section 2.3. Sacrificial cathodic protection (SCP) is the other principle utilized which is mostly utilized on submerged concrete structures. In SCP a less noble
metal such as zinc or aluminium connected to the reinforcement provides the current in stead
of an external power supply. SCP principle and development are presented in section 2.4.

2.3 Impressed current systems
2.3.1 General
Impressed current CP systems work by passing a small direct current (DC) from a permanent anode fixed on to the surface or into the concrete to the reinforcement. The anode is
connected to the positive terminal of a low voltage direct current source, while the reinforcement is connected to the negative terminal of the DC source, see Figure 2.

Figure 2 Schematic representation of impressed cathodic protection system.

The electron flow in ICCP-systems is shown in Figure 3.

Figure 3 Schematic representation of electron flow in ICCP systems, [6].
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The power supply passes sufficient current from the anode to the reinforcing steel to stop or
reduce the anode reaction (eq. 1) and make the cathodic reaction (eq. 2) the only one to occur on the steel surface.
Fe Æ Fe2+ + 2e-

(1)

H2O + O2 + 2e- Æ 2OH-

(2)

2.3.2 Anode systems and applications
Up to now several million square metres of reinforced concrete have been treated worldwide
with ICCP systems, [7]. Since ICCP-systems were introduced to reinforced concrete structures, special design and protection criteria were developed, as well as power supply and
monitoring systems completely different from those used for CP of buried steel structures or
structures operating in sweater and today European and North American standards are
available, [8, 9].
The developments of the techniques have been reviewed by several authors in recent years,
[10-15]. The first systems used silicon iron primary anodes within a conductive breeze and
asphalt overlay, see Figure 4.

Figure 4 Schematic representation of the first ICCP-system.

However, these systems had limitations with regard to the orientation of the treated surface
(could only be applied on top of horizontal surfaces) as well as adding additional weight to
the structure. In order to make the systems more applicable it has been necessary to develop extended anode systems that meet the following conditions:
•

The system should be capable of being applied to concrete surfaces, often of various
orientations, in such a way as to allow uniform electrolytic conduction.

•

The system should be acceptable in terms of weight, cost and durability in service
under a wide range of environmental exposure conditions.
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In the 1980s and 1990s several different anode systems were developed to meet these requirements. The most common anode systems are described by the European standard, [8];
•

Organic conductive coatings, normally applied to a dry film thickness in the range
0.25 to 0.5 mm. Organic coatings have been successfully used in full scale applications on highway bridges, car parks and buildings. They show variable performance
but have a range of effective service lives of 5-15 years when properly applied and
operated in an appropriate environment, [16].

•

Metallic conductive coatings of thermally sprayed zinc, zinc alloys or subsequently
activated titanium, normally applied to a thickness in the range 0.15 to 0.2 mm. Show
greater tolerance than organic coatings to conditions of moisture at the time of application and during service. Adhesion problems may arise if the coating thickness exceeds 0.2 mm. Calculated rates of zinc anode consumption at normal current densities suggests service lives at about 6 years, [8].

•

Activated titanium anode systems, substrate of titanium and an electrocatalytic coating containing oxides of platinum group metals in a cementitious overlay or surround.
The anodes may be surface mounted (mesh or grid), installed into recesses in the
concrete cover (strips or grids) or embedded within the structure (strips, mesh, grid
or tubes). Activated titanium anodes may be operated at very high current densities,
[8] and are generally very robust. Depending on the electrocatalytic coating loading,
and whether the anode is placed in an overlay or, within a backfill material, service
lives of 25-100 years may be expected.

•

Other anode systems such as conductive overlays, conductive polymers, conductive
ceramics and conductive cementitious materials.

Typical layouts of different available ICCP-anode systems for reinforced concrete structures
are shown in Figure 5 - Figure 8.

Figure 5 Layout for Conductive organic coatings.
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Figure 6 Layout of anode system for thermally sprayed metallic coatings.

Figure 7 Layout of discrete anode system based on titanium rods.

Figure 8 Layout of anode system based on titanium mesh, ribbons and conductive mortars.
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As already mentioned the different anode types are suitable for different applications. Typical applications for the different anode systems are summarized in Table 1.
Table 1 Anode systems for atmospherically exposed reinforced concrete structures, based on [6].

Typical applications
Anode system

2

3

4

5

9

10

Used since

6

7

8

Conductive coatings –
graphite based

x

x

x

Conductive coatings –
Acrylic, nickel covered graphite
fibres

x

x

x

(x)

x

1991

Conductive coatings –
Conductive polymers and graphite

x

x

x

(x)

(x)

1990

x

(x)

x

Metallic coatings –
pressed current

1

1977

Imx

1986

Conductive mortars –
polymer modified cement mortar with
nickel covered graphite fibres

x

(x)

x

(x)

x

x

x

x

x

x

1991

Titanium mesh –
ered with sprayed mortar

x

(x)

x

(x)

x

x

x

x

x

x

1986

x

x

x

x

x

x

x

x

x

x

1990

x

x

x

x

x

x

x

x

x

x

1986

cov-

Titanium mesh ribbon
Titanium rod –
graphite backfill

with

Areas of use (Explanation to Table 1):
Vertical surfaces
1 Tidal zone
2 Tidal zone with moderate to severe ice-exposure
3 Splash zone (tidal zone + 5 meters) (high tide - contour line +5)
4 As 3 but with ice-exposure (high tide - contour line +5)
5 From splash zone and 5 meters. High moisture exposure (contour line +5 - contour line +10)
6 Higher than 5 meters above splash zone, relatively low moisture exposure (contour line +10 and above)
7 Higher than 5 meters above splash zone, long periods of high moisture exposure (contour line +10 and above)

1-7 mainly covers marine structures. 6 and 7 represents other structures such as inland bridges, parking house and buildings.

Horizontal surfaces:
8 Normally relatively low moisture exposure at the anode
9 Normally relatively high moisture exposure at the anode
10 Mainly low moisture exposure but with periods of high moisture exposure at the anode
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2.3.3 Recent developments
In addition to the anode systems already mentioned a new anode system based on carbon
fibre mesh have recently been developed. The system called CarboCath (CCS), is a woven
carbon net with fibres in all directions acting as anode, see Figure 9. Areas of use are meant
to be both marine and onshore structures.

Figure 9 CarboCath system, [17].

The CCS is interesting because it utilizes carbon fibres as anode and it is said to have crack
preventive abilities, [18]. Although the patented system is claiming reinforcing and crack preventive effects it is not able to strengthen a structures load carrying capacity substantially,
like pure CFRP-systems.

2.4 Sacrificial systems
2.4.1 General
Sacrificial anode systems are the other main principle for CP. This method is based on the
use of sacrificial anodes which are consumed during corrosion and the reinforcement remains unaffected. The standard electrode potential of the sacrificial anode must be lower
than the standard electrode potential of the reinforcement so that during galvanic corrosion,
the reinforcement acts as the cathode and remains unattacked.
The main advantages of sacrificial systems are their simplicity and ease of application. In the
simplest case, cracked concrete is removed mechanically and zinc is sprayed over the surface, including the exposed bars. The main question however, concerns their effective service life.
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2.4.2 Anode systems and applications
Sacrificial anode systems may be used on both submerged and atmospherically exposed
reinforced concrete structures. On submerged structures it is possible to use bulk anodes
and distribute the ionic current through the water, see Figure 10.

Figure 10 Schematic representation of bulk anode for submerged concrete structures.

Submerged systems will mainly protect the reinforcement below the water, although recent
research has suggested that it may protect reinforcement that are about 0,5 – 1,0 m above
the water, [19]. Typical anode materials used for submerged systems are zinc and aluminium
or their alloys.
Several sacrificial anode systems are also available for structures or parts of structures directly above the water line, typically named the splash-zone. Practical experience exists in
the USA, among others on bridges. Figure 11- Figure 14 show some of the available systems.

Figure 11 Thermally sprayed Al-Zn-In anodes, [20].
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Figure 13 Fibreglass Jacket for Zinc Mesh/Grout Jacket Anode System, [20].
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Figure 14 Zn/Compressed Panel Anode, [20].

2.4.3 Recent developments
Recently a sacrificial anode system has been developed to protect patch repairs, [21]. It is
based on a piece of zinc in a mortar specially designed to keep zinc actively corroding and
accommodate zinc corrosion products, see Figure 15. These zinc/mortar blocks are inserted
in repair patches and the zinc is connected to the reinforcement by wires. The system is intended to suppress any of steel in areas next to the repairs.

Figure 15 Galvashield electrode for patch repairs, [22]. [Can the figure be improved?]
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3 Combined strengthening and cathodic protection
The cracking and spalling of concrete cover, loss of steel bar cross sectional area and reduction in bond strength associated with reinforcement corrosion may severely impair the structural integrity of reinforced concrete structures, [23]. Although CP is recognised and well established as an efficient repair method for reinforcement corrosion, it is not able to reestablish or improve the load carrying capacity of the structure. As a result, other structural
repair and strengthening techniques must also be utilized when the structural capacity of the
structure or structural element is reduced.
Carbon Fibre Reinforced Polymer (CFRP) strengthening is a method that promises to be one
of the most attractive alternatives for strengthening and repair of concrete structures. CFRPsystems may be used as barrier systems to avoid the penetration of aggressive agents such
as Cl- and Co2, but unfortunately they will not stop ongoing corrosion as long as sufficient
moisture and oxygen is available. As a result, removal of large quantities of contaminated
concrete may be necessary to ensure a sound and durable strengthening.
From the above it is obvious that there exists a need for developing a system which combine
both strengthening and corrosion protection. Among many useful properties, carbon fibres
are also highly conductive and as such can be used as an integral part of a cathodic protection, see Chapter 2. Carbon fibres are also used to increase the current conductivity of cement mortars used in CP-systems, [24-26]. However, in order to achieve a durable combined
system of strengthening and cathodic protection, which is based on carbon fibres, it is necessary to overcome the problems associated with the degradation of carbon fibres in anode
systems.
For this reason a laboratory study is planed aiming at developing a combined strengthening
and CP systems.
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1 Research fields of the literature analysis
1.1 Aim of analysis
This analysis is restricted to remedial measures on reinforced concrete and prestressed concrete structures using Carbon Fibre Reinforced Plastics (CFRP) with special enhancement
on the use of thermography as a tool for quality control and damage detection. The quality
evaluation focuses on railway bridges.
The analysis does not consider whole structures or structural parts made only from advanced
composite materials (see also: EU-Brite-Euram funded project Asset). It does not focus on
other Non-Destructive Testing (NDT) procedures than thermography.
An increasing number of reinforced concrete or prestressed concrete structures worldwide
suffers from deterioration or severe damages and need repair to remain in service.
Change in use or a planed increase of the transport volume may demand strengthening
measures on railway bridges in order to increase their load carrying capacity with reference
to the expectations and requirements of the modern traffic and transport demands.
For both, repair and strengthening, the application of carbon fibre reinforced composites is
an advisable tool.
The final increase of the load carrying capacity of the strengthened or repaired bridge by
means of application of carbon fibre reinforced plastics (CFR-Composites) is depending significantly from the quality of application. For a growing number of applications, thermography
offers a rapid, non-contact, extensive solution for quality control. It is a viable, low weight and
cost-effective alternative to traditional techniques or demolition and rebuilding.
It is intended to develop a fast applicable damage detection tool for use on site on the basis
of Infrared-Thermography. It will be applied for quality control of workmanship after repair or
strengthening. In cases, if strengthening or repair measures using carbon fibre products fail
in service due to overload or other reasons (aging, spalling, peeling off, fibre cracking), thermography can be used too.
The state of the art gives an overview on carbon fibre products, on damage types and on
thermography systems:
1. Use of CFRP for remedial measures in bridge engineering
-

Intention of application
Used products
Bonding materials

2. Damages and potential defects at concrete bridges
-

Defect during production of CF-products
Failure caused during application
Failure caused in-service

3. Application of thermography as a tool for quality control in bridge engineering
-

Physical explanation of different types of thermography
Examples for use of thermography for CFRP-applications
Applicability and limitations of thermography for use as a quality control tool
for repair and strengthening using carbon fibres.
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For the application of carbon fibre reinforced composites is given some basic information.
The state of the art report is focused on thermography, but introduces first steps in the
evaluation of CFRP reinforced concrete beams at the Federal Institute for Materials research
and Testing, BAM in the early ninetieth. RC-beams were exposed to fatigue and failed in two
modes, shear and bending. CFRP-sheets were used for repair. The evaluation was made by
means of Thermography and Shearography.
Leading aerospace, automotive and energy companies use thermography in inspection systems to cut inspection times, increase productivity and reliability already now. In civil and
bridge engineering, thermography is applied relatively seldom. For the quality control of
CFRC-applications, an effective thermography system for use on site has to be developed
during the project Sustainable bridges.
The examples below highlight a few cases, where thermography was convincing as a quality
assurance tool.
Use of Carbon fibre reinforced plastics for remedial measures
Classification of remedial measures as repair and strengthening using Carbon fibre reinforced plastics (CFRP) is done with respect to different main classification tasks, e.g. depending on the type of applied product, the reason for application (damage type) or the bonding conditions.

1.1.1 Intention of CFRP- application
Repair: -

Repair of shear or bending cracking caused by significantly too low shear or
bending reinforcement
Repair of structural parts suffering from deterioration caused by alcali silica
reaction (e.g. bridges columns in salty sea water)
Repair of road ways or parking lots suffering from chloride ingress
Repair and retrofit after burning
Repair of structural parts as columns after earthquake

Strengthening:
-

Increase of the load carrying capacity in bending, shear or torsion
Strengthening and retrofit measures for bridges, e.g. to add lanes
Retrofitting structures in order to increase their earthquake resistance

1.1.2 Type of carbon fibre products
The exceptional advantage of carbon fibre products is their designable Youngs-Modulus and
strength depending on the basic material of the repaired bridge or element as well as their
resistance against aggressive environmental conditions. Thus, CFRP-products can be used
for repair or strengthening by direct application on the surface without corrosion protection or
necessity of a concrete cover. Disadvantage of the use of carbon fibres is the high price and
the energy consuming production process. The application has a strong restriction to low
service temperature (< 40° C). Thus, their use on surfaces exposed to direct sunlight is not
allowed.
Different products are on the market for repair and strengthening in civil engineering of concrete structures:
-

Prefabricated laminates, lamellae
Rods
Prefabricated grids
Uni-or more directional sheets, wraps, tapes.
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1.1.3 Adhesive materials application of reinforced fibre products
The prefered bonding material for CFRP is resin adhesive. Usually the resin is delivered together with the delivered CF-product (see e.g. www.dsmresins.com ).
For glass fibres, urethane acrylate adhesive (see e.g. www.scottbader.co.uk ) s also used.
Disadvantage of the cold processed resins is their restriction for use only at temperatures
below 40° C.
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2 CFRP for repair and strengthening
Different types of CFR-Composites are used for reinforcement, repair or strengthening measures in civil engineering. A mayor aim of the EU funded project Sustainable bridges is the
strengthening of bridges to increase the load bearing capacity of railway bridges, speed of
trains and the transport volume. This demand is fullfilled, if the strengthening measures applied, if their application is reliable and durable. The quality control system using thermography to be developed has to consider different CFRP-applications, depending on the type of
the used composites and their mechanical properties, used bonding methods and materials
and of course their thickness. The following types of CF-products are commonly used:
Tab. 1: Types of CFRP-products, used in repair and strengthening

Type of
product

Application
Gluing on the surface

Plate

- beams
- ceilings
- bridge decks
Evenness of the surface after
strengthening due to installation in
slits (grooves)

Rods

Aim
Upgrade bending, shear or torsional
capacity
Strengthening road ways
Upgrade bending capacity on surfaces (aggressive environment possible

Grids

Glued on the surface or substitution Strengthening,
for steel mats in concrete for bidi- Repair
rectinal strengthening

Sheets /
wraps/
tapes

Wraped arround beams for repair or Upgrade shear, bending or torsion
strengthening
capacity

Prestressed
systems

Substitute for steel reinforcement, Strengthening
high increase of load carrying capacity

Wraped arround columns to in- Increase of earthquake resistance of
crease earthquake resistance
columns

2.1 Typical damages in CFRP-application in Bridge Engineering
2.1.1 Basics
The use of carbon fibre reinforced laminates in bridge engineering is challenging the idea of
repair and strengthening of bridges in order to increase the durability and the load carrying
capacity. The advantages of carbon fibres used to produce a composite structure are significant:
-

High tensile strength in the main fibre direction, comparable to steel
0,02 % of the
Variable Young´s modulus of elasticity, to be designed depending on the requirements
100 % resistance against corrosion
excellent resistance against de-icing salt
resistance to chemical attack
Easy to handle due to the low weight
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On the other site, the presence of air inclusions or debondings may reduce the load carrying
capacity of the composite with carbon fibre-materials drastically. Differing from embedded
rebars, externally bonded fibre reinforcement shows a brittle bond behaviour. Already small
relative displacements between the externally bonded reinforcement and the concrete surface may cause complete debonding [31].
Because of this reasons the use of non-destructive testing for quality control of the bonding
is of high importance. By means of thermography can be tested both, the quality of the application (workmanship) and possible delaminations or destructions in service caused by overload, aging effects or impact due to accidental load.
The following European research institutes are active in the field of CF-application in civil
engineering:
-

Lulea University of technology, Se
TU Munich, D
EMPA, Switzerland, CH
FH Potsdam, (former tests at BAM), D
Lund University, Se

2.1.2 Typical damages
Generally, damages can be classified as damages caused by insufficient workmanship, in
service due to loading unforeseen in design or deterioration induced by extreme environmental conditions. In context with the NDT-Evaluation, the typical damages are just listed.
Bad workmanship
- Debonding between concrete surface and resin
- Debonding between two layers of laminates
- Debonding beween resin and lamellae
- Failure in design
In-service damage
- Shear failure
- Bending failure
- Cracking due to fatigue
- Unforeseen load effects
Environmental caused deterioration
- Spalling due to insufficient concrete cover of the reinforcement
- Cracking due to corrosion of the reinforcement
- Chloride ingress

2.2 Examples for repair of shear and bending failure in full scale
testing
RC beams of the fifties and sixties often show a severe lack of shear reinforcement. Bending
moments, caused by the restraining effects (i.e. columns, external walls, transversal beams
may reduce the shear capacity significantly, as experimental and numerical investigations on
large scale specimens at BAM confirmed, see fig. 1.
In some cases, the shear capacity of such beams is sufficient. Than, bending failure can occur also. The bending capacity of a concrete beam, even after first cracks have appeared,
can be increased significantly by using carbon fibre lamellae too. In case of using
prestressed lamellae, the anchorage of the ends of the lamellae is of importance. For concrete beams reinforced without anchorage (only by use of adhesive), the span length and the
number of cracks is of high importance 0.
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Figure 1: Test setup for the large scale test and the failure mechanism for test with high restraining
moments and nearly no shear reinforcement at the BAM laboratory 0

To repair the failure three plies (vertical, horizontal and 45° inclined) carbon fibre sheets (also
called wraps, tapes, Mitsubishi inc.) are used. The sheets wrap the beam around the edges
close to the support. The fibre producing firms often deliver a special designed glue for fixing
the CFRP to the surface. Figure 2 shows the repair during the test and after removing the
sheets.

Figure 2: Repair of RC-beams with bending failure and shear failure using CFRP-sheets, verification
of workmanship and in service failure during fatigue test by means of thermography test 0

Debonding may occur between the layers of the composites, between composite and bonding material (usually epoxy resin) and between bonding material and surface of the structure
(concrete). In the reported project was used IR- thermography to detect local debonded areas. Cavities and hidden defects under a perfect appearing surface can be caused by bad
workmanship or they arose during the load test. Anomalies were identified by following the
cooling phase after a heating impulse. Locally delaminated areas we detected.
Shearography is a laser-based interference method for delamination detection in regions
selected by IR-thermography. This method as well as X-ray refraction method is usually restricted to laboratory tests. Figure 3 presents the thermogram and the shearograms of the
beam tested in 0.
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Figure 3: Thermogram and Shearograms of the investigated beam

2.3 Bonding materials and execution of bonding
The quality of the application of carbon fibre based strengthening materials is depending on
the choice of the bonding material. The characteristic of the bonding material needed depends on the Young´s-modulus and surface of the main structure. The firms, delivering and
applying the carbon fibre reinforced composites with respect to the type of surface, develop
the glue usually too.
The basic component of the bonding material (adhesive) is usually epoxy resin. The characteristics of the glue can be designed respecting the material of the structure to be repaired or
strengthened.
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3 Thermography
3.1 Basics
Thermal NDT can help to discover inhomogeneities hidden in structural elements. To obtain
very good results different specialised procedures have to be applied, depending on the task
to be solved. For the evaluation procedure the properties of the investigated materials have
to be considered 0, as:
-

Thermal properties (conductivity, diffusivity, effussivity, specific heat)
Spectral properties (emissivity absorption, reflection, transmission)
Other properties( humidity, porosity, evaporation).

It is easy to understand, that evaporation of humidity from a surface and thermal conductivity
can influence the result contrarily.
Non-destructive testing methods can be used to evaluate occurring damages in debonded
areas or to estimate the quality of application of Carbon fibre reinforced composites. Typical
damages are assumed to be caused by
-

Production failure
insufficient workmanship during application between concrete and adhesive or
between adhesive and Carbon fibre product
braking fibres
in-service (heat , fatigue, overload, earthquake and others).

3.2 Characterization of infrared thermography (IRT)
Within the last decade the need of quality control and questions of in-service safety assessment have lead to an evolution of Non-Destructive Testing (NDT) resp. Evaluation (NDE) in
civil engineering. The application of advanced NDT-procedures, common in many other industries, as in Aircraft or pressure vessel industry; get increasingly part of the condition assessment and quality control. Some countries include NDT into their inspection procedures
and Bridge management systems. The quality of repair and strengthening measures as well
as in-service failure can be tested more effectively, using Non-Destructive testing methods.
The available methods are tested under laboratory condition, but for special applications or
use on site, further development is needed.
Development of thermography in civil engineering began with passive thermography to detect thermal losses in buildings. In the last 10-15 years, active infrared thermography was
enhanced for use for damage detection of voids in concrete structures, e.g.:
-

-

Localisation of voids (honeycombs) in concrete structures
First tests on localisation of damages and delaminations of layered structures
(e. g. colors or other layers laminates on concrete)
Localisation of plaster delaminations on concrete and brickwork
Localisation of voids and delaminations behind tiles
Localisation of enhanced moisture in the surface near region

There is still needed a systematical development of a thermography system for use on site.
The development will respect the limitation to a short heating impuls or low heating temperature with respect to the sensitivity of the adhesive to high temperatures.Two main classes of
thermography are the passive and active thermography.
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3.2.1 Passive thermography
Passive thermography is an easy tool to see the distribution of temperatures on the surfaces
of structures. It is possible to use a thermogram to detect heat differences on a surface e.g.
as a result of energy flow caused by thermal bridges in insulations or lacks in underfloor
heating or even due heat production at the tip of an increasing active surface fatigue crack of
a steel structure.
Passive thermography is not using any additional heating system. By means of an infrared
camera, the actual temperature differences on surfaces are recorded. Passive thermography
is the most common application used in civil engineering to detect thermal losses in buildings.
It is also used in other industries or even in military to detect or observe persons from a certain distance of some hundred meters. It is not favourable to detection of small voids, such
as e.g. delaminating lamellae or bubbles below carbon fibre wraps or sheets.

3.2.2 Active thermography
Active thermography is a safe, fast applicable non-contact and non-destructive test to detect
invisible damages, as honeycombs, air blisters, debonding or delaminations in concrete
structures located relatively close to the surface. The results are relatively easy to interpret.
The method profits from different thermal characteristics of different materials, humidity or
air. On the other hand, the inspection is limited to detecting subsurface defects only in such
cases, if they result in a measurable change of the thermal properties on the surface. Inconvenient weather conditions on site as heavy cold wind, could make the test impossible. The
equipment for the test is cost-intensive.
Active thermography for subsurface evaluation requires homogeneous external heating or
cooling, to produce a temperature gradient after the source is switched off. Depending on the
materials characteristics, the heat impulse is chosen to reach into the necessary depth. Inhomogeneities below the surface lead to different surface temperatures during a time period,
caused by the different thermal conduction of voids and the basic material. The infrared (IR)
camera visualises the final thermal contrast, which is characterising the positions of the
voids. Structures with reinforcement by carbon fibre products can be assessed by means of
thermography. In 0, 0, 00 or 0 introduction to infrared thermography for non-destructive
evaluation is given. Infrared thermography is characterised by its fast inspection rate, secure
use and non-contact applicability. The results, obtained as images, are relatively easy to interpret. Depending on the evaluation procedure and the tasks to be solved, the following
classification is common in application:
-

Impulsed infrared thermography
Lock-in thermography (Phase sensitive modulated thermography)
Pulse-phase thermography
Induction-thermography
Transient thermography

If the surface is heated active by an impulse using flash light or sine-modulated radiators,
voids or delaminations (debondings) between layers hinder the homogeneous heat transfer.
The infrared camera is recording the different surface temperatures. Localisation of delaminations of concrete surfaces with active (im)pulse-thermography (PT) are explained e.g. in
0, 0, 0or 0
For modulated thermography (MT) a single frequency is launched into the specimen and
analysed in the stationary system. By means of discrete Fourier transformation, the picture
data can be transformed from time into frequency domain. For each single frequency, phase
and amplitude fraction can be described for each single point on the surface.
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The combination of the advantages from PT´s experimental procedure and MT´s data analysis technique with the use of discrete Fourier transformation leads to computed phasegrams,
the pulse-phase-thermography (PPT). Applications of PPT are described in (0, 0, 0, 0, 0)
Induction-thermography (IT )is used to ascertain the position of reinforcing steel bars in RC
0. The structure is minimal invasive destructed for the connection of the inductive heating to
the reinforcing rebars.
Investigations on transient-thermography can record for instance voids in highway pavement
or ceilings 0 or voids and delaminations at the walls of historic buildings 0. A quantitative
numerical analysis of transient IR-experiments on buildings performed at BAM is summarised in 0.

3.2.3 Pulse Thermography (PT)
Impulse (pulse) thermography means to heat the element by introducing an heat impulse and
to record the decay of temperature on the surface over a curtain time period. The temperature changes rapidly after the initial thermal pulse because the thermal front propagates by
diffusion under the surface and also because of radiation and convection losses 0.
Fig. 5 shows the basic principle of active impulse thermography. A heating impulse from radiator is used for external heating of a concrete surface to obtain a temperature gradient during the cooling phase. An infrared camera records the surface temperature during a time
period (time domain). The void affects the internal flow of a heating pulse caused by the radiator in the solid specimens. The same general premise is used for detecting debondings or
inclusions. The infrared camera detects the temperature changes on the surface of the
specimen during the cooling process.
The heat pulse is depending on the type of damage to be detected. Thus, the heat impulse
must be rather high for getting deep into a concrete structure and low resp. short for assessment of fibre reinforced plastics, which are sensitive to high temperatures.

Infrared camera

Specimen

heating pulse from radiator
Damage /defect

Instationary heat flow

emitted surface radiation

λ ... thermal conductivity
ρ ... density
c ... heat capacity

Fig.5 Principle of impulse (pulsed) thermography 0
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Figure 6: Thermograph of a specimen with designed voids and analysis of the transients for T = f(t) in
tests at BAM, 0

3.2.4 Lock-in thermography (LT Modulated thermography)
The lock-in thermography or phase-sensitive modulated thermography works with sinusshaped periodic heat signals of a defined frequency and measures time shift (phase) and the
amplitude of the reflected signal with the same frequency. For the calculated evaluation, information on the material property as differences of the thermal conductivity and the thermal
diffusion μ is used. Finally, information about geometry and the position of the possibly existing defect can be obtained. Since for LT, the heat impulse is very precise, the LT is advisable
for evaluation of damages in very thin layers, as for instance coatings, up to a maximum
thickness of 1 cm.
Lock-In Thermography can be applied for detection of cracks and anisotropies in fibre reinforced plastics, delaminations of laminates, and in general of thermal inhomogeneities in
materials. Phase and amplitude enable the characterisation of building structures as well as
the determination of the thermal properties. Lock-in thermography is used in aerospace industry [21].
The amplitude image shows the change of the surface temperature, induced by modulation.
The amplitude image is depending on the emissivity of the surface as well as on the homogeneity of the heating.
The depth of heat penetration can be estimated as the distance for reduction of the plane
thermal wave amplitude on e-1, the change of the phase exceeds 1 rad. Because of the sensitivity to the frequency, for the evaluation of each depth layer is used an other modulated
frequency. The lower the frequency, the deeper is the possible thermal penetration depth.
The depth range of the magnitude image is roughly given by the thermal diffusion length μ
expressed by
μ = √2k/ ωρc

(1)

with thermal conductivity k, density ρ, specific heat c and modulation frequency ω0.
In contrary to the amplitude image, the phase image is not influenced by the surface emissivity or homogeneity of the heating. This fact increases the accuracy of the measurement 0.
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3.2.5 Pulse-phase thermography (PPT)
Pulse phase thermography is combining the experimental advantages of impulse thermography and calculation methods of the modulated thermography. If the data of a cooling down
process is analysed over a time period, the result allows an excellent identification of voids or
anomalies in the images.
The analysis of the cooling down process is a tool for visualising the depth resolution. The
analysis is called Pulse Phase thermography (PPT) [1], [2], [3], [4], [12]. Voids in different
depths, e.g. of a wall structure, cause different cooling down characteristics in each single
point of the surface while following the temperature differences. Phase images of the frequencies and amplitudes are showing the voids inside the structure.
At BAM tests have been performed in the past. The pulse phase thermography was applicated on special designed test specimens. All specimens had defined voids of known properties and positions. In the laboratory, where the tests run, were no disturbing environmental
conditions.
In general, PPT combines the method of data acquisition of pulsed thermography with the
approach of frequency analysis also used in lock-in thermography. A thermal pulse from a
radiator with 7200 W radiation power is applied to the inspected surface. During the following
cooling-down process the emitted thermal radiation is observed with an infrared camera.
During tests at BAM the following camera was used: Inframetrics SC1000, 256x256 px in a
wave length range of 3.5 μm.
The stored data is transferred to a computer for further processing. The analysis of the data
can be done in the time domain by the use of fit functions (PT) or in the frequency domain
(PPT) via fast Fourier transformation (FFT) of the transient curve of each pixel in a series of
thermal images. By using the first concept the temperature changes on the surface due to
near surface inhomogeneities will be detected through differences in the contrast images and
transients. The second concept leads to changes in amplitude or phase in the corresponding
images [10], [14].
In [10] active pulse phase thermography is explained with a good correlation between voids
in a specimen, and the quantitative numerical analysis. The analysis was made visible in
phase and amplitude images. The phase and amplitude images, observed after heating 30
minutes, are in fig. 8 and fig. 9.

o

20.0 to 38.6 C

5.58x10-4 Hz

o

20.0 to 32.5 C

2.79x10-3 Hz

o

19.0 to 25.0 C

o

19.0 to 21.12 C

1.67x10-2 Hz

2.79x10-2 Hz

Figure 7: Contrast images after 0, 50, 500 1790 s of temperature and phase images at selected
frequencies of a plastered brickwork specimen, tested at BAM 0

Figure 7 shows results obtained from plastered historical brickwork test specimen at BAM,
investigated during the European project Onsite4Masonry, which is coordinated by BAM.
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48.8x10-4 Hz

Figure 8: Phase images of a concrete specimen with designed voids after 30 minutes heating

0 Hz

0.98x10-4 Hz

4.39x10-4 Hz

9.76x10-4 Hz

Figure 9: Amplitude images of concrete specimens after 30 minutes heating

A numerical analysis represents the cooling procedure of each point on the sample. Due to
subsurface structure, using solid parameters as input values into the calculation, it creates an
image of the deeper conditions inside the solid.

3.2.6 Induction-lockin-thermography (ILT)
In [0], Hillemeier et. all use induction-thermography for localisation of reinforcing bars in
concrete. Induction thermography needs a minimal invasive connection to the rebars to introduce the heat by induction. ILT uses a thermography camera to monitor the inductive
heated areas during the cooling process to record the decay of temperatures on the surface.
Thermal tomography (transient IR thermography)
The tomograms obtained from the positive and the negative timegrams are combined to reconstruct the depth distribution of a damage.

3.2.7 Vibrothermography (VT)
Vibrothermography uses the effect of external induced mechanical vibration, its direct conversion from mechanical to thermal energy on the friction at locations where defects, such as
cracks and delaminations are located. By increasing or decreasing the mechanical excitation
frequency, local thermal gradients appear or disappear at specific resonance frequency. The
delaminations of embedded CFRP was already found to be detectable by VT at a mechanical excitation frequency 13,5 kHz in 1991 0.

3.2.8 Use of Thermography for assessing CF-applications
In general, thermography is used in civil engineering for localisation of voids in concrete
structures, localisation of delaminating of layered structures (e. g. carbon reinforced laminates on concrete), localisation of plaster delaminating on concrete and brickwork, localisation of voids and delaminating behind tiles and localisation of enhanced moisture in the surface near region. In case of CFRP strengthened structures, the surface is wraped and visual
inspection is prevented. Thermographic NDT will be developed to find for instance spalling or
deterioration caused by corrosion.
The prefered type of thermography used in civil engineering is active thermography. Active
thermography is characterised by the fact, that a surface is heated by purpose using a short
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or long term radiating heating unit. Within the project Sustainable bridges, only active thermography is used.
-

Using flash light (short heat effect for material voids in high conductive materials close to the surface)
Using radiation heating (heating low coductive material into deeper regionstransmission)
Using natural heating (sun ligth, recording temperature decay over night)

3.2.9 Development at BAM
Thermography as a tool of Non-Destructive-Testing in civil engineering was used at BAM
since the early 90th. Systematical use of thermography in pretests on CF-lamellaeapplications were performed at BAM since about 10 years 0, see chapter 2.1.2.1. Figure 11
and 12 show latest test results obtained at BAM during a national funded project 0:

Fig. 10: Test specimen with CFRP- lamellae and designed failures

reference defect

Figure 11: Results of thermographic investigation 0, a after
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Among investigations of other materials and effects, application of Carbon fibre reinforced
lamellae was tested in the national funded project between 1999 and 2002. Fig. 11a shows
thermograms with analysis of data 10 s after flash lamp heating with an temperature range:
between 19 to 21°C and after 15 s heating with infrared radiators with a temperature between 20 to 30°C. Designed defects were nmade visible as different adhesive layer thickness
and unforeseen debonding in the lowest three lamellae.

3.2.10 Thermography in civil engineering - International development
Examples for use of thermography to assess applications of CFRP under laboratory conditions are available in different institutions. The EMPA in Switzerland [e.g. in 9] has a long
tradition in research of carbon fibre application including thermography as an inspection tool.
The use of thermography in bridge inspection is introduced in the US, e.g. by AST Minneapolis.
Advanced structuralUS Applications of infrared thermography in bridge engineering is known
from the. Monitoring the in-service performance using repeated thermography application is
a tool to record changes in a structure caused by deterioration, overload or aging effects,
which is of increasing importance.
In 0, AST uses thermography for the quality control of applied CFRP-lamellae for strengthening the tension flange of RC-bridge girders in bending, see Figure 12.

Figure 12: Example for use of IR thermography at AST, Minnesota 0

A new innovative lockin thermography method was introduced in other industries, e.g. aircraft
industry, see 0. The latest QIRT presented instead of heating for instance ultrasound or eddy
current method for excitation of the specimen. Because of the higher volum of the specimen
and the low conductivity, this application seems not to be adaptable in bridge engineering.

3.2.11 Thermography test set up and equipment
For the active thermographic approach the following experimental set up in Fig. 8 is used:
The heating unit is sending an heat impulse on the surface of the investigated concrete structure. Depending on the tasks, depth and the materials, a powerfull energy consuming radiator or a short impulse from flash light or even a cooling source can send the heat impulse.
The heat impulse can vary from a few milliseconds for high-conductive materials, such as
metals to a few seconds for low-conductive materials as composites or up to 30 minutes for
detection of voids in concrete. Longer heating periods do not seem to be effective for the
investigation of concrete. The heat impulse must be as homogeneous as possible.
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3.2.12 IR-Camerasystems
For the acquisition of the radiation of the thermal surface contrast, an infrared camera is
used. An IR-camera is collecting the radiation from the surface after the heating unit is
switched off. The time period differs as well from some seconds up to two hours.
During tests at BAM the following camera was used:
Inframetrics SC1000, 256x256 px in a wave length range of 3.5 μm.

4 Conclusion
The state of the art introduces into the problems and damage cases occurring during repair
and strengthening of concrete structures using carbon fibres and during the further service of
such structures. The analysis is convincing, that infrared thermography is an suitable tool for
quality control of workmanship and failures developing in service because of its capability for
detecting bonding failures, voids and other damages.
The thermography system to be developed has to take care on the following restreictions
1. Short heat impulse
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Traditional repair and strengthening measures for existing steel bridges

1 Introduction
1.1

Recherche fields of the literature analysis

In the presented analysis of literature, online libraries and test reports on the topic, Traditional repair and strengthening measures for existing steel bridges, the following main topics
are taken into account :
-

Reasons for initiation of fatigue damages
Typical details, sensitive to fatigue
Identification of fatigue damages
Repair of existing fatigue damages
Strengthening of a detail, if a fatigue failure is foreseen

Short abstracts of this literature analysis are considering typical fatigue failure modes in
welded structures as well as in riveted structures. The paper summarizes results on the topics fatigue details, identification and detectability. Questions, as repair of detected fatigue
failures with regard on the reasons of their initiation and strengthening of weak details, where
fatigue failure is expected with high probability, are included. Fracture mechanisms identified
in full scale laboratory fatigue testing are included too. The main work on this literature
analysis was carried out in the technical committee TC6 Fatigue of the European Convention
of Constructional Steelwork (ECCS) as a background document for the recommendation
Assessment of existing steel structures [1].

1.2

Aim of analysis

Steel bridges are sensitive to fatigue loading. Since fatigue failure is depending on the load
cycles over the time, consequently bridges suffer more from fatigue the older the bridges are.
In many European countries, more than 50 % of the bridge stock is older than 65 years, as in
Germany. Bridge maintenance and remedial measures will gain mayor importance with having the tight budgetary situation of the public sector in the background.
The possibilities to identify the reason of detected failures, e.g. to be fatigue cracks, are suggested in this analysis. Most of the fatigue failures are identified during regular inspection. In
particular, it is important to distinguish between original defects, which will remain harmless
throughout the structures life, and fatigue cracks able to propagate, when they are exposed
to cyclic loading from traffic including the dynamic effects or even from wind load. Significantly is, that the fatigue crack is opening and closing under cyclic loading and hence it is
likely to be a fatigue crack.
An other aspect is the acceptability of cracks with regard on the influence of a fatigue crack
on the stability of the whole structure. This is the aspect of redundancy. A fatigue crack, initiated in a secondary element, e.g. caused by restraint, is usually not responsible for a hazard
scenario of a structure. Fatigue cracks in main elements, as main or cross girders, may be of
high risk for a break down of a building and for lives of people being on or in these structures.
These aspects are of importance in the estimation of service intervals using fracture mechanic approach (FMA) [2]
The analysis can not consider all publications and testing reports on the given topic, but it
hopes to be representative for the main fatigue failure modes, repair and strengthening
measures in existing steel bridges.
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2 Repair and strengthening of fatigue damaged steel
structures or elements
2.1 Fisher et al.: “Fatigue and Fracture in Steel Bridges”,
Case studies, and other publications by Prof. Fisher, Lehigh University, Bethlehem, PA, USA
Highway and railway structures in the US and Canada have had experienced fatigue cracking, which were sometimes followed by brittle fracture as a result of service loading. In Fatigue and Fracture in Steel bridges [3], many damage cases are analysed by John W. Fisher
and his colleagues. The case study is summarized in the table below. In publications of the
same authors fatigue damages in bolted and riveted structures are considered too.

2.1.1 Causes and retrofit measures of fatigue cracks in welded structures
The case study [3] gives a valuable insight into the causes of cracking, significance of details
and of defects on the performance of cyclic loaded welded structures. It teaches the engineer
lessons about understanding the behaviour of cyclic loaded structures, detailing and execution, learned from the past. In the case study the following summary of 28 general categories
of details experiencing fatigue cracking is presented:
Table 1 Examples for fatigue cracking in the USA and Canada, analysis of causes [1]

Failure Fatigue failure
No.

Fatigue Category (AASHTO)

Reason for initiation of the
cracks

Repair and retrofit
measures
Replacing broken elements or whole bridge

Bolted splices
Peening, smooth
grinding
Repair welding

1

Eyebars/ collaps

Initial crack

2

Pin plates,
Lateral connection
plate
Cover-plated
beams
At toe of the primary cover plate
Flange gussets

Out of plane
D

Stress corrosion,
forge laps, unknown defects
Frozen pins,
other

E´
<E D

Normal weld toe
fabrication cracks

E or E´ D

Welded toe

3

4
5

Flange or web
groove

Large initial crack

Lack of fusion

6

Coverplate groove

Large initial crack

Lack of fusion

7

Electroslag welds

Various flaws

8

Longitudinal stiffeners

Lack of fusion,
poor weld

9

Web gusset

<E´
Out of plane

10

Flanges and brackets
Through web
Welded holes

<E

11

Large initial crack

Retrofit holes including
crack tips

Retrofit holes
including crack tips
Welding cover plates +
inserts,
Grinding smooth
Bolted flange splices
Reinforcing plates
Bolted splices
Retrofit holes
grinding

Intersecting welds,
Gap between stiffener and gusset
Flange tip crack
Contemporary repair:
Retrofit holes + sawcuts
Lack of fusion
Removing the cracked
section by flame cut-
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Failure Fatigue failure
No.

Fatigue Category (AASHTO)

Reason for initiation of the
cracks

Repair and retrofit
measures

12

Cantilever brackets

Out of plane

13

Lamellar tearing
In rigid corners of
bents

--

14

Transverse stiffeners

Out of plane

15

Out of plane
Out of plane

Web gaps

Web gaps

Restraint

Web gaps

Out of plane

Weld root

Restraint

20

Floor-beam connection plates
Diaphragm connection plates
Diaphragm and
floor- beam connection
Tied arch floorbeams
Tied arch floorbeam connection
Coped members

ting, welding in a repair
section in the neutral
axis, NDT-control
Tack welds
Replacing the tie platRiveted connection eschanging the structural detail
Restraint
Adding prefabricated
splice plates for bolted
retrofitting; reinforcement tie plates with
high strength bolts
Shipping and han- Retrofit holes, core
dling
holes, inserting high
strength bolts with high
preload level
Web gaps

Restraint

Flame cut notch

21

Welded web inserts Large initial crack

Lack of fusion

22

Plug welds

Large initial crack

Crack

23

Gusset plates

Out of plane

24

Box girder corner
welds

25

Stringer floor beam
brackets
Stringer end connection
Hangers (truss and
arches)
Weld repair

Large initial crack
Flaws from weld
fabrication
Out of plane

Lateral bracing
vibration
Transverse weld
Cold cracks

16
17

18
19

26
27
28

Weld termination

Taking cores for mat.
analysis, grinding,
drilling or coring

Web gaps
Restraint

Aeroelastic instabil- Vibration-wind
ity
<E
Lack of fusion
Weld termination

Damping, change of
cross section

For each of the fatigue failure modes in Table 1, a subsequent and very detailed failure
analysis based on experimental and analytical studies by means of fracture mechanics is
presented in [3]. As additional reason for fatigue, the overload of structures by trailers crossing the bridge with higher axle load than permitted was recorded.
Additional examples were presented, e.g.: brittle fracture occurred after the fatigue crack
achieved a critical crack length in a cross section of high local hardness (reduces the toughness of the material) and low temperature. In some cases extensive corrosion took place.
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A very common type of fatigue cracking as a result of secondary stresses, out of plane bending and/or distorsion-induced stress, was caused by unforeseen interaction between longitudinal and transverse members.

2.1.2 Identification and prediction of fatigue damages caused by weld defects
Most cracks were detected during inspection. The following tools have been used during
refined inspections:
-

Visual inspection (min crack length 6 mm)
Fractographic analysis to find fatigue striations on the crack surface
magnetic crack definer (magnetic particle test)
visual dye penetrant
ultrasonic techniques(min. crack length 13 mm)
Verification of the failure mode in laboratory tests
Taking cores from the cracked region to identify, whether it is a fatigue crack or not
Radiographic examinations

2.1.3 Remedial measures
Repair - Remove the cause of damage
- Change of the static system
- Reduce the stress concentration by constructional measures
- Peening and gas tungsten arc remelting (for short cracks)
- Exchange of the damaged structural members
- Stop holes removing the crack tip,
- Repair welding using low hydrogen coated electrodes
Strengthening - Increase the fatigue strength
External measures can be undertaken to increase the fatigue strength of the failed detail or
to increase fatigue strength of a detail in advance:
- adding structural members
- making pins and joints free for movement by eliminating corrosion
- peening the weld toe
For more detailed information and more examples for fatigue damages see [3].

2.2 Miki et al.: “Repair and Fatigue cases in Steel bridges”,
Prof. Chitoshi Miki, Dept. of Civil Engineering, Tokyo Institut of Technology, ATLSS Center,
Bethlehem University, August 2002
The publication summarises the essential work done by the Working group 5 of the International Institute of Welding IIW under the leadership of Professor Chitoshi Miki. In this publication essential fatigue damage cases and their repair measures are collected. A comprehensive data base organized by fatigue causes and repair methods as a result of the working
program of IIW-XIII-WG5 is made available via internet. The web address is the following:
http://iiw-wg5.cv.titech.jp. Everybody is invited to add additional damage cases to the website.
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2.2.1 Causes for the damage
In the publication the following classification is given:
(1)
(2)
(3)
(4)

Welding defects were included during fabrication
Inappropriate structural details of a low fatigue strength had been applied
Stresses and deformations unforeseen in design occurred at joints of members
The structure behaved in a manner not expected, such as due to vibration

2.2.2 Examples for fatigue damage
During fabrication of welds, welding defects due to insufficient penetration of butt welds can
occur. Bad detailing leads to inappropriate structural details. This problem is sufficient in tension flanges and cross sections with high stress concentration of structures exposed to cyclic
loading.
Table 2: Examples for fatigue cracking and analysis of causes

Failure Fatigue failure
No.
1

2
3

4
5

6

7

8
9
10

11

Reason for initiation of the cracks

Crack in butt weld in the end of
- Lack of penetration of welds (welding quality),
thicker flange cross section, result- - insufficient control by NDT
- restart of welding
ing in distorsion due to cracking
- bad groove preparation
Cracks at transverse front welds at High stress concentration in change of stiffness of a
cover plate end
cross section
Cracks in rigid frame bents, initiDefects of incomplete penetration +
stress concentration due to shear lag behaviour
ated from weld root of partially
(measured stresses higher than calculated stresses)
penetrated welds between flange
plate of the beam and flange plate
of column
Welded gusset plate joints
Bad weld toe quality, welds are to be improved
Cracks in cut outs in connections
(e.g. floor beams or cross girders
attached to the main girders)
Crack at the upper end of a
welded joint between truss-floor
beam connection (deck type truss
girder bridge)
Fatigue cracks at the cross bracing
connection detail at the upper
flange
(riveted connection)
Fatigue crack in sole plate connection detail at support
Fatigue crack, initiated in the fillet
weld root of the cut out web
Orthotropic steel bridge deck, different details with low fatigue
strength
Vibration

Unexpected stress and deformations in consequence
of considerable difference between design stresses
and deformation with reality due to restrained moments
Connecting plate is welded to the plate of the main
girder (partial restraining moment)

Difference in deflection between main girders (caused
by vehicle load) anddeflection of the concrete deck in a
direction perpendicular to the bridge axis
High load concentration at support, real stresses differ
from those obtained by beam theory
Cut out has been made the end of a girder, high stress
concentration at the corner of the cut out,
Flexibility of the relative thin deck plates, high stress
concentration at cut outs in cross girders for through
longitudinal ribs
High speed train excitation (in Japan: Shinkansen since
1964) lead to vibrations in the bottom flanges of stringers in plate girder bridges and truss girder bridges in
direction perpendicular to the bridges
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2.2.3 Prediction and identification of fatigue damages caused by weld defects
To predict the occurrence of fatigue damage caused by a defect is almost impossible. The
best measure is to intensify inspection of joints and welds.
Cover plate end is identified by AASHTO (American Association Highway Control) and JSSC
as the joint type of lowest fatigue strength, even lower as in the design code. (comment :
Compare in prEN1993-1-9: depending on the relation between tFlange and tcover plate: classification into fatigue detail category 36 to 56)

2.2.4 Remedial measures
(a)
(b)
(c)
(d)
(e)
(f)
(g)
(h)

removal of crack
re-weld
surface treatments such as TIG dressing and Peening.
re-weld + post weld surface treatments
bolted splice
shape improving
stop hole
modification of connection detail

Applicability of these methods is shown in the following table:
Table 3: Applicability of remedial measures for fatigue failures, given in chapter 2.2

a

b

1

G

G

2

F

F

3

F

F

c

d

e

f

g

h

G

E

G

G

E

E

E

G

E

C

G

E

G

G

E

G

E: Excellent G: Good F: Fair N: No good

Two approaches are introduced:
-

Remove the cause of damage or to alleviate it
Increase the fatigue strength of the concerned detail

Remove the cause of damage
- Change of the static system
- Reduce the stress concentration by constructional measures
- reduce restraint by constructional measures
- Exchange of the damaged structural members
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Increase the fatigue strength
External measures can be undertaken to strengthen a detail and to increase the fatigue
strength of a detail.The following table includes examples given in the [3] report for remedial
measures after a fatigue damage occurred.
Table 4: Examples for remedial measures

Failure
No.

Fatigue failure

Remedial measures

1

Crack in butt weld in the end of thicker
flange cross section

2

Cracks at transverse front welds at
cover plate end

3

Cracks in rigid frame bents, inherent
weld defects in main structure
Welded gusset plate joints

Adding a filler plate (jack up)[3], stop hole in
the end of the crack
Splicing by using HT - bolts
Depending on the surface crack length:
L<38mm: stop holes + splicing with HTbolts
Shorter cracks: hammer peening, TIG
dressing [4]
Repair by bolted splices as temporary
measures
Improve the weld toe detail

4
5

6

7

8
9

10
11

Cracks in cut outs in connections
(e.g. floor beams or cross girders attached to the main girders)
Crack at the upper end of a welded
joint between truss-floor beam connection (deck type truss girder bridge)
Fatigue cracks at the cross bracing
connection detail at the upper flange
(riveted connection)
Fatigue crack in sole plate connection
detail at support
Fatigue crack, initiated in the fillet weld
root of the cut out web

Orthotropic steel bridge deck, different
details with low fatigue strength
Vibration

Improve the connection detailing to transmit
forces from cross beam into the main girder
flange, e.g. in the upper chord
Welding the floor beam flange directly to
the top flange of the truss
Tack weld-gouging- full penetration weld +
toe finishing by TIG – dressing or grinding
Strengthening the web of the supported
girder, adding rib and countersunk bolts
Lower the stress in th bottom flange, e.g. by
adding web plates on both sides,
Increase curvature ratios of the cut outs,
make all welds full penetration welds
-Repair differs depending on the degree of
failure, stop holes at the end of fatigue
cracks
L < 20 mm: one to three passes of filled
welds followed by TIG dressing

For more detailed information and more examples for fatigue damages see [4] and [5].

Sustainable Bridges

WP6-04-2004-09-30State of the art

Page 11 of 22

Traditional repair and strengthening measures for existing steel bridges

2.2.5 Prevention
Cracks occurring in welds
- Compare welds and details made by the same factory (Quality of fabrication).
- Analyse the structural detailing in relation to the stress contribution
- Study the welded detail in fatigue tests and improve the weld toe by machine or gas
cutting, grinding and peening,
- When weld toes are improved, fatigue cracks may grow from the root.
- Prevention in orthotropic decks is made by one to three passes of fillet welding, followed by TIG dressing (after 10 years cracks did not occur or reoccur after such
measures
- Adding plates and stiffeners

2.2.6 News from IIW, Commission XIII Seminar 'NDE v Fatigue' April 2002
Following unsuccessful attempts to collaborate with Commission V in a seminar addressing
NDE issues related to fatigue, Working Group XIII-4 decided to arrange one independently.
Presentation material will be made available as a Commission XIII document. Some of the
material also formed part of Commission XIII documents presented later in the week. The
following were of particular interest:

2.5.1

Weld defects in field butt welds –

Field welding of joints in bridges has only recently been allowed in Japan due to concern
over welding defects. Fatigue tests have shown that embedded flaws up to the greater of t/3
or 3mm in any direction can be tolerated in members up to 100mm thick. However, none of
the participants in a round-robin exercise involving 17 NDE companies could detect such
defects reliably using automatic ultrasonic testing (AUT). Current research is investigating
both the procedures and the AUT method itself.

2.5.2 Identification of defects
The extensive life extension work on steel bridges in Japan has highlighted the problem of
identifying NDE indications. In particular, it is important to distinguish between original defects, which have remained harmless throughout the life, and fatigue cracks. A promising
technique for doing this uses an array of ultrasonic transducers to look for changes in the
signal that would signify that the defect was opening and closing and hence likely to be a
fatigue crack.

2.5.3.

Weld profile measurements

There is increasing interest in establishing a better link between fatigue performance and
weld quality, with particular reference to weld profile. New equipment is being developed in
France that uses a laser beam to scan weld beads and measure their geometry, notably the
weld toe angle and radius.

2.5.4.

Other

Monitoring fatigue crack growth using time-of-flight diffraction; measurement of residual
stresses using ultrasonics; surface crack detection using Rayleigh waves; significance of
weld toe cold laps.
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2.3 Full scale fatigue testing on original bridge members at BAM
Full scale fatigue tests on riveted girders and bridge parts have been performed at the Federal Institute for Materials research and Testing (BAM), DE, during the 1990th. Fatigue testing
of web girders and truss girders were made in order to identify fracture mechanisms and details of low fatigue strength. Both, plate and truss girders, as well as parts of them were
tested. Non destructive testing methods, known from other industries, have been applied to
identify fatigue cracks as soon as possible.
Four test series on original bridge members, made of old steel, have been carried out.
Countless strain measurements on suburban and underground line bridges under traffic and
defined loading could be taken into consideration too.

2.3.1 Weakest details and reasons for fatigue failure
All details show the weakest cross section in the tested bridge member in full scale fatigue
testing in laboratory. Test specimen were exposed to cyclic loading much higher than in reality. Non destructive testing (NDT) before the beginning of the fatigue tests showed, that no
cracks were detectable. The NDT was applied in the weakest details. These detailswere
known from literature and from pretesting. The specimens were tested, after the bridges
were more than 90 year in use under regular suburban traffic.
Table 5: Examples for fatigue cracking and analysis of causes

Failure Fatigue failure /girder typeNo.
function of the element
1

2

3

4
5

6
7
8

Crack in the lower chord/ truss –
main girder/ at a hole for a support during demolition

Reasons for fatigue failure

Reduction of the cross section
The lower chord was exposed on purpose to
maximum stress difference in the test set up
(basis: measurement under traffic)
Gusset plate /truss/, cross seclow fatigue strength of the gusset plate, because
tion at the last rivet of the diago- too low thickness of the gusset plate
Failure occurred under different loading condition
nal, invisible detail during usual
always in the same cross section
inspection without NDT
Last but on cover plate at the last High stress difference at the last rivet hole, all
rivet end of the lowest cover
partial stresses are already transmitted to the last
plate in tension flange /web-cross but one cover plate at the reduction of the cross
girder/ [1], [2]
section
Trough tension flange below
The rivets of the back side of an angle as web
stiffeners of the web [2]
stiffener reduce the cross section to abruptly
Terrace crack in the web /webUnthoughtfull reduction of the cross section in a
cross girder
web for a rain water pipe, neutral axis was higher
than assumed because the roadway was located
on the upper chord of the cross girder and contributed to the moment of inertia of the built up
cross section
Crack in the gross cross section/ Fatigue crack in the tension flange below the back
web- cross girder
side of a web stiffener angle
Crack in an external gusset plate The oblique crossover of the bridge lead to a torat a joint
sional tube, because during reconstruction of the
bridges, the joint was stiffened
Cracks in hanging ballast sheets Constructional mistake: Ballast sheets were not
perpendicular to their connection stiffened in horizontal direction perpendicular to
to the cross girder [3]
the bridge axis Æ additional bending moments
caused high stress cycles
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2.3.2 Identification
Fatigue cracks in riveted structures have the disadvantage, that many cracks are initiated in
cross sections which are hidden below other structural elements as angles (at stiffeners) ,
additional cover plates (tension flanges in web girders) or diagonal members (gusset plats).
These fatigue cracks can be identified to be fatigue cracks by
-

-

Measurement of main stresses in the vicinity of the crack by means of strain rosettes.
Cracking occurs, if the direction of the main stresses changes
Radiography up to a overall thickness of ~6 cm of the built up section gives reliable
results. With a new radioactive source and vertical radiation direction cracks are visible already under the head of a rivet. Inclined radiation direction decreases visibility
significantly.
A presumable sign for a growing fatigue crack is cracked colour in a cross section
Corrosion powder from friction of joint members may occur after the crack is initiated.

To identify the reason of a fatigue crack, two steps are important to control:
-

control the stresses in an identical detail under the same loading condition
after drilling stop holes, control the the surface of the crack, if possible

The cyclic loading can be controlled in a identical detail of the same structure without any
failure by means of measurement [3]. Often the measured strain /stress differs from the calculated strains/stresses. Sometimes the acting static system is not the same as considered
in the calculation, or the static system has changed during the years because of different
reasons (e.g. due to moving basement, inappropriate bearing conditions, corrosion in the
bearings a.s.o.).
If the stress history, e.g. in relation to the traffic in the past, can be estimated, an S-N- curve
approach will give valuable hints on the probability of fatigue crack initiation. If the stress history can not be estimated, fracture mechanic approach is to apply. For basic calculation geometries are usually considered [5] center crack, full width surface crack, through crack,
edge crack.
In other failure modes the real stress difference can not be estimated, since the fatigue crack
is initiated in elements, that are hidden below other plates.
In full scale fatigue tests, test specimen from the cracked detail were investigated. Under
REM (Scanning electron microscope) the crack surface can be identified. Nodal lines are a
clear criteria for identification of fatigue as the reason for crack propagation.

2.3.3 Remedial measures
Repair
To continue the tests some repair measures were realized:
-

-

Removing rivets and using prestressed bolts increases the fatigue strength of a detail
significantly. But, after the crack is developing out of the prestressed field the crack
growth fast.
Adding plates and filler plates to the tension flange,
Repairwelding, if sulphurous print does not reflect too high content of sulphurous,
Changing the static system by introducing the load into elements with sufficient fatigue safety [4].
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2.3.4 Strengthening
All tested bridge structures were made from old steel, puddle iron or early mild iron. Welding
as remedial measure is not recommended without extensive evaluation of the weldaibility. As
experienced in the laboratory testing the impurities are concentrated in the heat influence
zone (welding or flame cutting) which is very sensitive to fatigue loading.

Table 6: Examples for remedial measures
Failure
No.

Fatigue failure

Remedial measures

1

Crack in the lower chord/ truss –main
girder/ at a hole for a support during
demolition

Strengthening the cross section by additional member in the tension flange

2

Gusset plate /truss/, cross section at
the last rivet of the diagonal, invisible
detail during usual inspection without
NDT

High strength bolts in the cross sections
with maximum stress difference

3

Last but one cover plate at the last rivet High strength bolts in the cross section with
end of the lowest cover plate in tension maximum stress difference
flange /web-cross girder/ [1], [2]

4

Trough tension flange below stiffeners
of the web [2]

Adding plates in the tension flange to increase the moment of inertia and so increase the fatigue strength of the built up
section

5

Crack in the gross cross section / web
girder/ cross girder [2]

Using two pairs of angles as stiffeners of
web plates to prevent sharp reduction of
cross section arias

6

Terrace crack in the web/ web/ cross
girder [1]

Exchange of the built up cross girder

7

Crack in an external gusset plate at a
joint between cross girder and main
girder

Change the static system: making the joint
movable again

8

Cracks in hanging ballast sheets perpendicular to their connection to the
cross girder [3]

Change in the introduction of the load directly into the cross girder [4]
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2.4 Full scale fatigue testing at Chalmers university, Se
Two publication of mayor interest are the thesis about fatigue life of riveted railway bridges
[9] and [10].

2.4.1 Details
During regular inspections, the following damaged details were detected:
No

Detail

How detected

Repair measure

1

Connection between
stringer and floor beam:
Failure of the last connected rivet

Failure commonly known
in the railway company

Exchange of rivets using high
strength friction grip bolts

2

Failure of rivet heads in
the fatigue critical region
at midspan of riveted
stringers (tension flange)

3

Failure of rivet heads at
angle-connection of bracings to stringers compression flange)

4
5
6

2.4.2 Causes
In [9] the insufficient shear load transfer capacity is investigated. The following reasons were
assumed to be responsible for the low fatigue resistance of the details in shear:
-

To low fatigue resistance in shear in cross sections, which in reality transfer the vertical loading from loading from heavy trains to the truss girders by shear forces

-

Joints in truss girders are semi-ridged connection. Truss joints are not hinges as assumed in design, but they are subjected to secondary bending stresses from geometrical reasons (out-of-plane and in-plane bending) in reality.
Too low stiffness to resist bending moments as well in connections between stringers
and floor beams,
Plastic deformation (elongation) of rivets reduces the clamping force. Clamping force
would contribute to a higher fatigue safety of riveted connections/ joints,
Low quality or no constant clamping forces in riveted connections before 1900,

-

2.4.3 Identification
2.4.4 Repair
2.4.5 Strengthening
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2.5 Full scale Fatigue Testing at the University of Alberta, CD
Under the responsibility of the Department of Civil and Environmental Engineering at the
University of Alberta, Canada, Prof. Kulak and colleagues investigated the fatigue resistance
of bearing-type shear splices to assess the effect of bolt hole pattern on fatigue resistance.31
test specimen were tested under varying conditions and at different stress ranges. The report
deals with riveted and bolted connections only. The report [11]results in a proposal for correction factors in cross section calculations.

2.5.1 Weakest details and reasons for fatigue failure
Generally, the evaluating engineer should know the detail category with the highest sensitivity to fatigue. The detail category number represents the reference fatigue strength at 2 Mio.
Cycles, Δσc. The weakest details of bolted and riveted structures are often influenced by
abrupt changes in geometry, so called stress raisers [11]. Changes in geometry (discontinuities), as at the ends of cover plates, produce high shear stresses in the connection.
The magnitude of stress concentration and tensile stresses is dictated by the geometry and
fabrication of the detail. In bearing-type connections, both, stress concentration and residual
stresses due to drilling or micro-cracks resulting from the riveting process occur around a
hole. These details are susceptible to fatigue failure of bolted and riveted shear splices. Depending on the type of connection, fatigue crack initiation can either take place in the net
section (bearing type connections), or in the gross section (slip-critical connections), depending on such factors as level of fatigue load, clamping forces or slip coefficient.
In shear tests of the connections the last rivet of the connected member was found to be the
most critical hole, independent on their position as center holes or edge holes.

2.5.2

Identification

Crack surfaces were analysed first under an optical microscope (magnification 50x)to find the
origin of the fatigue crack and later under the scanning electron microscope (magnification
up to 4000x). Fretting was found to be the reason for fatigue crack initiation of most of the
investigated specimen. One fatigue crack was initiated at a mechanical damage. Nodal lines
resp. fatigue striations were found. Almost all cracks were starting perpendicular to the applied fatigue load direction. Bolts have never been affected by fatigue damage.

2.5.3

Repair measures

No investigation was made on this topic.

2.5.4 Strengthening or prevention
The preload of bolts in axial direction increases the fatigue life of an connection (10% of the
tensile strength of the bolt is comparable to the riveted connection). When friction between
the plates is prevented (surface sandblasting and fully pretensioned bolts) the gross cross
section had lower fatigue strength than the net cross section and failed in fatigue tests
[Steinhardt, Möhler, DASt 1959].
During the tests no significant affects of remedial measures on the fatigue life were found
during the investigation of shear splices.
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2.6 Full scale Fatigue Testing at EPFLausanne, ICOM, CH
Numerous publication of Prof. Hirt & al., e.g. [12]
The evaluation of welded truss girders in full scale fatigue tests was attended by calculations
on the basic of different calculation models. The connections, sensitive to fatigue were
equipped with measurement points. The following table includes details, that were found to
have the lowest fatigue strength in different fatigue tests:

2.6.1 Reasons
The sensitive details at connections between chords and tension diagonals were selected on
the basis of the following criterions:
-

Each change in the stress flow because of an change in geometry results in stress
concentration and secondary stresses
Welds in old steel increase the sensitivity to fatigue crack propagation in the vicinity of
the stress concentration due to micro cracks in the heat influence zone.
Residual stresses due to welding can grow up to the yield strength

2.6.2 Identification
The following methods were applied to identify initiating and propagating cracks:
-

visual inspection
colour penetration method using a thin layer of white colour

2.7 Publication: Remedial measures: Injection bolts (RWTH Aachen)
2.7.1 Method
Rivet connections in old structures, that suffer from low slip factor can be strengthened by
means of injection bolts [13]. Faulty rivets can be replaced. Injection bolts are much cheaper
than fitted bolts. For injection bolts the standard holes of the removed rivets can be used.
The hole diameter has to be 2-3 mm larger than the nominal bolt diameter.

2.7.2 Specific use for strengthening
The bolt is embedded into a two component resin including a hardener. The liquid resin is not
filling of the clearance of the bolt, but all hollows in the cross section. That prevents further
corrosion and sliding in the whole cross section. In tests an increase of the detail category on
120 was assumed to be too conservative.
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3 Summary
3.1 Bridge members and connections subjected to frequent repair and
strengthening work
In general, metallic members and connections, exposed to high fatigue loading and/ or exposed to numerous humidity changes are subjected to frequent repair and strengthening.
Fatigue is assumed to be the most responsible cause for damages in steel bridges.
Some very old bridges experienced the steam engine period with the fume containing sulphurous. Together with humidity, the environment is convenient for corrosion. It is assumed,
that most of these damages are already repaired by sand blasting and new corrosion protection systems. The quality of the surface treatment of a steel structure is important for their
remaining service life. Both corrosion and scratches or even hit marks will reduce the fatigue
life of a steel structure.
The fatigue resistance and the redundancy of bridge members differ a lot depending on their
importance for the load carrying capacity of the bridge. The sensitivity to fatigue damage of
the following bridge members can be characterised as follows:
-

Main girders are exposed to less main load cycles, the longer the span is. Bridges
with short spans and low number of composed elements in a cross section have a
lower redundancy. The failure of a main girder could cause the collapse of the whole
bridge with high risk for human lives.

-

Cross girders(stringers) carry usually one full cycle from each bogie of a wagon. A
failure of a cross girder can lead to local failure with increased risk to the neighboured
cross girders, which take over the loading from the failed member.

-

Longitudinal beams (floor beams) as all beams with short influence length, are loaded
from load cycles of each single axle of trains. In open decks with sleepers, which are
directly connected to the longitudinal beams, they are additionally exposed to friction,
humidity and early corrosion.

-

Barrel shaped ballast plates may suffer from additional bending moments at their
connection to the cross girders. They do not behave as hanging rope line with only
tension forces, as they were designed for in the early 30ies of the 20th century [12].

-

Joints are suffering from secondary stresses or from boundary conditions not foreseen in the design process. Thus higher stress cycles can lead to lower service life.

-

Rivets in riveted connections have to be exchanged as soon as possible, if their
clamping force is reduced due to their elongation (corrosion or if they get loose),

3.2 Traditional repair methods
The Railway companies usually exchange bridge members, if they find damages during
regularly inspection or inspection because of special request after accidents or other reasons. Having in the background the tight financial budget of public organisations is clear, that
repair and strengthening will gain mayor importance. The traditional repair methods will
probably remain important in the future, since they are still significantly less expensive than
the use of modern materials or techniques.
The repair methods differ a lot depending of the connecting method, riveting or welding.
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3.2.1 Traditional repair of riveted structures
In general, welding of structural members made of wrought iron, puddle steel or early mild
iron (rimmed steel) has to be prevented. The kind of steel has to be estimated by material
investigation of cores e.g. taken by core hole drilling. If welding is the only way to keep the
bridge structure in service, the weldability has to be proved for each single element.
The most common repair methods are listed below:
-

Stop hole drilling to stop propagating cracks
Remove rivet and use prestressed bolts after the surface of the rivet hole was drilled
out to remove possible short cracks resulting from the production process,
Change of the static system to reduce stresses in the investigated detail,
Repair of frozen joint or bearing,
Exchange of the structural member
Sandblasting and renewing the the corrosion protection system in case of heavy corrosion
In case of significant reduction of the cross section area from corrosion: add additional plates in tension zones
Demolish structure

The following listing contains the most common repair and strengthening methods for riveted
and bolted structures. In each single case a verification of the efficiency of the chosen
method is recommended. Table 7 gives a proposal for the applicability of repair methods in
riveted structures.
(r-a)
(r-b)
(r-c)
(r-d)
(r-e)
(r-f)
(r-g)

strengthening by means of pre-stressed bolts or injection bolts,
adding additional structural members, e.g. filler plates, cover plates or angles
repair-welding (verification of weldability needed
adding fibre reinforced plastics strips (FRP strips)
changing the static system
stop holes
repair of the bearing conditions

Causes for fatigue
cracking

Table 7: Applicability of repair and strengthening methods for riveted and bolted structures

r1
r2
r3
r4
r5
r6
r7
r8
r9

r-a
G
E
N
E
N
N
F

Repair and strengthening methods
r-b
r-c
r-d
r-e
r-f
G
F/N
G
G
E
N
F
F
N
E
N
G
F
N
N
N
F
F
N
N
N
G
F
E
N
N
G
G
F
N
G
G
G/F
-

E : Excellent

G : Good

F : Fair

r-g
E
E
-

N : No good

Sustainable Bridges

WP6-04-2004-09-30State of the art

Page 20 of 22

Traditional repair and strengthening measures for existing steel bridges

3.2.2 Traditional repair of welded railway bridges
The methods are not explained in detail, more information and examples are given in the
analysed literature in chapter 2. The following repair methods can be proposed for welded
bridges:
Repair welding,
Hammer peening,
Grinding of the weld toe,
gas tungsten arc remelting (for short cracks),
Stop holes removing the crack tip,
Repair welding using low hydrogen coated electrodes,
Exchange of the damaged structural member,
Repair of bearings or joints,
Combinations of the proposed measures,
Sandblasting and renewing the the corrosion protection system,
In case of significant reduction of the cross section area from corrosion: add additional plates in tension zones

-

The following table gives again the summary of the proposed remeadial measures for welded
structures:
(a) removal of crack
(b) re-weld
(c) surface treatments such as TIG dressing and Peening.
(d) re-weld + post weld surface treatments
(e) bolted splice
(f)
shape improving
(g) stop hole
(h) modification of connection detail
Applicability of these methods is shown in the following table:
Table 8 Applicability of remedial measures for fatigue failures, given in chapter 2.2

a

b

1

G

G

2

F

F

3

F

F

c

d

e

f

G

E

G

G

E

E

E

G

E

C

G

E

G

G

E

E: Excellent G: Good F: Fair

g

G

N: No good

Two approaches are introduced:
-

h

Remove the cause of damage or to alleviate it
Increase the fatigue strength of the concerned detail
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3.3 Traditional strengthening methods
Traditional strengthening measures are used, if damage is foreseen with high probability
because:
-

Identical details failed due to insufficient detailing,
Load (heavier trains) or number of cycles (trains) will significantly increased,
Tracks will be added on bridges,
of heavy corrosion,
insufficient detailing,
lower fatigue safety than the detail was designed for (no knowledge during design),
damage in erection process (bad quality of welding),
dynamic loading is higher than assumed in design, e.g. because of high speed trains
or damping mats on bridges

Traditional strengthening measures are listed below:
- Changing the static system,
- Adding of structural elements (steel lamellas, incl. filler lamellas, additional support)
- External prestressing,
- Reduce load,
- Use of prestressed bolts at the end of lamellas in tension flanges,
- Replace rivets by prestressed bolts in critical cross sections of gusset plates,
- Weaken cross sections to prevent secondary stressed by cut outs or drilling holes
- Damping to reduce high dynamic load
- External prestressing
Repair and strengthening measures can be added to the listed examples. All specialists are
invited to complete the data base of the WG5 of IIW by adding examples for repair and
strengthening from all over the world.
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1 Introduction
In the presented analysis of literature, online libraries and test reports on the topic, Traditional repair and strengthening measures for existing steel bridges, the following main topics
are taken into account :
•

Reasons for initiation of fatigue damages

•

Typical details, sensitive to fatigue

•

Identification of fatigue damages

•

Repair of existing fatigue damages

•

Strengthening of a detail, if a fatigue failure is foreseen

Short abstracts of this literature analysis are considering typical fatigue failure modes in
welded structures as well as in riveted structures. The paper summarizes results on the topics fatigue details, identification and detectability. Questions, as repair of detected fatigue
failures with regard on the reasons of their initiation and strengthening of weak details, where
fatigue failure is expected with high probability, are included. Fracture mechanisms identified
in full scale laboratory fatigue testing are included too. The main work on this literature
analysis was carried out in the technical committee TC6 Fatigue of the European Convention
of Constructional Steelwork (ECCS) as a background document for the recommendation
Assessment of existing steel structures.
Steel bridges are sensitive to fatigue loading. Since fatigue failure is depending on the load
cycles over the time, consequently bridges suffer more from fatigue the older the bridges are.
In many European countries, more than 50 % of the bridge stock is older than 65 years, as in
Germany. Bridge maintenance and remedial measures will gain mayor importance with having the tight budgetary situation of the public sector in the background.
The possibilities to identify the reason of detected failures, e.g. to be fatigue cracks, are suggested in this analysis. Most of the fatigue failures are identified during regular inspection. In
particular, it is important to distinguish between original defects, which will remain harmless
throughout the structures life, and fatigue cracks able to propagate, when they are exposed
to cyclic loading from traffic including the dynamic effects or even from wind load. Significantly is, that the fatigue crack is opening and closing under cyclic loading and hence it is
likely to be a fatigue crack.
An other aspect is the acceptability of cracks with regard on the influence of a fatigue crack
on the stability of the whole structure. This is the aspect of redundancy. A fatigue crack, initiated in a secondary element, e.g. caused by restraint, is usually not responsible for a hazard
scenario of a structure. Fatigue cracks in main elements, as main or cross girders, may be of
high risk for a break down of a building and for lives of people being on or in these structures.
These aspects are of importance in the estimation of service intervals using fracture mechanic approach (FMA).
The analysis can not consider all publications and testing reports on the given topic, but it
hopes to be representative for the main fatigue failure modes, repair and strengthening
measures in existing steel bridges.
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2 Traditional repair and strengthening of existing steel
bridges
2.1 Summary
In the first phase of the project Sustainable bridges, the mayor needs on research to upgrade
the railway infrastructure, were analysed. Questionnaires on information about the bridge
stock of the European railways were developed and distributed between the UIC-partners.
The railway companies as the main partners of the project evaluated the questionnaires.
Fatigue and corrosion of existing steel bridges are assumed to be among the prior problems
and needs. Corrosion, repair and strengthening of existing steel bridges under the responsibility of the European railways are an important task for required research activities. In the
future, the owners have to guarantee the safety of the railway transport infrastructure under
increased demands on transport capacity and speed.
Nine of 17 UIC-partners specified patch repair of corroded metalwork as a current rehabilitation method a priority higher or equal to 8 of 10. 13 of 17 countries have maintenance problems in superstructures caused by corrosion/ delaminating of built-up sections. For 11 of 17
railways, fatigue cracks cause problems. The problems increase with the age of metal
bridges, of which are currently 68% (≅ 31863 bridges) older than 50 years. The importance of
the life cycle costs of bridges including maintenance, continues to rise. Costs of reliable longterm corrosion protection systems increase at the same time, as bridge maintenance budgets continue to shrink or remain static.
The main objective of the project Sustainable bridges is to investigate the possibility to upgrade the European railway infrastructure so far, that the traffic frequency and traffic volume
can grow up to 30%. Thus, repair and strengthening gained mayor importance, to meet the
main objective.
The state of the art on repair and strengthening of metallic structures focuses mainly on remedial measures using carbon fibre reinforced polymers (CFRP). In order to present a complete view on repair and strengthening of metallic bridges, traditional repair and strengthening techniques are included in state of the art report.
In general, metallic members and connections, exposed to high cyclic loading, are sensitive
to fatigue. The fatigue resistance, besides corrosion, governs the service life of steel bridges.
In the following, repair and strengthening techniques are presented in close connection with
damage cases, which are supposed to be typical for existing bridges. Often, during the last
century, traditional measures were applied for their repair and strengthening. Fatigue, besides corrosion, is the estimated most responsible reason for damages in steel bridges. Consequent maintenance, as the best preventive measure can reduce corrosion. In case of fatigue damage, only consistent analysis of causes leads to reasonable repair and strengthening measures.
The overview on traditional repair and strengthening techniques for steel bridges was predominantly prepared by the Technical Committee TC6 Fatigue of the European Convention
for Constructional Steelwork, ECCS, 0. The analysis does not consider all publications and
testing reports on the given topic, but it includes the most representative investigations on
typical fatigue failure modes, repair and strengthening measures in existing bridges. The
analysis is mainly based on research at the following institutes:
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Lehigh University, Bethlehem, Pennsylvania, USA, 0
Technical University of Tokyo in cooperation with International Institute of welding,
JP, 0, 0
Ecole Polytechnique Federale, Lausanne, CH
Universität of Karlsruhe, DE
Bundesanstalt für Materialforschung und –prüfung, DE
Rheinisch-Westfälische Technische Hochschule Aachen, DE
Chalmers University, Göteborg, SE

The fatigue resistance and the redundancy of bridge members differ a lot depending on their
importance/ priority for the load carrying capacity of the bridge. The sensitivity to fatigue
damage of the main bridge members can be characterised as follows:
•

•

•

•

•

Main girders are exposed to less main load cycles, the longer the span is. The
more structural elements are in one built-up cross section, the higher the redundancy. A failing main girder could cause the collapse of the whole bridge with high
risk for human lives. Bridges with short spans and low number of built-up elements in a cross section have a lower redundancy.
Cross girders (stringers) carry usually one full cycle from each bogie of a wagon.
A failure of a cross girder can lead to local failure with increased risk to the
neighboured cross girders, which take over the loading from the failed member
(redundancy).
Longitudinal beams (floor beams) as all beams with short influence length are
loaded from load cycles of each single axle of trains. In open decks with sleepers,
directly connected to the longitudinal beams, may suffer from friction, humidity
and early corrosion additionally
Ballast plates or other elements of the track may suffer from secondary moments.
They can be loaded, e.g. with additional bending moments in their connection to
the cross or longitudinal girders. As example, they do not behave as they were
designed, e.g. calculated theoretically with tension forces only,
Joints may suffer from secondary stresses or from boundary conditions different
from the reality, not foreseen in the design process. Thus, higher stress cycles
can lead to lower service life.

Rivets in riveted connections have to be exchanged as soon as possible, if their clamping
force is reduced, e.g. because of their elongation due to corrosion of the connected members, due to heavy corrosion of their heads or if they get loose.
The Railway companies usually exchange bridge members, if they find damages during
regularly inspection or inspection because of special request after accidents or other reasons. Having in the background the tight financial budget of public organisations is understandable, that repair and strengthening will gain mayor importance. The traditional repair
methods will probably remain important in the future too, since they are still significantly less
expensive than the use of modern materials or techniques. The repair methods differ a lot
depending of the connecting method, riveting or welding.
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2.2 Overview on typical damages
The mayor damage cause of well-maintained steel bridges is fatigue. In the presented analysis of literature, online libraries and test reports on the topic Traditional repair and strengthening measures for existing steel bridges, the following main tasks are taken into account:
•
•
•
•
•

Possible reasons for initiation of fatigue damages
Typical details, sensitive to fatigue
Identification of fatigue damages
Repair of existing fatigue damages
Strengthening of a detail, if a fatigue failure is foreseen

Typical fatigue failure modes in welded structures as well as in riveted structures are presented in tables. The paper summarizes results on the topics fatigue details, identification
and delectability. Questions, as repair of detected fatigue failures with regard on the causes
for their initiation and strengthening of weak details. Weak details are cross sections, where
fatigue failure is expected with high probability. Some examples of fracture mechanisms
identified in full scale laboratory fatigue testing are included too.
Basic for reliable remedial measures is to know the reason for the occurrence of the damage.
A reliable control, whether fatigue really caused the damage, is possible, e.g. by:
•
•
•
•

Controlling the crack propagation at the crack tip (e.g. stress measurement),
Controlling the crack mouth opening under cyclic loading (visual inspection under traffic or transducer or strain gauge survey under service),
Measurement of an identical undamaged detail under cyclic loading (e.g. traffic),
Or analysis of the crack surface by means of the scanning electron microscope
(minimal invasive sampling).

In general, the engineer has to identify the details with the highest sensitivity to fatigue in a
structure. The typical fatigue failure details differ between welded and riveted structures as
identified in the following sections.

2.2.1 Damage types of riveted and bolted structures
The magnitude of stress concentration and tensile stresses is dictated by the geometry of the
detail and the fabrication process on the resistance side and load cycle resp. number of load
cycles on the other side. Fatigue crack initiation may start from micro-cracks at stress concentrations, e.g. around the rivet hole, resulting from riveting (punching) process. Fatigue
cracks can infect the neighboured element of a built-up section.
In bearing type connections, both, stress concentration and residual stresses are responsible
for susceptibility to fatigue failure. The major reasons for fatigue cracking in riveted and
bolted structures are assumed to be the followings 0:
(r1)

riveting process (micro-cracks due to punching of the holes or due to clamping)

(r2)

change of geometry (cracks at the holes perpendicular to the main tension
stress in net cross section or end of cover plates),

(r3)

change of geometry (crack propagation in the webs in the net cross section,
e.g. at the web stiffener, beginning from the tension flange),

(r4)

thin connection plates (too thin gusset plates or other structural members),

(r5)

out of plane bending, distortion, restraint, diaphragms

(r6)

secondary stresses due tension rods
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(r7)

cut outs, local stress concentration,

(r8)

frozen or corroded bearings or joints (e.g. cracks from temperature differences
or secondary stresses).

(r9)

poor structural detail with low fatigue strength and high loading

2.2.2 Damage types of welded structures
Welded structures can have fatigue cracks starting from either the weld root or from the weld
toe. Fatigue cracks starting form the weld root are much more difficult to identify. Concerning
crack propagation one has to differentiate between a continuously growing process, starting
usually at the weld and propagating into secondary or main structural elements and fatigue
cracks arresting in low stress areas to relieve the restraint condition. The later one is in general
not that serious compared to the first type of crack propagation. The following list gives an
overview of typical fatigue failure causes in welded structures based on 00:
(w1)

poor weld or weld defects (fabrication)

(w2)

lack of fusion (fabrication)

(w3)

cold cracks (environmental conditions)

(w4)

restraint (geometrical imperfection, distortion, out of plane bending)

(w5)

vibration (traffic, wind, earthquake – low cycle fatigue, lateral bracing)

(w6)

web gaps (e.g. gap between lateral gusset plate and transverse stiffener web)

(w7)

geometrical changes (end of cover plate, joints, stiffener, diaphragms)

(w8)

web breathing, (repeated web buckling deformation)

More detailed information can be obtained from the IIW-XIII-WG5. In order to reduce fatigue
cracking in general, new structures should consider the “Good design practice”.

2.3 Identification and acceptability of damages
Some possibilities to identify the reason of detected failures, e.g. to be fatigue cracks, are
collected. Most of the fatigue failures are still identified during regular inspection. Nondestructive Testing does not play an important rule in steel bridge assessment yet, but available methods are generally tested0. In particular, it is important to distinguish between original defects, which will remain harmless throughout the structures life, and fatigue cracks,
able to propagate. These cracks propagate, if they are exposed to cyclic loading from traffic
including the dynamic effects, temperature differences or even from wind load. Significantly
is, that the fatigue crack is opening and closing under cyclic loading and hence it is likely to
be a fatigue crack.
An additional aspect is the acceptability of fatigue cracks concerning their effect on the stability of the whole structure. This is the aspect of redundancy. A fatigue crack, initiated in a
secondary element, e.g. caused by restraint, is usually not responsible for a hazard scenario
of a structure. Fatigue cracks in main elements, as main bridge girders, may be of high risk
for a break down of a building and for lives of people being on or in these structures. These
aspects are of importance in the estimation of service intervals using fracture mechanic approach (FMA).
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2.4 Overview on traditional strengthening techniques
Traditional strengthening measures are used, if damage is foreseen with high probability
because of:
-

Increased static load (heavier trains) or significant increase of the number of cycles
(trains, wagons),
Identical details failed,
Insufficient detailing,
Tracks will be added on bridges,
Heavy corrosion,
Lower fatigue safety than the detail was designed for (no knowledge during design),
Damage in the erection process (insufficient quality of welding or in other processes),
Dynamic load is higher than assumed in design, e.g. because of high speed trains or
damping mats on bridges.

In this cases the following remedial measures are proposed:
-

Changing the static system,
Adding of structural elements (steel lamellae, incl. filler lamellae, additional support,
External prestressing,
Reduce load,
Use of prestressed bolts instead of high loaded rivets in tension zones,
Replace rivets by prestressed bolts in critical cross sections of connections/ joints,
Weaken cross sections to prevent secondary stressed by cut outs or drilling holes
Damping measures to reduce high dynamic load,
External prestressing.

In general, before repair and strengthen a structure or a structural element, the reason of the
failure must be known to reduce stresses in the weak details purposeful.

2.5 Overview on traditional repair techniques
2.5.1 General
If a fatigue crack was detected and the causes were ascertained thoroughly, retrofit measures must be undertaken to repair the cracked structural member. If certain details were
evaluated to be weak parts of the structure in terms of fatigue, the fatigue performance may
be increased by applying adequate strengthening measures.
In general the repair and strengthening methods have to consider the cause of the damage
or failure and reliability based decisions have to be undertaken to control the repair and
strengthening process for critical details.

2.5.2 Riveted and bolted structures
In general, welding of structural members made of wrought iron, puddled iron or early mild
iron (rimmed steel) should be prevented. The kind of steel can be estimated by material investigation of cores e.g. taken by core hole drilling. Some types of old steel are sensitive to
welding. Thus bolting shall be prefered. If welding is the only way to keep the bridge structure
in service, the weldability has to be proved for each single element.
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The common repair methods 0 are below:
-

Stop hole drilling to stop propagating cracks (to not to miss the crack tip → NDTcontrol),
Replace rivets in critical cross sections by prestressed bolts, peeling the rivet hole by
drilling removes possible microcracks resulting from production process (punching),
Change of the static system to reduce stresses in the investigated detail,
Repair of frozen joints or bearings, which may be responsible for secondary stresses,
Adding of plates or elements,
External prestressing,
Exchange of the structural member,
Demolish structure.

The following listing contains the most common repair and strengthening methods for riveted
and bolted structures in relation for their ability to repair the most common damages (see
2.2.1). For each application a verification of the efficiency of the chosen method by experts is
recommended.
(r-a)

strengthening by means of pre-stressed bolts or injection bolts,

(r-b)

adding additional structural members, e.g. filler plates, cover plates or angles

(r-c)

repair-welding (verification of weld ability needed in each application)

(r-d)

adding fibre reinforced plastics laminates (FRP strips)

(r-e)

changing the static system

(r-f)

stop holes

(r-g)

repair of the bearing conditions

Table 1 gives a proposal for the applicability of repair methods in riveted structures.
Table 1: Applicability of repair and strengthening methods for riveted or bolted structures

Causes for fatigue cracking

Repair and strengthening methods
r-a

r-b

r-c

r-d

r-e

r-f

r-g

r1

G

G

F/N

G

G

-

-

r2

E

E

N

F

F

N

-

r3

N

E

N

G

F

N

-

r4

E

N

N

F

F

N

-

r5

N

N

N

G

F

E

-

r6

N

N

N

G

-

G

E

r7

-

-

-

-

-

F

-

r8

-

-

N

-

-

-

E

r9

F

G

-

G

G/F

-

-

E : Excellent

2.5.3

G : Good

F : Fair

N : No good
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2.5.4 Welded structures
The research work, done in 0 and 0, evaluated numeruous fatigue failures in laboratory testing and practise. The following repair methods are commonly used for welded bridges:
-

Stop hole drilling to stop propagating cracks (don´t miss the crack tip → NDT-control),
Adding of plates or elements,
Hammer peening,
Grinding of the weld toe,
Gas tungsten arc remelting (for short cracks),
Repair welding using low hydrogen coated electrodes,
Exchange of the damaged structural member,
Repair of bearings or joints,
Combinations of the proposed measures.

The following listing contains the most important repair and strengthening methods for
welded structures:
(w-a)

removal of crack

(w-b)

re-welding

(w-c)

surface treatments such as TIG dressing, hammer peening or grinding

(w-d)

adding plates or fibre reinforced plastics strips (FRP strips)

(w-e)

bolted splices

(w-f)

shape improving

(w-g)

stop holes

(w-h)

re-modification of the connection detail

Table 2 proposes in relation to typical fatigue damages (see 2.2.2) which method can be
used for repair:
Table 2: Applicability of repair and strengthening measures in welded structures

Causes of fatigue cracking

Repair and strengthening methods
w-a

w-b

w-c

w-d

w-e

w-f

w-g

w-h

w1

G

G

N

G

E

G

N

G

w2

F

G

G

G

E

E

G

E

w3

F

G

G

F

E

G

G

E

w4

F

F

G

G

E

G

G

E

w5

F

F

G

G

F

G

F

E

w6

G

F

G

F

N

N

F

E

w7

F

F

F

G

E

N

F

G

w8

N

F

F

F

F

N

G

E

E : Excelent

G : Good

F : Fair

N : No good
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2.5.5 Corroded steel members
Inconvenient environment with humidity, acid rain, or insufficient design and low maintenance level are responsible for corrosion. Some very old bridges experienced the steam engine period with the fume containing sulphurous. Surprising is, that very old steel (wrought
iron) withstands corrosion much better as modern homogeneous steel. Reason is the layered
microstructure resulting from the former production process with a slag film, which preserves
the steel layer.
Minor corroded members are sand blasted before application of new corrosion protection
systems. The quality of the surface treatment of a steel structure is important for their longterm stability and the remaining service life. Corrosion notches can be a starting point for
crack propagation. All surface injuries, as corrosion and slight scratches or even hit marks
lower the detail category, used in the evaluation process and reduce the fatigue life of a steel
structure. Using NDT methods as ultrasonic evaluation, the remaining plate thickness can be
estimated after removal of the corroded surface. The following measures are advised:
-

Sandblasting and renewing the corrosion protection system,
In case of significant reduction of the cross section area from corrosion: add additional plates in tension zones
Exchange of bridge members

2.5.6 Other Measures
Apart from repair and strengthening, several other measures exist for the remediation of
bridges or bridge members. They may be important to decide about the repair date and/or
ranking in maintenance plans or to find other solutions. These measures include:
-

intensification of monitoring, and/or
reduction of traffic load or volume, and/or for the worst cases
demolition of the structure.

Intensified monitoring
Intensified monitoring may be justified, if expert methods such as deterministic or probabilistic fracture mechanics calculations show, that the reliability of the structure can be maintained at an adequate level provided that inspections are conducted at an intensified level
and that during these inspections, no fatigue damage is detected.
Intensified monitoring may also encompass continuous monitoring methods. These methods
may include added frequent visual inspections, simple vehicle counting methods, continuous
weight in motion systems (WIM systems), continuous strain measurement systems (at or
near fatigue critical details), or acoustic monitoring. These methods should only be used by,
or in consultation with experts having experience in these areas. The choice of continuous
monitoring or other suitable remediation measures will depend largely on economic considerations, as well as the availability of the proper expertise. It has to be considered that some
sensitive monitoring methods are not always applicable on railway bridges due to the strong
electromagnetic fields.
Reduction of traffic load or volume
Another measure for extension of the fatigue life of a steel bridge is the reduction of traffic
load or volume. Reduction of the traffic load, in particular, is believed to be an excellent
method for resolving a wide range of fatigue problems that may arise in welded or riveted
structures. If traffic load or volume reduction measures are to be taken, they should be justified on the basis of calculations on an expert level. Where possible, the successful enforcement of these measures should be verified with weigh stations and/or vehicle counting methods.
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Demolition
In case none of the above mentioned other measure helps to keep the structure in service,
that last measure would consequently be to demolish the structure. However for very old
structures one should think about the cultural value of the structure and may save it.

2.6 Case studies
2.6.1 General
The following sections include a short summary on most common fatigue failure problems in
existing old steel bridges as well as proposals for adequate repair and strengthening methods.

2.6.2 Welded structures
The following Table 1 gives in overview about typical fatigue failures of welded structures
and resulting adequate repair and/or strengthening methods. The characters and numbers in
brackets are related to above mentioned locations and causes of fatigue cracking and repair
or strengthening methods (See section 2.5). The tables were prepared by Ustutt (welded
structures) and BAM (riveted structures) as a contribution to ECCS, TC6.
Table 1: Typical fatigue failures of welded structures and remedial measures often
used in practice Riveted and bolted structures0

Fatigue failure

Repair

Strengthening

- stop hole drilling(w-g) -adding filler plate or
FRP (w-d)
Cracks in the butt connection groove weld of ten- +
-splicing by using HTsion-side longitudinal stiffener or flanges (w1), (w2),
- adding a filler plate or
bolts (w-e)
(w3)
FRP (w-d)
-re-welding (w-b)
- splicing by using HTbolts (w-e)
Transverse groove welds

-re-welding and surface treatments if
cracks are small and
have not reached the
web (w-b) and (w-c)

- improve the weld toe
Depending on the
detail (w-f)
Cracks at transverse front welds at cover plate end surface crack length:
Cover end plates
(w7), (w1)

-long cracks
L < 40 mm:
stop holes (w-g) and
splicing with HT-bolts
(w-e)

- surface treatments
such as grinding
and/or peening
(w-c)

- short cracks
L < 10 mm:
surface treatments
such as TIG dressing
or hammer peening
(w-c)

- shear splices using
HT-bolts or injection
bolts (w-e)

- adding filler plate or
FRP (w-d)
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Fatigue failure

Repair

Strengthening

Gusset plates on flanges

- stop holes (w-g)

- improving of weld toe
detail (w-f)

Cracks in welded gusset plate joint on flanges (w7), - improving of weld
(w1)
toe detail (w-f)

Coped end of deck plate girder

- stop holes (w-g)

Cracks at the coped end of deck plate girders (w7)

- full penetration welding (w-b) and surface
treatment (w-c)
- reinforcement by
splice plates (w-e)

Cross bracing connections

- stop holes (w-g)

Fatigue cracks at the cross bracing connection detail - full penetration weldon the upper flange (w4), (w1)
ing (w-b) and surface
treatment (w-c)

- surface treatments
(w-c)

- adding bolt connection with rib plates
(w-e)
- adding plates or FRP
(w-d)

- improve the weld toe
detail (w-f)
- surface treatments
such as grinding
and/or peening (w-c)
- use symmetrical
connections (w-h)

- adding plates or ribs
to the web of the supFatigue crack in sole plate connection detail at supported girder (w-d)
port (w4), (w7)
- reinforcement by
bolted splices (w-e)
Sole plate connection

Cut out web

- adding plates or ribs
to the web of the supported girder (w-d)
- reinforcement by
bolted splices (w-e)

- stop holes (w-g)

- remodification of
connection detail (w-h)

- stop holes (w-g)

- adding filler plate or
FRP (w-d)

Fatigue crack in the web or flange, initiated at the - adding filler plate or
fillet weld toe of the cut out web (w7)
FRP (w-d)

- increasing the curva-
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Strengthening
ture ratios of the cut
outs (w-f)
- full penetration
welding (w-b) and
surface treatment
(w-c)

Orthotropic deck

- stop holes (w-g)

Orthotropic steel bridge deck, different details with - adding filler plate or
low fatigue strength (w4), (w7), (w1), (w2)
FRP (w-d)

- preventive stop holes
(w-g)
- strengthening deck
plate by thicker steel
deck (w-h)
- adding steel plates or
FRP strips (w-d)

Repair is depending on - change of the static
the degree of failure:
system (w-h)
Cracks induced by vibration, e.g. by wind or traffic
- stop holes at the end
- improvement of weld
(w5)
of fatigue cracks (w-g)
quality by surface
- re-welding of small
treatment methods
cracks followed by
(w-c)
surface treatments
- increase curvature
(w-b) and (w-c)
ratios (w-f)
Hangar and pinned connections

Transverse stiffener web gaps

- stop holes (w-g)

Cracks near the end of a vertical web stiffener (w6), - weld toe finishing
(w1)
by TIG-dressing or
grinding (w-c)

Floor-beam bottom flange

- stop holes (w-g)

Fatigue crack occurred in the coped web of the end - gouging and refloor-beam (w7)
welding (w-b)

- prevention out-ofplane distortion of the
girder web (w-h)
- increase flexibility
of the connection (w-h)

- adding filler plate
(w-d)
- splicing by using HT-
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Strengthening
bolts (w-e)

2.6.3 Riveted structures
The following Table2 gives an overview about typical fatigue failures of riveted and bolted
structures and resulting adequate repair and/or strengthening methods. The characters and
numbers in brackets are related to above mentioned locations and causes of fatigue cracking
and repair or strengthening methods.
Table2 Typical fatigue failures of riveted and bolted structures and remedial measures often used in
practice

Typical fatigue failure

Repair

- remove
cracked
member, add longer
Cracks initiating at the holes in net cross section at
cover and filler plate in
the end of cover plates due to overload and due to
the tension flange with
changes
of
geometry
(r2)
HT-bolts (r-a) (r-b)
Cover plate end

Strengthening
- adding filler plate
and longer cover plate
by HT-bolts (r-b)
- adding FRP
steel plates (r-d)

or

- high strength bolts
in the last connection
of the upper cover
plate (r-a),
- remove microcracks
in rivet holes by drilling
one swarf

- remove
cracked
member, add longer
Cracks in the flange of the gross cross section due
cover and filler plate in
to changes of geometry (r3)
the tension flange with
HT-bolts (r-b)
Cover plate end

- high strength bolts
in the last connection
of the upper cover
plate (r-a)

- adding filler plate
and longer cover plate
by HT-bolts (r-b)
- adding FRP
steel plates (r-d)

or
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Strengthening

- short cracks: HT- - use HT-bolts in the
bolts (r-a)
last 3-4 rivets of the
Cracks in gusset plates due to insufficient thickness
connected
truss
- long
cracks:
ex(r4)
members (r-a)
change of the gusset
- drilling
of
rivet
plate (r-b)
holes to remove micro
cracks, caused by
riveting process
Gusset plates

Ballast sheets
Cracks in barrel shaped ballast sheets (r5)

- stop holes as con- - unload the barrel
temporary
measure shaped ballast sheets
(r-f)
without
horizontal
stiffeners by stiff load
- change of the static
transfer beams (r-e)
system by applying the
load directly into the
cross beams by means
of stiff load transfer
beams (r-e)

- reduce
stiffness - reduce
stiffness
due to large hole drill- due to large hole drillCracks in a connection between cross beam and
ing (r-e)
ing (r-e)
longitudinal roadway beam (r5)
Cross beam – longitudinal beam connection

Bearings

- stop holes (r-f)

- control corrosion
protection (r-g)

Cracks due to frozen bearings or joints, e.g. be- - exchange of the
cause of corrosion or temperature differences (r8)
cracked member (r-d) - control of moveability
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(r-g)

Stringer to floor-beam connection

Fatigue failure of rivet heads due to localised
due to local bending of the rivet head
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- substitution of the
critical rivet by high
strength bolts in the
connection of the angle to the floor beam
(r-a)

and

joints

- exchange critical
rivets by high strength
bolts in advance (r-a)
- adding additional
members (r-b)
- change static system
(r-e)

Chalmers University, Åkesson

Existing riveted structures should not be welded without detailed verification of the weldability
of the used old steel.

2.6.4 Remedial measures for damages caused by corrosion
Depending on the cause of corrosion, a purposeful measure has to be applied. The following
table introduces to different reasons and the possible remedial measures.
Table 3: Types of corrosion damage in bridge engineering and remedial measures

Type of corrosion

Repair

Strengthening

Fretting

Remove cause for the movement
(cracked member, loose rivet…)

Increase surface hardness

(surface pitting. seizing
and galling)

Exchange of member with reduced
cross section

Reduce bearing loads on mating
surfaces
Reduce vibration
Limit metal-on-metal friction by
using coating

General thinning of the
material by uniform corrosion

Crevice corrosion in
built-up joints

Stress Corrosion Cracking due to local corrosion

Prevent environmental attack and
moisture by coating,
Adding of additional plate
Exchange of member, if material is
completely deteriorated
Sandblasting, fill out the crevice
with adhesive mastics, replace rivets by prestressed bolts

Coating, corrosion protection painting (preferably brittle paint systems
to not to cover fatigue cracks)
Replace with environmental resistant material

Exchange of member

Lower tensile stress

Replace rivets by prestressed bolts,
reduce distance between rivets by
additional bolts, replace riveted
member by new welded elements
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Type of corrosion

Repair

Strengthening

+ tension stress

Add plate to lower tension stress
Cathodic protection
Exchange of the galvanic element
(e.g. wrong bolt) material
Exchange deteriorated member

Modification of environment
Add chemical inhibitor
Prevent use of materials with different potentials
Prevent contact to electrolyte (as
seawater) by coating

Galvanic corrosion
(Presence of steel, seawater and copper alloy)

In general, coating systems for existing steel bridges shall be produced of brittle paint colours. The cracking of the paint might be an early signal for initiation of crack propagation.

2.7 Conclusion
Bridge engineering has always learned from failures 0. The effectiveness of remedial measures is significantly depending on the analysis of damage cause. To meet the reason, causing the damage it is substantial to choose the most effective repair technique after analysis of
the reason causing the failure. Before strengthening, a detailed analysis is needed to, to not
to cause new starting points for fatigue cracking.
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Preface
Bonded CFRP plates become more and more important in the sustainability of old buildings
and bridges. Recently, a lot of laboratory and field tests have been conducted to analyse and
optimise this modern reinforcement system. In addition to the traditional repair and strengthening methods, such as replacement or reinforcement via additional steel members, this system consequently has become part of the applied rehabilitation methods in many countries.
In particular the investigation of FRP strengthening systems for concrete structures has progressed significantly over the last ten years. The result is the publication of numerous guidelines and codes which allow the designer to apply this modern strengthening technique on
concrete structures. Still, today there does not exist any real guideline or standard for
strengthening of metal structures using FRP. In fact, coverage of guidelines of materials
other than concrete is rather poor.
The aim of this literature review is to investigate the state-of-knowledge regarding the
strengthening and repair of metallic structures using bonded composite materials. The review
covers several practical and theoretical issues related to the application of the strengthening
technique. Pre-treatment and application procedures are treated. The theoretical work conducted in view of the problem of interfacial stresses in the bond line is also presented as well
as design criteria and methods of analysis. Furthermore, laboratory work performed on metallic elements strengthened with bonded composites is also presented and the main results
of this work are put forward. Issues related to the durability and long-term behaviour of the
strengthening system is also discussed and finally, field experiences where the strengthening
scheme has been tested are presented.
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Summary
In the field of analytical and numerical analyses for bonded composite materials there are
some derivations made with reference to the interfacial stresses. Most of this work is based
on knowledge from earlier derived formulations concerning application of FRP plates to other
materials than steel. Closed-form solutions are available for calculating the shear and peeling
stresses in the elastic phase, both for mechanical and thermal loading. The effect of tapering
ends of the FRP plate has been studied analytically, and the results show that it is possible
to reduce the high stress concentrations at the ends of the plate by using tapered ends.
Models are also developed for predicting shear-bond stresses for different phases of plastification of a steel beam with unsymmetrical cross-section.
As the method of application is a decisive factor for the quality and durability of the bonded
joint, this report has given some general recommendations concerning the surface pretreatment and bonding procedure. It also addressed the questions of galvanic corrosion.
Some of the major issues of the deterioration of bonded CFRP-steel joints due to accelerated
ageing under extreme environmental conditions have been discussed and the most important standards for accelerated ageing tests have been introduced.
Results from laboratory tests together with the experiences gained from strengthening work
performed on bridge girders in field, show that retrofitting of girders with CFRP provide increases in both strength and stiffness in serviceability limit state. The amount of CFRP and
their stiffness influence the improvements that can be achieved on the strengthened girder.
Today, it is possible to produce CFRP plate with axial stiffness above 400 GPa, which is
twice as that of ordinary steel. In addition, material properties of the adhesive will determine
the effect of the strengthening. The experiences from many studies demonstrate also the
possibility to perform rehabilitation of high deteriorated beams due to e.g. corrosion. There
are many advantages of using CFRP for strengthening structures in bending instead of steel
plates. CFRP has low weight in relation to its strength and its resistance against corrosion
make it interesting for the use in strengthening work. One problem with bonded plates is the
high concentrations of interfacial stresses that appear at the ends of the plate. These interfacial stresses can be reduced through using tapered ends of the bonded plate and/or by creating fillets at the ends of the adhesive. Another advantage of using bonded CFRP plates to
rehabilitate metallic girders is the decrease in labour time compared to traditional methods,
which is needed during field experiments.
Experimental studies have been performed to investigate the ability to use bonded CFRP
plate, attached to cracked steel members, to increase the fatigue life of these members. The
results show that the bond lines have good resistance of fatigue and it will decrease the
stresses at the crack tip. Due to the high strength of CFRP materials, it was demonstrated
that prestressing of the plate will increase the effect of strengthening. There is limited information on the different methods for prestressing of plates, and further research within this
area could lead to production of simple anchoring systems which are easy to install.
In addition to this literature study experimental researches have been carried out by
Chalmers University and RWTH Aachen within the Sustainable Bridges Project to accomplish the presented state of the art. A detailed report of this laboratory tests is given in the
deliverable D6.2.4 Appendix B.
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1 Introduction
Recently Fibre-Reinforced Polymers (FRP) and especially Carbon-Fibre-Reinforced Polymers (CFRP) are used for strengthening concrete structures. Due to its excellent material
properties, such as high fatigue resistance, high stiffness and high tensile strength, CFRP is
used to influence the flexural stiffness and ductility as well as to strengthen and repair ageing
concrete structures.
Extensive research work has been conducted during the last years to transform this modern
strengthening technique to metallic structures. In addition to the above mentioned advantages, for steel structures FRP strengthening provides the opportunity to increase the fatigue
resistance.
The present document gives a summary of a comprehensive literature review which has
been carried out within the Sustainable Bridges Project.

2 Installation procedure
2.1 General
Chapter 2 gives useful information concerning the application of FRP strengthening systems
on steel structures. It covers the main questions of best practice concerning surface preparation method and bonding procedure and gives some basic information about the material
selection.
A good summary of these topics is given in [1], where Rizkalla discuses some major questions concerning the installation procedure of FRP strengthening systems on steel. He indicates that surface treatment must be environmental friendly, and easily accomplished under
field conditions. He quotes Brockmann who has shown in [2] that application of the CFRP
material can be made up to 150 hours after completion of the surface preparation. If
strengthening occurs after this time, a lower bond strength could result. Surface grinding or
sandblasting is recommended to remove all rust, paint, and primer from the steel surface.
Additionally, the bare steel may be pre-treated using either an adhesion promoter or a
primer/conditioner, which leaves a thin layer attached to the metal oxide surface [3]. This
type of bond significantly improves the long-term durability because water displacement
through this coating is unlikely since the hydrolysis of the primary bonds is a slow process.
The bonded side of the FRP plates may be sanded to increase the surface roughness using
medium grit sandpaper or a sandblaster, and wiped clean with acetone. However, excessive
surface preparation of FRP plates may expose the surface of the carbon fibres leading to
possible galvanic corrosion if placed in direct contact with the steel surface (cp. chapter 5.5).
The adhesive is then applied to the pre-treated steel surface, bonding either FRP plates or
sheets to the steel. The adhesive typically used is a two-component viscous epoxy. A less
viscous epoxy is used for bonding the plates to each other. It is recommended to leave the
bonded plates to cure for a sufficient time, not less than 48 hours. Miller et al. [4] suggested
application of an accelerated curing method, such as heating blankets or induction heater to
increase the curing rate of the adhesive. An adhesive for a particular rehabilitation scheme
must perform three functions. First, the adhesive must have adequate bond strength so that
the composite material can be optimally utilized. Consequently, this requires the failure mode
of the system to be governed by the ultimate strength capacity of the composite and not by a
premature bond failure. Second, the system must be sufficiently durable in the design environment to match the life expectancy of the structure (typically 75 years). Finally, the adhesive must also be easy to use under field conditions.
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2.2 Material selection
Carbon-fibre composites and adhesive systems are today available with various material
properties. Important within this field are the selection of material for the strengthening and
repair of metallic structures, and what the designer needs to consider to achieving highstrength joints between steel and FRPs.
Pasternak et al. [5] studied the efficiency of using adhesives to connect steel members. The
study is carried out with both an experimental test and a FE analysis. The results show that it
is possible to connect steel members and the adhesive connections show higher stiffness
and strength compared with bolted connections. Long-term effects and its brittle failure is a
problem according to the author. If the connections are combined e.g. both bolts and adhesive, the adhesive increases the stiffness and reduces the peak stresses while the bolts
guaranteed the safety in the connection.
The fibre content in unidirectional CFRP effects on the macroscopic fracture mode have
been studied by Rochardjo et al. [6]. They have tested specimens with different fibre volume
fraction. The volume ranging from 30% to 70% and the specimens were tested in tension in
the fibre direction. The results show that a transition in fracture mode occurred, from tensile
fracture at low fibre content to interlaminar shear failure at high fibre content.
Information about the choice of adhesive and practical information is also given by different
manufactures. E.g. Permabond Division [7], which disposal literature about bonding composites both to themselves and other materials.

2.3 Surface preparation before bonding
To gain a strong and durable adhesive bond, surface treatment and accurate bonding plays
a very important role. In particular if its application takes place onsite. Inappropriate surface
preparation and bonding with contaminated adhesive can lead to premature debonding of the
CFRP sheets. Due to bond defects stress concentrations within the bond line can also cause
premature peel-off of the FRP-sheet long before the theoretical ultimate load has been
reached, see also [8]. In the following two appropriate surface preparation methods are presented.
Laboratory tests show that using the SACO method, described in the following, for pretreating the bonding area a 2.7 times higher resistance against bond line corrosion can be
reached compared the normal surface preparation method sandblasting. A detailed report of
this study, carried out by RWTH Aachen within the Sustainable Bridges Project, is given in
deliverable D6.2.4 Appendix B.

2.3.1 Sandblasting
If no other pre-treatment method has been arranged, one of the surface preparation methods
listed in ISO 8504 [9] should be used. The document of ISO 8504 describes the general principles for the selection of methods for the preparation of steel surfaces before coating with
paints and related products. It can be devolved to the requirements for bonding.
The surface roughness characteristics of blast-cleaned steel substrates are regulated by
ISO 8503 [10]. This document specifies the requirements for ISO surface profile comparators
which are intended for visual and tactile comparison of steel substrates that have been blastcleaned with shot abrasives. ISO surface profile comparators are use in assessing, on site,
the roughness of surface before the application of paints and related products or other protective treatments. Surfaces of steel members which are prepared for bonding should be
cleaned up to a roughness of at least Sa 2-½, compare Table 2 acc. [13].
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2.3.2 SACO method
SACO [11] is a physical-chemical surface preparation method which is used for the pretreatment of metal surfaces before bonding. The aim is the cleaning (SAndblasting) and
COating of the surface at the same time. The SACO treated metal surface results in a very
thin and good adherent layer of polar primer. Afterwards primer and adhesive are applied as
usual. As precondition for this method all assembly components have to be previously
cleaned from rough impurity and rust.
The SACO method works as follows:
The pre-cleaned metal surface is blasted with the special coated corundum SACO-Plus (cp.
Table 1 A). Due to corundum impact on the surface it is cleaned and roughened similar to
common sandblasting (cp. Table 1 B). During the impact parts from the corundum coating
are transferred to the steel surface (cp. Table 1 C). After the detachment of the corundum
particle the impact area is left coated with a very thin layer of polar primer (cp. Table 1 D).
After SACO-blasting the surface is coated with the primer SACO-Si which causes a chemical
reaction with the adhesive layer applied shortly after.
Table 1: Schematic of the SACO method [12]

Steel

Steel

A) Blasting by accelerated corundum parti- B) Cleaning of the steel surface due to the
cle with special primer coating
impact of corundum particle, similar to
common sandblasting

Steel

Steel

C) Transfer of the primer coating from the D) Primer coated steel surface after decorundum particle to the steel surface
tachment of corundum particle
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Table 2: Degrees of roughness of blast-cleaned surfaces [13]

Key

Steel where mill scale
has started to flake
and light rusting occurs.

Steel where all mill Steel where pitting and
scale has flaked off complete rusting has
and complete rusting occurred.
has taken place.

Brush-off
Sa 1

Tightly adherent mill scale, rust and coatings may remain on the surface.
Mill scale, rust and coatings are considered adherent if they cannot be
removed with a dull putty knife.
Commercial
Sa 2

Evenly dispersed very light shadows, streaks and discolorations caused
by stains of rust, mill scale or coatings may remain on no more than
33 percent of the surface. Slight residues of rust and coatings may be
left, if the original surface is pitted.
Near – White
Metal
Sa 2-½

Evenly dispersed very light shadows, streaks and discolorations caused
by stains of rust, mill scale or coatings may remain on no more than
5 percent of the surface.
White Metal
Sa 3

Free of all visible oil, grease, dirt, dust, mill scale, rust and coatings.
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2.4 Bonding procedure
Bonding has many advantages compared to conventional joining methods such as bolting or
welding, e.g.:
─

the possibility to join different kinds of materials

─

no heat introduction into the base material

─

no sectional weakening due to drill holes

Besides these advantages it has to be mentioned that bonding is a very labour intensive and
sensitive technique. The way of implementation is a decisive factor for the quality and durability of the bonding. Like welding, bonding should only be done by specialyl skilled workers.
In Table 3 a summary of the main working steps of the installation of a CFRP repair and
strengthening system is given.
Table 3: Working steps of the installation procedure of a CFRP strengthening system

1st step

Cleaning of the metal surface
To remove any dust, paint or unsound material on the bonding surface, the steel member has to be
mechanically
cleaned.
Recommended methods are sandblasting
or SACO treatment. See also chapter 2.3.
This first mechanical surface preparation is accomplished by a chemical cleaning of the bonding surface
to remove all dirt and debris using Figure 1: Sandblasting onsite [92]
acetone or any other appropriate
cleaning agent.

2nd step

Application of primer
To optimize the adherence between
steel and adhesive and to avoid any
corrosion of the substrate, the steel
surface has to be treated with a thin
layer of primer. This special coating
is usually based on the later on applied adhesive and forms part of the
bonding system. Therefore the used
primer has to be chosen according
to the recommendation of the adhesive producer to assure the maximum adherence between steel and Figure 2: Application of primer [14]
adhesive.
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Cleaning of CFRP
Depending on the used strengthening system the CFRP surface may
be cleaned with acetone before
bonding. Some producers protect
the plate surface with a special protection layer, which has to be removed before bonding. In such
cases cleaning via acetone may not
be necessary. (See manufacturer
information!)
Figure 3: Cleaning of CFRP plates [14]

4th step

Preparation of the adhesive
During the whole bonding procedure
absolute cleanliness is required to
avoid any contamination of the adhesive. In case of a two component
adhesive new stirring rods and cups
should be used for each mixture.
Special attention has to be paid on
the right component ratio and a sufficient stirring to assure the optimal
bonding performance.
Figure 4: Preparation of adhesive [92]

5th step

Application of the adhesive
After curing of the primer and accomplishing step 3 and 4, the adhesive can be applied. To reach a high
homogeneity of the adhesive layer
without any air pockets, the adhesive should be applied single sided
(preferentially on the CFRP side)
and in a triangular shape (:= triangular cross-section).
Figure 5: Application of adhesive [14]
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Assembling
Once the adhesive has been applied, the CFRP plate or laminate
has to be placed during the potlife
time of the adhesive. Like all steps
before, the assembling has to be
carried out with great care to avoid
any contamination or air pockets.
Therefore the CFRP should be attached carefully in one working step,
which means that an adequate
number of workers and fixing
equipment has to be available. Any Figure 6: Placement of CFRP plate [14]
detaching or replacing may cause
air inclusions or contamination of
the adhesive.

3 Theories of adhesively bonded composite elements
3.1 General
Strengthening beams and columns by bonding plates to their surface is a widely applied
technique in aeronautic fields and for concrete structures but the technique is still limited on
steel structures. Concerning the calculation of the interfacial stresses in the bond line, general solutions which have been developed for concrete beams can also be used for steel
ones.
Plate bonding relies on the strength of the adhesive layer, and both tests and theoretical
work have shown that this strength is governed by stress concentrations which occur due to
mismatch of strains in the beam and plate across the adhesive layer. Concentrations of adhesive stress occur in the vicinity of the geometric discontinuities; in particular, at the end of
a FRP plate, but also at cracks in the substrate or a bond defect in the adhesive layer, respectively. Miller et al. [15] found out in their analytical analysis that approximately 98% of
the total force transfer occurs within the first 100 mm from the end of a cover plate. Another
important problem with FRP reinforced steel beams is the large difference between the coefficient of thermal expansion. Typical coefficient of thermal expansion for steel is 10.2x106°C-1 and that for CFRP is close to zero. Denton [16] indicated substantial longitudinal sheer
stresses and normal tensile stresses can be developed in the adhesive layer near to the
ends of the FRP plate as a result of the difference between the coefficients of thermal expansion. For a 50°C temperature increase, the stresses in the adhesive at the ends of the
plate might be close to the failure stress.
Chapter 3.3 summarises some of the major closed form solutions which have been discussed in [15], [16], [17], [18], [19], [20], [21] and [22].
Until now no closed form solutions are available for a number of problems, e.g. for the use of
a taper at the ends of the adherents, which has been shown to effectively limit peel stresses.
In these cases many studies can be found where numerical (FE) methods were used to investigate such complex effects. Therefore chapter 3.4 summarise the research results on
complex effects, e.g. taper at the ends of the adherents.
Available design rules such as proposed in [21] are discussed in chapter 3.5.
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3.2 Interfacial stresses in simple joints
There is a large number of different analysis models made on single- and double joints. Even
though the results from these simple joints are not directly applicable to the structural members, they give some basic information about the origin of calculating interfacial stresses. The
research on single- and double lap joints has been made to gain an understanding of the
principle, upon which the existing analytical solutions for structural members are based. One
of the earlier works within this field has been done by Hart-Smith [23] who made a revision of
the classical Goland and Reissner analysis of bonded lap joints. The present report gives
also a few references to reports that provides information about how to calculate and analyze
interfacial stresses both analytical and numerical for different lap joints, see references [17],
[24], [25], [26], [27], [28], [29], [30].

3.3 Design of joints between CFRP and steel beams
The review of the analytical and numerical analysis of interfacial stresses which appear in
adhesive joints between plates and beam-flanges, concerning mainly steel or composite
(steel-concrete) beams strengthened with bonded FRP plates.
Smith and Teng [20] give a review of existing approximate closed-form solutions for calculating interfacial stresses in beams strengthened with bonded plates. They identified the assumptions and limitations in the different existing solutions, thereby clarifying the differences
between them. These existing solutions have been developed focusing on the strengthening
of reinforced concrete beams, which allows the omission of some terms.
The paper gives also new derived solutions for calculating the interfacial stresses in beams
with bonded thin plate irrespective of beam cross-section or material properties. These solutions are derived based upon equilibrium and deformation compatibility, see Figure 7. Specific interfacial stress expressions are given for three different and important load cases. All
the solutions are only valid in the elastic phase.
The key assumption for the newly derived solutions is that the adhesive layer is subjected to
shear stresses that are constant across the thickness of the adhesive layer. This assumption
is only valid in calculation of the interfacial shear stresses, not for the calculation of peeling
stresses. The adhesive layer will deform under normal stresses in the thickness-wise direction, so the vertical displacements at the bottom of adherent 1 and the top of adherent two
will differ.

Figure 7: Differential segment of a soffit-plated beam [20].
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Sebastian [31] has studied steel beams with I-cross-section reinforced with CFRP. The study
comprises derivation of analytical models for shear-bond stresses in the elastic-plastic region. The models depend on two different parameters. Due to the vertically asymmetric Isection, which wills results when the FRP is bonded to the tension flange, one of the two
parameters is to locate the neutral axis. The other parameter is to define the extent of plastification of the I-section. There are five different phases of behaviour, see Figure 8, identified
in the elastic-plastic flexure. This because the width of the strengthened beam section is not
constant throughout its height, so the equations of axial and moment equilibrium will change
as plastification progresses from the flanges to the web of the I-beam. Each of these five
phases must be considered individually.

Figure 8: Phases of elastic-plastic behaviour [31].

In contrast to fully elastic flexure, where shear-bond stress is linearly proportional to the
shear force, the shear-bond stresses in the elastic-plastic regime are non-linearly proportional to the shear force. The predicted values of shear-bond stresses and axial strains in
FRP in the adhesive layer from the models are compared with data from laboratory testing
and from a nonlinear FE program.
The model will handle both distributed loads and point loads. For the case when a distributed
load is applied to the I-beam, the algebraic models were found to provide good predictions of
the shear-bond stresses throughout the entire elastic-plastic zone. When point loads were
applied, the algebraic results of shear-bond stress in the elastic-plastic zones were also robust, except for values in the vicinities of the application points of the point loads, where the
algebraic results were found to be up to three times those which develop in practise. The
source of this disparity has been identified and it depends on the assumption that the adhesive is assumed rigid in the mathematical models while the adhesive in the FE analysis and
laboratory test is a non-rigid body.
Lenwari et al. [32] presented a fracture criterion and a method for predicting premature separation of CFRP plates from strengthened steel beams. One possible failure mode in bonded
CFRP is the premature separation of the bonded plates from the steel beam. This failure
mode is unfavourable and greatly reduces the effectiveness of the strengthening scheme. It
was realized that there is a material-induced singularity at the plate end and any stress or
strain criterion may be unsuitable for predicting separation of bonded plates from steel
beams due to fracture occurring at the plate end. The theory assumes elastic behaviour. A
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stress intensity factor is calculated and it is proposed that a fracture will occur when this factor is equal to a critical stress intensity factor.
The debond/separation loads of steel beams with different CFRP length were measured and
compared with those predicted from the criterion. Good agreement between the test results
and the prediction was found.
Deng et al. [33] presented an analytical solution to calculate the interfacial stresses in a reinforced steel beam under mechanical as well as thermal loads. They have also given a numerical solution for the case when the CFRP plates have been fitted with tapered ends. Both
solutions have been validated with FE analysis and they found good agreement between
analytical and numerical solutions and the FE analysis.
In the analytical and numerical studies, Deng et al. have assumed that all materials are linearly elastic. The shear and the normal stresses in the adhesive layer do not vary through the
thickness of the adhesive. Shear deformations in the CFRP plate and steel beam are neglected. Bending deformations of the adhesive are neglected. In calculating the interfacial
shear stress, bending of the CFRP plate is ignored. The beam is simply supported and shallow, hence St. Venant theory is used.
The large differences between the coefficients of thermal expansion for CFRP plates and
steel will develop substantial shear and peeling stresses near the end of the CFRP when the
temperature increases. This effect is included in their analytical solution.
Deng et al. have also seen that it is possible to reduce the high stress concentrations as occur at the free ends of the bonded CFRP by about 30% for the maximum shear stresses and
about 50% for the maximum peeling stresses when using tapered ends of the CFRP plate.
These reductions in stresses are dependent on the length and thickness of the taper, but
there is no further change in stress when the length of the taper is increased beyond 500
mm. Figure 9 and Figure 10 plot the normalised stresses at the tapered end of the plate versus the length of the taper for different tapered end thickness. They show the effect of using
a thin tapered end and a long taper.

Figure 9: Comparison of shear stress ratio for different a and tend [33].
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Figure 10: Comparison of normal stress ratio for different a and tend [33].

They have performed a parametric study which showed that the maximum shear and normal
stresses decrease as the thickness of the adhesives increases, the shear modulus of adhesive decreases or the thickness of the CFRP plate decreases. The maximum shear stress
will be reduced when the elastic modulus of the CFRP plate reduces, but this has only a
small effect on the normal stresses.
Cotton et al. [34] have conducted laboratory tests and analytical solutions, valid in the elastic
region, on steel beams reinforced with a rib of methacrylate resin. The specimens were
loaded to failure and the interfacial shear stress was recorded.
They have stated three different failure modes (Figure 11). The first failure mode (B) is due to
the highest peeling stresses which occur near the edges of the adhesive, the second one (C)
is the highest tensile forces leading to cohesive failure at the bottom edge. The third failure
mode (D) is due to the highest shear stresses along the interface that cause delamination
along the bond line. They make an approximation that the shear stress is constant along the
length of the bond line.
Five similar test specimens were fabricated and tested and all five specimens failed according to failure mode three, which implies delamination. It was not determined if the failure was
due to peeling stresses or shear stresses. The bond shear strength was not exceeded before
the onset of substrate yield in all samples, but the samples delaminated only slightly above
the yield load. The deformation of the samples was relatively small.

Figure 11: The modes of failure for flexural test [34].

Cotton et al. have also made an FE analysis of the tested specimens and the results agreed
with the general magnitude of stress in the analytical model, but with deviations near the
ends. Figure 12 illustrates their results of the shear stress from the FE analysis, and these
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results are compared with their assumption of constant shear stress along the specimens,
which is indicated by a dashed line in the Figure 12.
The result of this study is an analytical solution to generate realistic interfacial shear stress
measurements in a three-point flexural test. Their reasoning is that while other mechanisms
may ultimately lead to failure, at least minimum shear is determinant.

Figure 12: A comparison between the results from FE analysis (solid line) and the assumption of constant shear stress along the test specimens (dashed line) [34].

In the following, a generalised closed form solution according to [22] will be described more
in detail. It was initially developed during the preparation of CIRIA Report 645 [21].
The analysis allows the distribution of shear stress (τa) and the peeling stress (σa) along the
adhesive joint to be determined. The position along the beam is described by the coordinate
‘x’, measured from the geometric discontinuity which shall be assessed. Figure 13 shows
possible geometric discontinuities leading to adhesive stress concentration and illustrates the
begin of counting the coordinate ‘x’.

Figure 13: Geometric discontinuities leading to adhesive stress
concentrations as defined in [22].
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The following assumptions were made in the derivation of the analysis:
1. The strengthening plate and adhesive layer are of uniform thickness which means
that taper can not be considered.
2. All the structural materials behave in a linear-elastic manner (in reality, the adhesive
will be non-linear).
3. The effects of the longitudinal stress in the adhesive are negligible.
4. The adhesive layer is long enough for its ends not to interact with one another.
5. The adhesive layer is continuously bonded to the beam and plate.
The geometric and material properties of the strengthened beam are defined in Figure 14. E
and G are the Young’s modulus and shear modulus, A is the cross-sectional area, I is the
second moment of area, and α is the coefficient of thermal expansion. The subscripts ‘b’, ‘p’,
and ‘a’ refer to the beam, plate and adhesive respectively.

Figure 14: Geometry and material properties of the bonded plate and beam, and equilibrium conditions between the plate, beam and adhesive joint as defined in [22].

The analysis of the strengthened beam section derived by Cadei et al. [22] determines the
shear stress (τa) and the peel stress (σa) acting along the adhesive joint, by examining compatibility requirements along the adhesive interface in the longitudinal direction (shear deformation) and the through thickness direction (peel of the adhesive joint).
The beam and/or plate will typically be under load at the time when the adhesive joint is
formed, and it is important to consider the effect of these pre-strains. The compatibility conditions are written in terms of the lack-of-fit strains due to changes in the external loading since
the adhesive set.
The following relationships, equilibriums and compatibilities are taken from the appendix in
[22].
Equilibrium and constitutive relationships in the beam and plate
The loading applied since the adhesive set is described by the change in stress resultants
(ΔNb, ΔMb) in the beam and (ΔNp, ΔMp) in the plate. The change in temperatures in the beam
and plate since the adhesive set are ΔTb and ΔTp. Denoting the conditions at the time that
the adhesive set as ‘0’, and the conditions at the current time at ‘t’:

ΔNb = Nbt − Nb 0 , ΔMb = Mbt − Mb 0 , ΔTb = Tbt − Tb 0

(1)

ΔN p = N pt − N p 0 , ΔM p = M pt − M p 0 , ΔTp = Tpt − Tp 0

(2)
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These changes in the stress resultants result in a lack-of-fit in the strain along the adhesive
interface. At the interface between the beam and adhesive, the lack-of-fit strain (Δε) and curvature (Δψ) are:

Δε ba =

ΔNb ΔMb y b
ΔMb
−
+ α b ΔTb , Δψ b =
Eb Ab
Eb I b
E b Ib

(3)

and at the plate-adhesive interface they are:

Δε pa =

ΔN p
E p Ap

−

ΔM p y p
E pI p

+ α p ΔTp , Δψ p =

ΔM p

(4)

E pI p

Load is transferred across the adhesive joint by the stresses (τa, σa), giving stress resultants
in the plate of (Np, Mp, Vp), acting at the plate’s centroid. As shown in Figure 14, these are
resisted by stress resultants of (Nb, Mb) at the centroid of the beam:

Nb = −N p , Mb = N p ⋅ z − M p

(5)

where ‘z’ is the lever arm between the centroids of the plate and the beam:

z = y p + ta + y b

(6)

Constitutive relationships allow the strain (ε) and the curvatures (ψ) in the beam and the plate
to be expressed in terms of the plate stress resultants. In the plate:

εp =

Np
E p Ap

, ψp =

Mp

(7)

E pI p

In the beam (using (5)):

εb =

Np
N ⋅ z − Mp
Nb
M
, ψb = b = p
=−
Eb Ab
Eb Ab
E bIb
EbIb

(8)

Equilibrium and constitutive relationships across the adhesive joint
The mean shear stress τa and peel stress σa acting across the adhesive joint are assumed to
act about the mid-plane of the adhesive layer. By considering equilibrium of a short length of
the plate (Figure 14):

•

τa =

Equilibrium in the x direction gives the shear stress:

1 dN p
ba dx

•

Vp = −

For rotational equilibrium (about the top-centre of the plate element):

dM p
dx

(9)

+ yp

dN p
dx

=−

dM p*
dx

where Mp* is the transformed moment about the plate-adhesive interface,

(10)
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M p* = M p − y p ⋅ N p

•

σa =

(11)

Equilibrium in the y direction gives the peel stress:

2
*
1 dVp
1 d Mp
=−
ba dx
ba dx 2

(12)

The constitutive response of the adhesive is described by:

γa =

τa
Ga

=

σ
1 dN p
, εa = a
Ea
baGa dx

(13)

Shear compatibility of adhesive layer
Shear compatibility is examined to determine the shear stress across the adhesive interface.
The longitudinal displacements at the beam-adhesive (uba) and plate-adhesive (upa) interfaces can be expressed in terms of the horizontal and vertical displacements at the centroids
of the beam (ub, vb) and the plate (up, vp):

dv
⎛
⎞
dv
⎛
⎞
u pa = ⎜ u p + p y b ⎟ + Δu pa , uba = ⎜ ub + b y b ⎟ + Δuba
dx
dx
⎝
⎠
⎝
⎠

(14)

Δuba and Δupa are the lack-of-fit displacements associated with the change in load since the
adhesive set (see (Eq. 1) and (Eq. 2)).
Differentiating these equations wit respect to x gives the corresponding strains at the adhesive interfaces. Writing ψ = d2v/dx2 for the curvatures gives:

ε pa = ( ε p − ψ p y p ) + Δε pa , ε ba = ( ε b − ψ b y b ) + Δε ba

(15)

Assuming that the displacement field varies linearly through the adhesive layer, the average
shear strain in the adhesive layer is given by:

γa =

∂ u ∂v u pa − uba 1 ⎛ dv p dv b ⎞
+
=
+ ⎜
−
⎟
ta
dx ⎠
∂y ∂x
2 ⎝ dx

(16)

Differentiating with respect to x and substituting in the longitudinal strains gives:

ta

t ⎞
⎛
dγ a
t ⎞
⎛
= ε p − ε b + ψ p ⎜ y p + p ⎟ − ψ b ⎜ y b + a ⎟ + Δε pb
dx
2⎠
2⎠
⎝
⎝

(17)

Δε pb is the lack-of-fit in strain across the adhesive layer, which would occur if the adhesive
joint was released, due to the loads applied since the adhesive joint set:

Δε pb = Δε pa − Δε ba

(18)

Substituting for the strains using the constitutive relationships (Eq. 7), (Eq. 8) and (Eq. 13)
gives the compatibility equation for shear strain across the adhesive interface:
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ta ⎞
⎛
⎜ y b + 2 ⎟ + Δε pb
⎝
⎠

(19)

The unknown variables Np and MP are coupled. To simplify the solution, the difference between the beam and plate curvatures is assumed negligible for the purposes of determining
Np:

ψp =

Mp
E pI p

=

Np z − M p
Eb I b

=ψb

(20)

Mp can now be eliminated from (19), giving the governing equation for Np:

−f1

d 2N p
dx 2

+ f2N p = −Δε pb

(21)

where:

f1 =

ta
1
1
z2
, f2 =
+
+
Ga ba
E p Ap Eb Ab E pI p + EbIb

(22)

The solution of the governing equation is:

Np = NPS + C1e- λ x

(23)

λ is a measure of the relative flexibility of the beam, plate and adhesive:
λ = f2 / f1

(24)

To determine the particular solution axial force, NPS, a quadratic variation is assumed for the
lack-of fit strain:
Δε pb (x) = Δε 0 + Δε 1x + Δε 2 x 2

(25)

Substituting Δε pb into (Eq. 21) and (Eq. 23) gives:

NPS = −

⎞
f1
1⎛
⎜ 2Δε 2 + Δε pb ( x ) ⎟
f2 ⎝
f2
⎠

(26)

The constant of integration, C1, is determined from the axial force in the plate at position
x = 0, N p = N P
C1 = N p

x =0

x =0

− NPS

from (Eq. 23):

x =0

(27)

The axial force, NPS is now defined, allowing the shear stress in the adhesive to be found
using (Eq. 2.9):
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1 ⎛ dNPS
⎞
− C1λ e − λ x ⎟
⎜
ba ⎝ dx
⎠

(28)

The maximum shear stress occurs at x = 0 (substituting dNPS/dx at x = 0 from (Eq. 26):

τ max =

1
ba

⎛ dN PS
⎜
⎜ dx
⎝

x =0

⎞
⎞
1 ⎛ Δε
− C1λ ⎟⎟ = − ⎜⎜ 1 + C1λ ⎟⎟
ba ⎝ f 2
⎠
⎠

(29)

Through thickness compatibility of adhesive layer

The peel stress is found by examining the through-thickness strain in the adhesive, which
can be written as the difference in vertical displacement across the adhesive join:

εa =

v − v b Δv p − Δv b
∂u
= p
+
∂y
ta
ta

(30)

Substituting for the strain from (Eq. 13) and differentiating twice with respect to x:
ta d 2σ a
= ψ p − ψ b + Δψ pb
Ea dx 2

(31)

Δψ pb is the lack-of-fit in curvature across the adhesive interface, which would occur if the
adhesive joint was released:
Δψ pb = Δψ p − Δψ b

(32)

Substituting for the curvatures using (Eq. 3), (Eq. 4), (Eq.7) and (Eq. 8) gives the compatibility equation for peel, in terms of the plate moment Mp* and axial force, NP (as found above):

a1

d 4 M p*
dx 4

+ a2M p* = a3NP − Δψ pb

(33)

The coefficients are:

a1 =

z − yp
yp
ta
1
1
+
, a2 =
, a3 =
−
E a ba
E p I p Eb I b
Eb I b
EpI p

(34)

The solution of this equation is:
*
M p* = M PS
+ C2 e − β x cos ( β x ) + C3 e − β x sin ( β x )

⎛ a2 ⎞
⎟
⎝ 4a1 ⎠

(35)

0.25

where β = ⎜

(36)

Assume that the lack-of-fit curvature can be written as a quadratic function:
Δψ pb ( x ) = Δψ 0 + Δψ 1x + Δψ 2 x 2

(37)
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The particular solution moment is found by substituting Δψpb into (Eq. 33) and (Eq. 35):
*
MPS
=−

a
a3C1
1
e−λ x
Δψ ( x ) + 3 NPS ( x ) +
a2
a2
a1λ 4 + a2

(38)

The constants of integration C2 and C3 are found from the plate boundary conditions at x = 0,
where the bending moment and shear force are known:
M p*

x =0

= Mp

x =0

− y pNp

x =0

, Vp

x =0

=−

dM p
dx

(39)
x =0

Applying the moment boundary condition to (Eq. 35) gives C2:
C2 = M p*

x =0

{

C2 = M p

*
− MPS

x =0

− y pNp

x =0

⎧

x =0

} + ⎪⎨⎪⎩ Δaψ

0

2

+

⎞
a3C1 ⎪⎫
a3 ⎛
f1
⎬
⎜ 2 Δε 2 + Δε 0 ⎟ −
4
a2f2 ⎝
f2
⎠ a1λ + a2 ⎪⎭

(40)

Applying the shear boundary condition to the first differential of (Eq. 35) gives C3:
C3 = −

1 ⎧⎪
⎨V
β ⎪⎩ p

x =0

+

*
dMPS
dx

x =0

⎫⎪
1⎧
− β C2 ⎬ = − ⎨Vp
β⎩
⎪⎭

x =0

−

Δψ 1 a3 Δε 1 ⎫
−
⎬ + C2
a2
a2f2 ⎭

(41)

The peel stress is found by substituting the differentials of (Eq. 35) and (Eq. 38) into (Eq. 12):

σa =

1
ba

⎪⎧ 2
⎨
⎩⎪ a2

⎛
a3 Δε 2 ⎞
a3C1λ 2 − λ x
⎪⎫
ψ
e − 2β 2e − β x (C2 sin ( β x ) − C3 cos ( β x ) ) ⎬ (42)
Δ
+
−
⎜
⎟
2
4
f2 ⎠ a1λ + a2
⎝
⎭⎪

The maximum value of the peel stress at x = 0, where:

σ max =

1
ba

⎧⎪ 2
⎨
⎩⎪ a2

⎫⎪
⎛
a3 Δε 2 ⎞
a3C1λ 2
ψ
Δ
+
−
− 2β 2C3 ⎬
⎜
⎟
2
4
f2 ⎠ a1λ + a2
⎝
⎭⎪

(43)

Nomenclature

The above used variables and constants are summarised in the following Table 4.
Table 4: Nomenclature of closed from solution acc. to [22]

Coefficient

Description

Coefficient

Description

a1, a2, a3

Coefficients of peel governing Ea
equation

Young’s modulus of adhesive

Ab, Ap

Cross-sectional
plate)

Young’s modulus of beam and
plate

ba

Width of adhesive layer

area

(beam, Eb, Ep
f1, f2

Coefficients of shear governing equation
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Description

C1

Constant
shear

C2, C3

Constant of integration for peel

Mb, Mp

Bending moment (beam, plate) x

Position along plate from the
start of the adhesive layer

Mb0, Mp0

bending moment at the time yb, yp
the adhesive sets (beam, plate)

Distance from the adhesive
interface to the beam / plate

Mbt, Mpt

bending moment at the current z
time (beam, plate)

Lever arm between centroid of
beam and centroid of plate

Mp*

Transformed plate bending αb, αp
moment about the plateadhesive interface

Coefficient of thermal expansion (beam, plate)

MPS*

Particular solution for Mp*

Parameter in solution for Mp

ΔMb, ΔMp

Change in bending moment γa
since the time the adhesive set
(beam, plate)

Average shear strain in adhesive layer

Nb, Np

Axial force (beam, plate)

εa

Average peel strain in adhesive layer

Nb0, Np0

Axial force at the time the ad- εb, εp
hesive sets (beam, plate)

strain at centroid of beam /
plate

Nbt, Npt

Axial force at current time εba, εpa
(beam, plate)

strain at interface between
adhesive layer and the beam /
plate

NPS

Particular solution for Np

ΔNb, ΔNp

Change in axial force since the
time the adhesive set (beam,
plate)

ta

Thickness of adhesive layer

Tb, Tp

Current temperature at the adhesive interface (beam, plate)

Tb0, Tp0

temperature at the interface at Δε0…Δε2
the time the adhesive sets
(beam, plate)

Coefficients of quadratic representation of Δεpb

Tbt, Tpt

temperature at the interface at λ

Parameter in solution for Np

Ib, Ip

β

Shear modulus of adhesive
layer
Second moment
(beam, plate)

of

area

Δεba, Δεpa

Lack-of-fit strain due to
change in external loading
since setting of adhesive, at
interface between adhesive
and beam / plate

Δεpb

lack-of-fit strain across the
adhesive layer, due to change
in external loading since setting of adhesive
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Description

current time (beam, plate)
ΔTb, ΔTp

Change in temperature at ad- σa
hesive interface since the time
the adhesive sets (beam, plate)

Through-thickness
/
peel
stress at the mid plane of the
adhesive layer

ub, up

Longitudinal displacement at τa
the centroid of the beam / plate

Shear stress at the mid plane
of the adhesive layer

uba, upa

Longitudinal displacement at ψb, ψp
the adhesive interface with
beam / plate

Curvature (beam, plate)

Δuba, Δupa

longitudinal displacement due Δψb, Δψp
to change in external loading at
adhesive interface with beam /
plate

Lack-of-fit curvature due to
change in external loading
since setting of adhesive
(beam, plate)

vb, vp

Vertical displacement (beam, Δψpb
plate)

Vp

Shear force in the plate

lack-of-fit curvature across
adhesive layer due to change
in external loading since setting of adhesive

Δvb, Δvp

Vertical displacement due to Δψ0...Δψ2
change in external loading
(beam, plate)

Coefficients of quadratic representation of Δψpb

A number of characteristic load cases, as uniform temperature rise, release of plate prestress after curing of the adhesive, the formation of a crack in the beam, and a prising or
clamping force applied to the end of the plate, are investigated in [22] to illustrate the use of
the elastic bond analysis. In all cases significant peel stresses arise at the end of the plate.
Hence the end of the plate should be located in a region of low beam stress and where necessary pre-stressed bolts or other supplementary elements should be provided to reduce the
tensile peel stresses.
The bond analysis acc. to [22] is a very useful design tool, as it allows the stress concentrations at the end of a plate, or at other discontinuities in the adhesive layer, to be investigated.

3.4 Numerical investigations on complex effects in bonded FRP
strengthening
Until now for some complex effects no closed form solutions are available, e.g. for the use of
a taper at the ends of the adherents. In these cases often studies can be found where numerical (FE) methods were used to investigate complex effects. The outcome of these studies is summarised in the following.
Effects of taper at the ends of an adherent
In principal the bond analysis presented in [22] is also applicable in cases of more complex
geometry. Of course the closed form solution given in chapter 3.3 applies only to a uniform
plate and uniform adhesive thickness, but the governing differential equations given this section are also valid for a tapered plate. For such an application it has to be noted, that the coefficients of the differential equations vary in x as well as the unknown functions Np, Mp, and
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the known loading terms Δεpb, Δψpb. For that Cadei et al. propose to use a numerical solution
method to solve the equations also for a tapered plate. “For example, the differential equations can be discretised using a finite difference or finite element approach.”
Influence of reinforcement parameters
Colombi et al. [35] presented a paper with the goal to illustrate the influence of reinforcement
parameters such as the composite strip stiffness, the pre-stress level, the adhesive layer
thickness and the size of the debonded region on the effectiveness of the composite patch
reinforcement bonded to a fatigue damaged steel member. They used a Finite-ElementMethod (FEM) implemented in the computer program ABAQUS. Their models were verified
with the test results on reinforced steel members damaged by fatigue carried out by Bassetti
[60]. Their conclusions can be summarised as follows:

•

The pre-stress level of patches has a negligible influence on the growth of short
cracks which are outside of the strip area or at the edge of the reinforcement.

•

For long cracks the pre-stress level is the dominating influence parameter. The higher
the pre-stress level the lower is the stress intensity factor at the crack tip and therefore the lower is the crack growth.

•

The Young’s Modulus of the patch in the direction of the fibre has also an influence
on the effectiveness of the composite patch. The higher the Young’s Modulus the
lower is the stress intensity factor.

•

The debonded region around a crack was assumed as half-elliptically with a width c
and a length b. The lower the ratio c/b, the lower is the stress intensity factor.

•

Investigating the influence of the thickness of adhesive layer Colombi et al. found that
the thicker the layer, the more ineffective is the composite patch.

•

The influence of the thickness of the patch is that the thicker the patch is, the lower is
the stress intensity factor at the crack tip and therefore the slower is the crack growth.

In other paper [36] the same authors presented additional results of their numerical investigations. It was stated that the debond zone between adhesive layer and steel plate is well approximated by an ellipse with an aspect ratio c/b of 1/5. The delamination front is supposed
to be ahead of the crack tip at a distance equal to the plastic zone in the steel. This statement was verified by measurements on the displacement field on test specimen surface by
Optical Speckle Interferometry and numerical calculations. Their investigation of the influence parameters on the size of the debonded region highlighted the following:
•

The thicker the adhesive layer, the larger is the debond area.

•

The higher the ratio c/b, the smaller is the debond area.

•

The higher the pre-stress level, the smaller is the debond area.

•

The Young’s Modulus of the composite has only a small influence on the debond
area. The higher the Young’s Modulus, the smaller is the debond area.

•

The thickness of the composite has no influence on the size of the debond area.

Deng et al. [33] carried out a FE analysis using also the software package ABAQUS to validate their analytical results on strengthened steel beams. Additionally they showed in a parametric study how the maximum stresses at the ends of a composite patch have been influenced by the dimensions and the material properties of the adhesive and the adherents.
They presented the following conclusions:
•

High stress concentrations occur at the free ends of adhesively bonded plates. The
tapers, however, reduce the maximum shear stresses by about 30% and the maxi-
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mum normal (peel) stresses by about 50%; hence the taper is very beneficial for
avoiding debonding of the CFRP plates from the steel beams.
•

The maximum shear and peeling stresses decrease as the thickness of the adhesive
increases, the shear modulus of the adhesive decreases or the thickness of the
CFRP plate decreases.

•

The decrease in the elastic modulus of the CFRP plate reduces the maximum shear
stress, but has a little influence on the peeling stress.

•

The size of a taper at the end of a composite plate shows the following influence on
the maximum stresses: the smaller the thickness of a patch at the end of the taper
(edge of the patch) and the longer the length of a taper the lower are the maximum
peel and shear stress.

3.5 Design rules
The CIRIA C595 [21] gives a comprehensive best practice guideline on the design, selection,
detailing, installation and subsequent maintenance of metallic structures with externally
bonded FRP. Additionally, it gives advice on the most appropriate methods and discussions
of the advantages and disadvantages of each method.
Proposed design guidelines for strengthening steel-concrete composite beams strengthened
with high modulus CFRP are given in Schnerch et al. [38]. The article comprises both an
installation guideline and a design guideline. The installation guidelines include preparation
of CFRP plate and steel surface and application methods for the adhesive and installation of
the plate. The design guidelines contain design for flexure and design for bond. The design
for flexure discusses the design philosophy and design procedure. According to [88] shall the
design be on an allowable increase of the live load level and three conditions should be satisfied. First, the combined effect of the dead load and the increased live load should not exceed 60% of the increased yield strength of the strengthened beam. Secondly, the factored
load acting on the girder should not exceed the ultimate capacity of the strengthened member. The third condition implies that the total increased service load acting on the structure
should not exceed the ultimate capacity of the unstrengthened beam. The three conditions
are shown in Figure 15 with respect to the typical load-deflection behaviour of a strengthened
beam.

Figure 15: Conditions for calculation of the allowable live load for a steel-concrete composite beam
strengthened with high modulus CFRP [88].
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In the design for bond an analytical procedure was developed for determining bond stresses
for a beam strengthened with externally bonded CFRP plate. The maximum principle stress
in the joint can be determined and compared to the characteristic strength of the adhesive
system. A characteristic strength σc of the adhesive system can be calculated as,

σ

2

⎛σ ⎞
σc = + ⎜ ⎟ + τ 2
2
⎝2⎠

(44)

Where σ is the maximum peeling stress and τ is the corresponding maximum shear stress.
Safety factors have been proposed for the joining of FRP materials that take into account the
uncertainties in preparing an adhesive joint as well as the changes in material properties
over time. Expression and reference are given fro calculation of the interfacial stresses and
once the shear and peeling stresses are known, the principle stress, which will typical occur
near the end of the joint, can be calculated using Eq. 44. To ensure that the capacity of the
bonded joint is adequate, the maximum principle stress in the joint should not exceed the
characteristic strength of the bonding system including appropriate safety factors.
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4 Durability
4.1 General
Bonded CFRP plates become more and more important in the sustainability of old buildings
and bridges. In the last years a lot of laboratory and field tests have been done to analyse
and optimise this modern reinforcement system. In addition to the traditional repair and
strengthening methods, such as replacement or reinforcement via additional steel members,
this system consequently has become part of the applied rehabilitation methods in many
countries. Beside the research of the mechanical properties of such advanced strengthening
systems, a focus should be set on its durability. In particular polymers, as they are known to
be susceptible to ageing.
Concerning the long-term performance of FRP repair- and strengthening systems environmental influences play a very important role. Extreme temperatures, humidity, aggressive
exposure (like road-salts, etc.), UV-radiation and their combinations can extremely shorten
the lifetime of each component. The following chapter gives a summary of given standards to
carry out ageing tests.
Deliverable D6.2.4 Appendix B reports more in detail on a corrosion fatigue test, which has
been carried out by RWTH Aachen within the Sustainable Bridges Project.

4.2 Standard tests for accelerated ageing
At the beginning of an accelerated ageing program attention should be focused on the determination of critical degradation mechanisms. Subsequently a testing procedure with one
or more environmental degradation factors can be chosen. For CFRP strengthened steelmembers four different environment conditions are essential in terms of deterioration:
1. High relative air humidity,
2. Aggressive exposure (e.g. saltwater),
3. UV-radiation,
4. Elevated and reduced temperature.
For each exposure, the influence on every material component is different. Polymers such as
epoxies e.g. age faster under elevated temperature and UV-radiation than steel, which on
the other hand is very sensitive to aggressive environments such as salt-water. Alternating
temperature can also accelerate the progress of ageing especially on composites with different coefficients of thermal expansion.
To accelerate the ageing process of materials, different test methods have been developed
in the last years. The most important tests include the salt fog test, condensation test and
corrosion tests in condensation climates. These tests can be carried out individually or combined. After the ageing process, the residual ultimate strength of the specimens is tested and
compared to the results of unaged reference specimens.
A selection of relevant German as well as international standards is given below:
Continuous condensation testing according to DIN EN ISO 6270:2005 [40]:
This standard regulates a testing procedure which produces a continuous condensation on
the specimen at a temperature of 40°C. Therefore demineralised water is loaded into the test
chamber and heated there continuously until the atmospheric humidity has reached approximately 100%. Periods of condensation can alternate with periods of ventilation or cooling, respectively.
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Salt fog test according to DIN 50021 [41]:
According to this standard, a salt solution is sprayed within the chamber heated to 35°C or
50°C, respectively. By adding acetic acid and copper chloride, the almost neutral NaCl test
solution can be transformed into an acidic solution. The fine salt fog condenses on the
specimen and causes corrosion of the material. The acidic test solution accelerates the reaction.
Corrosion fatigue test e.g. VDA 621-415 and PV-VW 1200 [42]:
Different producers, associations and institutions, like the German Association of the Automotive Industry (VDA), have developed test standards, which combine periods of condensation climate, salt spray, drying or ventilation. This approach is used for an even better simulation of actual environmental corrosive factors (as indicated in DIN standard 50021). In Figure
16 and Figure 17 two typical test procedures are presented which are used, among others, to
test the durability of epoxy based adhesive joints.
T [°C]
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60

SaltFog

condensation
climate

SaltFog

SaltFog

40
20
0
-20 0

t [h]

-40

Figure 16: Corrosion-Fatigue-Test acc. VDA 621-415 [92].

+ 80
°C
+ 20

-40

7d
7d Climate Changing
PV-VW 1200
1h
4h
2h
4h
1h

Heating-up
80°C / 80% a.h.
Cooling-down
–40°C
Heating up to RT

7d

7d

7d

21d corrosion exposure
• condensation-water atmospheres acc. DIN EN ISO 6270:2005
• Salt fog test two times per week acc. DIN 50021 (35 °C) 3,5h each

12h-cycle (14 repetitions)

Figure 17: Corrosion-Fatigue-Test acc. PV-VW 1200 [92].

Corrosion fatigue test in combination with UV-radiation:
Another possibility to test the durability of polymer composites is a combined testing program
of standardised corrosion fatigue and UV-radiation tests. Such a testing procedure can be
found in [43], where Pack used a combination of several American ageing standards as the
ASTM D2247 [44], the ASTM D3045 [45] and the ASTM D1141 [46] and combined it with the
American Standard Practice for operation light-exposure ASTM G23 [47]. Figure 18 shows
the used freeze/thaw cycle as used by Pack. This method is particularly suitable for the verification of polymer materials which are used under direct solar radiation without UVprotection.
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Figure 18: Typical Freeze/Thaw Cycle for Flexural Specimens [43].

Accurate method:
All the methods mentioned above just allow a relative comparison of different specimens
tested under the same conditions. This means that direct correlations between these test
results and the real behaviour can only be drawn with a lot of experience. In most cases no
general equation to calculate the real durability exists.

To make a direct correlation between the durability under real and laboratory conditions, two
further methods are possible. One is the simulation of the real seasonal changes of the environment in an accelerated manner. Myers et al. report in [48] on an ageing program with alternating cycles of freeze/thaw, extreme temperatures and relative humidity (cp. Figure 19).
These cycles were selected to simulate the seasonal changes in an environment similar to
the climate in continental Europe or Midwest USA. A correlation can be given directly according to the chosen acceleration factor.

Figure 19: Representative of one exposure cycle [48].

Another way to calculate the ageing of a material in a general way is to analyse separately
the different possible degradation mechanisms and environmental factors. Ageing may be
broadly categorized by three primary mechanisms: chemical, physical and mechanical. The
interaction, if any, between these three areas is dependent on two variables: material characteristics and ageing environments. By testing the influence of each single environment on the
distinct mechanisms separately, a more precise correlation between test-results and reality
can be determined. A general degradation function can then be made by applying the principle of superposition, in which different analytical approaches (dependent on the influences
which have to be superposed) have to be used.
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This makes the determination of the durability of a complex system, with different composites, under various environmental influences exceedingly difficult.
For most polymeric materials, the quantitative impact of temperature on mechanical properties is embodied in the time-temperature superposition principle (TTSP). The TTSP, illustrated graphically in Figure 20, indicates that the compliance curves at different temperatures
are related to one another by a simple shift on the log time scale. This result implies that the
relaxation times for a material, which represent the ease of motion of different segments of
the polymer chain, are all scaled by temperature in an identical manner. The relaxation times
for a given material are short at high temperatures, long at low temperatures, and can be
calculated relative to those at a reference temperature by a simple temperature shift factor aT
(acc. to the Arrhenious Equation and WLF-equation, respectively). Further information can
be found in the literature, such as [49].

Figure 20: Illustration of time-temperature superposition for isothermal creep compliance curves where
tR and TR are the reference time and temperature respectively [49].

The larger the difference between real and testing (reference) temperature, the faster the
ageing effect during the test. In this process, the maximum possible testing temperature is
governed by the maximum allowed operating temperature of each composite member. In
case of composite materials with different coefficients of thermal expansion high temperature
may change the degradation mechanism from a chemical into a mechanical one, which limits
again the maximum testing temperature and thus the time acceleration factor.
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5 Laboratory experience
5.1 General
The following chapters include a summary of the results obtained from laboratory tests conducted on structural elements subjected to axial tensile or compressive loads, elements subjected to bending, shear and/or a combination of these. Both pre-stressed and non-prestressed strengthening schemes have been considered.
Of interest within this area is choice of the strengthening materials, both FRP and adhesive,
which are suitable for strengthening and increase of stiffness. In addition, expected failure
modes and mechanisms for strengthened beams are of importance. In structural design of
this kind of structures, the parameters that affect the degree of strengthening/upgrading
achieved by the technique are also of great significance.

5.2 Strengthening for increased stiffness and/or load-carrying capacity
In this part of the present report, the laboratory tests that are made on structural steel elements strengthened with bonded with CFRP are reviewed. Here, steel structures comprise
also composite steel beams with concrete slabs, acting compositely with the steel beam.
A feasibility, overloading and fatigue studies were done by Dawood et al. [87]. The feasibility
study comprises studies of the load-deflection behaviour of steel-concrete composite beams
strengthened with CFRP plates. Three beams with different amount of CFRP bonded to the
tension flange were tested, and one of these beams had a prestressed CFRP plate. The
failure mode for all three beams were rupture of the CFRP plates. Figure 21 shows the load
behaviour of the three tested specimens. After rupture of the CFRP plate the behaviour the
beams followed a similar behaviour like that obtained from an unstrengthened steel-concrete
composite beam.

Figure 21: Load-deflection behaviour of the three beams tested in the feasibility study [87].

The results show that an increase in the elastic stiffness and the ultimate capacity was obtained by strengthening steel-concrete composite beams with bonded CFRP plates. The
maximum increases in stiffness and strength were 36% and 45%, respectively.
In the overloading study was performed to investigate the behaviour under simulated overloading conditions. Three steel-concrete composite beams were tested, of which two were
provided with CFRP plates bonded to the tension flange. The third beam was unstrengthened and acted as a control beam. Typical load-deflection behaviour for an unstrengthened
and strengthened beam is show in Figure 22a and b, respectively.
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Figure 22: Typical load-deflection behaviour of beams tested under overloading conditions [87].

After yielding the strengthened beams continued to exhibit minimal residual deflection up to
rupture of the CFRP plate. The presence of the CFRP plate also helped to reduce the stress
in the tension flange and thereby increasing the yield load of the strengthened beams. The
elastic stiffness, yield load and ultimate capacity of the tested beams, with the highest reinforcement ratio, were increased by 46%, 85% and 61% respectively.
Also three steel-concrete composite beams were tested in the fatigue study. Where one of
them was left unreinforced and the other two were strengthened with same amount of CFRP
but different bonding techniques were used. All three beams survived a three million-cycle
fatigue loading course without exhibiting any indication of failure. Also, all three beams exhibited a minimal degradation of the elastic stiffness of less than 5A% throughout the three million fatigue cycles. Both of the strengthened beams exhibited superior performance with an
increase of only 10% in the measured mean deflection. At the completion of the fatigue program, all three beams were loaded monotonically to failure. The results were similar to the
results from the previous to tests of the experimental program which indicates that the applied fatigue cycles did not have a significant effect on the behaviour of the beams.
Mertz et al. [50] have performed a project to demonstrate the positive affect of using advanced composite materials in the rehabilitation of deteriorated steel bridge members. The
project was carried out in two steps, where the first step concerned repair and testing of
scale girders, which were chosen as a lower bound on the type of members that can be
found in use of bridges. The design of the reinforcement was developed to improve the flexural characteristics of the steel girders and each specimen was tested in the elastic range of
the steel to determine the effect on the stiffness achieved by bonding the composite reinforcement. Four different reinforcement schemes were developed, but only that scheme concerning composite plate attached to the lower face of the bottom flange is described in the
text below.
The reinforced girders had a total length of 1524 mm with an attached composite reinforcement over the central 1219 mm of each test specimens. The reinforced girders were then
tested in a four point bending with the applied loads 203 mm apart symmetric about the centre of the girder, and the load was applied in four cycles. The test results showed that an increase in stiffness was obtained, but that this increase degraded over the four load cycles,
which indicate failure in the bonding between the CFRP and the steel. Finite element analysis was conducted and the provided results concerning the increase in stiffness closely
matched the result from the laboratory test.

Sustainable Bridges

TIP3-CT-2003-001653

2006-10-04 34 (76)
Rev. YYYY-MM-DD

A strength test was also performed with the same type of test setup as describe above. The
tested specimens were modified in this strength test by attaching a steel plate to the compression flange to prevent lateral torsional failure of the girder. The results were monitored in
two steps, where the first step takes place when the tension flange started to yield and the
second step occurred when the girder failed. The observed increase in strength at yield point
was about 42% and after further loading the specimens failed due to debonding of the cover
plate. Note that no tapering or anchoring of the ends of the plate was conducted to optimize
the reinforced specimens in their ultimate capacity.
Four bridge girders were then subjected to a full-scale test program. The four steel girders
were taken from a bridge and were about 6.4 m long with a depth of 610 mm and a flange
width of 229 mm. The beams were replaced from the bridge due to their extensive deterioration and the corrosion was fairly uniform along the length of the beam with majority of loss in
the tension flange and web. Before any rehabilitation of the girder was done, an experimental
determination of the stiffness loss due to corrosion was performed, which showed that the
loss of global stiffness were in the range of 20% to 32%.
Rehabilitation was then performed on two beams with a single layer of CFRP plates attached
to the inner and outer faces of the tension flanges and was then retested. The corrosion on
girder 1 was significantly worse compared with girder 2, but the same amount of composite
materials was used on both girders. The result from these tests show that the elastic stiffness
of the two girders were increased with 34% for girder 1 and 12% for girder 2. The two rehabilitated girders were then statically loaded to failure in three-point bending to quantify the
increase in strength due to the rehabilitation with the bonded CFRP plates. The ultimate
moment capacities of the two girders were increased by 24% and 27% over the predicted
deteriorated capacities. The ultimate strength of both girders was governed by the local
buckling and if this could be prevented, the increase in strength would have been higher. The
predictions based on a FE analysis were in close agreement with the changes in stiffness
determined from the experimentally test.
Notched steel beams have been tested by Liu [8] to simulate corroded steel beams. Preliminary analytical and experimental results indicated that a corroded steel beam could be simulated by using a beam with notches. The test series was carried out on four steel beams
where three beams where provided with notches and two of those were strengthened with
CFRP plates. The bonded CFRP plates had two different lengths, this to study how the interfacial stresses would be affected by the bond length.

Figure 23: Schematic sketch of the test setup [8].

Both of the strengthened steel beams failed due to debonding. For the beam with the longer
CFRP plate the debonding initiated at the location for the notch and then extended to the end
of the bond line. The reason for this was the high concentration of stress at this point due to
changes in geometry.
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For the other strengthened beam the debonding occurred suddenly. The results show that an
increase in stiffness and plastic load can be achieved by bonding CFRP plates to the tension
flange.
An investigation of debonding failure of the CFRP plates from the steel beam was made by
Sebastian [88]. The studied parameters include the number of layer of plates, the locations of
bond defects, and the distances of the ends of the plates from the supports. Seven steel
beams with bonded FRP where fabricated and tested. Debonding failure was found to be a
prevalent failure mode of the tested beams. The obtained increase in stiffness and moment
capacity for the tested specimen with the highest amount of CFRP, were 35% and 32%, respectively.
Al-Saidy et al. [51] have focused on the behaviour of steel composite beams damaged intentionally at their tension flange to simulate environmental deterioration such as corrosion. The
composite beams were then repaired with CFRP plates attached to their tension areas.
There is also a nonlinear analytical procedure developed to predict the behaviour of the
composite section in the elastic, inelastic and ultimate state.
The author noted that it is not sufficient to compare only the values of the moment capacity of
the repaired versus unrepaired section, but it is also important to know the behaviour on the
full range of the elastic and inelastic deformation in order to evaluate the effect of the repair
on the overall behaviour of the section and member.
The assumptions made in the analytical study are that there are small deformations and
plane sections before bending remain plane after bending. Tensile strength of concrete is
neglected and there is a perfect bond between the concrete slab and the steel beam and
between steel and CFRP. The stress and strain relationships for steel, concrete, and CFRP
are known. The steel is approximated as an ideal elastic-plastic material. CFRP is modelled
as a linear material.
In the experimental investigation, six steel beams (see Table 5) were used with dimension
W8x15 (dimension of flange 102x8 and web190x6), and with yield strength 364 MPa, and
tensile strength equal to 496 MPa. A composite concrete slab 812 mm wide and 76 mm
thick, with an average compressive strength of 31 – 34.5 MPa, was used in all beams. The
tests were carried out with two undamaged beams and four beams with different level of
damage in their bottom flange to simulate field corrosion. These beams were then repaired
by adding CFRP to the web above the flange and on the flanges.
Table 5: Description of test specimens [51]
Specimen
type
U
D50
D50R1E29
D50R2E29
D75R1E29

Number of
specimens
2
1
1
1
1

f
(MPa)
37
37
37
31
31

E
(GPa)
200
200
200
200
200

CFRP applied CFRP applied to
Remarks
to web
bottom flange
No
No
Control beam
No
No
Control beam
102 mm wide
No
Repair 1
51 mm wide
52 mm wide
Repair 2
102 mm wide
No
Repair 1

The CFRP had a modulus of elasticity of 200 GPa. The size of the CFRP was 1,4 mm thick,
and either 55 mm or 102 mm wide depending on width of flanges of the tested specimens. It
was not sufficient to use 51 mm CFRP on the flange to develop enough strength, so, it was
necessary to add CFRP to the web, see Figure 24. The used epoxy was a high strength,
high modulus, and moisture insensitive designed for bonding CFRP to most building materials. Tensile strength of the epoxy was 68.9 MPa and the ultimate elongation was 2%.
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Figure 24: Repair scheme used on damaged beams [51].

The test setup consisted of two point loads which were applied on the top of the beams with
a distance of 1,22 m from the end of the beam, on each side. The clear span between the
supports was 3.05 m. The tests were load controlled, and data were recorded at a load increment of 2.2 kN. Strains, loads, deflections, and slips between the steel and concrete were
measured.
The effect of repair schemes was that the elastic flexural stiffness of the damaged beams
can be partially restored, up to 50%, and the strength of damaged beams can be fully restored to its original, undamaged state with use of CFRP plates.
It is important to note that steel needs CFRP plates of matching stiffness or higher to get a
reasonable stiffness and strength gain.
The following modes of failure were obtained during this test. For the unrepaired beams, the
failure mode was crushing of the concrete followed by large deformations in the steel beam.
In beam D50R2E29 the failure was a combination of slip in the interface between the steel
and concrete followed by rupture of the CFRP plate. The third failure mode was a combination of slip failure followed by crushing of the concrete slab, which was observed for beam
D75R1E29. It should be noted that there were no debonding or delamination of the CFRP
plates.
An experimental investigation is performed by Sen et al. [52] to determine the possibility of
using CFRP plates to repair steel composite bridge members. The main objectives of the
study were to develop a procedure that could be used for strengthening steel composite
members and to evaluate the potential benefit of strengthening damaged steel composite,
using CFRP plates. Another objective was to assess the extent to which the experimental
results may be predicted using a non-linear FE analysis.
The experimental test setup consisted of six bridge models, which consisting of a 114mm
thick, 710mm wide reinforced concrete slab that was attached to a W8 x 24 steel section
(Flange: 165x10 mm2, web: 181x5 mm2) by connectors. The plate was applied to the composite steel member by using a simple hand lay-up process, and anchors were applied at the
ends of the plate to prevent failure due to high peeling stresses, which was indicated by a FE
analysis. To simulate severe distress, the beams were preloaded to permanent deformations. The beam was then loaded with two uniform transverse line loads spaced 1.22 m
apart.
The increases in ultimate strength were found to range between 9 and 52%. In the elastic
region there was also an increase in capacity. The increase ranged from about 20% to over
67%. The result suggests that service loads of the repaired specimens could be increased
using this method. Due to low elastic modulus there were no increases in the stiffness from
the beams using thin plate. For the specimens with thicker plate there were small increases,
provided there is no adhesive failure.
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For the beams using thin plates, the tests were stopped due to limitation in applied load,
there was no failure of the CFRP or its bond, and the deflection was quite large. For the
beams with thicker plates, failure occurred due to shearing off the CFRP by the bolts, which
was a brittle failure mode. This problem may be avoided using CFRP manufactured with
boltholes and multi-directional carbon fibre reinforcement around such holes and uses of a
larger quantity of smaller bolts to reduce the stresses according to the authors.
Tavakkolizadeh’s et al. [53] reported the results of a study on the behaviour of steel-concrete
composite girders strengthened with CFRP sheets under static loading. Besides the experimental tests, an incremental method insuring compatibility of deformations and equilibrium of
forces was used in an analytical analysis. In addition, the ultimate load-carrying capacities
were compared with the ultimate strength design method adopted by AASHTO. The analysis
was based on the assumptions that the strains vary linearly across the depth of crosssections and there was no slip between steel and concrete or between steel and CFRP.
Other assumptions used was that steel has an elastic-ideal plastic stress-strain relationship,
while the CFRP has a linear elastic behaviour.
A total of three large-scale composite steel girders, see Figure 25, made of W355x13.6 A36
steel and 75 mm thick by 910 mm wide concrete slab were prepared and tested in four points
loading. The composite steel beams were unloaded and reloaded two times during the load
process, which continued until failure of the test specimens. All three composite steel beams
were simply supported and had a clear span of 4.78m. The CFRP had a thickness of
1.27mm. To increase the area of plate different number of layers (one-, three- and five) were
used. The different constitutive properties of the materials are given in Table 6: Constitutive
properties of the materials.

Figure 25: Composite steel girder with bonded CFRP [53].
Table 6: Constitutive properties of the materials [53]

Strain gages were mounted on the surface of the steel beam and on the CFRP, and on the
concrete slab, see Figure 26.
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Figure 26: Schematic figure of the cross-section and the strain gauges [53].

In the tests, the concrete slab supported the compression flange of the steel beam and there
was no local or lateral buckling in the flange of the girder before compression failure of the
concrete slab, neither any crippling effects were recorded in the web.
The results from the test of the composite steel beam with one layer of CFRP are given in
Figure 27 which describes the load-deflection relation. The figure includes three different
curves, one display the result from the experimental test, a second one describes the relationship obtained from the analytical calculations and the third curve illustrates the nonretrofitted composite steel beam. The nonlinear appearance in the beginning of the curve
depends on closing of shrinkage cracks in the concrete. Beyond a load of 355 kN, several
longitudinal cracks appeared in the concrete slab. The failure mode was crushing of the concrete slab and some sign of failure could be seen in the edges of the CFRP at this load.

Figure 27: Load versus deflection of girder retrofitted with one layer of CFRP [53].

The specimen with three layers of CFRP were first unloaded and then reloaded when they
were in the elastic phase and next time in the elastic-plastic phase, see Figure 28. The
measured stiffness was clearly lower than the calculated one and this is perhaps due to incomplete interaction between the CFRP layers and the steel. The girder failed prematurely
by the debonding of the last two layers of the CFRP sheets from the first sheets. It could be
seen that there was a failure in the mixing procedure of the epoxy.
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Figure 28: Load versus deflection of girder retrofitted with three layers of CFRP [53].

For the retrofitted girder with five layers of CFRP the girder failed at a load of approximately
650kN, and the failure mode was crushing of the concrete slab and progressive debonding of
the slab from the steel, see Figure 29. The utilized strength of the CFRP was approximately
42%.

Figure 29: Load versus deflection of girder retrofitted with five layers of CFRP [53].

The effect of retrofitting with regard to stiffness is little in the elastic region due to the low
modulus of elasticity of the CFRP. The improvement is in the plastic region where there was
an average decrease of the strains with 20.6, 39.2 and 52.6% for one-, two- and five layers
of CFRP compared to the non-retrofitted beam at a load of 350kN, which corresponds to its
failure load.
An article written by Schnerch et al. [54] describes research work on selecting the resin for
bonding of precured plate strips. For this test, a method was used to look at the shortest development length. The fibres used have a tensile modulus of 640 GPa and a tensile strength
of 2600 MPa. The fibre volume in the strips is 55%. Super light beams (SBL 100x5.4) were
used with additional steel plate attached above the upper flange to simulate the concrete
deck, see Figure 30. The beams were strengthened on the tension flange with CFRP fabricated with a 55 % fibre volume using the fibres described previously. Different strip lengths
were used to determine the development length for the adhesive bonding process. The
beams were simply supported and loaded under four-point loading.
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Figure 30: Schematic figure of the tested specimens [54].

Strain and displacement were measured at the mid-span of the beam. The strain gauges
were bonded on the welded plate on the compression flange, upper surface of the tension
flange, and lower surface of the tension flange for the control specimen and on the CFRP
strip for the strengthened beams.
The results are shown in Table 7 below. It can be seen that use of the two adhesives at the
top of the table involves rupture of the CFRP for all length. Thus, these two adhesive were
the most suitable ones for the used CFRP.
Table 7: Ultimate strains of the plates and failure modes for various development lengths [54]

Schnerch et al. have also made an experimental study of a monopole strengthened with wet
lay-up of unidirectional dry fibre sheets in the longitudinal direction. From analysis, it was
found that only the lower part of the monopole has to be strengthened. In addition, transversly directed fibre sheets were applied to avoid buckling of the sheet in the compressed zone.
Test results shows that the net deflection of the monopole was reduced with 25% at the middle of the monopole. The failure mode of the reinforced monopole was rupture of the sheets
on the tension side underneath the anchorage, immediately followed by rupture of the fibres.
Redistribution of the stresses in the pole resulted in local buckling of the monopole on the
compression flange. This buckling ruptured the longitudinal and transverse fibres surrounding the buckled region.
A report which deals with the stability of prestressed steel plate girder using concept of
“Vlasov’s Circle of Stability” under eccentric prestressing force are written by Gupta et al.
[55]. They proclaim that a plate girder prestressed eccentrically will behave as a beamcolumn, which is subjected to axial compression and bending moment, which may cause the
beam to buckle out. The behaviour of the girders depends to a great degree on the location
of the tendon and the position of the tendon will also be important to its affect to buckling the
girder. A conclusion made by the authors is that if the tendons is applied on or outside the
calculated circle of stability, see Figure 31, the girder is safe against torsional buckling even if
the girder is not restrained.
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Another conclusion is that if the ratio between the depth of the web and the span is 10 and
the tendon is placed below the bottom flange, a large critical normal force is required for torsional buckling of the girder, making the girder safe against twisting deformations. Hence the
prerequisite of Vlasov’s circle of stability is satisfactorily used.

Figure 31: Beam cross-section with Vlasov’s circle of stability [55].

5.3 Strengthening for increased fatigue resistance or repair of fatigue damages
Contrary to the above mentioned static behaviour of FRP-retrofitted steel beams, the longterm performance under fatigue load is not well known. In 2003 Tavakkolizadeh et al. mentioned in [56]: “No study on the fatigue behaviour of a steel beam retrofitted with epoxy
bonded CFRP was found in the literature”. However the authors of this report could find
some studies mainly carried out in Europe.
Due to the fact that only few references could be found dealing with the fatigue behaviour of
steel beams repaired or strengthened with bonded FRP, this chapter will also contain studies
where other metallic sections were retrofitted with bonded FRP or steel plates. It has to be
pointed out that these studies highlight some problems with retrofitted beams under fatigue
loading but all of the results may not be fully transferred to steel beams repaired or strengthened with bonded FRP.
A study conducted in 1984 by Albrecht et al. [57] at the Univ. of Maryland, adhesive bonding
and end bolting of steel cover plates to steel girders provided a substantial improvement in
the fatigue life of the system. They reported an increase in the fatigue life of more than 20
times compared to the welded cover plates.
Colombi et al. [58] have made a study on the effect of using bonded prestressed CFRP to
reduce the tensile stresses in a cracked steel member. Fatigue tests were performed on
notched steel plates reinforced by CFRP strips as a step toward the validation of crack
patching for fatigue life extension of riveted steel bridges. A parametric analysis was also
performed in order to investigate the influence of design parameters such as the level of
prestressing, the thickness of the adhesive and the composite patch Young’s modulus. It has
a positive effect and decreasing the stresses at the crack tip.
Miller et al. [4] have studied the fatigue resistance of the bond for both a small- and largescale test. The small-scale test was performed on seven doubly reinforced specimens, see
Figure 32, subjected to cyclic loads for 2.55 million cycles and the stress range was 82.7
MPa. This stress range and number of load cycles corresponds to the fatigue threshold for
Category C details according to AASHTO. All seven specimens reached 2.55 million cycles
without failing.
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Visual and tapping inspection combined with strain data collected before and after the cycling
gave the results that the CFRP plates remained fully bonded to the steel substrate without
deterioration for the adhesives. A conclusion based on the results suggests that this rehabilitation system with CFRP bonded to steel should perform better than Category C detail in
practical applications and should not be the limiting detail in terms of fatigue durability.

Figure 32: Schematic of bond test specimen [4].

In the full-scale test, the test specimens consisted of two bridge girders rehabilitated with
CFRP plates on their tension flange. Those two specimens were fatigued for 10 million cycles at a stress range that might be expected in the field. The rehabilitated girders had a high
grade of corrosion on their tension flanges and were thus representative of what might be
expected in practical applications. Surface irregularities can possibly result in areas of reduced fatigue resistance due to variations of the bond-line from location to location. Visual
inspections and tapping tests gave no evidence of debonding due to those fatigue cycles.
Furthermore, static testing showed no change in global stiffness. The conclusion of this rehabilitation tests was that the bond-line have a good resistance of fatigue.
In 1996 Loher et al. [59] explored the use of this technique in the reinforcement of lightweight
aluminium. They used this method to strengthen and stiffen lightweight aluminium structures
and studied the behaviour of this system under static and fatigue loading. In their study, Loher et al. tested 0.5 m long beam specimens, made of aluminium having box cross-section
with the dimension of 50 mm x 50 mm and a wall thickness of 2 mm. The CFRP plates were
unidirectional with a fibre content of 66% and an ultimate tensile strength and strain of 2,700
MPa and 1.51%, respectively. These plates were 50 mm wide and 1 mm thick. They considered two strengthening designs: integral and partial. The integral design was more suitable
for strengthening and stiffening while the partial design was suitable for the reinforcement of
the critical locations for fatigue such as notches and welds. A three-point bending set-up was
used for static testing and a four-point bending set-up for fatigue. Significant improvements in
strength (an increase of 115%) were reported only when more than three-quarters of the
span was covered by CFRP, while the stiffness was increased linearly when more than onequarter of the span was covered (80% to 150% increase). For fatigue tests, the beams were
cut in the middle and then butt welded to make a fatigue sensitive detail. The frequency of
loading was kept below 30 Hz in order to avoid any misleading results. Adhesives are prone
to creep. Therefore, under a high rate of loading, adhesive are not able to undergo creep and
their strength increases. Meanwhile, higher frequency tends to generate heat in the adhesive
layer and composite sheets, which may result in a change of properties. Loher et al. reported
a significant improvement in the fatigue life of the retrofitted aluminium beams. Their test
results showed that the retrofitted beams could withstand at least twice the stress range of
the unretrofitted beams for the same number of cycles.
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In 2003 Tavakkolizadeh et al. [56] presented a paper including the results of a study on the
retrofitting of notched steel beams with CFRP patches for medium cycle fatigue loading
(R=0.1). A total of 21 specimens made of S127x4.5 A36 steel beams were prepared and
tested. Both edges of the tension flange at midspan were first cut by a band saw with a blade
thickness of 0.9 mm and a length of ~13 mm. Then, each specimen was sand blasted,
washed with saline solution, and rinsed with fresh water just before applying the composite
sheet. The CFRP sheets are unidirectional pultruded carbon sheets with a width of 76 mm
and a thickness of 1.27 mm. The CFRP sheets were bonded to the steel sections by a twocomponent epoxy, with a mixing ratio of one part resin (bisphenal A based) to one part herdener (polyethylanapolyamin) by volume. The epoxy had a pot life of 30 min at room temperature and was fully cured after 2 days at 25°C. A typical test specimen is shown in Figure
33 and Figure 34. Un-retrofitted beams were also tested as control specimens. The steel
beams were tested under four-point bending with loading rate between 5 and 10 Hz. Different constant stress ranges between 69 and 379 MPa were considered. The length and thickness of the patch were kept the same for all the retrofitted specimens. In addition to the
number of cycles to failure, changes in the stiffness and crack initiation and growth were
monitored during each experiment. The results showed that the CFRP patch not only tends
to extend the fatigue life of a detail more than three times, but also decreases the crack
growth rate significantly. The authors pointed out that since the medium cycle fatigue was
investigated (less than 1 million cycles) the effect of the investigated retrofitting technique in
high cycle fatigue (up to 10 million cycles) needs to be further investigated.

Figure 33: Schematic of cuts in tension flange of fatigue test specimen acc. to [56].

Figure 34: Typical retrofitted specimen acc. to [56].

In 2001 Bassetti et al. [60], [61] reported a new technique using pre-stressed carbon fibre
laminates. This technique was developed to repair fatigue cracks or prevent fatigue cracking
in riveted bridge members.
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They found that pre-stressed CFRP-plates bonded onto cracked steel sections slow down or
totally stop crack propagation by acting in three different ways: (1) by reducing crack opening
displacements at and behind the crack front and therefore decreasing the stress intensity
factors at the crack tip, (2) by applying compressive stresses and producing a crack closure
effect and (3) by increasing the stiffness of the cracked steel section. The effectiveness of
this technique was demonstrated by both small scale fatigue tests on notched steel plates
and full scale tests on riveted cross girders taken from a dismantled ninety-one-year-old railway bridge. The fatigue test specimen for small-scale tests is given in Figure 35 and the riveted cross-girder repaired with pre-stressed CFRP-plates for full scale tests is given in Figure
36. As a result they found that fatigue life of centre-notched specimens was increased by a
factor of sixteen when bonding four pre-stressed CFRP-plates. In the full scale test, propagation of cracks with lengths up to 10 mm beyond rivet heads could be stopped by reinforcing
the bottom flange with five pre-stressed CFRP-plates.

Figure 35: Fatigue test specimen for small scale tests acc. to [60].
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Figure 36: Riveted cross-girder repaired with prestressed CFRP-plates for full scale tests acc. to [60].

Cheuk et al. [62] presented a study on fatigue crack growth in adhesively bonded compositemetal double-lap joints. The test specimen investigated were made of the composite boron/epoxy 5521/4 bonded on aluminium (Al 2024-T3) plates. Their fatigue tests were conducted under tension dominated loading, with crack lengths being measured optically. The
results suggest that fatigue failure of metal-composite double-lap joints is mainly driven by
tensile mode loading due to the peeling stress. They concluded that joints should be designed to operate below the fatigue crack growth threshold, because the rate of adhesive
crack growth is much more sensitive to the applied load as compared to cracks in a metallic
component.
Since 1998 Ishii et al. [63], [64] published a number of investigations dealing with the evaluation of the fatigue strength of adhesively bonded CFRP/metal joints. They investigated experimentally and analytically single and single-step double-lap joints, butt joints, scarf joints
and thick-adherent lap-shear joints, see also Figure 37. All tested specimens were made of
unidirec-tional CFRP composite (carbon fibre, Mitsubishi Rayon TR40; epoxy resin Mitsubishi Rayon #3430) bonded by a filmy type epoxy adhesive (Mitsubishi Rayon BF-9137) to
aluminium alloy plates. The aim of their research activities was to find a fatigue-failure criterion which took account of the stress multi-axiality in the adhesively bonded joints. They propose in [63] a fatigue crack initiation criterion using stress singularity parameters. In [64] additional threshold values for maximum principal stress, Mises equivalent stress and maximum shear stress are given in relation to normalised principal stress.
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Figure 37: Shapes and sizes of the adhesively bonded joint specimens;
(left side) specimens investigated in [63]; (right side) specimens in study [64].

5.4 Durability under extreme environmental influences
Due to the exposure to extreme environments a bonded FRP-strengthening-system can lose
its good characteristics and deteriorate over time. From this follows that the durability of the
bonding is at least as important as its intrinsic strengthening capacities. It has to be considered, that each single component of the composite (FRP laminate, resin-matrix, adhesive,
steel) may react differently to one and the same environmental exposure condition. So first of
all, the influence that each service environment has on the single components has to be understood before general recommendations can be made and discussed. The following chapter gives a summary of the reports on laboratory experiences which could be found in the
literature
With focus on the durability of the bond between composite and steel, Karbhari et al. [65]
conducted 30 tests according to the wedge test, which enabled the determination of overall
durability within short period of time. Among the five different composites used in this research were carbon- and glass-fibre reinforced epoxy systems (cp. Table 8) In all specimens
the resin itself acted as the adhesive. Six different environments were tested: ambient, synthetic sea water (ASTM D1141) at 25°C, hot water at 65°C, room-temperature water (25°C),
freezing (-18°C) and freeze thaw (alternating 12hr cycles between -18°C and 25°C). Each
specimen was exposed to the selected environment for two weeks before testing. According
to the method of the wedge test, only a relative conclusion can be made. A summary of results is given in Table 9. It shows a relative ranking and leads to the conclusion that the used
S-glass-type system (GT-30) has the most durable bonding attributes within the environments tested. Karbhari et al. [65] summarise the results as follows:
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The final material selection will undoubtedly have to be made on the simultaneous consideration of both durability and performance criteria, which might suggest that the best overall
combination would be a hybrid of S-glass and carbon, with the glass being in contact with the
steel. This inner layer of S-glass would not only help on overall durability, but would also significantly decrease the potential for long-term degradation due to galvanic corrosion triggered
by the presence of carbon fibres in contact with steel. The hot-water environment was the
most aggressive environment, causing severe breakdown of the bond due to the rapid formation of oxides at the interface. The most durable bonds were those subjected to a subzero
environment. The overall results portend well for this rehabilitation scheme, although further
investigations of the overall durability and accelerated testing are necessary [65].
Table 8: Unimpregnated fibre properties (in tow-sheet form) acc. to [65].
Fibre type

Classification

Weight
[g/m²]

Tensile
strength
[Mpa]

Tensile
modulus
[Mpa]

Carbon

C1-20

200

3 480

228 000

Carbon

C1-30

300

3 480

228 000

Carbon

C5-30

300

2 940

370 000

E-Glass

CE-30

300

1 520

76 000

S-Glass

GT-30

300

2 070

86 000

Table 9: Summary ranking of durability of systems tested in acc. to [65].
Environment
Fibre type

Roomtempera- Salt water
ture water

Ambient

Hot water

-18°C

Freezethaw

C1-20

5

4

3

2

1

3

C1-30

4

3

5

3

4

4

C5-30

3

5

2

4

5

2

CE-30

2

2

1

5

2

5

GT-30

1

1

4

1

3

1

Note: 1 = Smallest crack extension and 5 = greatest crack extension

Balkova et al. [66] performed lap-shear tests to detect the most suitable epoxy-based adhesive for bonding pultruded glass fibre/polyester composites. First of all they conducted preliminary-tests under room-temperature to detect the most convenient method for adhesive
shear-testing. They found out that single-shear specimen under application of adhesive on
both rough sides of adherents (cp. Figure 39) is a proper way to reach the highest shear
strength. Figure 38 shows the finally chosen test-specimen-geometry.
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Figure 38: Scheme of lap shear specimen used in [67].

To test the quality of the adhesive bonds, the following three environmental conditions were
chosen: air at room temperature, air at 60°C and water (20°C). The scientists observed the
material properties of the adhesives during the curing process and over time to evaluate
possible aging effects. The tests show that the shear strength of the tested joints slightly increased at room temperature as the curing process continued, remained nearly the same at
elevated temperature (60°C) and decreased in water during one year (cp. Figure 40 to Figure
42).
Separation of the adhesive-bonded adherents appeared to be partly at the adhesiveadherent interface and partly within the adhesive. Cohesive failure was dominant in the joints
stored at room and elevated temperatures while higher contribution of adhesive failure was
observed in the joints stored in water [66].

Figure 39: Influence of adhesive dosage on shear
properties of joints (room temp.) [66].

Figure 40: Influence of room temperature on single-lap shear strength [66].
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Figure 42: Influence of 60°C (air-oven) on singlelap shear strength [66].

Nakai et al. investigated in [68] the effects of loading frequency and testing temperature
(from 24°C to 80°C) on the delamination fatigue crack growth in unidirectional CFRP plates.
All tests were performed in air and water, respectively. Figure 43 shows a sketch of the double cantilever beam (DCB) specimens used in this study.
They detected that for both intralaminar and interlaminar crack growths, either in air or in
water, the crack growth rate was increasing with test temperature, while it was cycle dependent in air and time dependent in water. At the intralaminar crack growth tests in water,
prior-immersion in water for more than 40 days accelerated the crack growth. Furthermore
the scientists conclude that the interlaminar crack growth rate in air was almost constant with
crack extension, while the interlaminar crack growth rate in water and intralaminar crack
growth rates in both environments decreased with crack extension.

CFRP-laminate

Figure 43: DCB specimen used in [68].

Loh et al. [69] released a study with focus on the environmental degradation of the interfacial
fracture energy in adhesively bonded joints. The authors resume that environmental effects
such as combinations of moisture and temperature are the major contributors to adhesive
degradation, both in the cohesive and interfacial regions. They quote some scientific studies
([70], [71], [72] tensile tests, [73], [74] shear tests and [75], [76] others) which indicate that
cohesive degradation results in a change of mechanical properties. Figure 44 shows the
moisture dependent elastic modulus of the used adhesive AV119. This material behaviour
was obtained from standard tensile tests, using specimens that had been exposed in different environments for varying periods of time. The result was incorporated later on in the finite
element analyses (FEA).
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Figure 44: Moisture dependent elastic modulus of adhesive AV119 acc. to [69].

Two different kinds of fracture mechanics tests were arranged. The critical loading to cause
interfacial fracture was measured and was used in conjunction with finite element analysis to
determine the fracture energy under various exposure conditions. Figure 45 shows the geometry of the first used standard-test, the notched coating adhesion test (NCA). The second
used test was the mixed mode flexure test (MMF, Figure 46).

Figure 45: Geometry and loading configuration of the
NCA specimen [69].

Figure 46: Geometry and loading configuration
of the MMF specimen [69].

The normally used specimen type for these kinds of tests is shown in Figure 47 (a). The
process of moisture diffusion in these specimens is slow due to the long diffusion path and
may take months or years to achieve a state of saturation, depending on the adhesive type,
sample geometry and environment. Prior to this, a non-uniform moisture distribution exists
across the joint, which would be expected to produce a non-uniform degradation of the joint.
As the results from testing such joints do not represent a discrete state of moisture degradation, it is impossible to directly apply the measured strengths to any other joint configurations
or ageing environments. To accelerate the moisture uptake and provide a uniform degradation across the joint, Loh et. al used an open faced concept (Figure 47 (b)). The specimentype consists of a layer of adhesive cast on only one side of the substrate, leaving a large
surface area of the adhesive for moisture uptake and a very short diffusion path.
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After environmental exposure, the other substrate is bonded with a stronger adhesive to
complete the test specimen. This process is called secondary bonding.

Figure 47: Conventional moisture uptake approach (a) and accelerated moisture uptake using openface approach (b) acc. to [69].

The locus of failure of the test specimen was established using scanning electron microscopy
(SEM). The micrograph showed that the amount of adhesive residues remaining on the substrate fracture surface reduces with increasing moisture content for the MMF test. A different
failure mechanism was noted in the NCA test, especially for the dry sample where yielding of
the substrate could contribute to adhesion failure. The failure locus was very similar for both
tests when the interface was degraded (cp. Figure 48 and Figure 49) [69].
Finally a finite element analysis was made in consideration of the extracted experimental
results. The fracture energies were found to be largely independent of test method, exposure
environment and time and were primarily related only to the moisture concentration. The results of FEA are resumed in Figure 50.

Figure 48: MMF test specimen SEM images: (a) dry and (b) 5% moisture content acc. to [69].
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Figure 49: NCA test specimen SEM image: (a) dry and (b) 5% moisture content acc. to [69].

Figure 50: Fracture energy as a function of moisture content
from MMF and NCA configuration acc. to [69].

5.5 Galvanic corrosion
Apart from fatigue and increase in dead-/live load, corrosion is the primary reason for deterioration of steel bridges. Especially in cold regions, where deicing salts are used, it can influence considerably the long-term serviceability. Do to the structure of a CFRP reinforced steel
member, the possibility of galvanic corrosion should be considered. As galvanic corrosion
can not be related directly to the later on discussed “ageing under environmental conditions”
it will be discussed in this chapter.
Corrosion can be defined as degradation of a metal by an electrochemical reaction with its
environment [77]. However, galvanic corrosion needs four essential components to occur:
1. an anode (metal; where the corrosion takes place),
2. a cathode (e.g. carbon),
3. an electrolyte (e.g. salt water) and
4. an electrical connection (cp. Figure 51).
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If one of these components is missing, the electrochemical reaction stops.

Figure 51: schematic of basic wet corrosion cell acc. to [78].

Because of the electrochemical potential between carbon fibres and steel, CFRP reinforced
steel bridges may have the tendency to form a galvanic cell, which could accelerate the corrosion rate. Based on the fact that a CFRP-reinforced bridge is exposed to a humid, aggressive environment, three of the four above mentioned components (anode, cathode, electrolyte) are existent. The fourth component, the electrical connection, depends mainly on the
thickness and effectiveness of the epoxy coating of the fibres.
Tavakkolizadeh et al. describe in [78] a series of experiments comparing the corrosion behaviour of specimens with different amounts of epoxy coating in addition to samples with no
coating at all (cp. Figure 52). The tests were performed under the two different aggressive
environments of seawater and deicing salt solution. The test results indicate the existence of
galvanic corrosion when there is a direct contact between the CFRP plate and the steel substructure. The galvanic corrosion rate is directly related to the epoxy coating thickness. Applying a thin film of epoxy coating (0.1mm) on the saturated carbon fibres decreases the galvanic corrosion rate in seawater and deicing salt solution by seven and five times, respectively, compared to those with no coating. By using the typical epoxy coating for wet lay-up
(0.25mm), the galvanic corrosion rate in seawater and deicing salt solution decreases by
twenty-one and twenty-three times, respectively. To eliminate the problem of galvanic corrosion, Tavakkolizadeh et al. recommend the use of a non-conductive layer of fabric between
carbon and steel, an isolating epoxy film on the steel surface and in addition a moisture barrier coating.

Figure 52: Carbon Composite Samples with Different Amount of Epoxy Coating [78].

In [8] Liu et al. discuss FRP as strengthening material for corroded steel members. They
suggest the use of GFRP-CFRP-hybrid laminates to prevent galvanic corrosion. The GFRP
plate is placed between the steel and CFRP plate and works as an isolation between the
carbon fibres and the steel surface. Karbhari and Shully made in [67] the same suggestion
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some years before. With his results in several studies West confirmed this procedure to be
effective to prevent galvanic corrosion [79].
In spite of these results, a GFRP-CFRP-hybrid system may have the disadvantage to change
a well working CFRP-system in a completly new one with unknown behaviour. There is a risk
that the material properties of the whole hybrid-system are governed by the material properties of the weakest of its components, the GFRP plate. And also other unforeseen problems
may occur. Rizkalla et al. [1] for example report that the placement of glass fibres can lead to
blistering of the composite. They refer to Tucker and Brown [80], who found that glass fibres
placed into a carbon fibre weave appeared to promote blistering of the composite by creating
conditions favourable for osmotic pressure, which is developed by incoming water.
Generally it must be said that little literature treating galvanic corrosion in FRP-steel-systems
have been found. The above mentioned research by Tavakkolizadeh and Saadatmanesh,
one of the most extensive ones, leads to the conclusion, that galvanic corrosion is not significant if there is a sufficient layer of non-conductive material (adhesive or non-metallic composite) between steel and CFRP and if the CFRP plates are covered by a moisture barrier.
Thus a coating of the whole reinforcement via a durable protection paint is highly recommended.
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6 Field experience
6.1 General
The following chapters give a summary of some field reports. In general it must be said that
very little information concerning field experiences could be found in the literature. The cases
discussed in the following include strengthening for increasing load-carrying capacity and
stiffness, as well as strengthening to improve fatigue strength and repair of fatigue damaged
metallic elements.

6.2 Strengthening and repair of steel and composites bridges
Luke [81] has written a report which describes the methods that have been used by Mouchel
Consulting for strengthening of two old steel bridges in UK, these bridges are the Hythe
Bridge in Oxford, a cast iron bridge, and the Slattocks Canal Bridge in Rochdale, an early
steel bridge with rolled beams. The goal of strengthenening was to increase the capacity of
the bridge, to carry a load of 40 ton. Hythe Bridge was strengthened with pre-stressed CFRP.
A project, called ROBUST, has studied the possibility of strengthening girders with CFRP,
and has drawn up a specification for CFRP plate bonding.
Hythe Bridge consists of eight inverted cast iron T-beams and has a free span of 7.8 m, see
Figure 53. The method used for strengthening the bridge was with prestressed CFRP plates.
The CFRP plates were stressed by a hydraulic jack, which reacted against a frame temporarily fixed to the anchorage. In addition to the anchor, the CFRP plates were also bonded to
the beam with adhesive.

Figure 53: Cross-section of Hythe Bridge [81].

A feasibility trial was performed with similar beams, with a length of 4.7 m and a flange width
305 mm. The CFRP plates were pre-stressed to a load of 25 tonnes, and the beams were
loaded without any sign of failure.
The Hythe bridge was strengthened by using four pre-stressed CFRP plates per beam, each
stressed to 18 tonnes. The used anchoring systems were fixed with a prefabricated edge
channel bedded on titanium putty. This would restrict the failure mode to observable anchorage slippage.
Slattocks Canal Bridge was strengthened from a capacity for 17 tonnes to 40 tonnes by using conventional CFRP plates. The beams are square-spanning RSJs, 510 mm deep with
191 mm wide flange, supporting a reinforced deck slab below their top flange. The free span
is 7.62 m. The CFRP plates consist of two 4 mm thick and 100 mm wide plates bonded together, with a length of 7.5 m.
This gave a strengthening solution where the plastic capacity of the steel was mobilised. The
work was conducted during periods where the bridge was in use. This project demonstrated
a cost-effective alternative of strengthening and in this case the use of pre-stressed CFRP
was not a viable option, both technically and financially. Some general conclusions are given
in the report and a number of them are given here:
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•

Pre-stressing of composite materials offers a mean of strengthening structures that can
be a more economic solution compared with those performed of unstressed composite
materials or steel plate bonding.

•

The system is appropriate in most structural situations where tensile stress is the factor
that limits load capacity.

•

The system is durable, with negligible maintenance requirements.

•

Reliable bonding at high stress is a specialist area requiring trained operatives and expert design and supervision. If these pre-requisites are satisfied, a reliable system results with considerable economic advantage to the strengthening and repair industry.

Two steel girder bridges have been a subject for strengthening work funded through the
Federal Highway Administration’s Innovative Bridge Research and Construction (IBRC) Program. Iowa Department of Transportation employed techniques for strengthening the two
bridges using CFRP and the aim of the project was to improve the live load carrying capacity
of the two bridges and to identify the changes in structural behaviour that might occur due to
the addition of strengthening system and time. Two different techniques are used to
strengthen the two bridges and in the first case the bridge was strengthened using posttensioned CFRP rods in the positive moment regions. In the second case, CFRP plates were
installed on the bottom flange of the girders in the positive moment regions. The projects
have been documented by Phares et al. [14], and Wipf and Phares et al. [82] have written a
more detailed report about the post-tensioning of a steel bridge.
The first bridge which was strengthened with post-tensioning CFRP rods is a three span continuous steel girder bridge. The total length of this bridge is about 64 m consisting of two end
spans of about 19.5 m and a centre span of about 25 m, see Figure 54.

Figure 54: Side view of the bridge [14].

As described above the post-tensioning system was installed in the positive moment region
of the exterior girders in all three spans. Two CFRP rods were attached on both sides of the
web of the girder via an anchor system, which was bolted to the web near the bottom flange.
After that the CFRP rods were placed in position between each pair of anchorages, the tension force was then completed in several steps at each location of the anchor in a symmetrical manner, see Figure 55. The position of the anchors was based on design calculations
and field measurements. A plan and a side view of the bridge with the position of the CFRP
rods can be seen in Figure 56.
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Figure 55: Application of post-tensioning force at the anchorage [14].

Figure 56: Location of the post-tensioning system [14].

The results from this strengthening method is that post-tensioning does not significantly reduce deflection due to live load, but it increase the load carrying capacity of the bridge by
generating strain opposite to those produced by dead load. It was determined that approximately five to ten percent of live load moment was reduced by the post-tensioning moment.
The second bridge strengthened with CFRP plates is a 45.7 m long three span continuous Ibeam bridge. The goal of this strengthening was to enhance the capacity of the overstressed
beams through the addition of CFRP plates attached to the tension flanges. The bridge has
two end spans with a length of about 13.9 m and a centre span of about 18 m and is supported by six beams of different dimensions, see Figure 57.
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Figure 57: Side view of the strengthened bridge [14].

The material used for strengthening was CFRP consisting of continuous unidirectional carbon fibres. The CFRP plates were selected due to their mechanical characteristics, noncorrosive nature and relative ease of application. Calculations had been performed, which
showed that the overstressed beams could be adequately strengthened by use of CFRP
plates bonded to the bottom flange of the beams. The CFRP plates were applied on both
interior and exterior beams in the areas of positive moment of all three spans, Figure 58 illustrates some of the installation procedures.

Figure 58: Installation procedures [14].

For each span a different number of CFRP plates were used to investigate the effect of varying amount of CFRP plates, to compare the response of the different scheme used in different conditions, to investigate the ease of construction of multiple layers, and to evaluate the
durability of the installation. One beam had half of the CFRP plates installed on the bottom of
the bottom flange and half on the top of the bottom flange, this to investigate the performance and in-service durability under detrimental environmental conditions. See Figure 59.
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Figure 59: Installation of the CFRP plates [14].

The result of the strengthening procedure concerning this second bridge is not stated yet, so
the conclusions on performance and behaviour of this bridge will be made as follow-up test
takes place.
Miller et al. [4] presented details of a demonstration project on strengthening bridge girders
with bonded CFRP. The selected bridge for this demonstration was bridge 1-704, which carries southbound I-95 traffic over Christina Creek, just outside of Newark, Delaware. The
bridge is a composite steel bridge with a concrete slab upon the steel girders. It comprises
three simple spans with a total length of 35 m. Figure 60 illustrates the cross section of the
bridge. The main span is 19 m long and the two approach spans have a length of 7.5 m.

Figure 60: Cross-section of Bridge 1-704 [4].

The bridge was under high exposure to adverse environmental factors such as de-icing
agents and moisture from underlying water sources and those factors were important in the
evaluation of the durability of this strengthening method. The authors noted that the field
demonstration was not intended to result in strengthening of the deteriorated structure.
Only one girder was selected to demonstrate the rehabilitation procedure and through recording of strains when the bridge was subjected to live load, the most stressed girder G5
was chosen for strenghtening. The rehabilitation consisted of bonding one layer of CFRP
plate to the outer face of the tension flange of the selected girder. Six CFRP plates placed
side-by-side were needed to cover the entire flange and the CFRP plates were installed over
the whole length by using four sections, see Figure 61, where each section was provided
with a staggered joint. In the demonstration, two different adhesives were used, where each
adhesive was applied to half of the test girder, to examine their in-field application and longterm durability side-by-side.
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Figure 61: Four sections of six CFRP plates placed side-by-side [4].

To join the sections together, a stagger of every other CFRP plate was used. Consecutive
CFRP plates were bevel at a 45° angle to form a scarf joint. This detail provides for increased force transfer through the bonded plate-to-plate interface. Beveled edges were also
used at the outer ends of the CFRP plates to minimize peel stresses.
The adhesive were applied to the flange and to the CFRP plates using plastic paddles and
care was taken to cover the entire surface with a thin layer. The beveled plate edges along
the section joints were also coated to ensure a bonded plate-to-plate interface. Clamps positioned on wood blocks were used to hold the plates in place. When all plates were attached,
the clamps were firmly tightened to achieve a thin, consistent bond line, see Figure 62. During the time for rehabilitation of the girder, the traffic was closed on the lane just above the
girder G5. The clamps were removed after approximately 8 hours of curing time, which provided enough time for the adhesive to reach sufficient strength so that the traffic could be
allowed back over the rehabilitated girder. After evaluating a pre- and postdiagnostic field
load test, it was shown that the demonstration project resulted in an increase of stiffness of
11.6%. Future monitoring of this retrofit will provide important information regarding the longterm durability of this rehabilitation system.

Figure 62: CFRP plates clamped to girder [4].

Chacon [83] has documented a research project similar to that performed by Miller et al. The
studied bridge is Ashland Bridge on State Route 82, located over the Red Clay Creek in New
Castle County, Delaware. See Figure 63.
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Figure 63: Ashland Bridge [83].

This test was a field implementation to see how the application of the CFRP will affect the
steel bridge. The rehabilitation consisted of two parts, one was to replace the concrete deck
and the other was to bond CFRP plates to the tension flange of two floor beams. Figure 64
illustrates the layout of the floor beams and the two retrofitted beams are G3 and G4.

Figure 64: Floor beam layout of Ashland Bridge [83].

The used CFRP plates are composed of unidirectional carbon fibres and a vinyl-ester resin
matrix. The plates are composed of sections in the same manner as was described in Miller’s
[4] report. The procedure of application was the same. Diagnostic load tests were performed
before and after the rehabilitation and a comparison of these load tests showed that the use
of bonded CFRP was effective in causing a decrease in live load strain. The strain in the floor
beams decreased with 5.5% due to the application of the CFRP plates. According to the author, the improvements due to the CFRP plates can be increased by application of thicker
CFRP plates or CFRP plates bonded to the top and bottom faces of the lower flange. The
author also concluded that the agreement of predicted and actual results indicates that the
retrofits be can accurately designed to meet the needed requirements.

6.3 Strengthening and repair of other structural elements
In this part, experiences obtained in the field of strengthening and repair of structural metallic
elements in structures other than railway bridges are concerned. Garden [84] gives an example concerning strengthening of steel beams in a skeletal-framed historic building. The
building was constructed in two phases, the first phase was 1903 and cast iron was used for
the columns and wrought iron for the beams. The other phase took place in 1921 and the
structural frame used in this part was made of steel.
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An in plane curved steel beam was strengthened to restore the flexural and torsional capacity to above its original uncorroded level. The layer of composite materials works also as a
cathodic protection to prevent further loss of the section. The final placement of the composite strengthening layers around the flanges and web of the retrofitted steel beam is shown in
Figure 65.

Figure 65: Strengthened curved steel beam [84].

Another example given in Garden’s report [84] concerns strengthening of cast iron beams in
a garage structure beneath a residential housing building. The rehabilitation scheme comprised bonding CFRP strips to the tension flange of the beams. The beams requiring
strengthening are illustrated in Figure 66. The beams had lost flexural capacity due to loss of
section caused by electrochemical corrosion and were in need of strengthening since it was
found that they exceed their allowable tensile stress in the event of future load increase.
Since the working space was limited due to the underground garage environment and the
low headroom, it was impossible to install additional structural members to assist in carrying
the load. The contract period on site for this strengthening scheme was one week for
strengthening 15 beams with a span of 9 m.

Figure 66: General arrangement of beams requiring strengthening [90].

London underground has some lines constructed mainly during the second half of the 19th
century and the general construction consists of cast iron beams positioned and supported
by the sidewalls. There has been a significant increase in the loading on the tunnel support
structure due to new buildings and heavier traffic.
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Hollaway et al. [85] has reviewed the documentation of this strengthening project, which
comprised upgrading of the cast iron beams by bonding CFRP plates onto the tension
flanges.
FRP plates have also been used to strengthen circular steel silos and. De Lorenzis et al. [86]
have described in detail the design process. The FRP plates were applied as external belts
resting on supports attached to the perimeter of the silos. After attaching the FRP belts, they
were manually post-tensioned in sequences around the perimeter to the desired load level.
Figure 67 shows a detail of the tensioning device, which is integrated with the support. The
strengthening of the walls of the silos allowed the FRP plates to compensate for part of the
existing deformations of the walls.

Figure 67: Detail of the tensioning device [86].

The possibilities of using fibre composites for increasing the global buckling load for steel
members subjected to pure compression have also been investigated, see for example Carolin [89], Carolin et al. [90] and Bergström and Bäck [91]. The work includes a theoretical
study as well as full-scale tests.
The capability of bearing compression forces is dependent on material stiffness and geometry. An examination of the bending-moment diagram for a buckled truss member indicates
that a uniform cross section along the length is not the most economical form for strengthening for increased stability. The greater part or the strengthening material should be applied in
the midsection of the truss. The buckling mode of a truss member with higher moment of
inertia in the midsection, shown in Figure 68-a, and in deformed state in Figure 68-b.
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Figure 68: Partially strengthened truss element

By bonding fibres to the outer perimeter as in Figure 69, the structural stiffness and geometry
of the cross-section is increased.
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Figure 69: Cross-section of non-strengthened (left) and strengthened (right) member

The critical load for the member strengthened in mid portion may be written as:
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And α is defined as the relation between Young’s modulus for the FRP and Young’s
modulus for steel as
Efrp = α Es

(47)

As can be found by studying (Eq. 52) the expressions for the critical load start to be complicated already with just one change in cross-section symmetrically placed as presented
above. However, sometimes truss members may have installations in the midsection which
make strengthening in the centre complicated or impossible. This means that the strengthening needs to be split into two parts with a gap between, or that the strengthening must be
applied somewhat dislocated from the centre. It may also be of interest with a more optimized strengthening with a non-uniform thickness of the applied fibres. For both of these
cases it is possible to derive equations but a numerical approach is more convenient to use
and therefore suggested and may be found in Carolin [89].
The theory presented above was compared to full-scale tests. Several pipes were strengthened and tested and one pipe served as a reference specimen and was not strengthened.
The length of all the steel pipes was 3800 mm. The outer diameter was 88.9 mm and the
nominal thickness 3.2 mm. The steel was of S235JRG2 quality, which has a Young’s
modulus of 210 GPa and a yield stress of 235 MPa.
Two methods, hand lay-up and plate bonding with prefabricated shells, were used for
strengthening of the pipes. Different strengthening lengths and thicknesses where used. In
addition, different fibre materials where also studied. All specimens are presented in Figure
70. The beams were labelled first with a number indicating number of layers of fabrics used
for the composite, then a letter representing the strengthening material, C for carbon A for
aramid and G for glass, followed by the length of the strengthening in mm as shown in Table
12. The number of layers is only an indication of production and the actual thickness together
with the fibre content is therefore presented in Table 12. The material data for used materials
are found in Table 13. All fibres have been placed in the longitudinal direction of the pipe.
Table 12: Test specimens

Specimen

Strengthening

Referens
5C3600
5C1200
5C2x700
5A1200
9C1500
4C1200
9G1300
4G1900

--Carbon
Carbon
Carbon
Aramid
Carbon
Carbon
Glass
Glass

Thickness
[mm]
--2.8
2.8
3.0
4.2
3.9
1.8
5.6
2.5

Fibre content
[%]
--~22
~22
~22
~22
~70
~70
~70
~70

Table 13: Material data

Material
Steel
Carbon, Hand lay-up
Aramid, Hand lay-up
Fibre in shells, carbon
Fibre in shells, glass

Stiffness
[GPa]
210
234
130
230
70

Length of strengthening
[mm]
--3600
1200
2 x 700
1200
1500
1200
1300
1900

Sustainable Bridges

TIP3-CT-2003-001653

2006-10-04 66 (76)
Rev. YYYY-MM-DD

Control
3800
5C3600
3600
5C1200
1200
5C2x700
700

700

700
5A1200

1200
9C1500
1500
4C1200
1200
9G1300
1300
4G1900
1900

Figure 70: Test specimens

The prefabricated shells where made by vacuum infusion and therefore got a much higher
fibre content compared to specimens strengthened with hand lay-up. Specimens labelled
with “5” in the beginning was strengthened with hand lay-up, the other were strengthened
with shells. Normally, in composite applications, it is desirable to have high fibre content. In
this case, low fibre content is not critical and strengthening effect will not be significantly affected. The preparations of the pipes where only made by wiping them clean with use of Acetone. The shells where prepared by sand gritting and then cleaned with use of Acetone. After
curing of the adhesives, the members were subjected to a load-controlled loading of 0.167
kN/s (10kN/min), until buckling occurred. With use of hinged bearings, the plane for deformations was controlled. After buckling some additional deformation was applied with the actuator before the members were unloaded.
At the beginning of the tests, the members deformed by elastic compression. When the load
caused buckling of the member, large “sudden” deformation took place and the load
dropped. The ultimate capacities of the members when buckling occurred are presented in
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Table 14: Buckling load from the tests.

Reference
5C3600
5C1200
5C2x700
5A1200
9C1500
4C1200
9G1300
4G1900
*)

Load, P
[kN]
126.4
158.3
147.8
151.8
156.6
165.9
142.9
139.8
125.8

Increase
[%]
--25
17
20
24
31*
13*
11*
0*

Increase calculated from reference, which had a higher actual thickness of the steel and
is therefore not directly comparable.

Tests were performed in two series. Unfortunately, the actual thickness of the steel was different between the series even though the nominal thickness was the same. The reference
specimen may be compared with the pipes strengthened with hand lay-up. The other specimens should instead be compared with each other.

Figure 71: Specimen 5C3600 after buckling.

The buckling behaviour was strongly affected by the strengthening. Schematic deformations
for some of the tested specimens after buckling are presented in Figure 72.
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Figure 72: Schematic buckling behaviour of the tested members

The Control specimen buckled typically in a smooth arc along the length of the pipe. Specimen 5C3600 showed the same behaviour. Pipes with partial strengthening had the main part
of deformations outside the strengthened area. The reason for this is, a pipe will buckle in the
way that needs the least of energy to form.
The suggested equation for describing critical loads of a members strengthened in different
configurations have been used and comparison with the test will follow. The equation have
also been compared to more refined numerical methods and found to give 1-3 % too high
results. The reason for this is that an approximated deformation for the buckled member has
been used in the derivation. However, 3 % error is in most cases acceptable for this kind of
failure mode and may be treated with partial coefficients. If more precise estimations are
needed the numerical method presented in Carolin [89] may be used.
Here, theoretical results from numerical study presented in Carolin [89] will be used for comparison with test results. The modelled capacities have been calculated from the nominal
thickness of the steel pipes. Specimens starting with “5” had a higher actual thickness then
the nominal thickness and the results from laboratory testing became higher than the theoretically calculated. Refined calculations with the real thickness are not presented but the test
effect and model effect ratio still shows that the model gives reliable results since the amount
of difference is quite stable. For the rest of the specimens, a very good agreement between
tests and theory was found. This is more thoroughly described in Carolin et al [90].
Table 15: Comparison between tests and theory.

Referens
5C3600
5C1200
5C2x700
5A1200
9C1500
4C1200
9G1300
4G1900

Test
load
[kN]
126.4
158.3
147.8
151.8
156.6
165.9
142.9
139.8
125.8

Model
load
[kN]
110
139
124
123
124
169
139
139
124

Test
Effect
[-]
1.15
1.44
1.34
1.38
1.42
1.51
1.30
1.27
1.14

Model
effect
[-]
1
1.26
1.13
1.12
1.13
1.54
1.26
1.26
1.13

Test effect/
Model effect

1.15
1.14
1.19
1.23
1.26
0.98
1.03
1.01
1.01
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The theory and tests show that fibre composites can be used for strengthening of axially
loaded truss members. Derived models may be used to calculate the strengthening effect.
Since the strengthening method does not necessitate any heavy equipment during the application process, it is suitable to use at high heights and in narrow places.
The method with hand lay-up works well in a laboratory environment, but might be difficult to
employ on real structures. At heights, it is harder to handle the fibre sheets, especially if it is
windy. For strengthening of real structures, pre-manufactured shells that can be bonded to
the truss should be used.
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Preface
Strengthening of concrete structures can be made for either maintaining or upgrade the performance of the structure.
This report is mainly a review of literature focused on mineral based composites (MBC) for
strengthening of concrete structures. Different materials that can be used in MBC strengthening system are described in general.
The overall research area is quite extensive and therefore the report content is mainly based
on different types of modified cement, the bond strength and fibre reinforced polymers (FRP).
The modified cement in combination with FRP will create a strengthening composite used to
repair or upgrade existing concrete structures. This report should be considered as a base
for future research and development of mineral based composites.
The work has been carried out at the division of structural engineering at Luleå University of
Technology and has been funded by the European research project Sustainable Bridges.

I

Summary

Summary
A large part of the existing concrete structures of the world’s infrastructure are in need of
upgrading or strengthening. There are a number of reasons for this. Increasing traffic
flows/loads, a large part of the existing infrastructure has reached the designed life length
and needs to be replaced. An additional reason for upgrading and strengthening is the degradation of the infrastructures of today. It is important from an economical point of view to
solve these problems in a cost effective way. One way of solving these problems is by applying repair and strengthening methods that are environmental friendly and energy saving.
The most common repair and strengthening techniques with advanced composites use carbon fibre reinforced polymers (CFRP) with epoxy resins as the bonding agent between the
structure and the composite. This method has been utilized on different types of structures in
Sweden with good results.
There are however certain parameters that needs to be improved and developed. One of
these parameters are the working environment, the epoxy adhesive is compounded of two
different components that can provoke allergic reactions unless protective clothing is being
used. It is then of interest to replace the epoxy adhesive with a bonding agent that ensures a
better working environment. Other aspects that limits the use of epoxy adhesives is the diffusion tightness, thermal compatibility and application temperature. The two first aspects can
evoke freeze and thaw problems and the third aspect refers to the required minimum temperature of the surroundings, 10°C which limits the use in the northern parts of the world.
Epoxy resins also have very poor fire resistance. It is then advantageous and of interest if the
epoxy adhesives can be replaced with a mineral based bonding agent, e.g. polymer modified
mortar, which has similar properties to concrete and are more working environmental
friendly.
Mineral based composites (MBC) are a new type of strengthening system which can be designed in many different ways depending on the desired properties of the strengthening system. MBC can be divided into two main groups of materials, mortars and fibre composites
(fibre reinforced polymers, FRP). The most suitable mortars in a mineral based strengthening
system are the polymer modified cement mortars. The modifiers are polymer or polymeric
based admixtures. These admistures can be divided into four main groups; polymer latex or
polymer dispersion, redispersible polymer powder, water soluble polymer and liquid polymer.
The most commonly used FRP for strengthening concrete structures consists of carbon fibre
polymers. The fibre composites can be designed in various geometries to fit the desired
properties.
One of the limiting parameters with the MBC strengthening system is the bond strength.
Bond strength problems can generally arise in two transition zones; between the base concrete and the applied mortar and secondly in the layer plane of the added FRP since the
bond between polymer and mortar is insufficient. Aspects that influences the bond strength is
the compatibility between the two materials, base concrete and applied mortar. The modulus
of elasticity and shrinkage incompatibilities can be of great concern. The strengthening material should have >30 % higher modulus of elasticity than the modulus of elasticity for the base
concrete. There are also different types of test methods that can measure the bond strength.
However, the measured bond strength is greatly dependent on the test method. Existing
method can generally be divided into three categories; Tensile stresses, Shear stresses and
a combination between shear stresses and compressive stresses. The bond strength can
also be enhanced with chemical and mechanical processes.
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1 Upgrading of existing concrete structures
1.1 Introduction
1.1.1 Background
Concrete is one of the principal materials for structures and the use is widely spread over the
world. In recent years the technical innovations in the construction industry have progressed
significantly. The research and development of high performance and multifunctional construction materials have been improved to meet up with the innovations. Advanced technologies have recently been focused on upgrading of existing structures. The anticipated design
life of steel reinforced concrete structures is frequently shortened due to alternation of the
load situation on the structure or deterioration of the concrete structure such as steel reinforcement corrosion. In production of new concrete structures various of techniques to protect the steel from corroding have been developed. Some examples include providing steel
bars with a protective epoxy coating, decreasing the concrete porosity, increasing requirements of the reinforcement cover and cathodic protection. These methods are more successful in suppressing or postponing the corrosion process than eliminating it, Goodspeed and
Schmeckpeper (2001). In upgrading of existing concrete structures an alternative method of
repair and strengthening is to bond a non corrosive material, such as fibre reinforced polymers (FRP), to the surface of the structure. FRP materials have significant potential and possess three physical properties of interest and that is; high tensile strength, low elastic
modulus and elastic-brittle stress-strain behaviour. One of the critical parameters in upgrading existing structures is the choice of bonding material between the FRP and concrete surface.
Strengthening systems with the use of continuous carbon fibres in an epoxy matrix bounded
to concrete structures is a successful method, Fukuyama and Sugano (2000) and Nordin
(2003). However, these methods presents some important disadvantages like the use of organic resins (especially epoxies) which gives a hazardous working environment for the manual worker and has a low permeability, diffusion tightness and poor thermal compatibility with
concrete, Holmgren and Badanoiu (2002). Upgrading of civil structures with mineral based
composites gives a more compatible repair or strengthening system with the base concrete.
Mineral based composites (MBC) stands for upgrading with FRP materials and instead of
epoxy resins the use of polymer modified mortars should prevent some of the disadvantages
with the organic resins mentioned above.

1.1.2 Purpose and aim
The main ambition of the literature review is to investigate and map the compound of the
included materials that can be used for cement based binding materials instead of epoxy
resins in combination with FRP strengthening.
The methodology of the literature review is to scrutinize references of earlier performed repair, strengthening and possible materials in the area of mineral based composites. It also
includes assemble and structure of the information so it can work as a base for future research and development of mineral based composites.
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1.1.3 Description of report content
Short descriptions of the content in the chapters are listed below.
Chapter 2.

Describes the background and gives an introduction to mineral based composites.

Chapter 3.

Explains different designs of polymer modified mortar and cement and the
input additives.

Chapter 4.

Clarifies the structure of fibre reinforced polymers (FRP), e.g. different types of
materials and geometries.

Chapter 5.

Two kinds of mineral based strengthening systems for concrete structures

Chapter 6.

Deals with bonding failures and bond enhancement.

Chapter 7

Describes how different mixtures of polymer modified mortars behave in coldclimate field applications.

1.2 Concrete deficiencies
In recent years the demand has increased on rehabilitation and renewal of aged and deteriorated civil concrete structures. Ever increasing deterioration of infrastructure elements punctuates the imperative need for effective rehabilitation techniques with low material and maintenance costs and short installation time which leads to reduced interruptions on the structure activities. The cause of world-wide deterioration of infrastructure elements depends on a
variety of factors including time dependent material degradation, widespread fatigue damage, initial use of poor materials, flaws in design and in some cases the use of de-icing salts.
Many developing countries must enhance the requests of upgrading and retrofitting the existing concrete structures beyond the original design limits due to rapid increase in the population, higher demands on logistics etc. Figure 1 shows an railway arch bridge over the Frövi
river, in Sweden, that has been strengthened due to concrete deficiencies and higher load
requirements.

Figure 1 Bridge in need of strengthening, the crack in the right picture is exaggerated in black to
emphasize the propagation of the crack.

Another problem in some parts of the world is to immediately find solutions to reinforce old
concrete structures, which are most susceptible to seismic damages. An estimated need for
infrastructure construction and rehabilitation in the Asian areas alone is almost US $2 trillion
in the early twenty-first century, Lee et al. (1999). In the United States, 80 billion will be paid
for the repair of current deficiencies in civil infrastructure. In California alone, over 3.5 billion
is required for seismic retrofitting of concrete bridges.
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1.3 Upgrading methods
There exist various types of deficiencies in old existing concrete structures. Deficiencies associated with visual inspection of concrete can be:
•

Construction faults (exposed reinforcing steel, honeycombing)

•

Cracking (surface, depth, width)

•

Disintegration (peeling, scaling, weathering)

•

Distortion or movement (buckling, settling, tilting)

•

Erosion (abrasion, cavitations)

•

Spalling (popouts, spall)

There are several different approaches of measures to prolong the service life of deficient
concrete structures with deficiencies. Some of these measures can be; concrete renovations,
this includes corrosion-protection, repair and fine fillers, concrete protection, this includes
coatings and priming, injection, this comprises space fillings for cracks and cavitations and
upgrading systems, there are a variety of techniques for strengthening concrete structures
some of these includes different fibres such as glass, carbon and aramid with or without matrix. The geometry of the fibres can differ from sheets, plates, rods and textiles which are
bonded to the concrete with epoxy resins or mineral based binders.

1.4 Upgrading standard
European standards for protection and repair of concrete structures have been drafted during
the recent years, pr EN 1504 – Products and systems for protection and repair of concrete
structures. The essential arrangement of this standard is summarized in Table 1. This standard defines the main perspectives of performance properties when it comes to using structural adhesives for strengthening purposes either by bonded plate reinforcement or by
bonded mortar or concrete, Mays (2001).
Table1 Composition of European standard pr EN 1504.
Standard

Activity

EN 1504 part 1

Genereal scope and definitions

EN 1504 part 2

Surface protection

EN 1504 part 3

Structural and non-structural reapir

EN 1504 part 4

Structural bonding

EN 1504 part 5

Concrete injection

EN 1504 part 6

Grouting to anchor reinforcement or to fill external voids

EN 1504 part 7

Reinforcement corrosion prevention

EN 1504 part 8

Quality control and evaluation of conformity

EN 1504 part 9

General principles for use of products and systems

EN 1504 part 10

Site application of products and systems and quality control of the works
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The requirements for the identification, performance (including durability) and safety of structural bonding products are specified in the recent draft of the European Standard EN 1504
part 4. This draft also includes the same requirements for systems to be used for the structural bonding of strengthening materials to an existing concrete structure, including:
Bonding of external appropriate materials to the surface of concrete structures for the purpose of strengthening, including the laminating of plates in such applications. The appropriate materials can be plates of steel or fibre reinforced composites (FRP).
Bonding of hardened concrete to hardened concrete. This application is typically related to
the use of precast units in repair and strengthening.
Casting of fresh concrete to hardened concrete were the use of a adhesive bonded joint
forms a part of the structure that is required to act compositely.
The performance requirements in this part of the standard may not be applicable in extreme
environmental conditions such as cryogenic use or accidental impact.
The European standard ENV 1504 part 9 describes the general principles for the use of
products and systems for the protection and repair of concrete structures. This includes definitions, requirements, quality control and evaluation of conformity. There are a number of test
methods to evaluate the suitability of the products and systems for the protection and repair
of concrete structures. Some of the test methods are:
EN1766

Reference concretes for testing

EN1770

Determination of the coefficient of thermal expansion

EN1799

Tests to measure the suitability of structural bonding agents for application to
concrete surfaces

EN12189

Determination of open time. Open time is the maximum time interval between
completion of mixing the bonding agent to closing of the joint at which the
bond strength requirement can be met according to the standard

EN12190

Determination of the compressive strength of repair mortar

EN12192-2

Granulometry size grading, methods for fillers in polymer bonding agents

EN12617-1

Determination of linear shrinkage for polymers and surface protection systems

EN12617-3

Determination of early age linear shrinkage for structural bonding agent

EN12636

Determination of adhesion concrete to concrete

EN13733

Tests to determinate the durability of structural bonding agents

1.5 Sustainable upgrading
An important aspect in upgrading of existing concrete structures is the compatibility of the
strengthening material and existing concrete. Some disadvantages with strengthening systems using epoxy resins as a binder between the FRP and the base concrete is that epoxy
has low permeability, poor thermal compatibility with the base concrete and do not respond
well to volume changes in the base concrete, Mirza et al. (2002).
It is therefore desired to substitute epoxy resins with cement based mortars which has better
compatibility with the base concrete. The cementitious strengthening system in Wiberg
(2000) reaches 65 % of the load carrying capacity of an epoxy resin system containing the
same amount of FRP.
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One of the limiting parameters in the current development stage of mineral based composites is the bond between the fibres (composite) and the cement matrix. Two methods to improve the bond between the fibres and the cement matrix can be, Holmgren and Badanoiu
(2002):
•

Develop the performance of the complex binder, Portland cement with polymer and
silica fume additions (Polymer and silica fume modified mortars).

•

Surface treatment of the carbon fibres prior to their casting in the cementitious composite
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2 Introduction to mineral based composites
2.1 Background
Current development of construction materials should be safe and energy saving from an
ecological point of view. Polymer modified mortar and concrete is currently becoming low
cost, promising materials for preventing chloride induced corrosion and repairing damaged
reinforced concrete structures. A combination between the polymer modified mortar and fibre
reinforced polymer (FRP) can be used for upgrading of civil structures.
Mineral Based Composites (MBC) is such a combination. MBC is a composite material which
is made by replacing a part or all of the cement hydrate binder of conventional mortar or concrete with polymers and by strengthening the cement hydrate binder with polymers and with
the addition of conventional FRP it becomes a high performance upgrading system.

2.2 MBC components
Mineral based composites can be designed in various ways depending on the required attributes of the upgrading system. The primary foundation in choosing the right MBC should
be based on the type of structure that is being subjected to upgrading and the required mechanical properties. Application methods and environmental effects govern the choice of the
integrated materials in the MBC. The integrated materials in the MBC can be divided in two
main groups, mortars and fibre composites. These two main groups are being described further in the coming parts of the report. Figure 2 shows an overview of the different features
and material choices that creates a MBC for a desirable upgrading purpose.

2.2.1 Mortars
There are different types of cement based mortars. The commonly used mortars are ordinary
portland cement and polymer enhanced mortars, polymer impregnated cement (PIC), polymer concrete (PC) and polymer modified cement (PMC). A state of the art by Fowler (1999)
describes the polymer enhanced mortars.
PIC
Polymer impregnated cement (PIC) is produced by impregnating hydrated portland cement
concrete with a low viscosity monomer, usually methyl methacrylate, which is subsequently
polymerized by radiation or thermal catalytic techniques. PIC develops compressive
strengths three to four times greater than the concrete from which it was made. PIC also has
corresponding increases in tensile and flexural strength and has excellent durability when it
comes to freezing, thawing and acid resistance. The durability properties mostly depend on
extremely low permeability. Inexplicably, the modulus of elasticity was 50-100% higher than
normal concrete even though the modulus of the polymer is no more than 10% of the concrete modulus. With such outstanding properties, many applications for PIC were forecast,
including bridge decks, pipes, and conduits for aggressive fluids, floor tile, hazardous waste
containment, post-tensioned beams and slabs and stay-in-place formwork. However, at the
present time, apparently only one company in Japan is producing PIC components including
stay-in-place forms and channel liners.
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PC
Polymer concrete (PC) contains no portland cement or water, just aggregates with a polymer
binder. Polyester-styrene, acrylics and epoxies have been the most widely used monomers/resins. Sulphur is also considered to be a polymer and sulphur concrete has been used
for applications requiring high acid resistance. Due to the PC rapid curing, excellent bond to
concrete and steel reinforcement and excellent strength and durability makes it a very attractive repair material. The thicknesses of the mortar can be less than 10 mm. However, it has
not become as widely used in repair and strengthening as it was intended due to cost, lack of
familiarity by contractors and competition from other repair materials such as rapid-setting
portland cement formulations. To take advantage of the unique properties of PC different
construction procedures are needed. Incompatibility between the PC and the concrete substrate can result in failure if there is a difference in the coefficients of thermal expansion,
coupled with a high PC modulus. Thermal changes can produce high shear and tensile
stresses at the interface near boundaries which may cause the repair to delaminate. Precast
PC has been used to produce a wide range of products, including drains, underground
boxes, manholes, acid tanks and cells, hazardous waste containment, tunnel lining, highway
median barriers, shells for repairing machinery foundations, floor tile, stay-in-place curb and
tunnel forms, sleepers and machine tools.
PC was at first used as a concrete replacement, but was later used to replace other materials
including metals, e.g. cast iron for machine bases and tools. The high strength and stiffnessto-weight ratio, high damping properties, mouldability and low thermal conductivity make PC
particularly attractive for these applications. Polymer impregnated mortar and concrete are
rarely used as construction materials because of poor balance between their performance
and their high processing cost and awkwardness in applying despite their outstanding performance, Ohama (1997).
PMC
Polymer modified cement (PMC) using latexes has been in use since the 1950s. PMC consists of portland cement concrete with a polymer modifier such as acrylic or styrenebutadiene latex (SBR), polyvinyl acetate, and ethylene vinyl acetate. From a construction
point of view PMC has similar desirable attributes as conventional portland cement concrete
technology. The amount of polymer is usually in the range of 10-20% of the portland cement
binder. Only a few polymers are suitable for adding to concrete. The majority of polymers
would produce poor quality PMC. SBR has been generally used for floor and bridge overlays,
although the minimum thickness is usually about 30 mm.
The advantages of SBR PMC are excellent bond strength to concrete, higher flexural
strength, and low permeability. Wet curing is usually required for 24-48 hours to allow the
concrete to gain strength before permitting the latex film to form. Acrylic latex has been used
to produce mortars which can be sprayed or with trowel smeared on architectural finishes. It
is also useful for bonding ceramic tile to floors. Acrylic PMC has the ability to be colour-fast
which makes it an attractive material for architectural finishes. PMC can be enhanced by the
use of fibres to improve the yield tensile strength and reduce cracking. Spray-on applications
have been very cost effective for vertical surfaces. The cost of PMC is less than that of PC
since fewer polymers is required.
The mortar that has shown the best results when strengthening is the polymer modified mortar, Mirza et al. (2002) and Sakai and Sugita (1995).
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2.2.2 Composites
A composite material is defined as a material composed of two or several materials, with a
identifiable contact stratum in between the materials. The most common fibre composites
consist of polymer fibres in matrices and additives. The different types of fibres consist of
different materials such as aramid, glass and carbon. The choice of material depends on the
desirable properties of the composite. The function of the matrix is to transfer forces between
fibres since they cannot transmit forces in between themselves. The matrix also protects the
fibres from environmental strains. The properties of the composite can be enhanced with the
addition of additives, e.g. improvement of the bond between the composite and the strengthened material, sizing, Paipetis and Galiotis (1996). Fibre composites are further described in
chapter 4. It should be mentioned that the fibres are not necessary in the need of a matrix
when strengthening with cement based bonding agents. Then the cement based bonding
agent becomes the surrounding matrix, Wiberg (2003), Mobasher et al. (2006) and Holler et
al. (2004).
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3 Polymer modified cement and concrete
3.1 Polymers
A cement modifier is a polymer or polymeric based admixture which consists of a polymeric
compound as a main ingredient. This ingredient modifies or improves the properties, of cement mortar and concrete, such as strength, deformability, adhesion, waterproofness and
durability. The polymeric compound can be a polymer latex, redispersible polymer powder,
water soluble polymer or liquid polymer. The polymer based admixtures are called polymer
modified mortar (PMM) and polymer modified concrete (PMC). The properties of polymer
modified mortar and polymer modified concrete depends extensively on the polymer content
or polymer-cement ratio rather than the water-cement ratio in comparison with ordinary cement mortar and concrete, Ohama (1998). However, the influence of the polymer modification on the short term flexural strength at high relative humidity is limited, Van Gemert et al.
(2005). Immediately when dry curing is introduced, a polymer film starts to build up through
the binder phase. The flexural strength is increased with increasing polymer to cement ratio
until a certain limit, this is described more in chapter 3.2.2. The strength development will be
optimal if the curing condition starts with a wet curing period and then followed by a dry curing period. Higher final flexural strength will be obtained if a longer moist and water curing
period (up to 28 days) is provided and if shrinkage is prevented, Beeldens et al. (2003).
The classification of polymer based admixtures can be divided in to four main types: Polymer
latex or polymer dispersion, redispersible polymer powder, water soluble polymer and liquid
polymer, Figure 3.

3.1.1 Polymer latex
In the binder phase latex modification of cement mortar and concrete is executed by both
cement hydration and polymer film formation processes. To yield a monolithic matrix phase
with a network structure that leads to interpenetration between the cement hydrate phase
and the polymer phase, the hydration of the cement and the polymer film formation must
proceed sufficiently, Wagner (1965). The aggregates are bound by this type of co-matrix
phase which results in better properties compared with traditional cementitious composites.
The reactions that generally forms the co-matrix is shown in Figure 4, Schweite et al. (1969)
and Wagner and Grenely (1978) a similar and comprehensive model with the mechanism on
the time scale can be found in Beeldens et al. (2003).
Reactions between the particle surfaces of reactive polymers such as polyacrylic esters
(PAE) and calcium ions (Ca2+), Ca(OH)2 solid surfaces, or silicate surfaces over the aggregates may take place and improve the bond between the cement hydrates and aggregates.
Such reactions also improves the properties of hardened latex modified mortar and concrete.
Microcracks are bridged by the polymer films or membranes when the polymer modified concrete is under stress, Ohama (1998). Prevention of crack propagation and a strong cement
hydrate-aggregate bond enhance the properties of latex modified mortars and concrete in
comparison with ordinary cement mortar and concrete. Electron micrographs, Figure 5, show
apparent improvement in bonding of the cross sections with SBR-, EVA- and PAE modified
mortars. An increase in the polymer content or polymer-cement ratio increases the effects
described above and lead to increased tensile strength and fracture toughness. This is also
found in Do and Soh (2003).
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Air entrainment causes discontinuities in the formed monolithic network which reduces the
strength. The sealing effect of the polymer films or membranes also provides increase in waterproofness or water-tightness, resistance to moisture or air permeation, chemical resistance and freeze-thaw durability, Ohama (1998) and Mirza et al. (2002). This sealing effect is
promoted with increasing polymer-cement ratio up to certain limits.

Figure 3 Classification of polymer based admixtures. *At present PVAC is not used due to its very poor
water resistance. The underlined are the most commercial used polymers, after Ohama (1998).
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Figure 4 Simplified model of formation of polymer cement co-matrix, Ohama (1995).

Figure 5 Scanning electron micrographs of latex modified mortars, Ohama (1995).

3.1.2 Redispersible polymer powder
The difference between modification of cement mortar and concrete with redispersible polymer powders to that of latex modification is that it also involves the redispersion of the polymer powders. The application of most redispersible polymer powders are by dry mixing with
the cement and aggregate premixtures and then followed by wet mixing with water.
The redispersible polymer powders are remulsified in the modified mortar and concrete during the wet mixing and behave similar to the latexes for polymer based admixtures. The quality of the redispersible polymer powders has markedly been improved during the recent
years. The improvement especially concerns their film formation characteristics. The properties of polymer modified mortars and concretes using the redispersible polymer powders
have become similar to those of polymer modified mortars and concretes using polymer
latexes. In Ohama 1998 it is suggested from this fact that the polymer latexes will be replaced by the redispersible polymer powder in the production of the polymer modified mortars and concretes.
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3.1.3 Water soluble polymer (monomer)
Modification with water soluble polymers such as cellulose derivates and polyvinyl alcohol
mainly improves the workability because of the surface activity of the water soluble polymers.
Small amounts of polymers are added as powders or aqueous solutions to cement mortar or
concrete during mixing. The contribution in strength of the modified system from the water
soluble polymers is very little.

3.1.4 Liquid polymer
The amounts of polymerizable low molecular weight polymers or prepolymers are generally
higher than in the latex modified systems. The liquid thermosetting resins (polymers) are
added in a liquid form to cement mortar and concrete during mixing. The polymerization in
this modification is initiated in the presence of water to form a polymer phase simultaneously
as the cement hydration occurs. This results in a co-matrix phase with a network structure of
interpenetrating polymer and cement hydrate phases. This binds the aggregates strongly. As
a result, the improvement in strength and other properties of the modified mortar and concrete is much in the same way as latex modified systems.

3.2 Mixtures
3.2.1 Water to cement ratio
In Schulze (1999) the influences of water to cement ratio and cement content on the properties of polymer modified mortar is investigated. In all of the experiments portland cement
CEM 1 32.5 R and the sand mixture according to DIN EN 196 was used, the sand content
was always adjusted to reach 100 parts. With the following additives:
•

Redispersible powder Vinnapas LL 512 (Styrene/acrylic powder of Wacker Polymer
Systems, Burghausen, Germany)

•

Shrinkage reducing agent 2,5-dimethylpropanediol (BASF)

•

Wetting agent Emulan OG (BASF)

•

Defoamer Agitan P803 (Münzing)

•

Fly ash (EFA-filler, Keller Dortmund)

•

Microsilica (Elkem)

The study shows that the compressive strength is decreased with increasing water cement
ratio and the cement content is of minor influence. Higher cement content and higher water
cement ratio induces increased shrinkage and water absorption. The flexural strength is
nearly independent of water to cement ratio and cement content in unmodified mortars at
water to cement ratios of 0,4-0,6. This is in contradiction to some previously published work,
Wendehorst (1992), but confirms other data, Beton (1990). The flexural strength in polymer
modified mortars is increased in comparison to the unmodified mortars. There is only a small
increase of the flexural strength with decreasing water to cement ratio at a constant cement
level in the formula. There is a distinctive increase in flexural strength with decreasing water
to cement ratio when the mortar is stored in water.
Both binders in the modified mortar act in synergy. The cement acts as the inorganic binder
and is responsible for mechanical stability such as compressive strength. The redispersible
powder is the organic binder and that acts as reinforcement and is responsible for the internal tensile strength and at interfaces for the adhesion bond strength.
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3.2.2 Polymer to cement ratios
The polymer to cement ratio, P/C, is defined as the weight ratio of the amount of total solids
in the polymers to the amount of cement in the modified mortar or concrete mixture, Ohama
(1995).
The properties of polymer modified mortar and concrete depend more on the polymer content or polymer to cement ratio than the water to cement ratio compared with ordinary cement mortar and concrete. A polymeric compound modifies or improves the properties such
as strength, deformability, adhesion, workability, waterproofness and durability of cement
mortar or concrete, Ohama (1998). Further, the addition of polymers increases the resistance
to freeze-thaw cycling and gives better protection against environmental stresses, Ohama
(1994).
Three-point bending tests shows that the maximum load is fairly constant for mortars with a
P/C ratio 7,5 wt.% or lower. The flexural strength increases with further addition of polymers,
P/C ratio in between 10 to 15 wt.%. A P/C ratio higher than 15 wt.% decreases the mechanical strength, Pascal et al. (2004), Van Gemert et al. (2005). The improvement of the tensile
and flexural strength for polymer modified mortars with latex rubber is explained by the formation of continuous polymer networks within the mortar at P/C ratios higher than 10 wt.%,
Justnes and Oye (1990). In the same way, the retardation of the cement hydration is compensated by the presence of the polymer film which influences the flexural strength, Van
Gemert et al. (2005).

3.3 Additives
The addition of different polymers enhances the properties of ordinary portland cement. But
there are also a number of chemical admixtures such as water reducing agents, ashes, aluminosilicate, superplasticizers etc. that further improves the mortar and concrete quality.
Other ways of improving the performance of concrete and mortars can consist of adding reinforcing fibres. All of the above mentioned improvements can be enhancing strength, shortened setting time, decreasing autogenously shrinkage, controlling alkali aggregate reaction,
reducing risk of chloride induced corrosion of embedded steel, improving the durability etc, Li
and Ding (2003).
In order to increase the fluidity of fresh mortar and concrete for pumping, increasing the
strength and prolong durability of hardened mortar and concrete, a small quantity of superplasticizers are often added into the mortar and concrete mixture. Superplasticizers and reinforcing fibres will be described in more detail.

3.3.1 Superplasticizers
Portland cement mortar and concrete has many insufficiencies in the fresh and the hardened
state. Commonly used mortar and concrete often exhibits segregation, bleeding, high surface
tension, prohibitive air entrainment, rapid loss in workability and rough surface texture in the
fresh state, Stroeven and Hu (2004). Furthermore, mortar and concrete requires extended
water or moist curing for consistent growth in strength, which is both costly and time consuming. Ordinary mortar and concrete has low tensile flexural strength, modulus of rapture,
toughness and energy absorption capacity, high porosity and high permeability. Addition of
water based polymer emulsion or latex of copolymer in mortar and concrete systems improves many of the deficiencies described above. The mobility of latex improves cohesion,
reduces chance of bleeding but entraps high percentage of air which has a significant influence on the compressive strength. By the film and filament formation of latex in the cement
matrix stitches the opposite sides of the voids present in the cement matrix. This increases
the flexural tensile strength and toughness, Isenburg and Vanderhoff (1974).
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Another type of low molecular-weight water based polymers are the superplasticizers which
primary are surface active agents that can allow large reduction of the water content without
loss of workability. Some of the superplasticizers can detrain entrained air and control the
setting time or hardening process without other side effects, Hewlett (1988). On the other
hand single application of some superplasticizers can develop complications in the form of
excessive bleeding, segregation and early loss of workability. This could be minimized by the
use of these superplasticizers in combination with latex polymers.
There is often a compatibility problem between the superplasticizers and the modified mortar
or concrete. The choice of polymers and superplasticizers to be added to the portland cement is therefore of great significance. The compatibility between five commercial superplasticizers and four latex modified cements have been studied, Ray and Gupta (1994). The materials used in, ibid, were ordinary Portland cement combined with three thermoplastic and
one elastomeric latex with the addition of five superplasticizers. Table 2 shows the specifications of the used latexes and table 3 the superplasticizers.
Table 2 Latex specifications, after Ray and Gupta (1994).
Sl
no.

Symbol

Basic ingredients

Solid
tent

1

A

Vinylacetate veova

2

B

Methylmethacrylatebutylacrylate
and
ethylhexylacrylate

3
4

con-

Specific
gratvity

Appearance

55 %

1,077

Opaque, milky white
aqueous dispersion

2-

49 %

1,05

milky white, aqueous
dispersion

C

Vinylacetate-butylacrylate and
2-ethylhexylacrylate

50 %

1,05

milky white, aqueous
dispersion

D

Styrene-butadiene rubber

45 %

1,02

milky white liquid

Table 3 Superplasticizer specifications, after Ray and Gupta (1994).
Sl
no.

Symbol

Basic ingredients

Specific
gratvity

Appearance

1

S1

Sulphonated melamine and formaldehyde condensate

1,24

Liquid, brown colour

2

S2

Sulphonated naphthalene and formaldehyde condensate

1,2

Liquid, dark brown colour

3

S3

Modified lignosulphonate

1,16

Liquid, black

4

S4

Sulphonated naphthalene formaldehyde
lignosulphonate condensate

1,2

Liquid, brownish black colour

5

S5

Sulphonated melamine formaldehyde
and naphthalene formaldehyde condensate

1,16

Liquid, brown colour
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Fresh state
Superplasticizers based on Lignosulphonate (S3 and S4) delay the setting time excessively
and entrain high volumes of air. This tendency is not minimised in latex modified cement or
mortar. In water reduction terms the superplasticizer (S2) based on pure naphthalene formaldehyde condensate is not compatible with acrylic based latex, since it increases the water
demand. Melamine based superplasticizer (S1 and S5) exhibit no bleeding and segregation in
the latex modified cement or mortar, although when used alone it exhibit these inadequacies.
The setting time, air content and water requirements are reduced when latexes A, B, C and
D are used in mixture with S1 and S5. Superplasticizers S1 and S5 showed the best compatibility with the latexes, ibid.
Hardened state
Latex additions up to 10-11 % improve the compressive strength for latex modified mortar
compared to unmodified mortar. With addition of superplasticizers the improvement in compressive strength may increase for up to 12-15 % of latex addition. In comparison with latex
modified mortar the superplasticized and latex modified mortar shows higher deformation,
this may depend on the restraint of polymer films within the denser gel in superplasticized
latex modified mortar. The toughness increases for latex modified mortar in comparison with
the unmodified mortar. Addition of superplasticizer improves this toughness value further,
Ray and Gupta (1995).

3.3.2 Reinforcing fibres
It is very important to obtain high performance mortars for utilization in special applications
such as shotcreting, upgrading or mining, just to mention a few. The incorporation of fibres in
cement based compounds can be in two different ways.
•

Shopped or milled fibres

•

Continuous fibres

Continuous fibres are more expensive and are not easily mixed into the cement matrix.
Shopped or milled fibres on the hand have less mechanical efficiency compared to the continuous fibres. Different types of fibres can be used such as steel, glass, carbon, polypropylene and natural fibres, Groth (2000), Cuypers et al. (2006), Garcés et al. (2005) and Agopyan et al. (2005). Drying shrinkage can be reduced by adding fibres in cement based materials. However, the compressive strength will generally be reduced by incorporation of fibres in
the material and the permeability can be increased, Gutiérrez et al. (2005). These insufficiencies can be bridged by the use of supplementary materials that will lead to a densification of the concrete or cement matrix. In the case of polypropylene reinforcing fibres a suitable proportion of 2.0% is recommended and with an addition of 0.5% melamine formaldehyde dispersion the recommended proportion of polypropylene fibres is 1% for both the
bending and compressive strength, Santos et al. (2005). Addition of silica fume will also improve mechanical properties such as compressive strength and flexural strength for cement
matrices with steel and glass fibres. Incorporation of silica fume will generally improve the
water absorption properties due to a reduction of permeable voids, Gutiérrez et al. (2005).
Durability problems can occur if the porosity of the concrete or mortar is increased. The increase in porosity will increase the chloride penetration and this is a disadvantage if steel is
incorporated in the concrete or mortar. In the case of incorporation of carbon fibres in the
mortar a content of 0.5% of cement weight will give a optimum increase in flexural strength
(general purpose pitch based carbon fibres), Garcés et al. (2005). Again, substitution of ordinary Portland cement with silica fume will increase the flexural strength as the reduction of
porosity.
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In the case of continuous fibres the load bearing capacity and crack loads are highly dependent on the design of the fibre bundles and of course the fibre material. A study on mechanical properties for glass and carbon yarn reinforced mortar was performed in Langlois et
al. (2005) shows the effectiveness of the yarns entails the most significant difference between glass yarn and carbon yarn Glass fibre yarn had the best effectiveness. The study
also indicated that the glass yarn samples had better penetration and bond to the mortar matrix. On the other hand, the carbon yarn incorporated specimens had better strength over
time when compared to the glass yarn reinforced mortars.
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4 Composites
4.1 Fibre
The appellation fibre reinforced polymers (FRP), normally intends a material with an amount
of long (continuous) or short fibres that are held together and united by a polymer matrix. The
mechanical properties of the composite material are determined by the properties of the fibres, matrix and contact stratum together with the orientation of the fibres. Fibre materials
often consist of carbon, glass and aramid fibres. These fibres have greater failure strength
than steel and are linear elastic until failure, se Figure 6. The fibre amount for a FRP is in the
range of 35-70 % depending on the choice of material, production process and expected
properties of the composite.
Carbon
HS

Stress [MPa]

6000

4000
Carbon
HM

Aramid
Glass

2000

Steel tendon
Steel bar

0
0

1

2
3
Strain [%]

4

5

Figure 6 Properties of different fibres and typical reinforcing steel. HS stands for High Strength and
HM for High elastic Modulus, Carolin (2003).

4.1.1 Carbon fibre
Carbon fibres were developed in Great Britain in the search to find a stiff, strong and lightweight material. The carbon fibre, which is a inorganic fibre, is manufactured in bundles of
about 104 individual fibres with a diameter of 5-15 μm. There are two main production processes to manufacture carbon fibre. It is the raw material that difference the two processes
apart. The best and most costly carbon fibres are manufactured of polyacrylnitrile (PAN).
These are also the most current fibres for load carrying purposes with high modulus of elasticity 200-800 GPa and ultimate elongation 0,3-2,5 %. Other characteristics of carbon fibres
is that they do not absorb water, are resistant to many chemical solutions, do not corrode
and they withstand fatigue. Carbon fibre is electrically conductive and might give galvanic
corrosion in direct contact with steel.

4.1.2 Glass fibre
Glass fibre is a inorganic fibre manufactured by melted glass compressed through an opening with a diameter of 1-3 mm and is then prolonged which gives the fibre a thickness of 3-20
μm. The glass fibres can have a modulus of elasticity in the range of 70-85 GPa and a ultimate elongation of 2-5 % depending on the quality. Glass fibres are sensitive to moisture and
alkaline environments, but with the correct choice of matrix the fibres are protected (alkali
resistant AR).
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4.1.3 Aramid fibre
Aramid fibres are mostly known from the product Kevlar who is a material in bullet-proof garments. The aramid fibre is a organic fibre manufactured from a solution with aromatic polyamide. The diameter of the fibre are 10-15 μm and the modulus of elasticity range from 70200 GPa and the ultimate elongation are 1,5-5 % depending on the quality. Aramid fibres are
sensitive to high temperatures, moist and ultra violet radiation and are therefore not suitable
for all applications in construction industries.

4.2 Matrix
The purpose of the matrix material is to bind the fibres and transmit and distribute shear
forces between the fibres and give them environmental protection. It is important for the matrix for fibre composites used in concrete to withstand the alkaline environment in the concrete and in that way protect the fibres. Fibre composites that are used in construction industries contain most likely a matrix of thermosetting resins. The thermosetting resins can be
vinylester, epoxy and polyester, the properties of these matrix materials are shown in Table
4. Epoxies have good strength, bond, creep properties and chemical resistance.
Table 4 Properties for different matrix materials, after Betongrapport nr 9 (2002)
Density
3

Tensile strength

Tensile modulus

Failure strain

Material

[kg/m ]

[MPa]

[GPa]

[%]

Polyester

1000-1450

20-100

2,1-4,1

1,0-6,5

Epoxy

1100-1300

55-130

2,5-4,1

1,5-9,0

Vinylester

1120

80-90

3,2

4-5

4.3 Geometry
The fibres can be placed in different directions in the composite (FRP) and in that way form a
large amount of FRP geometries with different mechanical properties. If the fibres are placed
in one direction the FRP becomes unidirectional, but the fibres can also be woven or bonded
in many directions and the FRP then becomes bi or multi directional. Table 5 shows different
geometries for composite strengthening materials, there can of course also be 3D geometries. Depending on the type of fibre used, the FRP material can be referred as CRFP (Carbon Fibre Reinforced Polymer), GFRP (Glass Fibre Reinforced Polymer) and AFRP (Aramid
Fibre Reinforced Polymer), Täljsten (2002).
Table 5 Different geometries for composite materials
1 Dimensions

Mono-axial

Biaxial

Triaxial

Multi-axial

Pultruded rod

-

-

-

Plane Weave/grid

Triaxial
Weave/grid

Multi-axial
Weave/grid

2 Dimensions

Sheet
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4.3.1 Pultruded Rods
Pultruded rods are typical unidirectional FRP, this means that the fibre orientation is in the
length direction of the composite. The pultruded rods are best suitable for plane structures in
need for upgrade of the bending moment capacity. The surface of the rod can be covered
with quartz sand to increase the bond strength between the rod and the structure with the
use of polymer modified mortar as a bonding material. Near Surface Mounted Reinforcement
(NSMR) with carbon fibre reinforced polymers (CFRP) is a non corroding strengthening system applied at the surface of strengthened object. The CFRP can be tailor-made into required geometries that fulfil the purposes of the strengthening system. Figure 7 shows NSMR
with a plate and a pultruded rod.

A

B

Figure 7 A. Pultruded rods, to the left without cover material land to the right covered with quartz sand.
B. Near Surface Mounted Reinforcement, to the left with a plate and in the middle a pultruded rod,
Täljsten et al. (2003).

4.3.2 Woven fabrics
Woven fabrics, such as sheets or weave, are commonly made of orthogonal interlacing yarns
called warp and fills. Figure 8 shows the structure of different types of woven fabrics, the fill
yarns are those parallel to the vertical axis and the warp yarns are those perpendicular to the
vertical axis in the figure. The warp and fill yarns pass over and under each other. This leads
to that every single yarn will get crimped shape, see Figure 8. The density of the fills and
warps can be controlled independently for each direction under the manufacturing of the fabric. There are many possibilities with different designs of the woven fabrics, from a single
yarn to advanced 3D designs, Roye and Gries (2005).
The penetrability of the bonding material, polymer modified mortars or epoxies, into the fabric
is affected by the density of the warp and fill yarns, higher density leads to lesser penetrability.
The crimped geometry of the individual yarn, fibre, is expected to reduce the reinforcement
efficiency in comparison with a straight yarn and may lead to stress concentration in the
bonding material. However in polymer modified mortars the crimped geometry of the individual yarn may be advantageous, since it may provide mechanical anchoring. The interlacing
between the warps and the fills in the fabric may develop a frictional resistance at their contact points, Peled et al. (1998).
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A. Warp Knitted Weft Insertion

B. Short weft Warp knitted

C. Woven plain weave

D. Plain weave

E. Twill weave

F. Satin weave with warp
passing over four fill yarns

Figure 8 The structure of different types of woven fabrics. A, B and C from Peled and Bentur (2003),D,
E, F from Peled et al. (1994).

4.3.3 Grids
The main difference between a grid and a fabric or sheet is that the grid is not woven. Grids
can also be called meshes and nets. To produce a grid the continuous fibres are braided or
bundled into shape and the impregnated with a resin. Grids can be manufactured in a large
variety of geometries, from dense meshes for reinforceing boards and panels to reinforcing
nets for slabs. The advantages of grids are that they have higher mechanical properties than
consolidated woven fabric and have smother surface, better surface aspect. They are also
considered to be highly thermorformable. Figure 9 shows biaxial and triaxial grids. Grid geometries can also be introduced as a substitute to steel reinforcement of concrete structures
in certain situations. FRPs are non-corrosive, magnetically neutral and have a high strength
to weight ratio, Zhang et al. (2004).

Figure 9 Biaxial grid (to the left) and a triaxial grid (to the right), Han and Tsai (2003).
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5 Mineral based strengthening systems
Strengthening of concrete structures with continuous fibres or FRPs and mineral/cement
based bonding agents are not a simple action. Each and all of the incorporated materials are
very complex to be combined into a composite with optimal strengthening properties. Both
the components in the cement bonding agent and the materials and geometry of the fibres or
FRPs play a significant role in the performance of the strengthening system. Because perfect
penetration of the fibres, or bond to FRPs, in the cementitious matrix are very hard to
achieve. Enhanced bonding of the fibre or FRP should be obtained when a non linear geometry is introduced into the cement based matrix. A special geometry may provide mechanical anchoring to the cement based matrix. In mineral based composites, the matrix
does not fully penetrate in the spaces surrounding the fibre or FRP, this is supported by
many studies Wiberg (2003), Chudoba et al. (2006), Santos et al. (2005) and Garcés (2005).
This chapter will describe two different approaches when constructing a mineral based
strengthening system for concrete structures. The first system described is Textile Reinforced Concrete (TRC) developed at the collaborative research center “Textile reinforced
concrete: the basis for the development of a new material technology” installed at Aachen
University, Germany, in 1998. This strengthening system basically consists of woven fabric
bonded to the concrete surface with modified cement. The second system is called Mineral
Based Composites (MBC) and is being developed at Luleå University of Technology in Sweden. This strengthening system consists of a 2D CFRP grid bonded to the concrete surface
with a polymer modified and fibre reinforced mortar.

5.1 Textile Reinforced Concrete (TRC)

.2
10

10
.2

This strengthening technique is comprised of a cementitious matrix as the bonding agent and
a textile fabric as reinforcement. The TRC system is mounted with a fine-grained high
strength concrete as the bonding agent. This high strength concrete has a maximum aggregate size of 1 mm. The reinforcing fibres are made of AR-glass (alkali resistant glass fibres)
which are produced into to a woven fabric. There can be many designs of textile fabrics depending on the load case and positioning of the fabric. A maximum of 4 different fibre orientations can be obtain in the same multiaxial fabric, see also Figure. Fabrics with relatively
complicated yarn shapes, such as short weft knit, enhance the bonding and improve the
composite performance, Peled (2005). Figure 10 shows a multiaxial textile fabric with filament bundler and stitching fibres.

filamentbundles

stitching
fibres

Figure 10. Multiaxial textile fabric used in textile reinforced concrete, Brueckner et al. (2005).

Shear strengthening of concrete beams have been performed with the TRC strengthening
system in Brueckner et al. (2005), Dresden University of Technology. The concrete beam
specimens have the a T cross section and the test set-up was 3 point beam bending with a
support span of 200 cm, see Figure 11 The concrete T-beams were strengthened with the
TRC system symmetrically around the middle of the beam with a total length of 180 cm. The
TRC strengthening system was applied layer by layer. Fine-grained cement was used as
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bonding agent and the fabric was laminated with a spatula in the wet cement matrix, mounting of the TRC system are recorded in Figure 12. The steel shear reinforcement was designed to ensure the redistribution of internal forces in the state of cracking. The steel flexural
reinforcement was designed for a higher load than the shear reinforcement to avoid bending
failure in the T-beam.
F

100

100

20
12

20

Ø 12

Ø 8, s = 20 cm

33

Ø 8, s = 10 cm

Ø 20
30

strengthened area
240

30

18

12
48

18

Figure 11 Test set-up and geometry of T-beams, strengthened area situated in the middle, Brueckner
et al. (2005).

Figure 12 Mounting of the TRC strengthening system. To the left, the fabric is laminated onto the side
of the beam. To the right, a layer of cement matrix is spayed on to the surface of the fabric. Courtesy
of A. Brueckner, Dresden University of Technology.

As it can be seen in Figure 12, the fabric is wrapped around the web of the beam and
stopped at the connection point of the T. This procedure can cause insufficient anchorage of
the TRC system since a direct anchorage in the compressive zone is not possible. A mechanical anchorage to connect the TRC system to the compressive zone could then be of
advantage. In the test by Brueckner et al. (2005) the mechanical anchorage was designed
with a steel L-section that was glued on both sides of the surface of the TRC system with an
epoxy adhesive. Both anchored and unanchored strengthening was performed. Anchorage
failure of a strengthened beam and strengthened T-beam cross sections with and without
mechanical anchoring are recorded in Figure 13. The fabric used in these tests was multiaxial textile with a weight per unit area of 470 g/m2. The AR-glass fibre inclination was ±45° to
the load direction with the motivation to be aligned with the principal stresses in the web. The
textile fabric can be seen in Figure 11. In total 5 concrete beam specimens were strengthened with the TRC system. Two concrete beams were strengthened with two textile layers
and one with four textile layers, these beams had no mechanical anchoring. Two additional
beam specimens were strengthened, one with three layers of fabric and one specimen with
four layers of fabric, both with mechanical anchoring.
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FHZ
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ZT

A. Without mechanical anchoring

tensile bar
detail

distribution
of forces
glued joint

C. Anchorage failure

B. With mechanical anchoring

Figure 13 Strengthened T-cross section without mechanical anchoring. To the right, delamination
failure of strengthening layer, Brueckner et al. (2005).

Strengthening of the T-beam cross section with TRC significantly increased the shear load
capacity. However, when the number of textile fabric layers increase so does the need of
mechanical anchoring. The results indicate that the ultimate bearing capacity will roughly be
the same for a T-beam strengthened with two layers compared to a specimen strengthened
with four layers. The difference between two and four layers of textile fabric is in the initial
stage of loading, where the four layered strengthening display higher stiffness until the
propagation of the anchorage failure initiate. Typical anchorage failure is recorded in Figure
13 C. With mechanical anchoring increased stiffness and higher bearing capacity of the
strengthened T-beam specimens are noticed. Strengthening effect of TRC strengthened
concrete T-beams system compared to the unstrengthened reference T-beam is recorded in
Table 6. The deformation rate of the loading in this study was set to 0,01 mm/sec.
Table 6 Strengthening effect of TRC, ultimate failure load divided by the failure load of the reference
beam, after Brueckner et al. (2005).

Strengthening
effect

2
textile
layers
(without anchoring)

3 textile layers
(with anchoring)

4
textile
layers
(without anchoring)

4 textile layers
(with anchoring)

1,08

1,12

1,06

1,19

Flexural strengthening of concrete structures is also possible with TRC. This is recorded in
Weiland et al. (2006). This study contains flexural strengthening of pre-deformed concrete
slabs with the TRC system. For the flexural strengthening, a biaxial geometry of the fabrics
was used. Three different designs of fabric were evaluated. All of the textile reinforcement
was mounted in three layers. The three different designs of fabric was AR-glass with a fibre
area of 143 mm2, AR-glass fibre with polymer coating and a fibre area of 143 mm2 and carbon fibre with polymer coating and a fibre area of 50 mm2. The biaxial geometry of the fabrics
was in longitudinal and cross direction of the strengthened concrete beam. Mounting of the
reinforcement can be seen in Figure 14.
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The test set-up was four-point beam bending with an effective span of 1,6 m. The height of
the concrete slab was 100 mm and the concrete slab had flexural steel reinforcement. The
results on the strengthened concrete specimen shows that ultimate bearing capacity and
higher stiffness can be achieved and that polymer coating of the fabrics increase the effectiveness of the textile fabric. It is also shown that for the same bearing capacity only 1/3 of
the carbon fibre-area is needed compared to the AR-glass fibre area. The strengthening effects of the different TRC systems are recorded in Table 7. Strengthening of pre-damaged
concrete structures utilizes the effectiveness of the fabrics more than strengthening of an
undamaged concrete structure.

Figure 14 Mounting of the TRC strengthening system.
Table 7 Strengthening effect of flexural strengthened concrete beam with TRC system. Ultimate failure
load divided by failure load of unstrengthened beam.

Strengthening effect

AR-glass, Af = 143
mm2. No coating

AR-glass, Af = 143
mm2. Polymer coating

Carbon fibre, Af = 50
mm2. Polymer coating

1,51

1,86

1,86

There exist a vast number of references on the development of the TRC. Computational
models can be found in Holler et al. (2004), analytical solutions of tensile response of the
TRC in Mobasher et al. (2006) and Zastrau et al. (2003). Stochastic modelling can be found
in Chudoba et al. (2006) and in the companion paper Vorechovsky and Chudoba (2006). A
description on a technical information system for collaborative material research on the TRC
is shown in Chudoba et al. (2004).

5.2 Mineral Based Composites (MBC)
Strengthening of concrete structures with mineral based composites (MBC) is quite similar to
the strengthening system with the use of TRC. But instead of using a woven textile fabric
with a carbon fibre reinforced polymer (CFRP) grid is used. The designs of the CFRP grid
can be affiliated in many different attributes accept for the grid shape. The fibre amount can
be varied and so can the distance between the tows in the grid. Different surface treatment
can also be applied for better bond to the cementitious matrix. As mentioned earlier, the
bond between CFRP and the cement based matrix is an issue since the cement matrix is not
entirely compatible to the CFRP. Mostly mechanical anchoring attributes is applied.
Shear strengthening of concrete beams with rectangular cross section has been performed
in Blanksvärd (2006) and Blanksvärd et al. (2006). The test set up for the concrete beams
was four point beam bending, test set-up and steel reinforcement scheme are recorded in
Figure 15. The concrete beam specimens were heavily steel reinforced in flexural and were
also heavily shear reinforced in one shear span. This design of the steel reinforcement was
conducted so that one shear span was unreinforced and the MBC strengthening was applied
on this part of the beam. The MBC strengthening system was applied on the unreinforced
shear span on both sides on the beam. Mounting of the strengthening system was conducted
in five stages.
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First the beams was sandblasted, then a primer was applied, then a 10 mm layer of polymer
modified mortar was applied, then CFRP grid was applied and last a second 10 mm layer of
polymer modified mortar was applied. Mounting of the MBC strengthening system is recorded in Figure 16. In these tests one design of the CFRP grid was used and two different
polymer modified and fibre reinforced mortars (PMM) was evaluated. Mortar 1 had the lowest
strength properties and mortar 2 had the highest strength properties and the highest amount
of reinforcing fibres, the reinforcing fibres were made of shopped poly-propylene fibres.
Maximum aggregate size in the PMMs is 1-2 mm depending on which type of mortar being
used.
P/2
250

1250

P/2
1500

1250

500

2 Ø16
12 Ø16

4500
Stirrups at support Ø10

250

180
Stirrups in one shear span Ø12 s100

Figure 15 Test set-up, beam geometry and steel reinforcement scheme of concrete beam specimens.

Figure 16 Mounting of MBC strengthening system. To the left, primer application. In the middle first
layer of PMM and CFRP. To the right, final layer of PMM.

Results from the shear strengthening tests indicates upon significant strengthening effects
and that full composite action can be achieved by fibre breakage in the transverse tows of
the CFRP grid. Since the strengthened shear span had no steel reinforcement the failure
mode was characterized by an ultimate shear crack and no delaminating of the MBC
strengthening system was noticed. The amount of carbon fibre in the CFRP grid was 159
g/m2 for all of the strengthened beams. Strengthening effect compared to the unstrengthened
reference beam is recorded in Table 8. There were no large differences in the behaviour between the two PMMs. The load deformation rate was set to 0,01 mm/sec
This strengthening system has proved competitive results to the use of CFRP sheets with
epoxy bonding agents for similar shear strengthened concrete beams, Blanksvärd (2006),
Carolin (2001) and Carolin (2003).
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Table 8. Strengthening effect of MBC shear strengthening.
Bonding agent

Mortar A beam 1

Mortar A beam 2

Mortar B

Strengthening effect

2,00

1,97

1,91

Flexural strengthening with MBC has also proven to be a successful way of upgrading concrete structures, Johansson (2005) and Becker (2003). In 2002 concrete slabs were
strengthened in the same manor as the MBC shear strengthening system described above.
This study not only investigated the performance of the MBC system but also compared the
cement based bonding to epoxy based bonding. The concrete substrates were 4 by 1 meter
flexural steel reinforced slabs. Both the MBC and epoxy strengthening systems was further
compared to the case of a slab with additional internal steel reinforcement. All of the different
concrete specimens with different strengthening systems and design are recorded in Figure
17 along with the test set-up. As mentioned earlier, the insufficient bond between CFRP and
cement matrix is an important issue. In this study the surface of the CFRP grid was sanded
for better anchoring in the cement matrix. The amount of fibres was also doubled in one MBC
strengthened beam. The CFRP used in the epoxy based strengthening system was a unidirectional laminate. Results clearly show that MBC strengthening systems can be applied as
flexural strengthening of concrete. However, as anticipated the epoxy bonded laminates had
better performance, mostly in the increase of stiffness. In the effort of enhancing the bond
between the cement matrix and the CFRP grid it was concluded that the bond was too good
and slippage of the CFRP grid was prohibited with premature failure rapture of the CFRP
grid. Doubling of the CFRP amount in the MBC strengthening system gives higher loads and
stiffer behaviour in comparison of both epoxy bonded laminates and the MBC system with
half the amount of fibres. In the case of additional steel reinforcement, the design of the flexural reinforcement was calculated so that yielding of the steel would correspond to the tensile
strength of the CFRP in both mineral based and epoxy based strengthening system.
Strengthening effects for the utilized systems are recorded in Table 9.
Table 9 Strengthening effect of flexural strengthened concrete slabs, Täljsten and Johansson (2005). f
is the fibre amount in the FRP and Af is the cross sectional area of fibres per m.
Reinforcement

MBC, f = 159
g/mm2, Af = 59
mm2/m

MBC, f = 159
g/mm2, Af = 59
mm2/m, sanded

MBC, f = 318
g/mm2, Af = 118
mm2/m

Epoxy, Af = 62
mm2/m

Strengthening
effect

1,60

1,40

2,04

1,64
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Figure 17 Test set-up for flexural strengthened concrete beams. Different designs of specimens,
Täljsten and Johansson (2005).

5.3 Fibre reinforced cement (FRC)
In the purpose of dealing with the increasing amount of concrete structures in need of
strengthening or upgrading a research program at Wayne State University in USA has been
developing a strengthening system without using polymeric adhesives. This strengthening
system is called fibre reinforced cement and is compounded of a fibre sheet or fabric that is
impregnated with a cement based matrix developed at Wayne State University. Combining
the cement slurry and the different fibre geometries will result in a thin composite sheet. Depending on the geometry of the fibres and the strengthening purpose, the composite plates
can be made as thin as 2 mm, see Figure 18. Composites of ultra high performance fibre
reinforced cement plates have excellent durability and ductility properties during flexural
tests, see Figure 19 and Figure 20. Mounting of this strengthening system can is different
from the MBC and TRC strengthening systems. First the sheet or fabric is cut into chosen
dimensions then the fibre geometry is submerged into a cement slurry (matrix) for full penetration. The impregnated sheet or fabric is then removed from the slurry and immediately
bonded to the concrete surface. The performance of this system is investigated in both confinement and flexural strengthening of concrete specimens, Wu and Teng (2002), Wu (2004)
and Wu and Sun (2005).
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Figure 19 Composite plate with a thickness of 3,2
mm. Courtesy of H. C. Wu

Figure 20 Cement based composite plates with mono-axial fibre sheets. From bottom, 2, 3 and 4 mm
of thickness, Wu and Teng (2002)

The competitive product to cement based strengthening is epoxy bonded fibres. It is then of
interest to compare epoxy bonded products to the cement based composites. In studies at
Wayne State University both confinement and flexural strengthening has been performed.
The fibre material used in both studies was based on continuous carbon fibres without matrix. For the strengthening with confinement of concrete cylinders a carbon fibre sheet was
used. The height of the cylinders was 203 mm and the diameter was 102 mm. Test set-up of
the cylinders were in accordance to ASTM C39-96. The epoxy based strengthening system
(CFRP) was wrapped around the cylinders and anchored with a bond length of 51 mm, the
total thickness of this strengthening system was 2-3 mm. The cement based strengthening
system (CFRC) was applied in the same manor as described above with two layers of carbon
fibre. The CFRC composite sheet was wrapped around the cylinder in a similar way as the
CFRP strengthened specimens. However, the bond length of this system was 76 mm and
the average thickness was 3 mm. Gaps of 38 mm was left to the bottom and to the top of the
concrete cylinders for both strengthening systems, see Figure 21. The results indicate on
higher compressive strength and higher ductility for the CFRP specimens. However, there
were no major difference between the CFRP and the CFRC systems. The unconfined concrete cylinders had a compressive failure of 54 MPa and a deflection of 2 mm, compressive
strength for CFRC strengthened specimens were 105 with a deflection of 8 mm.
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Figure 21 Confinement of concrete cylinders, to the left epoxy bonded CFRP and to the right CFRC
wrapped specimen, Wu and Teng (2002)

Concrete beams have also been flexural strengthened with the FRC system. Here, a comparison with epoxy bonded carbon fibres has been conducted. The flexural test set-up is
three point bending according to ASTM C78-75. In comparison to the confinement strengthening, the fibre geometry has change from a sheet to a two dimensional/biaxial carbon fibre
grid without any matrix. The volyme content of fibres in composite is 4,2% for both strengthening systems. Both the CFRP and CFRC composites were bonded to the tensile side of the
concrete beam. Test set-up for the CFRC beam can be seen in Figure 22. The unreinforced
and unstrengthened concrete reference beam displayed brittle failure due to lack of tensile
reinforcement. An increase in both flexural strength and deflection occurred in both of the
strengthening systems. However, the epoxy bonded strengthening system exhibited the
highest increase in flexural strength. Failure of the beams with the epoxy bonded carbon fibres started with several cracks forming in the concrete as the load increased. The crack
formulation gradually propagated to the bond zone between concrete and the epoxy adhesive. A typical peeling phenomenon then propagated through the transition zone between
base concrete and adhesive, final failure occurred as crushing of the concrete under the line
load. Concrete beams strengthened with the CFRC system behaved differently with primarily
one flexural crack and final failure due to rapture of the CFRP composite, see Figure 22. No
bond problems were noticed in the transition zone between the base concrete and cement
based bonding agent. The flexural strength of the CFRC system is much inferior compared to
the CFRP system, however larger than the unstrengthened reference beam. The strengthening effect taken as ultimate failure load of the strengthened specimen divided by the failure
load of the reference beam for both confinement and flexural strengthening are recorded in
Table 10.

Figure 22. To the left, three point flexural test set-up and to the right, failure of CFRC beam, Wu and
Sun (2005)
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Table10 Strengthening effect of both the FRC system and similar epoxy bonded strengthening system,
ultimate failure values from Wu and Sun (2005).
Test
setup/Bonding agent

Confinement/
Cement

Flexural/
Cement

Confinement/ Epoxy

Flexural/
Epoxy

Strengthening
effect

1,85

2,03

1,94

4,65

5.4 Design approach for mineral based shear strengthening
Shear strengthening of concrete structures has been thoroughly investigated during the recent decade . However the main focus on shear strengthening has been on FRPs with sheet
or laminates bonded to the concrete surface with epoxy adhesives. A lot of research has
been published in this area, some of these are Triantafillou (1998), Khaliffa et al. (1998),
Chen and Teng (2003), Zhang and Hsu (2005) and Carolin and Täljsten (2005). Common for
all of the shear capacity solutions of strengthened cross sections is the use of super positioning principle. By adding the shear capacity for the concrete, VC, to the steel reinforcement
capacity, VS, and subsequently the FRP contribution to the shear load bearing capacity,
VFRP.

VTOTAL = VC + VS + VFRP

(1)

Failure mechanisms that influence the capacity of the strengthening systems greatly depend
on the design of the strengthening system. The most common shear strengthening systems
are wrapping, U-jacketing and side bonding, see Figure 23 Failure modes associated with
the different shear strengthening techniques are mainly fibre rapture or debonding. Failure
modes associated with shear strengthening are recorded in Figure 24. Assuming full composite action, the wrapping technique will predominately give fibre rapture, side bonding will
exhibit debonding and for the U-jacketing there can be either failure modes or a combination
of these, Carolin (2003), Brueckner et al. (2005) and Chen and Teng (2003). The important
failure mode that can reduce the capacity of the strengthening system is therefore the anchorage of the system, a good anchorage will provide full utilization of the strengthening
composite. The strengthening technique with wrapping will provide the best anchorage followed by the U-jacketing, Chen and Teng (2003). When considering shear strengthening
designs of concrete it is evident that, in general, adequate design will be obtained if the following steps are made
•

Flexural load bearing capacity exceeds shear capacity

•

Stresses in both compressed reinforcement bars and concrete do not exceeded the
strength values

•

Strengthened beams with wrapped FRP are designed according to a fibre rapture
failure mode

•

Strengthening with U-jacketing are designed after the lowest value of the two possible
failure modes, fibre rapture or debonding

•

Strengthening with side bonded FRP are designed based on debonding failure
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Figure 23. Most common shear strengthening techniques. From left, wrapping, U-jacketing and side
bonding

Figure 24 Strengthened rectangular concrete beam with typical shear failures

When using mineral based bonding agents for strengthening concrete structures there can
also arise serious bond problems. An example of bond issues is the poor bond to dry fibres
or FRP compared to the epoxy bonding agents. Further, the bond in the transition zone between old concrete and cast bonding agent can be inferior due to the nature of the mineral
based bonding agent, e.g. drying shrinkage, surface roughening methods and so on. This is
discussed more in the next chapter. When dealing with the design of the mineral/cement
based strengthening system there can be some question marks regarding the fracture mechanics such as micro cracks in the bonding agent and mechanical interlocking between the
fibres or FRP and the bonding agent. This is not dealt with in this report, but will be the outcome of future research. Further differences when comparing the epoxy and mineral based
bonding agents, if the mechanical properties are put aside, are the thickness of bonding layers. With a epoxy based strengthening system thin bonding layers are achieved, but when
using mineral based bonding agents thicker bonding layers are built up. The reason for this is
the morphology of the cement based bonding agent, e.g. minimum grain size. The contribution of the mineral based bonding agent, VMBA, should be counted for and the super positioning principle will give following expression for the shear capacity.

VTOTAL = VC + VS + VFRP + VMBA

(2)

Contributions of the mineral based bonding agent are currently not thoroughly investigated
and therefore not included in this design approach for now. Derivation and calculation of the
shear capacity contributions for the concrete, VC, and the steel reinforcement, VS, are readily
described in national codes and Eurocode 2, EC 2-1 (2004). For the calculation of the shear
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contribution of the steel stirrups the preferred design approach is a truss model, with compression struts and tensile ties. This model gives conservative values. The truss model approach assumes that the reinforced concrete will act as a truss after cracking of the concrete.
This means that the concrete reinforcement will be analogous to a truss with a tension cord
at the bottom, a compression cord at the top, vertical steel ties and diagonal concrete struts,
Figure 25. Models for the calculation of the shear capacity contribution for the concrete and
steel reinforcement are not dealt with in this rapport and the reader is referred to Eurocode 2
and national codes. It should also be mentioned that there exist a similar method on calculating the contribution of the fibres for the TRC strengthening system using a strut and tie model
without the contribution of the cement based bonding agent in Brueckner et al. (2005).

Figure 25 Truss model for reinforced concrete

5.4.1 Shear capacity for the Mineral Based Composites system
This chapter involves a simplified model on the FRP contribution to the shear capacity, VFRP,
with the use of the mineral based composite design for shear strengthening. However, there
exists a significant difference between the shear capacity contributions for the steel reinforcement compared to the FRP contribution. In the ultimate limit design of the stirrups the
steel is assumed to yield. The FRP on the other hand does not yield and remain linear elastic
up to failure. When considering a rectangular beam with a rectangular cross section, the
shear stress will reach its maximum at the centre of the beam with a parabolic decrease to
the top and the bottom of the beam, Figure 26. This assumption is fairly accurate when considering steel stirrups since distribute the load until all steel bars yields and the shear capacity contribution for the steel, VS, is fulfilled, Täljsten (2002).

Figure 26 Shear stress for a rectangular beam cross section and stress distribution converted into
principal strain over a shear crack, after Carolin (2001).
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Design guidelines for shear strengthening of concrete beams with FRP geometries such as
plates and sheets with the use of epoxy bonding agents are available in, Täljsten (2002). In
Figure 27 such strengthening techniques are displayed, along with the shear stress and
strain distribution. The non uniform strain distribution will cause a non uniform stress distribution in the FRP, see Figure . This is also the reason why the ultimate fibre strain cannot in the
same way as the yield strain for steel stirrups. This implies that the fibres in the centre of the
beam will be the exposed to the highest strain. When the ultimate strain is reached the fibres
will break which leads to a redistribution of the forces and the neighbouring fibres will become more stressed and then break. This will then propagate through the crack formation
until ultimate failure. The location and angle of the presumed shear crack is therefore of outmost importance since the stress situation in the FRP will be different depending on the
shear crack. Depending on external load and the load situation, structural members will be
subjected to both shear forces and flexural moment simultaneously. Pure shear is therefore
highly unusual for structural members. By studying the stress fields caused by the load situation can give a good estimate of the shear crack in the concrete member. This is further described in Carolin and Täljsten (2005).
The situation in the MBC system differs somewhat from the strengthening system with the
use of CFRP sheets or plates. In the MBC system the grid geometry is fixed with horizontal
tows going in the length direction of the beam and vertical tows going in the same direction
as the height if the beam, see Figure 28. This design of the system is for now fixed, but development of the shape of the grid geometry is currently being done. By letting the orthogonal tows be inclined at an angle perpendicular to the shear crack a better utilization of the
CFRP is being achieved. There are two ways of approaching the analytical design of the
shear capacity. Alternative 1, assume that only the vertical tows are contributing to the shear
capacity, this is a very conservative approach. Alternative 2, assume that both the vertical
and horizontal tows are contributing to the shear capacity. Both alternatives are going to be
presented further on. The previous mentioned design approach for shear strengthening of
concrete with epoxy bonded CFRP plates or sheets are the foundation on which this simplified approach is built on, for the contribution of the CFRP grid to the shear capacity.

Figure 27. Principal strain distribution along a shear crack
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Alternative 1
This way of approaching the contribution for the CFRP grid to shear capacity can be derived
similar to the design of steel stirrups. The shear crack will be developed in the compressed
concrete strut with the principal strains perpendicular to the crack surface, see Figure 28. If
the contribution of the vertical tows is derived in the same manor as for steel reinforcement,
then the sum of all vertical forces along the assumed shear crack is the shear contribution of
the vertical tows.

Figure 28 Shear capacity contribution for the vertical tows, Alternative 1 – Vertical contribution

Vertical force equilibrium gives.

∑F

vertical

= R − ∑ Nver = 0

(3)

tow
tow
tow
Nver = εver
⋅ Ever
⋅ Aver

(4)

R

is the support reaction force (shear span force)

ε

is the strain in the vertical tow

E

is the modulus of elasticity

A

is the area of the CFRP tow

When looking on shear capacity design of steel stirrups Eurocode 2, EC 2-1 (2004), using a
strut and tie model gives following guideline for the forces from each stirrup bridging the
shear crack. All stirrups are assumed to yield.

Ns = fy ⋅ As

Vs =

(5)

As ⋅ 0.9d ⋅ fy ⋅ cot ( θ )
s

=

Ns ⋅ 0.9d ⋅ cot ( θ )
s

(6)
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Ns

is the force in one stirrup

Vs

is the shear capacity for stirrups

As

is the cross sectional area of the stirrup

d

is the internal lever arm to the gravity of the flexural reinforcement, this is also the
length of the tension tie

fy

is the yield stress of the steel

θ

is the shear crack angle

s is the distance in between stirrups
As it was mentioned earlier, the uneven distribution of the strains over the cross section together with the fact that the CFRP is linear elastic up to failure and does not yield will cause
an uneven force distribution in the CFRP grid. One way of dealing with this problem is by
calculating strains in each tow and then calculate the non uniform stress distribution. This is
on the other hand a very costly way of approaching the problem. Instead, a fibre utilization
factor is introduced, η, see Carolin (2003) and Carolin and Täljsten (2005). Since all of the
CFRP tows bridging the shear crack will never reach the maximum failure strain at the same
time the reduction factor is multiplied to the failure strain to compensate for the non uniform
strain distribution. The reduction factor is highly dependent on which type of strengthening
system that is being used, bonding agent, properties of the FRP or fibres. In this case an
empirical reduction factor is used from shear strengthening tests with the MBC system. Since
it is not easy to predict the shear crack it is also very difficult to mount strain gauges to
measure the strains in the CFRP tows in the vicinity of the shear crack. Photometric strain
measurement is therefore an alternative method of strain measurement. All of the strain distributions that are showed are taken from test series in shear strengthened concrete beams..
More comprehensive research results can be found in Christiansen and Jürgensen (2006).
Photometric strain measurements were taken close to the shear crack at 81 % of the failure
load to determine the reduction factor for the strain distribution in the vertical tows of the
CFRP grid. However, it should be observed that the photometric strain measurement only
measure strain fields on the surface of the strengthening system and not strains in the actual
CFRP tows. Figure 29 shows a typical vertical strain distribution along the shear crack. The
shear crack starts at the bottom of the beam (0 mm) and propagates at an angle of approximately 34° towards the top of the beam.
In Figure 29 the line with the dots represents actual vertical strain values taken at certain
point along the shear crack. The other line represents a possible parabolic strain distribution.
The area with horizontal lines represents the average strain. The reduction factor η is taken
as the average strain divided by the maximum strain. Here, for vertical tows a reduction factor of 0,4 seems to be appropriate. The contribution of the vertical tows of the CFRP grid,
VFRP, can now be calculated with analogy as for steel reinforcement, equation (6), but with a
reduction factor taking the non yielding properties into account.
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Figure 29. Strain distribution in the vertical direction of the shear crack

Since the strengthening system is applied on both sides of the beam a factor of 2 is introduced into the equation.

Vs =

η

2 ⋅ η ⋅ Nver ⋅ 0.9d ⋅ cot ( θ )

(7)

sver
is the reduction factor for uneven
reduction factor of 0,4 is appropriate.

strain

ditribtuion,

for

vertical

strain

a

Nver is the tensile force in a vertical CFRP tow, see also (4)
sver

is the distance between the tows in the CFRP grid

Alternative 2
The first alternative is not taking into account that the horizontal tows may contribute to the
shear strength. Since the casting of the CFRP grid in a mortar will make a rigid strengthening
layer and disregarding the contribution of the horizontal tows will give a conservative solution
to the shear strengthening. When considering the horizontal tows, they will take bending
forces and act as a support to the vertical tows. The latter raise the issue of anchoring in the
tows, but this problem is not dealt with in this report. Some further assumptions must be
made when introducing the contribution of the horizontal tows to the shear capacity of the
strengthening system. The first assumption regards the interaction between the horizontal
and the vertical tows, here a fictive resultant of the two forces is assumed, see Figure 30.
Secondly, the strain distribution in the horizontal tows are not the same as for the vertical
tows therefore a new reduction factor, ηhor, must be calculated in the same manor as mention
earlier.
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Figure 30 Vertical and horizontal tows acting together and resulting in a fictive force

The reduction factor for the strains in the horizontal direction is calculated in the same way
as for the vertical strain distribution. A reduction factor of ηhor = 0,3 is assumed to be appropriate, see Figure 31 were a typical horizontal strain distribution along the shear crack is recorded at the same load level as Figure 29.
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Figure 31 Strain distribution in the horizontal direction along the shear crack

This solution takes into account that the properties in the different directions of the tows can
differ. A common attribute of the CFRP grids is that the tows in the horizontal direction often
has less stiffness compared to the vertical tows. The assumption of a fictive force as a result
from the interaction of the horizontal and vertical tows will cause a new geometrical relationship which is recorded in Figure 32. The fictive force is calculated by Pythagoras between
two perpendicular tows.
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Nver = ε ver ⋅ Ever ⋅ Aver

(8)

Nhor = ε hor ⋅ Ehor ⋅ Ahor

(9)

η ⋅ Nres =

(ηver ⋅ Nver )

2

+ (ηhor ⋅ Nhor )

2

⎛ Nhor ⎞
⎟
⎝ Nver ⎠

β = arctan ⎜
β

(10)

(11)

is the angle between the fictive resultant of the horizontal and vertical tows

Figure 31 Relationship between crack angle and the resultant fictive force

Based on the geometrical properties for the CFRP grid the equation (7) needs to be rewritten
for the fictive resultant force contribution to the shear force capacity. The uneven strain distribution is considered in both the horizontal and vertical direction when calculation the fictive
resultant, Nres.

Vs =

2 ⋅ η ⋅ Nres ⋅ 0.9d cos ( α )
⋅
=
sres
sin ( θ )

2⋅

( ηver ⋅ Nver )

2

+ ( ηhor ⋅ Nhor ) ⋅ 0.9d cos ( θ − β )
⋅
sres
sin ( θ )
2

sres = sver ⋅ cos ( β )
sres

(12)

(13)

is the distance between the fictive resultant forces

Tests have been performed on shear strengthened concrete beams with different types of
CFRP grid geometries. A comparison of the two different design alternatives described
above can then be made and compared to the experimental results. The strains from the
different load steps have been performed with the above mentioned photometric strain measurement. Tests and evaluations of the tensile properties of the different grids have also been
conducted and the average values of the mechanical properties are recorded in Table 11.
For the failure loads the elongation of the CFRP tow has been used. Calculations with the
mechanical properties provided by the manufacturer have been made. All of the mechanical
properties of the CFRP grids are recorded in Table.
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Table 11 Mechanical properties of different CFRP grids
Cross
area

section
2

Distance between
CFRP tows
s [mm]

Experimental
Ef
[GPa]

εf,ult

[‰]

Ef
[GPa]

εf,ult

Af [mm ]
Grid 1

Grid 2

Grid 3

Manufacturer
[‰]

Horizontal

0,3570

24

281

13,96

262

15

Vertical

0,2395

25

380

12,54

589

15

Horizontal

0,9184

42

407

11,09

253

15

Vertical

0,9184

43

417

11,14

284

15

Horizontal

1,2684

70

341

12,84

281

15

Vertical

1,071

72

390

7,84

288

15

The calculated values are the contribution of the CFRP grid, VFRP. Since the strengthened
shear span did not have any steel reinforcement the VS contribution is rejected. Therefore is
the failure load of the unstrengthened concrete beam taken as Vc. To get the contribution of
the CFRP grid the Vc are then subtracted from the ultimate failure load, this will give the
shear span contribution of the CFRP grid. All of the calculations for the different grids are
recorded in Table 12. The selected strain rates are taken for vertical strains at 4 ‰ and 10
‰, it should then be noticed that the latter strain exceeds the experimental vertical failure
strain in grid 3. The predicted values for the two design alternatives are then plotted against
the experimental values in Figure 32, the line represents when the predicted values are the
same as the experimental values.
120

Predicted value [kN]

100

80
Alternative 1
60

Alternative 2
Vex = Vcal

40

20

0
0
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40

60

80

100

120
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Figure 32. Calculated values for design alternative 1 and 2 plotted against the experimental values
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Further, the 4 ‰ and 10 ‰ strain levels were not possible to distinguish for the beam
strengthened with grid 1 and are therefore excluded. Figure 32 shows that design alternative
1 underestimates the total contribution of the CFRP grid. Design alternative 2 gives a better
approximation of the predicted values against the experimental values. It should therefore be
an interaction between the horizontal and vertical tows. This design approach is however a
very rough method and a more detailed analysis need to be investigated. The effect and the
significance of the distance between the tows also needs to be analyzed for better understanding of the failure mode and anchoring of the CFRP grid in the polymer modified mortar.
Table 12. Calculated values for alternative 1 and 2 and experimental values
Beam
Grid
1

Experimental
load [kN]

Strain [‰]
Experimentalb
b

Manufacturer
4

2

10
Experimental

Manufacturer
4
10
Experimental

Manufacturer
b

23

56

42

68

34

18

30

54

45

56

49

101

45

87

25

11

14

54

30

40

25

83

36

81

81a

125a

b
b

a

Calculated
load, Alternative 2 [kN]

b
b

3

Calculated
load, Alternative 1 [kN]

80a

Failure load
Empirical values, the manufacturer values are conservative
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6 Bond strength
6.1 Introduction
One of the limiting and important parameters when applying repair and strengthening materials on a existing concrete structure is the bond strength. Poor bond strength will propagate
according to the familiar “rule of the weakest link” and decrease the overall performance of
the repair or strengthening system. Generally, bond strength problems can arise in two transition zones:

•

Between the base (old) concrete and applied mortar (new).

•

Secondly, if the structure is strengthened with additional FRP (e.g. grids, sheets etc)
there is a problem with good bonding in the transition zone between the FRP and the
mortar.

The focus in this chapter is on the bond strength in the transition zone between the base
concrete and the mortar. Figure 33 shows bonding failures between base concrete and polymer modified mortar for beams in four-point bending tests.

Figure 33 Bonding failures in the transition zone between the base concrete and polymer modified
mortar.

Compatibility between the base concrete and the repair material in repair and/or strengthening systems is another aspect that influences the bond strength. In this case the compatibility
stands for the combination of properties which ensures the structural integrity of the combined repair or strengthening system.
Incompatibility in the modulus of elasticity between the base concrete and the repair or
strengthening material can become of great concern. Especially if the load is applied parallel
to the bond line of the combined system. The lower modulus material will have greater deformations and transfers the load through the interface to the higher modulus material, Mangat and O’flaherty (2000a). If the load bearing capacity of the material or the bond at the
transition zone is exceeded by the transferred load, failure will occur. Recommendations for
the modulus of elasticity of the repair or strengthening material is >30% larger than the
modulus of elasticity for the base concrete, Mangat and O’flaherty (2000b). The compatibility
of different repair mortars are compared in a study, Hassan et alk. (2001). The base concrete
was cast as a cylinder with a height of 300 mm and a diameter of 150 mm. Five different repair mortars were evaluated; ordinary Portland cement (OPC), OPC mortar with 30% fly ash
(FA), OPC mortar with 10% silica fume (SF), a polymer modified mortar (PMC) and a epoxy
resin mortar (EP). Figure 34 shows the test set-up for evaluating the modulus of elasticity
and the recordings are found in Table 13.
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Table 13 Modulus of elasticity, ibid.

Repair mortar

Base concrete

Figure 34 Test set-up for repaired specimens (150
mm diameter cylinder), after Hassan et al. (2001).
a

E, Individual [GPa]

Ea, Combined
[GPa]

Base concrete

31,8

-

OPC

32,3

32,3

FA

28,6

33,7

SF

31,4

32,7

PMC

41,4

38,6

EP

13,2

20,6

Measured average

The recorded moduli of elasticity for the cement based mortars are almost similar to the
modulus of the base concrete. The polymer modified mortar has a 30% greater modulus than
the base concrete. The epoxy mortar modulus is 36% less than the base concrete modulus,
a clear mismatch. The base concrete is forced to deform more under during the load application due to the high bond strength of the epoxy mortar. This will lead to an early concrete
fracture and therefore the combined system will fail, ibid.
Another parameter that influences the compatibility of the combined repair or strengthening
system is the drying shrinkage. As the fresh repair or strengthening material has a tendency
to shrink, the more or less older base concrete acts as a rigid foundation that restrains these
movements. This differential movements cause tensile stresses in the repair or strengthening
material and compressive stresses in the base concrete. Creep in this sense can be an advantage since it releases parts of these stresses. Stresses accumulate as the shrinkage continues and if the tensile strength or the interface bond strength is exceeded failure occurs.
Shrinkage incompatibility is more associated with cement based mortars while the polymer
modified mortars show better shrinkage compatibility and epoxy mortars prove to have the
best shrinkage compatibility, ibid.

6.2 Test methods
Bond strength can present a weak link in a repair or strengthening system. It is therefore important to be able to measure the bond strength in a chosen system. However, the measured
bond strength is greatly dependent on the test method. Measured bond strength may significantly overestimate the true strength of the designed repair or strengthening system. Bond
strength generally depends on the following factors:

•

Adhesion in interface

•

Friction

•

Aggregate interlock

•

Time-dependent factors

Each of the above factors can in turn be dependent on other variables. Interface adhesion
depends on the applied bonding agent and the surface condition of the base concrete, e.g.
cleanness, moisture content, primer, surface roughness, age etc. Friction and aggregate interlock mainly depends on aggregate size, aggregate shape and preparation of the surface.
Time dependent factors can be numerous of aspects such as chemical reactions, environment, impact etc.
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Existing methods to determine the bond strength of repair or strengthening systems can be
divided into several categories, Mays (2001) and Momayez et al. (2005).

•

Tension stresses

•

Shear stresses

•

Combination of shear and compression stresses

Figure 35 shows a simplified description of test methods for each category. Pull-off, direct
tension and splitting falls in the category tension stresses. Pull-off tests involves coring
through the repair material and base concrete, the core are then subjected to a tensile force.
In the splitting tests the test specimen, cylindrical or rectangular, are subjected to longitudinal
compressive loading which splits the specimen into to halves. Direct shear methods such as
Bi-Surface shear Momayez et al. (2005) and torsion-shear methods such as torque tests,are
typical for the category shear stresses. In the bi-surface tests steel plates are used to transmit a shear force along the bonded surface. The toque tests involves drilling of a core and
fixing a gripping device that subject the specimen to torsional-shear stresses, Naderi (2005).
The third category combines shear and compressive stresses, the most common test are the
slant shear tests, Momayez et al. (2005). Slant shear tests involve square prisms or cylindrical samples made of two identical halves bonded with an inclination of 30°. The specimens
are then subjected to axial compression which induces normal compressive stresses and
shear stresses. An important feature when choosing correct bond strength test method is
that the state of stress should represent the state of stress that the structure are subjected to
in live situations.

Repair material
Base concrete

a) Pull-off

b) Splitting prism

c) Direct shear
(Bi-surface)

d) Friction-transfer e) Slant shear
(Torque)

Figure 35 Different methods of determining bond strength.
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6.3 Bond enhancement
Good bonding in the transition zone between the base concrete and the repair or strengthening material is of great importance, Mays (2001) and Abu-Tair et al. (1996). Adhesion forces
between the hydration products of base concrete and repair or strengthening material are
mainly of the intermolecular type (Van der Waals force). The bond strength is therefore
strongly dependent on the specific surface between the adherents in the transition zone.
There are several surface preparation measures for roughing the surface of the base concrete, such as sandblasting, chipping with jack hammers, grinding, hydro-jet blasting, needle
gunning etc, ACI Committee 549. Rough preparation of the surface leads to better bond
strength, Momayez et al (2005).
One further factor that mainly influences the bond strength quality is the use of primers (bond
coatings). The composition of existing primers is numerous, but the most common primers
consist of ordinary Portland cement, sometimes with addition silica fumes, fly ash, polymers
etc. Epoxy resin based primers are also used as a link between the repair or strengthening
mortar and the base concrete, it can also be used as a modifier of the mortar, Saccani and
Magnaghi (1999). Fly ash modified primer gives a significant increase of the bond strength,
improvement in the microstructure which leads to an increase of the intermolecular force and
mechanical interlocking, Xiong et al. (2002). The bond strength also increases for cement
primers with the addition of silica fumes. The bond strength increases with the silica fume
content up to a content of 7 %. The contribution beyond this level is negligible, Momayez et
al. (2005).
The existing mechanical roughening methods only increase the macro-roughness of the
base concrete surface. In turn, this will limit the increase of specific surface of the base concrete. Etching with hydrochloric acid has shown further enhancements of the bond strength,
Xiong et al. (2004). Etching the surface of the base concrete with a hydrochloric acid for 5
minutes (consitency 5%) combined with a cement primer (0,4:1:1; water:cement:sand) increases the bond strength with 13,8% compared with the use of the mortar primer only. The
bond strength increase by using the same etching procedure but combined with a fly ash
modified primer (0,4:1:1:0,15; water:cement:fine sand:fly ash) was 9,8% compared to using
the primer only.
As a parenthesis, if the bond between a cementitous bonding agent and carbon fibre reinforced polymers are in need of enhancement ozone treatment is a possibility. The surface
oxygen concentration increases and changes the surface oxygen from C-O to C=O. This
treatment will increase the bond strength between fibre and cement matrix, Fu et al. (1998).
The bond strength will further increase if the surface of the carbon fibres is treated with silane, Xu and Chung (2001).

Sustainable Bridges

TIP3-CT-2003-001653

YYYY-MM-DD
Rev. YYYY-MM-DD

53 (62)

7 Field applications
7.1 Field performance in cold climates
Small-scale field tests for repairing concrete surfaces with polymer modified mortars in severe cold climat were conducted on a dam operated by Hydra-Quebec in Canada, Mirza et
al. (2002). Prior to the field application, 25 selected commercially available polymer modified
products were evaluated under laboratory environments. The 25 evaluated products contained seven styrene butadiene rubber (SBR) and 18 acrylic polymer modified mortars.
These polymer modified mortars were compared with a pure cement based mortar containing 8 % silica fume by weight of the cement and a water to cement ratio of 0,31. All of the
mortars were subjected to thermal compatibility with the base concrete, drying shrinkage,
permeability, abrasion-erosion resistance, bond strength, compressive strength and freezing
and thawing cycling tests.
The geometry of the test specimens was concrete prisms for all tests except for the bond
strength and freezing/thawing specimens who had a cylindrical geometry. The specimens
surfaces were sand blasted and washed prior to the application of the different mortars.
The specimens were subjected to 5 freezing and thawing cycles in the interval of -50 to 50
ºC. Mortars containing silica fume showed good thermal compatibility which also is shown in
Ohama (1982). The debonding ratio for the mortars in the thermal compatibility test is recorded in Figure 36. The cylindrical specimens were cut at a 30º angle to the vertical axis
prior to the application of the different mortars, slant shear test see Figure 37. Overall, mortars containing acrylics showed higher bond strength compared to the reference mortar. But
mortars containing SBR had generally the highest bond strength. In, Frondistou and Shah
(1972), the bond strength increase was noted of approximately 20 % for the SBR modified
mortars in comparison with the acrylic modified mortars. The bond strength of mortars containing SBR decreases over time and with every freezing and thawing cycling and becomes
stable after 5 years, Ohama (1982). To increase the bond strength to the substrate concrete
if the surface is porous and rough a layer of diluted acrylic can be applied in the initial state,
Lavelle (1988). Further, the use of granite and minimization of the water to cement ratio increase the compressive strength of concrete, Husbands and Pepper (1976).

Figure 36 Debonding of repair mortars after five
cycles between -50 and 50 ºC in the thermal
compatibility test, Mirza et al. (2002).

Figure 37 Bond strength of repair mortars after
28 days, ibid.
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7.1.1 Field tests
The polymer modified mortars that exhibited the best performance properties were selected
to small scale repairs on La Touque Hydro-Quebec Dam. The selected mortars were SBR
mortars R4 and R5 and acrylic mortar A18. The reference mortar C1 was applied to compare
the results from the polymer modified mortars. After 6 years of exposure in severe climate
conditions all of the selected polymer modified mortar exhibited good resistance against
freezing and thawing. The reference mortar did not perform very well, a thick layer of algae
accumulated on the surface, possibly due to its high porosity, Mirza et al. (2002).
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Summary
External prestressing may be defined as a prestress introduced by tendons located outside a
section of a structural member, only connected to the member through deviators and endanchorages. The main advantages using this technique are; higher utilization of small sectional areas, ease in inspection of the tendons and in their replacement and the low friction
losses. This type of prestressing can be applied to both new and existing structures that have
to be strengthened due to several reasons like: changes in use, deficiencies in design or
construction and structural degradation.
External pre-stressed tendons of FRP materials have shown to be an alternative to steel tendons. Good durability properties and a first-rate behaviour in creep and relaxation have given
very good results so far. The weak part for prestressed FRP tendons has shown to be anchorage. This is due to lower lateral material properties of the tendons compared to the axial
properties. Often the anchorage device has problem to take care of the high stresses that
would justify the use of FRP materials in pre-stressing. However, this is changing with a
number of research projects around the world focusing on the anchorage issue where a
number of anchorage details so far have been developed.
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Notations and Symbols
Ac
As

Area of concrete [m2]

As'

Area of steel reinforcement, compression zone [m2]

Area of steel reinforcement, tensile zone [m2]

Aps

Area of prestressing steel [m2]

Ecm
Ep

Secant modulus of elasticity for concrete [GPa]

I cr
Ig
I tr
L
L0

L1
L2
ΔL
M
ΔM
Pmax
ΔP
b
d
ds

Modulus of elasticity for prestressing material [GPa]
Moment of inertia for cracked section [m4]
Moment of inertia for total section [m4]
Moment of inertia for transformed section [m4]
Length of structure or tendon [m]
Initial length [m]
The sum of lengths loaded spans containing tendons [m]
Total length of tendons between anchorage [m]
Change in length [m]
Moment [Nm]
Change in moment [Nm]
Maximum stressing force [N]
Change in prestressing force [N]
Width of structure [m]
Effective dept [m]
Effective dept to tensile reinforcement [m]

d s'

Effective dept to compressive reinforcement [m]

dp

Effective dept to prestressing tendon [m]

d ps 0

Initial effective dept to prestressing tendon [m]

d ps ,u

Effective dept to prestressing tendon at ultimate load [m]

e0

Eccentricity of the centroid of the tendon

fy

'
, fy

Maximum tensile stress in steel [MPa]

f pe , f pi Initial tensile stress in prestressing tendon [MPa]
f ps

Stress in prestressing tendon [MPa]

f pu

Ultimate stress in prestressing tendon [MPa]

Δf ps
r
z

Stress change in prestressing tendon [MPa]

ε ce
ε cu
ε pe

Initial strain in concrete [-]

Radius of gyration [m]
Lever arm of internal force [m]

Ultimate strain in concrete [-]
Initial strain in prestressing tendon [-]
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ϕ (t , t0 ) Creep coefficient, defining creep between times t and t0 , related to elastic deformaσc
σp

tion at 28 days
Compressive stress of concrete [MPa]
Tensile stress in prestressing tendon [MPa]
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1 Introduction
1.1 Background
External prestressing was initially developed for strengthening of bridges, but is today used
for both strengthening and for new built structures. Prestressed concrete bridges with external prestressing are becoming popular because of their advantages, like simplicity and costeffectiveness. External prestressing is when unbonded tendons are placed, and prestressed,
outside the structure anchored at the ends and sometimes with one or several deviators during the length of the structure. This method is advantageous for strengthening of a structural
member to obtain improved load carrying capacity.
The external tendons can be made of steel, but also fibre reinforced polymer (FRP) materials
have been used. They provide one of the most efficient solutions to increase the load carrying capacity of existing bridges when the infrastructures are in need of renewal and made of
all structural materials, such as concrete, steel and timber.

1.2 Upgrading
Upgrading may be defined as improved performance level of an existing structural member.
To obtain improved performance level one or several of the following upgrading methods
may be used; refined calculation methods, strengthening, improved durability or aesthetics
appearance and replacement of the member. In this report, focus is placed on strengthening.
There are many different ways to strengthen a structure. There is often a possibility to
change the physical appearance of the structure and in that way giving it somewhat different
properties in strength and stiffness. However, this will also mean that the structure needs
more space, which then is not always possible. Another way of improving the load carrying
capacity may be to change the statical behaviour, for example can a column be added to
support a beam or a slab. In the last decades the development of strong epoxy adhesives
has led to the plate bonding strengthening technique. This strengthening technique may be
defined as one in which plates of relatively small thickness is bonded with an epoxy adhesive
to, in most cases, a concrete structure to improve its structural behaviour and strength. The
advantage with the technique is that there is no large physical change of the structure. If the
structure is healthy no damaging work on the structure, such as replacing concrete cover, will
be needed. There also exists other methods a particular one that will be focused on in this
report is the use of external prestressing tendons for strengthening purposes of structural
members.
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2 Prestressed structures
2.1 General
“Pre-stressed concrete is reinforced concrete in which the steel reinforcement has been tensioned against the concrete. This tensioning operation results in a self-equilibrating system of
internal stresses (tensile stress in the steel and compressive stresses in the concrete) which
improves the response of the concrete to external loads.” Collins and Mitchell (1991).
The first attempts to pre-stress concrete structures were with normal strength steel, which
were unsuccessful. The first practical use of pre-stressed concrete was in France 1928,
when Eugene Freyssinet began to use high-strength steel wires for pre-stressing, Collins and
Mitchell (1991).
The basic idea is to create a negative moment in the construction part to enhance its capabilities. A pre-stressed structure can be made much thinner then a structure with normal steel
reinforcement. Since the method is more costly, is it mainly used on larger structures or for
structures where demands on small deformations exist.
There are two different ways of prestressing, pre-tensioning and post-tensioning. Moreover,
there are mainly two ways to place the reinforcement, inside the concrete or outside as external reinforcement.

2.2 Pre-tensioning
Pre-tensioning is when the cables are stressed prior to casting of the concrete. The cables
remains stressed until the concrete has cured and then it is released or cut. The cables can
be bonded in two ways, to the concrete only or with a mechanical anchorage. Pre-tensioned
cables are used for structures with the reinforcement inside the structure.
As shown in Figure 1 the rod or strand is tensioned before the concrete is cast. After curing
of the concrete the stressing force is released and the rod will introduce a compressive force
to the concrete member.

Step 1 -

tensioning of pre-stressing rod in stressing bed before casting
concrete

Step 2 -

casting of concrete around tensioned rod

Step 3 -

release the stressing on the rods and cutting them casusing the
shortening of member

Figure 1 Step-by-step for pre-tensioning, after Collins and Mitchell (1991)
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2.3 Post-tensioning
Post-tensioning is when the cables are stressed on an existing structural element, for example after the concrete has cured if it is a concrete structure. The cables can be located both
inside and outside of the structure, see Figure.2. Here a mechanical anchorage in the end
must be used to hold the cables in place and to keep the pre-stress active.

Step 1 -

cast concrete member with a duct

Step 2 -

tensioning of rod against hardened concrete

Step 3 -

anchoring of stressed rod

Figure.2 Step-by-step for post-tensioning, after Collins and Mitchell (1991)

An externally stressed cable is defined as post-tensioned. External tendons can be used in
new structures but also on existing structures.

2.4 FRP for prestressed structures
The use of FRP (Fibre Reinforced Polymers) as pre-stressed reinforcement for concrete
structures has increased over the last two decades, mainly the use of CFRP (Carbon Fibre
Reinforced Polymers). CFRP has a potential to become widely used in concrete structures
with its relatively low weight, high stiffness and strength and the fact that it is non-corrosive.
Therefore no pre-stress loss should be experienced due to long-term corrosion as it might
with steel cables. Consequently they are ideal materials with which to restore the pre-stress
in structures whose tendons have suffered corrosion, Garden and Hollaway (1998).
However, the linear elastic behaviour of the FRP material up to failure requires special design consideration to ensure a safe construction due to possible brittle failure.

Sustainable Bridges

TIP3-CT-2003-001653

YYYY-MM-DD
Rev. YYYY-MM-DD

9 (50)

3 External prestressed reinforcement
3.1 General
External prestressing refers to a post-tensioning method in which tendons are placed on the
outside of a structural member. It is an attractive method in rehabilitation and strengthening
operations because
•
•
•

It adds little weight to the original structure
Its application poses little disturbance to occupants
It allows the monitoring, re-stressing and replacement of tendons.

The first use with external steel tendons was in the 1950s, but after that it lay dormant for
some time. Now external pre-stressing techniques with steel rods have been widely used
with success to improve existing structures in United States, Japan and Switzerland. However there can be a problem with corrosion in the steel that forces the use of steel protection
on the external tendons, for example plastic sheeting. This problem can be resolved by the
use of FRP materials. Therefore research in the area has been conducted since the early
1970’s. In the beginning glass FRP was used but at the moment aramid and carbon are
mainly used mainly due to higher modulus of elasticity.
However it is important to remember that FRP and steel has different material properties and
different behaviour when loaded. In Table 1 a short comparison is made between steel,
GFRP, AFRP and CFRP. Note that this is the characteristics of FRP tendons from specific
manufacturers and might not be valid to other tendons even though the same fibres are
used. Experimental tests have shown that the load-displacement relationship of concrete
beams reinforced with FRP has almost the same behaviour as beam reinforced with steel,
Mutsuyoshi (1991).
Table 1 Characteristics of steel and FRP tendons, Pisani (1998)
Steel
(ASTM Grade
270, Euronorm
Fe7S1860)

GFRP
Glassline®

AFRP
Arapree®

CFRP
Leadline®

---

65

50

65

7.85

2.15

1.25

1.6

1860

1500

1490

1840

Tensile modulus, 20 C (GPa)

195

50

62

147

Ultimate elongation (%)

> 3.5

3.0

2.4

1.3

Thermal expansion coefficient,
axial direction (10-6/oC)

12

5.2

-1.8

0.68

Thermal expansion coefficient,
radial direction (10-6/oC)

12

~35

~35

~20

Strength decrease after a 100
year loading (%)

~0

30

35

~0

Relaxation, 20oC (%)

3

4

>30

3

Typical proporties

Fibre volume fraction (%)
3

Density (g/cm )
Tensile strength, 20oC (MPa)
o
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FRP tendons lack the ductility under extreme loading exhibited by steel, which means that a
CFRP prestressed beam may simultaneously provide greater ultimate load capacity and
lower energy absorption than a similar steel pre-stressed beam, Stoll et al (2000). Research
has shown that a pre-stress loss within 5 – 7 percent can be expected, Grace and AbdelSayed (1998).

3.2 Advantages and disadvantages with external prestressing
Picard et.al. (1995) presented advantages and disadvantages with external prestressing, see
Table 2.
Table 2 Advantages and disadvantages of external prestressing, Picard et.al. (1995)
Advantages
Concreting of new structures are improved as
there are no or few tendons and bars in the section

Disadvantages
External tendons are more easily accessible than
internal ones and, consequently, are more vulnerable to sabotage and fire.

Dimensions of the concrete section can be reduced due to less space needed for internal reinforcement.

External tendons are subjected to vibrations and,
therefore, their free length should be limited.

Profiles of external tendons are simpler and easier to check during and after installation.

Deviation and anchorage zones are cumbrous
additions to the cross section. These elements
must be designed to support large longitudinal
and transverse forces.

Grouting is improved because of a better visual
control of the operation.

In the deviation zones, high transverse pressure
is acting on the prestressing steel. The saddles
inside the deviation zones should be precisely
installed to reduce friction as much as possible
and to avoid damage to the prestressing steel.

External tendons can be removed and replaced if
the corrosion protection of the external tendons
allows for the release of the prestressing force.

In the case of internal grouted tendons, the longterm failure of anchor heads has limited consequences because prestressing may be transferred to the structure by bond. In the case of
external tendons, the behaviour of anchor heads
is much more critical. Therefore, anchor heads
should be carefully protected against corrosion.

Friction losses a significantly reduced because
external tendons are linked to the structure only
at the deviation and anchorage zones.

At ultimate limit states, the contribution of external tendons to flexural strength is reduced compared to internal grouted tendons. The stress
variation between the cracking load and ultimate
load cannot be evaluated at the critical section
only, as is done for internal bonded tendons.

The main construction operations, concreting and
prestressing, are more independent of one another; therefore the influence of workmanship on
the overall quality of the structure is reduced.

At ultimate limit states, failure with little warning
due to insufficient ductility is a major concern for
externally prestressed structures.

The actual eccentricities of external tendons are
generally smaller compared to internal tendons.
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3.3 Deviators and second-order effects
As the tendons is placed outside the structure the connection to the structure are at deviators
and anchorage. Between those points the tendons are free to move relative to the section of
the structure. If deviators is not used the second-order effects due to changing tendon eccentricity, see Figure , lead to a lower load carrying capacity, Tan and Ng (1997) and Ng and
Tan (2006a).

Figure 3 Second-order effects without deviators, Tan and Ng (1997)

The use of deviators along the span of the structure can effectively reduce those effects,
tests conducted by Tan and Ng (1997) showed that a single deviator at the section of maximum deflection resulted in satisfactory service and ultimate load behaviour. However, tests
have shown that the deflection before the internal steel reinforcement starts to yield is not
significantly larger for speciemens without deviator compared to with. The large differences
occur after yielding of the internal steel reinforcement, Harajli Et.Al. (2002) and Nordin
(2005).
Harajli et.al. (1999) studied the influence of deviators, the tests was without deviatiors, with
one deviator and with two deviators. The magnitude of the external prestressing force for
each configuration was selected so as to produce three levels of reinforcing indexes (0.025,
0.010 and 0.20), see Harajli et.al. (1999) for further details about the reinforcing indexes. The
results can be seen in Figure 4.
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Figure 4 Effect of deviators, Harajli et.al. (1999)

The tests showed that the behaviour of the beams with one and two deviators were more or
less identical, also that the responses for those configurations were similar to the response of
members with internal tendons, Harajli et.al. (1999).

3.4 Concrete structures
3.4.1 General
The repair and strengthening of deteriorated damaged and substandard infrastructure has
become one of the important challenges confronting the civil engineering worldwide, Hollaway (2003).
Strengthening continuous beams using external tendons is an attractive method. However,
the increase in flexural strength is not always accompanied by an equivalent increase in the
shear capacity. Results from tests perfomed by Tan and Tjandra (2003) show that the shear
capacity limits the degree of strengthening and ignoring this will lead to undesirable sheartype failure.
Beside beams there is also work done on strengthening concrete columns with external
prestressing, Saatcioglu and Yalcin (2003).
A large study of prestressing concrete with FRP tendons have been done at Lawrence Technological University with good results, Grace et.al (1996), Grace and Abdel-Sayed (1998),
Grace (2000) and Grace et.al. (2002).

3.4.2 Laboratory tests
A series of five Japanese articles present results conducted with externally prestressed concrete beams with T-shaped cross-sections, compiled of a 100×250 mm2 beam with a 275×75
mm2 slab on top. Experiments undertaken to study the shear strengthening effects are presented by Kondo et al. (1994). The report demonstrates that external prestressing systems
also can be used to strengthen the shear capacities of existing concrete beams. The RC
beams tested were simply supported with a span of 2.7 m, loaded at two points. Each beam
had four Ø19 mm steel bars as flexural reinforcement and two SWPR7B prestressing strand
wires as external cables. These were bent up at an angle of about 7 degrees at the deviators
at the points of loading.
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The reduction in ultimate flexural strength due to loss of tendon eccentricity was studied by
Matupayont et al. (1994). Beams with different arrangements of deviators were used to demonstrate how large beam deflections cause secondary effects due to that tendons only follows the concrete deflection at the deviator points. All beams were simply supported with a
span of 5.20 m and loaded at two points, in two cycles to determine the crack loads and failure loads. The tested beams either had two deviators, at distances of 1.80–3.00 m, or three
deviators at distances of 1.50 m. The external tendons were two SWPR7B with a diameter of
15.2 mm or a single SWPR19 with a diameter of 19.3 mm.
Tests of the moment redistribution in monolithic beams and beams of jointed precast segments are presented by Aravinthan et al. (1995). The 300 mm segments of the latter beam
type were epoxy-jointed. The beams were continuous, spanning two times 4.05 m and were
loaded at two points in each span. The beams were prestressed using two SWPR7A tendons
with 12.4 mm diameter.
Tests conducted on concrete beams with T-shaped cross-sections are presented by Tan and
Ng (1997) and Ng and Tan (2006b). Each beam was compiled of a 110×250 mm2 beam with
a 300×50 mm2 slab on top, simply supported, spanning 3.0 m and loaded at their third-points,
se Figure 5. Beams with different tendon configurations were used to study the second-order
effects caused by the displacement of the tendons under load. The tested tendon configurations were straight with one, two ore no deviators, using effective depths at the midspan of
200–250 mm and 127–200 mm at the anchorage.
The internal reinforcement consisted of two 16 mm steel bars at the bottom, four 8 mm bars
at the top and a transverse reinforcement of 6 mm stirrups. The external tendons consisted
of the 7-wire strands with a diameter of 9.5 mm.

Figure 5 Test setup, Tan and Ng (1997)

Aravinthan Et.Al. (2005) presented tests with tendons placed with high eccentricity. The tendons were placed between 500 and 625 mm from the beams centerpoint and midspan, this
for beams measuring a cross-section of 150 mm in height and 400 mm in width. The tests
showed that already in early stages of the testing the stresses in the tendons increased significantly.

Sustainable Bridges

TIP3-CT-2003-001653

YYYY-MM-DD
Rev. YYYY-MM-DD

14
(50)

3.5 Steel structures
3.5.1 General
The upgrading of steel structures is not as widespread as it is with concrete structures; this is
mainly because steel structures pose a different and a more difficult set of problems, Hollaway (2003).

3.5.2 Steel-concrete composite bridges
Prestressing of continuous steel-concrete bridges is applied to obtain an economy in steel
and prevent cracks in the concrete deck. One of the major problems with steel-concrete
bridges appears to be cracking in the concrete slab resulting in problems for durability and
maintainability, Brozzetti (2000). The prestress significantly increases the yield and ultimate
loads; and prestressing a negative moment zone places adds compression forces to the
concrete deck decreasing the cracks, Li et.al. (1995).
Ryu et.al. (2004) strengthened continuous steel-concrete beams with external steel tendons
to prevent cracking in the prefabricated concrete deck. The tendons were placed on the
webs of the steel structure over the supports, see Figure 6. The incremental force in the tendons was calculated and the compared to the measured values, see Ryu et.al. (2004) for
more details. The results can be seen in Figure 7.

Figure 6 Test set-up for a continuous boxgirder beam, Ryu et. al. (2004)
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Figure 7 Load –incremental prestress relationship, Ryu et.al. (2004)

Albrecht et.al. (1995) investigated the fatigue strength of prestressed composite steelconcrete beams. They studied three parts of a beam as the fatigue strength of the beams
depends on the fatigue strength of its components. The studied components were the
prestressing strands, the shear studs and a cover plate that was added to the tensile flange.
The test set-up can be seen in Figure 8.

Figure 8 Test set-up for the beams tested by Albrecht et.al. (1995)

The results from those tests showed no problems with the fatigue strength in the components
studied. However, the stress ranges in these details were lower than the applicable fatigue
limits.
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4 External prestressing with steel materials
4.1 Material properties
The mechanical properties of prestressing steel must satisfy some requirements, which include the tensile strength and the corresponding strain, the yield point and the modulus of
elaticity.
Typical stress-strain curves for pre-stressing steel compared with the reinforcing steel’s ones
are plotted in Figure 9. From the figure, it’s possible to see that pre-stressing steels have an
higher strengths than reinforcing steels, even if with lower corresponding failure strains.
Thus, there isn’t a clear yielding point. The stress to strain curve can be divided in three portions: an initial linear elastic proportion up to the proportional limit, a non-linear portion with
gradually decreasing slope and a final almost linear strain-hardening portion with a small
positive slope leading to failure.

Figure 9 Typical determination of yield strength for prestressing steel

In prestressing steel the yielding point is not well defined and because of this, the yield
strength is determined according to strain criterion. There are different equations according
to the building codes. Theoretically, the proportional limit is fixed to the point in which the
stress-strain curve deviates from the linear trend; usually the proportional limit is determined
by the stress corresponding to a residual of 0.01 %. The elasticity modulus of steel is essentially a constant, independent from strength. However, this modulus is smaller for the strands
which are made with several wires.

4.2 Prestressing systems
An ideal tendon material should not only have high-strength but it also has to remain in elastic range until relatively high stresses are reached. Further, it has to show sufficient ductility
and good bonding properties, low relaxation and high resistance to fatigue and corrosion.
There are three main types of tendons used in prestressed concrete: wires, strands (made of
several wires), and bars.
The high tensile strength and ductility of pre-stressing steel steels are obtained by a production process using:
1) High carbon hot rolled alloy steel;
2) Cold drawn or deformed carbon steel (preferably tempered);
3) Hot rolled and heat treated carbon steel;
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Most of the prestressing wires are produced with a cold working process (drawing or rolling).
There are several kinds of cross-sectional shapes and surface conditions for wires, the most
common are round or oval, smooth or indented, ribbed, twisted, or crimped.
The strands are made by several wires. For example, in the seven-wire strand six spherical
wires are helically wound over a central wire which has a larger diameter than the surrounding wires. Because of wires are usually produced with small diameters, the strands show
superior properties than single bars due to better quality control. They are also easier to
handle due to a major flexibility than a single bar of the same diameter.
Prestressing bars are produced with smooth or ribbed surfaces. The first ones can be mechanically end-treated to be used in anchoring systems, while the second ones can be anchored anywhere along their length.

4.3 External influences
4.3.1 Relaxation
The force required to hold a highly stressed tendon at a given elongation will reduce with
time, also known as relaxation. Relaxation is negligibly small if the initial stress, f pi , is less
then 0.55 f py , Collins and Mitchell (1991). Relaxation of steel is analogous in many ways to
creep in concrete and, like creep, relaxation can be accurately predicted only if information
for the specific material under the specific conditions is available. The relaxation is described
in Figure 10.

Figure 10 Variation of relaxation with time, Collins and Mitchell (1991)
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The temperature of the steel strongly influences the magnitude of the relaxation; a change in
temperature from 20°C to 40°C can lead to an increase in relaxation after 1000 hours of
about 50%. Therefore, at higher temperature the prestress loss due to relaxation will be
reached earlier in time.

4.3.2 Fatigue
Fatigue is the process of deterioration of the mechanical properties of materials under fluctuating stresses, generally due to repetitive application of live loads on the structure. Prestressing steel doesn’t suffer so much from fatigue and in design, 2 million cycles are the
minimum but sometimes 10 million cycles are possible to reach.
The lifetime of the steel could be shorter in prestressed concrete, because of that steel is
stressed up to 50-60% of its ultimate strength, and this fact modifies its fatigue behaviour. A
limit of endurance has not been found for pre-stressing steel, but as said above, a fatigue life
of 2 million cycles is considered sufficient in the main part of the application.
The design of cracked partially pre-stressed concrete beams should be based on limiting
both the stress range in the reinforcement and the crack width range in the concrete to reduce fretting or abrasion between wires of the same tendon or between the tendon and the
concrete. The addition of ordinary reinforcing bars to a pre-stressed concrete member should
improve its fatigue resistance even if this reinforcement is not needed for strengthening.
It is important to recognize that fatigue properties, which are governed by the presence of
small flaws, are inherently highly variable and hence mean values need to be treated very
cautiously, Collins and Mitchell (1991).

4.3.3 Temperature
Above about 200°C there is a substantial decrease in both the stiffness and the strength of
the steel. By 400°C, the tensile strength of wires or strand will be only about 50% of its value
at room temperature. Figure 11 shows the typical behaviour for the strength at high temperature, Collins and Mitchell (1991).

Figure 11 Strength reduction of reinforcement at high temperatures, Collins and Mitchell (1991)
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4.3.4 Corrosion
The prestressing steel is more sensible to corrosion than reinforcement steel bars. This is
because of the diameter of tendons is relatively small and high-grade steel is more susceptible to corrosion. Even a small uniform corrosive layer or a corroded spot can substantially
reduce the cross sectional area of the steel. The exposition of unprotected steels to the environments, even for few months, can produce a larger reduction of mechanical properties but
also in the fatigue life. If unbonded tendons are used, they must be protected by anticorrosive material such as asphalt, grease, oil or a combination of grease and plastic tubing.
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5 External prestressing with FRP materials
5.1 General
Although FRP materials have many good qualities for pre-stressing purposes there is still
research needed in the area. One problem with external FRP tendons is the anchorage. Due
to its anisotropy as a material, perpendicular forces might crush the tendon, which is a problem for some wedge systems.
EMPA Switzerland has developed a system where they use a conical anchorage system. In
general, the anchor casing is made of steel, but it can also be made of a fibre composite,
Meier (1998).
In Japan extensive national programs have been undertaken to examine the use of FRP (Fibre Reinforced Poylmer) reinforcement in concrete structures. Several commercial tendon
systems have been developed. In 1993 the Japanese were first with creating a design guideline for FRP reinforcement and prestressed concrete structures for building engineering; it
first came in Japanese 1995 and in English in 1997. For civil engineering a guideline came
1996 (English version 1997).
In Canada several researchers have been investigating application of FRP prestressing tendons. At the University of Manitoba research on CFRP (Carbon Fibre Reinforced Polymers)
has been taken place, Fam et al (1997) and at the Royal Military College work on AFRP has
been done, McKay and Erki (1993), just to mention some examples.
In the 70’s , research started in Germany to investigate at the use of prestressed GFRP
(Glass Fibre Reinforced Polymers) tendons but it showed to be less appropriate due to its
low modulus of elasticity. A joint venture between Strabag-Bau and chemical producer Bayer
resulted, in the end of the 70’s, in GFRP bars and anchorage system that has been used in
Germany and Switzerland. In the Nederland’s a chemical producer and a contractor, HGB,
developed AFRP pre-stressing elements in the beginning of the 80’s. At the moment the
leading researcher in Europe at this field is Switzerland.
The material properties for FRP tendons vary depending on the producer. Therefore there
will only be a short description here of some examples of tendons that is used. For further
information refer to the manufacturers.
One of the largest advantages of FRP tendons is its low weight to high strength ratio. Compared to steel tendons FRP tendons can be made with down to one tenth of the weight,
Jungwirth and Windisch (1995).

5.2 Material properties
5.2.1 Composites
The term composite often refers to a material consisting of two or more distinct parts working
together. Mostly one of the parts is harder and stronger then the other while the other is more
of a force transferring material.

5.2.2 FRP
Fibre reinforced polymer, FRP, is a composite material consisting of fibres and a polymer
matrix. The FRPs mostly used for civil engineering applications is CFRP (Carbon Fibre Reinforced Polymer), GFRP (Glass Fibre Reinforced Polymer) and AFRP (Aramid Fibre Reinforced Polymer). The polymer matrix has in this case three major purposes, force transfer
between, bind together and protection of the fibre.
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5.2.3 Fibres
In civil engineering applications the most suitable fibre has proven to be carbon fibre. Almost
95% of all applications for strengthening purposes are by carbon fibres. Therefore the focus
in this report is placed on CFRP.
The fibres are what make the FRP strong and there are three things that control the mechanical properties of the FRP:
• Constituent material
• Fibre amount
• Fibre orientation
Constituent material
As mentioned earlier there is a wide array of different materials to use, too many to start describing all in this report. What is important to remember is that the choice of fibre material
determines, together with choice of polymer, what kind of quality, properties and behaviour
the FRP finally will obtain.
Fibre amount
When it comes to the amount of fibre used in the FRP it is easy to say that the more fibre
used the better properties will be achieved. This is somewhat true but with too high fibre content there will be a manufacturing problem. If the fibres is to tightly packed the matrix will
have problems enclosing the fibres which might deteriorate the FRP. Usually a fibre amount
above 70% by volume is not recommended for pultruded products such as rods and bars. In
hand-lay up application a typical amount of fibre is 35% by volume.
Fibre orientation
The FRP will have highest material properties in the fibre direction. For example, a rod with
all the fibres is very strong in its fibre direction but in perpendicular direction the FRP has not
as good properties. A typical FRP product for the construction industry has therefore a anisotropic behaviour compared to steel which is isotropic. Nevertheless, the orientation of the
fibres can be tailored to suit the requested properties of the FRP product.

5.2.4 Matrix
The matrix, the polymer, is used to bind the fibres together, transfer the forces between the
fibres and to protect the fibres from external mechanical and environmental damage.
The shear forces created between the fibres are limited to the properties of the matrix. The
matrix is also the limited factor when applying forces perpendicular to the fibres.
The most usual polymeric matrixes for FRP are polyester, vinyl ester and epoxy.

5.3 Prestressing systems
5.3.1 Tendons
FRP tendons are available in the form of rods or cables, rectangular strips, braided rods and
multi-wire strands. Here there is a short presentation of four different commercially available
rods, Arapree, Technora, Leadline and CFCC, Benmokrane et al (2000) and Nanni et.al.
(1996).
Arapree: a tendon developed by AKZO Chemicals and Hollandsche Beton Groep, even if by
now the manufacturing rights are transferred to Sireg S.p.a. an Italian industry. Arapree is a
tendon made of aramid fibres embedded in epoxy resin. The anchorage device for this ten-

Sustainable Bridges

TIP3-CT-2003-001653

YYYY-MM-DD
Rev. YYYY-MM-DD

22
(50)

don consist of tapered metal sleeve into which the tendon can be grouted or clamped with
two wedges.
FiBRA: is a rod that is produced by Mitsui Construction Company of Japan. It is produced by
the braiding of fibre tows followed by epoxy resin impregnation and curing. The fibre can be
different, but commonly aramid fibres are used. It is possible to use two types of anchor. The
first is a resin-potted anchor for single tendon anchoring and the second a wedge anchor for
multiple tendon anchoring.
Carbon Stress: is a tendon produced by Nederlandse Draad Industrie, but the original technology for this pre-stressing system was developed by AKZO Chemicals and it is similar to
Arapree. The rod can be flat or round and both are formed by pultrusion of epoxyimpregnated carbon fibres. The anchoring systems for Carbon Stress are similar to those of
Arapree, the only difference is the need of a dry lubricant coating on the exterior surface of
the plastic wedges to improve the wedge setting.
Leadline: Mitsubishi Kasei Corporation of Japan produces this pith-based carbon FRP rod,
that is pultruded and epoxy impregnated. There are several types of Leadline, round, indented and rib shapes rods, see Figure 12.

Figure 12 Example of Leadline rods and strands, Karbhari (1998)

Technora: this rod was developed by Sumitomo Construction Company and Teijin Corporation, both of Japan. It is a spirally-wound pultruded rod impregnated with a vinyl ester resin.
Technora tendons can use both wedge and potted anchoring systems, but in the research a
potted anchor was used. Examples of rods and strand can be seen in Figure 13.

Figure 13 Example of Technora rods and strands, Karbhari (1998)

CFCC: is the trade name for Carbon Fibre Composite Cable and it is produced by Tokyo
Rope and Toho Rayon Co., both of Japan. The cable is formed by twisting a number of small
diameter rods. The materials used for this tendon are PAN-based carbon fiber and epoxy
resin developed by Tokio Rope. CFCC anchoring system are classified as resin filling and
die cast methods, see Figure 14.
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Figure 14 Example of CFCC strands, Karbhari (1998)

Lightline: is a tendon produced by Neptco Inc. and it is composed by seven rods, one central rod surrounded by six others. The Lightline tendon is formed by E-glass fiber and epoxy
resin. Because of at the time the manufacturer had not developed an anchor to utilize for this
particular rod, in the research the authors have used a resin potted anchor.
In Table 3 four of the above products are presented with the material data presented by the
manufacturer.
Table 3: Manufacturers data for FRP rods, Benmokrane et al (2000)
Tendon

Nominal diame- Cross-section
ter
[mm2]
[mm]

Mean
tensile
strength
[MPa]

Elastic Ultimate Density Possions
ratio
modulus
strain [g/cm3]
[GPa]
[%]

Arapree-8

7.5

44.2

1506

62.5

2.40

1.25

0.38

Technora

8

50.2

2140

54

3.70

1.30

0.35

Leadline

7.9

46.1

2550

150

1.30

1.67

n.a.

CFCC

7.5

30.4

2120

137.3

1.57

2.10

n.a.

5.3.2 Anchors
A key design issue for composite cables is how to harness all of the available tensile
strength. Conventional anchoring systems for steel cables cannot be used with large composite cables because of the material's relatively low lateral properties, including shear
strength. Cable manufacturers have developed new anchorage systems, enabling composite
cables to achieve upwards of 90 percent of the total ultimate strength of the individual
strands before failure in the anchorage.
There are mainly two types of anchors used, wedge anchor and grout potted anchor, both
these systems will be discussed in more detail below and can be seen in Figure 15.
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A)

Anchor matrix

B)

Figure 15 Sketch of A) a wedge anchor and B) a grout potted anchor

5.3.3 Wedge anchors
The wedge anchor system is similar to those used in steel prestressing systems. One of the
problems with this type of anchors for FRP materials is the local damage to the tendon that
can occur, however tests have shown that tendons still are efficient after such a local damage, Nanni et al (1996). It has been proposed that the wedge surface is gritted to ensure
proper gripping, see for example Nanni et al (1996). Al-Mayah et al (2001) has tested a
stainless steel wedge anchor with positive results. Anchor wedges have also been made
using non-metallic materials, Harada et.al., besides some slippage between the rods and the
anchor the authors found it to be a practical method.
Pincherira and Woyak (2001) compared a resin filled sleeve with an anchor wedge with a
thin metal sleeve between the rod and the wedge, se Figure 16. The conclusion from those
tests were that the resin filled sleeve was more labour intensive and required much longer
anchor length to transferee the forces.
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Figure 16 The different types of anchors tested by Pincherira and Woyak (2001)

5.3.4 Grout Potted Anchorages
A way to make a resin filled anchor more efficient can be to have the stiffness vary over the
length of the anchor. This can reduce the stresses that occur during loading.
In the Figure 17 a cone is filled with three different grouts with increasing stiffness. At the end
of the anchor the modulus of elasticity of the grout is lower, the result is a better stress distribution with lower stress peaks. In the diagrams first the modulus of elasticity is shown with A
constant modulus, i.e. same material through the cone, B three different modulus and C a
continuously changing modulus. At the lower part the result as stress distribution from the
different approaches are seen.
Tests with varied anchorage bond lengths have been conducted, Benmokrane et al (2000),
which shows that the shape of the load-slip curve pull-out tests of grouted anchors is similar
but both the pull-out capacity and initial stiffness increased with the increase in bonded
length. Although the pullout capacity increases with longer bond lengths, the maximum bond
stress decreases. This indicates that the bond stress distribution along the bonded length of
the rods is not uniformed.
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Anchor matrix

A
B
C

A Typical stress distribution for
constant modulus anchor
B Improved stress distribution
with ”soft cone” concept

A

B

C Optimized stress distribution
with continouly varying anchor
stiffness
C

Figure 17 Stress distribution in a cone, from Erki and Rizkalla (1993)

5.3.5 Comparison between wedge and grout potted anchorages
Nanni et.al. (1996) performed a number of tests of different anchor systems. For the tests,
ten specimens for each type of tendon were used. In the first the specimens were tensioned
up to failure, and the second and final was an high temperature test. Each specimen was
1200mm long and the anchoring system was installed at one end of the rod.
After the tests the following conclusion were carried out:
Wedge Anchor Types
Arapree: The tendon/anchor system supported only 40% of the manufacturers reported ultimate load because of continuous slips between tendon and wedges during testing.
FiBRA: The specimens tested exceeded the ultimate tensile strength by more than 10% and
the computed E value and ultimate strain were very close to those specified by the manufacturer. FiBRA was also subjected to the high temperature test and after that the rod had
reached the uniform temperature of 60°C, the tendon was tensioned up to failure. The differences from the room temperature test were negligible.
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Carbon Stress: The specimens of flat-strip Carbon Stress supported a load that was over
70% of the ultimate load pointed out by the manufacturer and the computed E value was
about 85% of the reported one. For the round Carbon Stress a load of 60% of the manufacturer ultimate load was reached and a very high correspondence was found between the
computed and specified E values.
Leadline: The test results were in very good agreement with the manufacturer’s values. An
ultimate load, more than 15% higher than the specified was reached during testing and the
computed E value was greater than reported.
Potted Anchor Types
Technora: The tested specimens supported a ultimate load that was 6% higher than reported, an ultimate strain 15% below the specified and E values of about 15% lower than that
presented by the manufacturer. Ultimate failure resulted from pull-out of the tendon from the
grouted anchor.
CFCC: The failure during testing was reached with a load of 109% of the expected one and
the corresponding strain was 20% less than the reported. This was due to that the modulus
of elasticity computed was 16.5% higher than specified by the manufacturer.
Lightline: The ultimate load was about 70% of the reported one and the corresponding strain
was 45% of the specified value. Instead, a value of the modulus of the elasticity, much
greater than the reported was computed.

5.4 External influences
5.4.1 Creep
Glass and carbon fibre has an almost perfect linear behaviour to failure. For most FRP composites, creep deformation becomes a more important role at high stress levels or high temperatures or a combination of the two. Creep will not be a significant factor if the loads to the
structure are kept within manufacturer recommended stress levels, Busel (2000).
Both the GFRP and the AFRP show an important decrease in their tensile strength when
they are subjected to a long-term constant load, Pisani (1998), while studies show that CFRP
has very little loss in tensile strength.
The resistance to creep and relaxation is a huge advantage when using the materials in prestressed applications. If a material has problems with creep and relaxation there will be
losses in the pre-stressing force over time. Structures can be made to make it possible to put
extra stress in the material during the constructions life span, but if this can be avoided it will
be beneficial.

5.4.2 Relaxation
Relaxation losses in FRP tendons come mainly from three sources.
-

When the tendon is initially stressed, a portion of the load is carried in the matrix.
The fibres in a pultruded section are not completely parallel.
The fibers themselves relax.

The initial matrix relaxation occurs in the first 24 to 96 hours. Two characteristics of the tendon affect this relaxation, the volume of fibers in the tendon, and the modular ratio of the
resin to the fibre.
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Straightening of the fibers is a function of the quality control of the pultrusion process. The
packing of the fibers in a solid pultrusion precludes much straightening. A one to two percent
relaxation is adequate to predict this phase of loss calculation.
Fiber relaxation is dependent upon the fiber type. Carbon fibers are reported to have no relaxation. High stress level creep-rupture tests have confirmed this behaviour. Aramids have a
creep behaviour that is reflected in their relaxation behaviour.

5.4.3 Fatigue
FRP show significantly enhanced fatigue resistance over metallic materials, Busel (2000),
but this is limited to the material, i.e. rods etc. One problem that still remains is joints, connections and anchorage. Since the material is strong it is not likely to have a fatigue failure in
the FRP. Although it has been limited research in larger structures it can be said that fatigue
failure in the FRP is unlikely to occur except in joints, connections and anchorage.
Hull and Clyne (1996) presented a comparison between materials that can be seen in Figure
18.

Figure 18 Experimental S/Nf plots showing the number of cycles to failure during axial fatigue loading
of unidirectional polymer composites as a function of the peak applied load, from Hull and Clyne
(1996)
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6 Theory
6.1 General
There is a different in the ductility behaviour between beams with prestressed FRP tendons
compared to steel tendons. In general a conventional prestressed concrete beam with steel
tendons will deform elastically until cracking, and then the member deflections will progressively increase as the tendon yields. FRP prestressed beams deform elastically until cracking
and then continue to deform under increasing load until the tendons rupture or the concrete
crushes.

6.2 Moment capacity

Figure 19 Strain and stress distribution at critical section of externally prestressed beam at ultimate
limit state, Ng (2003)

The ultimate moment can be determined using following equation, Ng (2003)
Mu = A ps fps (dps,u − kβ1c) + A s fy (ds − kβ1c) + A 's fy' (d's − kβ1c )

(1)

k β1c is the dept of centroid of the concrete compression zone. For a rectangular section or a
T-section with β1c ≤ hf (hf is the flange thickness) k = 0.5. For β1c ≥ hf then k has to be determined from the centroid of force in the concrete compression zone.

6.3 Tensile stress in tendons
The tensile stress in the prestressing tendon is calculate from the equation

fps = fpe + Δfps

(2)

where

Δfps =

ΔL
Ep
L0

(3)

The deflection profile of the beam is the main variable because it governs the value of ΔL ,
Aparicio et.al. (2002). Variable that changes the value of L0 is the slip of the tendons at the
deviator and the total length of the tendons.
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6.3.1 Unbonded tendons

Figure 20 Strain distribution along section of maximum moment, Naaman et.al. (2002)

To be able to calculate the stress in unbonded tendons at ultimate, Naaman et.al. (2002)
proposes the following equations:
For steel tendons

⎛d
⎞L
fps = fpe + ΩuEps εcu ⎜ p − 1⎟ 1
⎝ c
⎠ L2

(4)

For FRP tendons

⎛d
⎞L
ffrp = fpe + ΩuEfrp εcu ⎜ p − 1⎟ 1
⎝ c
⎠ L2

(5)

Ω is a strain-reduction coefficient, Naaman et.al. (2002), that is defined as
2
Ω=
ΔMmax (e0 )max L

L/2

I
2⎛ I
Ωc = Ω cr + ⎜ 1 − cr
Ig L ⎜⎝
Ig

∫ ΔM(x)e (x)dx
0

(6)

0

⎞ LC / 2 ΔM(x)e0 (x)dx
⎟⎟ ∫
⎠ 0 ΔMmax (e0 )max

(7)

where Ω is for the case of a uncracked section and Ω c is for a cracked section. Simply supported beams with constant EIg throughout their lengths, symmetrical loadings, and tendon
profiles are considered.
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6.3.2 External tendons
In externally prestressed beams, the stress in the tendons depends on the deformation of the
whole structure and is assumed uniform at all section, Tan and Ng (1997). However, the
stress fps can be calculated, by introducing the concept of bond coefficient, following the
method of equilibrium and strain compatibility, see Figure 21: Neglecting the dead load, the
stress in the tendons, fps , in the critical section under applied moment M is given by:
1. Within the linear elastic uncracked state
( 0 ≤ M ≤ M cr )
ΩMe

fps = fpi +
Itr

Ec
+ A ps (r 2 + e2 )Ω
Eps

2. Within the linear elastic cracked state
( Mcr ≤ M ≤ Mecl )

fps = Eps (εpe + Ωc εce ) + Ωc

⎛ dps − c ⎞
fct ⎜
⎟
Ec ⎝ c ⎠

Eps

3. Within the ultimate flexural limit state
( M = Mu )

⎛d
⎞
fps = fpi + ΩuEps εcu ⎜ ps − 1⎟
⎝ c
⎠
⎧2
⎪⎪ 3 → (a )
Ω=⎨
⎪ 23 → (b )
⎪⎩ 54

Figure 21 Stress and strain distribution in
externally prestressed sections, Tan and Ng
(1997)

⎧ Icr 1 ⎛ Icr ⎞
⎪ Ω + ⎜ 1 − ⎟ → (a )
Itr ⎠
⎪ Itr 3 ⎝
Ωc = ⎨
⎪ Icr 1 ⎛ Icr ⎞
⎪Ω I + 8 ⎜ 1 − I ⎟ → ( b )
tr ⎠
⎝
⎩ tr
5.4
Ωu =
L
d

Where (a) is for a straight tendon and (b) is for a draped tendon.
To consider the tendons eccentricity as can be seen in Figure 21 the values e and dps has to
be recalculated with the upward displacement Δ , Tan and Ng (2002). That gives:

e = e0 − Δ

(8)

d = dps0 − Δ

(9)
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7 Codes and guidelines
7.1 Eurocode 2
Eurocode 2 has four sections where prestressing is mentioned, those are 3.3, 3.4, 5.10, 8.10
and 10.3.2. Next follows a short description of those sections.

7.1.1 Section 3.3 and 3.4 - Material
In section 3.3 and 3.4 the code covers the material aspect for prestressing steel and
prestressing devices.

7.1.2 Section 5.10 – Structural analysis
Section 5.10 covers most of the prestressing forces and behaviour of the tendons.
Maximum stressing force
Pmax = A p ⋅ σp,max

(10)

Limitation of concrete stress

σc ≤ 0.6fck (t)

(11)

where fck(t) is the characteristic compressive strength of the concrete at the time t when
it is subjected to the prestressing force. Immediate losses of prestress for post-tensioning.
Instantaneous deformation of concrete
⎡ j ⋅ Δσc ( t ) ⎤
ΔPel = A p ⋅ Ep ⋅ ∑ ⎢
⎥
⎢⎣ Ecm ( t ) ⎥⎦

(12)

Losses due to friction
ΔPμ (x) = Pmax (1 − e −μ ( θ+ kx ) )

(13)

Time dependent losses of prestress for pre- and post-tensioning

εcsEp + 0.8Δσpr +
ΔPc + s +r = A p Δσp,c + s+r = A p
1+

Ep A p
Ecm

Ep
Ecm

ϕ(t, t 0 ) ⋅ σc,QP

A 2
(1 + c zcp
) [1 + 0.8ϕ(t, t o )]
Ac
Ic

For further details se Eurocode 2.

(14)
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7.1.3 Section 8.10 – Detailing
Section 8.10 covers the detailing for prestressing tendons. Arrangement of tendons, anchoring and anchorage zones; and deviators.

7.1.4 Section 10.3.2 – Additional rules
For pre-tensioning members, the effect on the relaxation losses of increasing the temperature while curing the concrete , shall be considered.

7.2 FHWA design recommendations, FRP tendons
The following recommendations and equations are taken from the design recommendations
in Dolan et.al. (2001), a FHWA report.

7.2.1 Jacking stresses and losses
In Table 4 the recommended maximum stresses for straight FRP tendons is presented, Dolan et.al. (2001). Overstressing is not recommended as it may inflict negatively to the service
life of the structure.
Table 4 Recommended jacking stresses, Dolan et.al. (2001)
Allowable Jacking Stress

Pretensioning

Post-tensioning

Carbon

0.65fpu

0.65fpu

Aramid

0.60fpu

0.50fpu

Not recommended

0.45fpu

Glass

The designers have to assure that glass is isolated from the alkali in the cement.
Relaxation losses in FRP tendons derive from three sources, 1) when the tendon is initially
stressed a portion of the load is carried in the resin matrix, 2) the fibres in a pultruded section
nearly but not completely parallel, 3) the fibres themselves relax. These three sources gives
the total relaxation R (R1+R2+R3).
The initial matrix relaxation occurs in the first 24 to 96 hours. The modular ratio ( nr ) of the
resin and fibre and the volume fraction of the resin (ν r ) are the variables in the process.
R1 = nr ν r

(15)

Straightening of fibres is a function of the quality control of the pultrusion process and the
relaxation from that is predicted between one and two percent. Thus,
R2 = 0.02

(16)

Fibre relaxation is dependent on the fibre type. For carbon tests have shown it to have no
relaxation and for aramid fibres 6 to 18 percent over a 100-year design life.
Other losses traditionally associated with prestressing tendons are computed in the same
manner as for steel tendons.
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7.2.2 Flexural design
The approach to strength design of beam with prestressed FRP is based on the concept of a
brittle ratio, failure in tendons and concrete simultaneously. Tendon failure is defined as the
ultimate tensile strain, ε pu , and the concrete compression strain ε cu = 0.003 . Having defined
the brittle ratio, design conditions for members with reinforcement ratios above and below the
brittle ratio are developed.

Figure 22 Brittle ratio, stress and strain conditions, Dolan et.al. (2001)

The brittle ratio can be simplified with

ρbr = 0.85β1

fc'
εcu
fpu εcu + εpu − εpi

(17)

Equations for flexural design can then be defined for normal, under and over reinforced
beams. Normal reinforced 0.5 ρbr ≤ ρ ≤ ρbr
Mn = ρbd2 fpu (1 −

ρ fpu
)
1.7 fc'

(18)

Under reinforced ρ ≤ 0.5ρbr

⎛ k⎞
Mu = ρbd2 fpu ⎜ 1 − ⎟ where k = (ρn)2 + 2ρn − ρn
⎝ 3⎠

(19)

Over reinforced ρ ≥ ρbr
2

⎛ ⎛
ε ⎞⎞
εpi ⎞
ρλ ⎛
⎛ βk ⎞
Mo = 0.85f bβ1k u d ⎜ 1 − 1 u ⎟ where k u = ρλ + ⎜ ρλ ⎜ 1 − pi ⎟ ⎟ −
1−
⎜
⎟
⎜
2 ⎠
εcu ⎠ ⎟⎠
εcu ⎠
2 ⎝
⎝
⎝ ⎝
'
c

2

(20)

and
λ=

Ep εcu
0.85fc' β1

(21)
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7.3 Code comparison – Tendon stress
Codes differ, sometimes a lot. Here are two examples where codes have been compared to
tests.
The general basic equation used for stress in the tendons is
fps = fpe + Δfp

(22)

Where the stress in the tendon is the sum of the initial stress in the tendons after prestresseing and the change in stress in the tendon due to loading of the structure. It is the stress
change due to loading that differs between codes.
Ghallab and Beeby (2005) compared their laboratory tests with three codes for tendons
stresses. The codes were ACI318, BS8110 and Eurocode 2. The results from the tests can
be seen in Figure 23.

Figure 23 (a) Relation between the ratio of increase in effective external prestressing stress and the
effective external prestressing stress ratio. (b) Relation between the ratio of increase in effective
external prestressing stress and the number of deviators. (c) Relation between the ratio of increase in
effective external prestressing stress and (eccentricity of the external prestressing force/depth) ratio.
(d) Relation between the ratio of increase in effective external prestressing stress and the concrete
strength. Ghallab and Beeby (2005)

Ghallab and Beeby (2005) found that ACI318 gave the best results comparing to the tests
and BS8110 generally underestimated the results. The Eurocode however was found to be
highly conservative and was recommended only for use as a guide in early design state.
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Roberts-Wollmann Et.Al. (2005) compared different codes to laboratory tests, the results
from that comparison can be seen in Table 5. The results from 77 tests have been used for
this comparison.
Table 5

Performance of equations predicting stress at ultimate compared totests, from RobertsWollmann (2005)

Equation

Average
stress/predicted
stress

Standard
deviation

ACI318-02

1,72

0,67

Canadian code

2,04

0,78

British code

1,59

0,64

Swiss code

0,58

0,27

German code

0,73

0,35

As can be seen in the table the results from the codes differ a lot. An other important thing
that the results show is that there is a fairly large standard deviation.
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8 Strengthened structures
8.1 Aramid rod anchor block reinforcement
Rehabilitation and strengthening of existing concrete bridge girders with external tendons at
the Sone Viaduct, Hyogo Prefecture. Anchorage blocks for external tendons are posttensioned to the existing girders with Technora multistrand tendons.
Fifty-six anchor blocks for external post-tensioning have been stressed to existing concrete
girders with Technora 9-strand aramid tendons, made from 7.4-mm-dia-meter (0.3-in) deformed (spirally wound) aramid rods. The rehabilitation and strengthening was performed for
the Japan High-ways Public Corporation (JHC). Each tendon has a nominal design load of
850 kN (191 kip), and six tendons were used to anchor each anchorage bracket. The adjustable tendon end anchorages consist of epoxy-mortar-filled steel housings.
The existing concrete girders were cored at the anchor block tendon locations. Six 9-strand
Technora7 tendons were placed over the entire bridge width through multiple girders and
anchor blocks and pretensioned against bulkheads at both sides of the bridge. Anchor blocks
were cast around the pretensioned tendons. After curing of the concrete, the tendons were
cut between girders, and longitudinal external post-tensioning with conventional steel tendons began.
No testing or monitoring of the anchor block tendon force was planned for this project.
The prestress force development perpendicular to the anchor blocks in a pretensioned system is questionable, because of the short block dimensions and bond transfer length in this
direction.

8.2 Plate girder bridge, Korea
A plate girder bridge, built 1973, strengthened with external prestressing, Park et.al. (2005).
The bridge was built in 1973 and is a plate girder bridge with a concrete slab. After 23 years
the bridge was strengthened due to higher demands. The strengthening technique used was
external prestressing with steel tendons placed underneath the bottom flange of the steel
girders, see Figure 24.

Figure 24 Cross-section of a grider and the tnedon placement, Park et.al. (2005)

A dynamic load test was performed where a truck was used to invetsigare the effect on the
strengthening. Responses including deflection, strain, stress and acceleration were measured and analyzed.
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A number of strain gauages, as well as LVDTs, was installed on the bridge to monitor it. Figure 25 shows the details of the monitoring setup.

Figure 25 Monitoring setup for strain gauges and LVDTs, Park et.al. (20055)

The results from the monitoring were compared with FE model of the bridge, and the results
were very comparable.
For the dynamic tests accelerometers were used and installed at the mid-span of each
girder.
Four years after the initial strengtheneing the prestressing force was released and re-applied,
during that time the behaviour duing prestress loss was measured.

8.3 Condet Bridge
A 4-lane composite bridge built in 1989 and strengthened 1994 with externally prestressed
steel cables, Daly and Witarnawan (1997).
The Condet bridge is a 4-lane composite bridge with three spans, see Figure 26.The bridge
was built in 1989 and already after five years it was in need of strengthening. Investigations
of the bridge concluded that the load carrying capacity was decreased by 35 %.
External post-tensioning was chosen as the strengthening could be done with minimum of
disturbance to the ongoing traffic, also the method was considered cost effective.

Figure 26 The Condet Bridge, Daly and Witarnawn (1997)
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The strengthening was carried out with two external cables for each steel girder. Each cable
consisted of three 12,7 mm high strength strands. The cables were anchored near the end of
the girder in ancor plates that was applied to the web. Deviators were installed at the onethird points of the middle span. Additional cover plates were installed on the underside the
top flange for a length of 1,6 meters and stiffeners were added also, this to prevent high
stress concentrations and local buckling in the area around the deviators.
During the investigation of the bridge strain gauges was used to evaluate the bridge. The
strain gauges were placed on the steel girders.

8.4 Kemlaka Gede Bridge
A single span composite bridge built in 1973 and strengthened 1995 with externally
prestressed steel cables, Daly and Witarnawan (1997).
The Kemlaka Gede bridge is a single span composite bridge. The bridge was built in 1973
and strengthened in 1995.

Figure 27 The Kemlaka Gede Brdige, Daly and Witarnawan (1997)

Every five years the road has been over-layed with 50 mm of additional asphalt, this have
increased the dead load and consequently decreased the live load capacity. It was decided
that external prestressing was to be used to increase the load carrying capacity.
The strengthening was carried out with two external cables for each steel girder. Each cable
consisted of three 12,7 mm high strength strands. The cables were anchored near the end of
the girder in ancor plates that was applied to the web. Two deviators were installed on each
girder.

8.5 Road bridge in Dukla, Poland
A three span RC bridge strengthened with external steel tendons, Siwowski (2003)
The bridges is in Dukla, Poland, close to the Polish – Slovak border. It is 3 three span RC
bridge with a total length of 85,9 meters. The cross section of the bridge can be seen in Figure 28.
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Figur 28 Cross-section of the bridge, Siwowski (2003)

Static analysis of the bridge showed that it didn’t meet the requirements for bending or shear
and therefore should be strengthened.
The strengthening works were performed with the BBR CONA External system, the aesthetic
result can be seen in Figure 29. To be able to get both good strengthening effect for bending
and shear the cables where placed with deviators for best performance. In the middle section
five deviators where used and in the outer sections three deviators. The anchorage was created in concrete blocks that were cast on the beams.

Figure 29 A photo of the bridge after the external tendons were installed, Siwowski (2003)

The concrete and the steel reinforcement was examined before the project started to achieve
knowledge about the existing material properties.
No instrumentation or monitoring were presented and are assumed not to have been carried
out for this project.
The first strengthening proposal was by adhesive bonded CFRP. For shear CFRP sheets
and for bending CFRP plates. This proposal was however turned down by the Polish road
administration.
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8.6 Verdasio Bridge
A two span concrete boxgirder bridge strengthened with external CFRP cables, Keller
(2003).
The Verdasio bridge was built in 1984 and is a continuous concrete box girder bridge with
two spans. During examination of the bridge 14 years later serious damage was discovered
on the web on one side of the box girder. Substantial corrosion was found on both nonprestressed reinforcement and prestressing cables. The load carrying capacity was calculated without the worst corroded reinforcements. Althoough the results from the calculations
showed that the bridge had sufficient load carrying capacity, due to high level of prestressing,
the owners requested that the original load carrying capacity was restored.
It was desired to use small bundles dimensions, that together with the low weight led to the
use of CFRP cables. The low weight was advantageous due to the limited crawlspace inte
the box girder, see Figure 30.

Figure 30 The cables inside the box girder after installation, Keller (2003)

On the inside of the damaged web four carbon cables was installed in pairs. The cables were
composed of 19 carbon wires with a diameter of 5 mm, the outer diameter of the cables was
32 mm.
The cables were prestressed to 65% of their nominal ultimate load, wich corresponded to the
prestress of the corroded steel cable.The ancors include conical resin-cast terminators. A
ceramic and epoxy based gradient material prevents peaks in the shear stress when the cables enter the anchors.
Deviators were placed in the one-third points of the spans and over the pier.
The load was monitored by strain gauges on the cables. During the monitoring in 1999
measured variation in strain was due to temperature changes and almost no long-term
prestress losses was seen.
The bridge was only strengthened on one side as the other side was not subjected to the
damages.
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8.7 Roquenaure Bridge
This bridge is part of Motorway A9 Orange-Narbonne in Southern France, Aeberhard (2003).
The structure is 420 m long with 6 spans. The 21.60 m wide superstructure consists of a
double-T section with a depth between 5.40 m at piers and 1.80 m at mid-spans. It was built
in 1971 to 1974 by the free cantilevering method, with castin-place segments up to 6.12 m in
length. In 1975 a surveillance campaign revealed the presence of major cracks (as wide as 8
to 10 mm) at the mid-span sections. After examination of the damage and after checking of
the design, it was found that no temperature gradient had been considered and that the
cover of the prestressing tendons was insufficient. The structure therefore had to be repaired
in the shortest possible period. A complete interruption of the highway being unacceptable,
the owner had to allow for the repair work to be done under light traffic. Therefore, the consultant proposed to apply external longitudinal prestressing after the cracks had been
grouted with resin. The work was executed in 1975 and 1976.
The longitudinal prestressing force required amounted to 54,000 kN after losses. VSL thus
proposed to use 8 tendons of the unit 5-55 (ultimate force 9,169 kN) running from one end of
the bridge to the other without any coupler (table length thus 430 m!). Four spare ducts were
also installed in case additional prestressing should be needed. Placing of the tendons was
the most demanding part of the job. Placing preassembled strand bundles was excluded
from the beginning because of the limited space available in the working chambers and because of the length and the weight of the tendons. Thus only the pushthrough method was
applicable.
Before the tables were stressed each individual strand was pretensioned to 1 N/mm² by
means of a monojack to bring all strands to the same length. Stressing had to be done on
two cables simultaneously and at both ends for symmetry reasons. The time available for
stressing 4 x (of the 8) tendons was fixed at 6 hours and therefore great mobility of the
equipment was required. Stressing was done in steps of 5 N/mm². The cable extension
amounted to 3,150 mm. The cables of the end cross-beams were stressed in groups of two
at the same time as the longitudinal tendons.
In view of the quantity of material to be injected and of the length of the cables, the use of a
special grout mix with retarded hardening and consisting of clinker and resin was required by
the client. Grouting was executed in sections, which made movable equipment necessary.
The grout mix was injected over a distance of 180 m before the installation had to be moved.
Two tables were grouted per day, requiring 12 m3 of grouting material.

8.8 Ruhr Bridge
This two-span post-tensioned concrete bridge has a multicell box superstructure with a deck
width over the intermediate pier of 34.41 m, Aeberhard (2003). This width increases on both
sides towards the abutments. In the bottom slab and in the web of the larger span, numerous
cracks due to bending had developed making rehabilitation measures necessary especially
in view of the corrosion protection of the post-tensioning tables in the cracked area. Grouting
the cracks was disregarded since it was established that the cracks originated from temperature gradients; thus new cracks would have appeared near the grouted cracks. Furthermore,
it was established that the stress variation in the post-tensioning steel considerably exceeded
the allowed value.
Thus a static strengthening was required, not only corrosion protection measures. In view of
the limited space available inside the box cells, which did not allow for adding reinforcement,
strengthening the larger span by means of post-tensioning tables offered the best solution.
Straight unbonded tendons were selected, the number of which had to be the smallest possible.The strengthening was done during 1985 and 1986.
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A total of 24 tendons with threaded anchor heads and an average length of 75 m were required. At the abutment side these were anchored in anchor blocks added to the web prolongations, while buttresses were provided behind the pier diaphragm, which itself also had to
be post-tensioned to take the additional forces.
The monostrands were placed in PE ducts which were provided with two movable joints to
absorb temperature movements. As strand deviations could not be avoided and inaccuracies
in the boring had to be expected and in view of the large elongations, the likelihood of damage on the strand coating due to transverse pressures caused by strand deviations was
evaluated in tests. The coating remained safe in these tests.
The strand bundles were prepared in the workshop. The diaphragm tables were placed by
means of a movable crane. The longitudinal tendons were stressed at the anchorages behind the pier diaphragm. Elongations measured 440 mm on average. Post-tensioning work
lasted for seven days. All cracks closed after stressing.
The rehabilitation work overall took five months.

8.9 Bridge over Wangauer Ache
This bridge is part of the highway Vienna-Salzburg, Aeberhard (2003). It was built in 19621964. In recent years improvements have been made several times, but a thorough inspection revealed a large number of deficiencies, making a general rehabilitation necessary. In
particular, a lack of longitudinal prestressing force was detected, which had become obvious
in opened construction joints. Thus, rehabilitation had to include also the installation of additional tendons. Since a closure of the motorway was not acceptable, one structure was
strengthened first, followed by the other. The execution was perfomed in 1987 and 1988.
The twin bridge has a total length of 384.50 m divided in 13 spans. Each superstructure has
a double-T cross-section, 13.05 m wide and 2.20 m deep. Since the existing longitudinal
post-tensioning was bonded, and no spare ducts were available, the additional posttensioning had to be placed on the outside of the webs. However, the total length of 386 m
was considered to be a problem. Four VSL tendons EE 5-12 per web were selected as the
additional posttensioning. Polyethylene tubes of 90 mm diameter and 4 mm wall thickness
were chosen as sheathings. At the ends of the superstructures, end diaphragms, each posttensioned by 3 VSL tendons EP 5-7, were provided. The ducts were fixed to the webs at the
quarter points of the spans by means of clamps. In between, additional cable supports were
provided in order to avoid wobble. These supports were hung from the deck slab. In order to
prevent the strands from abrading the polyethylene duct at clamping points, steel tubes were
placed inside the polyethylene ducts at those points. These steel tubes also act as stiffeners
at the joints of the polyethylene ducts.
Before stressing all joints were checked for tightness. Stressing was done from both ends. A
friction coefficient of only 5% was observed. Grouting was provided for corrosion protection,
not bond. It was performed from the lowest point in the middle of the table, towards both
ends. Vent hoses were provided at distances of 40 to 50 m. Two grouting pumps were required.
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9 Discussion
Prestressed tendons placed outside a structural member is an effective strengthening
method if improved load carrying capacity is looked for. It needs a relatively small work effort
and can be made very cost effective in comparison to other strengthening methods.
When it comes to FRP tendons the anchorage of the tendons is still the critical area. Anchoring systems have been developed but there is still work to be done in making an anchorage
system that works as easily as the wedge system for steel tendons.
Strengthening of steel structures with external tendons is a valid technique, tests have shown
that the method can work very well. The importance when working on steel structures is to
remember not to treat the strengthening the same way as for concrete, it is important to take
in consideration the different behaviour steel structures have.
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Summary
This guidance encompasses a range of preventative, remedial and strengthening techniques
that can be successfully implemented to minimise deterioration and address various structural defects and inadequacies commonly encountered in masonry arch bridges.
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1 Introduction
It is vital from the outset that a holistic approach is taken to the assessment and repair/strengthening of masonry arch bridges. To change the nature and/or stiffness of one
element of the bridge may only result in overstressing of another.
It is essential that the cause of the deterioration is understood and the effects of any
strengthening or repair techniques are considered before commencing any work on the
bridge. At all times it is important to consider that masonry arch bridges derive their strength
and tolerance to movement from their ability to articulate – it is their particulate nature that
gives them their unique structural characteristics. If this is lost then they behave in a different
way that should be taken into account when considering their strength and residual life.
If remedial or strengthening works are selected without due consideration and understanding
of their short and long-term effects, they may result in more harm than good and can address
one failure mode only to allow, or even cause, another. Particular care is required when work
is necessary to one span of a multispan bridge.
Sometimes repair and strengthening options are limited or their execution complicated by the
presence of previous works on the bridge. The response of the bridge to past works and their
success can provide useful information for assessing the potential effects of the proposed
works and their chances of success.
The literature review is primarily based upon the CIRIA C656 [2006] publication which can be
accessed through the CIRIA Website (www.ciria.org.uk).
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2 Preventative, remedial and strengthening measures
2.1 Guidance on selection of measures
There are three levels at which work is undertaken on a bridge:
•

routine maintenance, eg repointing, which is often preventative in nature

•

repair, eg replacement of defective masonry, which is corrective in nature

•

strengthening, eg where an enhanced carrying capacity is required, which is
intended to provide improvement.

In all cases the bridge may have multiple defects of various degrees of severity, and it may
be advantageous to coordinate such works so that problems are tackled together, minimising
disruption to the bridge's normal service and potentially saving time and money. Selection of
the most appropriate approach to bridge works should include consideration of a number of
factors (after Broomhead and Clark, 1995):
•

type of fault or faults to be repaired

•

ease of access

•

health and safety, environmental and heritage considerations and constraints

•

available clearances

•

length of possession times/lane closure requirements

•

cost of repair options

•

expertise required to execute repairs and contractor availability

•

performance, long-term durability and maintenance requirements of repairs

•

purpose of repair and ability to satisfy requirements

•

obstruction of future arch barrel inspections.

As well as aiming for an effective and economical solution to immediate problems, it is particularly important to consider the potential influence of any works on the bridge's long-term
performance. Since most masonry arch bridges will be expected to remain in service for considerable periods of time in the future, and it is important not to carry out works which might
compromise their inherent durability. These "engineering considerations" and other factors
influencing the selection of remedial or strengthening methods are discussed further in Section 2.4 .

2.2 Routine and preventative maintenance
There are a number of basic maintenance activities that should be carried out regularly on
any bridge in order to maintain its performance, prolong its serviceable life and reduce its
requirement for more significant remedial works over time. Failure to carry out regular basic
maintenance is a short-sighted approach and a false economy. Basic cyclic maintenance
should therefore be seen as a routine and very beneficial element of bridge management,
rather than an unnecessary and avoidable drain on valuable resources. A proactive approach based on preventative maintenance may assist an asset manager in improving the
condition and performance of the whole bridge stock, minimising restrictions and reducing
urgent, expensive and disruptive works to the structures.
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Routine maintenance typically comprises minor and minimally disruptive activities aimed at
preserving the bridge's structural fabric in good condition, keeping it in a state in which it is
performing as intended, and dealing with any apparent threats to its continued function.
Although the specific regular maintenance activities required for individual bridges will vary
depending on their nature, condition and environment, typical activities that should be considered on a cyclic basis at an appropriate frequency include:
•

ensuring bridge drainage is working efficiently by clearing drainage channels,
weepholes etc

•

removal of vegetation from all parts of the structure

•

repointing of masonry following vegetation removal

•

clearance of vegetation from areas immediately adjacent to the structure if these
present a hazard or obstruction, or obscure parts of the bridge

•

dealing with other hazards, eg removing obstructions from culverts, flood channels
and arches that span watercourses.

Observations made during routine inspections should direct and inform maintenance activities by identifying changes in condition and external factors which might detrimentally affect
the bridge or its function (eg unstable adjacent ground, blocked drainage, fallen or encroaching trees etc).
It is very important to keep a detailed record of all maintenance work carried out on a bridge,
preferably including good before and after photographs and measurements where appropriate. This information is a valuable part of the bridge's history and is likely to be useful when
trying to budget and programme future maintenance requirements, assessing bridge capacity
or investigating the cause and significance of new bridge defects.

2.2.1 Maintaining drainage
This is one of the most important and worthwhile elements of a routine maintenance programme, and frequently one of the most neglected. Water is a key factor in most of the processes that result in gradual deterioration of a bridge's structural fabric. Effective management
of water is fundamental to the long-term serviceability of bridges. Most old masonry arches
did not incorporate any kind of waterproofing system but relied on the structure's permeability
to allow water to drain out. Sometimes this was enhanced by the use of weepholes which
allowed drainage of the fill material above the arch and behind retaining walls. Drainage
channels were sometimes included in the parapet walls to allow water to drain away easily
from the roadway rather than pooling and finding its way down into the fill. Also the use of
lime-based mortars made the masonry itself "breathable" - it was able to dry out in good
weather and did not remain permanently saturated.
Where such provisions have been made, whether as part of the original structure or added
subsequently, they should be maintained by ensuring all drainage paths are kept clear and
functional, and avoiding the use of impermeable mortars for repointing and repair.
Where original drainage channels have been neglected and cannot be properly cleaned, it
may be necessary to carefully re-core them and insert new pipework. Most bridges will benefit from drainage maintenance on an annual basis. The best time for this is around late autumn, allowing clearance of fallen leaves which may be blocking drainage channels and before the wettest and coldest part of the year.
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2.2.2 Management and removal of vegetation
Although sometimes aesthetically pleasing, plants have the potential to disrupt and displace
the fabric of a bridge, block drainage channels and retard the drying out of wet masonry. Ideally they should be completely removed from the structure, and monitored in the adjacent
area. Vegetation should be cleared away from all parts of the structure and roots removed. It
may also be beneficial to treat any remaining roots with a suitable herbicide, although the
potential environmental impact should be considered. Vigorously growing plants and shrubs
immediately adjacent to the structure should also be cleared away since their roots may
penetrate the masonry and foundation, and they obscure the structure of the fabric and hinder inspection.
Some bridges have more of a problem with vegetation than others, but most benefit from
vegetation removal and management on an annual basis. The best time to do this is during
the spring. Care should be exercised where flora on masonry may contain rare and protected
species.

2.2.3 Repointing
Masonry is constructed so that deterioration should be concentrated in the mortar, which acts
sacrificially to preserve the masonry units themselves, be they brick or stone. This is because the mortar is intended to be weaker, more porous and permeable than the masonry
units. Water plays an important role in almost all deteriorative processes, and the movement
of water through the mortar in the joints, in preference to the less permeable masonry units,
is the principal cause of its relatively swift deterioration. This deterioration is typically most
rapid and severe at the external surface of the joints, where the mortar is exposed to the atmosphere. If the masonry is behaving as it should, deterioration should be concentrated in
the pointing mortar of the masonry, which is easily dealt with by replacement (repointing).
This optimises the durability of the masonry as a whole.
Selective repointing should be considered as routine maintenance and carried out when
necessary. This is likely to be more frequent in bridges which are in exposed locations or
subject to severe weather conditions, particularly wetness and freezing. Waiting until the majority of the pointing on a bridge has completely deteriorated or fallen out before carrying out
repointing is not advisable, since by that time other damage may have occurred to the structure. Ideally repointing should not be carried out in cold and wet weather (particularly where
lime-based mortars are used) and the best time is during the spring, immediately after removal of vegetation. At this time joints damaged by the vegetation and freezing winter
weather are apparent, and the repointing mortar has a long period to cure and develop
strength before again being subjected to very wet and freezing conditions.
The selection of pointing mortars and their application is discussed in Section 2.3.
Where cracking and distortion of a structure has occurred, it is very important that this is not
simply covered up by repointing, since this can mask serious structural problems and make
the task of an assessing engineer difficult. Where cracking is known to be longstanding and
non-progressive, repointing may be considered but detailed records of such defects should
be made before and after remediation, including drawings with measurements and photographs.
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2.2.4 Dealing with other hazards
A combination of periodic routine visual inspection and observations made incidentally during
other attendances to the bridge site should identify any other potential immediate or longterm hazards to the performance and serviceability of the bridge. Some such hazards should
be dealt with as routine maintenance activities. For example, in bridges over watercourses
flooding and damage to the bridge structure may result if culverts, flood channels and arches
are blocked by an accumulation of branches and twigs. Bridges prone to this should be
checked and obstructions removed periodically, preferably before the autumn's increase in
rainfall. Other apparent threats to the bridge should be identified and dealt with as necessary,
for example evidence of scour or silting-up.

2.3 Repairing deteriorating masonry
Often the focus is placed on the structural causes of problems without giving due consideration to the contribution of the materials that make up the structural fabric. Keeping a bridge
performing efficiently in the long-term and optimising its serviceable life depends to a great
extent on monitoring the deterioration of its materials.

2.3.1 Investigating the causes
When treating deteriorated masonry it is important that a good understanding of the cause of
deterioration is achieved before remedial works are embarked upon. Failure to do this may
result in the problem recurring or possibly new problems becoming manifest. For instance,
local softening and deterioration of mortar in the spandrel walls, associated with local leakage of water through the masonry, may be the result of saturated fill with no suitable drainage path. Simply carrying out local repairs to the masonry with new materials does not address the root cause of the problem, and risks its recurrence or possibly even an increase in
fill saturation which could result in increased pressure on the spandrel walls. In order to determine the cause of materials deteriorating, appropriate assessment by a knowledgeable
engineer or engineering materials specialist is required. This is likely to involve a close visual
inspection of the deterioration, possibly supported by on-site testing, materials sampling and
laboratory analysis using techniques such as petrographic examination. Damage with a potential structural cause, such as new or progressive cracking or distortion, should always be
investigated to determine its cause prior to carrying out any repairs.

2.3.2 Remedial treatments
As discussed previously, the root cause of masonry deterioration should be addressed before undertaking any direct measures to preserve, improve or replace the masonry itself.
However, frequently the problem is associated with inadequate maintenance and can be
solved by local masonry repairs and replacement, combined with improved maintenance in
future (see Section 2.2).

2.3.3 Repointing
Deterioration and loss of mortar loosens masonry units, which may present a hazard to traffic
and members of the public using the area below the bridge. Loss of mortar from joints also
reduces the ability of the masonry to transmit and evenly distribute forces, focusing stresses
in localised areas and potentially leading to cracking and distortion. Repointing should be
considered a routine maintenance item (see Section 2.2) or, if extensive or a part of other
works, a repair. Although the need for repointing can vary considerably depending on the
structure, its materials, design, location and exposure, masonry typically requires extensive
repointing at intervals of between 25 and 50 years, or even longer.
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When undertaking repointing work it is important to ensure that materials used in the mortar
are obtained from a reliable source and that due regard is given to the appearance and performance characteristics of the original mortar. It is good practice to match closely the
strength of the existing mortar, and new mortar should always be weaker than the masonry
units themselves. New mortar should also have adequate permeability to allow the brickwork
to "breathe" and for moisture to evaporate through the joints rather than through the masonry
units. The choice and application of suitable mortars for conservation and restoration requires a careful approach and it is recommended that the advice of specialist conservators
and material scientists is sought. Testing is normally carried out to determine the existing
mortar constituents and approximate mix proportions
Some general advice on the selection of mix constituents and proportions for "typical" repointing applications is:
•

for work on structures with no special historic value containing non-cementitious
mortar, a mix of about one part cement and one part lime to six parts of sand
(1:1:6) is appropriate for routine repointing. Likewise for work on bridges where
cementitious mortars have been used for construction, a mix of 1:3 or 4
cement: sand is often adequate (Yu and Dean, 1997). However, when repointing
historic masonry, a closer match of mortar materials is often required for reasons of
performance, appearance and historic integrity. This will require matching both
the character and colour of the sand and colour of the cement matrix in the
historic mortar, and is a specialist task requiring the involvement of a suitably
experienced conservator

•

lime is available as lime putty and as hydrated lime, and can be mixed with sand
and water to produce lime mortar. Lime putty should be properly "matured" and
is available from specialist suppliers (Teutonico, 1997). Although hydrated lime is
more freely available, its use is not recommended since it is a less consistent
material and its properties and quality may vary compared to lime putty. Mortars
based on lime putties would normally be a mix of one part lime to three parts
aggregate (1:3). In sheltered locations a weaker mix may be considered (1:4) and
in exposed areas a richer mix (1:2) can be used to provide enhanced durability. In
very thin joints, a stronger and more workable mix of 1:1 might be most suitable,
and the use of more finely graded aggregate will be necessary. Where a slightly
stronger mortar is required, gauging lime mortar with a pozzolan may be
considered, or the use of a weakly hydraulic naturally hydraulic lime

•

hydraulic limes tend to give a more rapid set and produce stronger, more durable
mortar than pure limes. They are supplied in bags of powder,
similar to cement, and have a limited storage life before use. For conservation
work, on bridges with historic value, limes classified by BS EN 459 (BSI, 2001a) as
natural hydraulic limes (NHL) should be used. For mortars based on such limes an
all-purpose mix suitable for jointing and pointing would be a 1:2 or 1:3 of
moderately hydraulic lime (NHL3.5). A weaker mix suitable for use existing
materials that are weak and friable could be a 1:2 mix of feebly hydraulic lime
(NHL2) and aggregate. Where a stronger and more durable mortar is required,
this might be achieved with a 1:2.5 mix of eminently hydraulic lime (NHL5) and
aggregate (CADW, 2003). Care should be taken when using some of the more
strongly hydraulic limes, since these can produce mortars nearly as strong and
impermeable as some cement-based mixes.

Joints are cleaned out to a depth of at least twice the width of the joint, or to a minimum
depth of 15 mm from the finished face of the joint, using hand tools (quirks and long necked
jointing chisels with parallel faces) and taking care to avoid damaging the arises of the
brick/stone (Figure 1).
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Where mortar is weak and soft hand tools are adequate but where joints are thin and dense
mortar has been used it can be very difficult to remove, requiring considerable care to avoid
damaging the masonry units. Cutting out using angle grinders is not advised, and should only
be considered when necessitated by the scale of work, in which case appropriate equipment
should be used by skilled and motivated staff to prevent damage to brickwork. Particular caution should be exercised where aesthetic or historic value is a concern (Figure 2). When removing hard mortar, a skilled mason may sometimes use a hand-grinder fitted with a thin
diamond blade to score the centre of a joint, then remove the rest with a hand chisel. However, this technique requires the utmost care and skill. The use of small pneumatic chisels,
such as those used to tool stone, can work well for mortar removal, but even this method can
cause chipping to the edges of masonry units if it is not done carefully.

Figure 1 Removal of deteriorated mortar using a long-necked chisel to avoid damage to brickwork
(courtesy British Waterways)

Figure 2 Contractor's personnel should be suitably experienced else the quality of finished repointing
work may be very poor

Once the deteriorated mortar has been removed, joints should be brushed and flushed out
with water to remove dust and loose material, any joints which have dried out since cleaning
should be re-wetted.
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The new mortar should be plastic and workable but stiff as possible and it should be pushed
into the back of the joints in layers and finished flush with the surrounding brick/masonry with
a bucket handle or weather-struck finish (recessed joints should be avoided).
Further information and guidance on good practice in the selection and application of mortars
for repointing is included in Mack and Speweick (1998) and in Ashurst (1990).

2.3.4 Deep pointing and filling of joints
For narrow or deeply eroded joints, specially shaped pointing keys or tamping rods may have
to be used, and lime mortars may need to be built up in layers up to 25 mm thick to assist
with its curing, with each layer firmly tamped in place. Where deterioration of jointing mortar
is extensive, resulting in voids and friable mortar well back in the joint, greater than approximately 50 mm, normal repointing techniques are often unsuitable and pressurised mechanical pointing using a "dry-mix process" becomes necessary. Loose and very soft mortar
should be removed by hand tools or by high-pressure water jetting, back to more solid material, to a depth of up to 100 mm for brickwork and potentially more for stonework. This may
cause loosening of the facing course of brickwork, and care should be taken not to damage
or displace the masonry units which can be pinned in place using suitable "pinning stones". A
suitable mortar can be injected to fill the joints under pressure using spray pointing equipment, which uses compressed air to pressurise the mortar and force it through a hose to a
gun nozzle which is used by an operator to build up mortar in layers from the back of the joint
to the front. Such techniques have been successfully used by Network Rail (and formerly
British Rail) for deep-pointing of masonry tunnels and bridges for almost 50 years (Sowden,
1990). The resulting mortar surface is rough and rather messy, with mortar projecting proud
of the joints, but this can be tooled to an acceptable finish once the mortar begins to set.
Care should be exercised where this technique is used on structures where the aesthetic
appearance of the bridge is important.

2.3.5 Pressure injection of grout within the structure
Where there are voids within the structure or excessively deep mortar loss from joints, pressure injection of grout into the structure may be necessary. As with shallow pointing, it is important to select a grout mix which will have suitable properties once hardened and not adversely affect the performance of the bridge or its original materials, for example allowing
elements such as arches to accommodate a limited degree of movement. This technique is
discussed further in Section 2.4.2 and further detail is given in Sowden (1990).

2.3.6 Superficial crack repairs
Cracking should never be repaired until its cause has been adequately established and,
where necessary, dealt with. Crack repairs are only worthwhile if the forces that caused the
crack are unlikely to recur, or if provision is made for future movements. Superficial repairs to
cracking involve sealing the surface of the crack to prevent the ingress of moisture and deterioration of the adjacent materials, but do not restore structural connection between the masonry either side of the crack.
Longstanding inactive cracks can be repaired using mortar materials which should not be too
hard or brittle, or else small movements are likely to result in a recurrence of the cracking
and failure of the repair. Cracks which expected to experience further movement, for example, through cyclic moisture or thermal variations, can be treated as joints and sealed with a
flexible material that can accommodate the anticipated range of movement.
Where cracks will have confined themselves to the mortar joint lines they can be repaired
using normal pointing methods. Cracks that pass through the masonry units themselves are
more difficult to treat, and patch repairs may be required.
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Alternatively, cracks can be widened and undercut with a saw or chisel so that they are about
10-15 mm wide at the surface, a few millimetres wider at the back, and 15-20 mm deep.
Loose dust should be brushed away, the crevice and surrounding block dampened with water, and a suitably stiff repair mortar applied and properly cured. It may be permissible to use
dry-pack mortar or carefully selected proprietary materials in this respect. If cracks are fine,
they should not be widened but a mortar containing fine sand may be worked into them to
seal them, or they may be injected under pressure using a proprietary sealant material selected to meet suitable performance requirements.

2.3.7 Patch repairs
Where deterioration has affected the masonry units themselves, particularly where they are
deeply spalled or unstable, they may have to be replaced with new units. This is typically a
local repair. For brickwork it will normally involve the careful removal of a single skin of brick
over a limited area, including the damaged bricks, and replacement with new, or sometimes
recycled, brick or stone. This procedure is detailed in Section 2.4.6. With stone units, damage of the stone surface is more likely to be addressed by "piecing in" which involves cutting
out the damaged section and using a mortared-in fillet of stone, matched with the original
stone to preserve its appearance, and possibly pinned in place using dowels. More extensive
damage may, however, require the complete replacement of one or more blocks.
This type of repair may be superficial in nature, used to restore the appearance of deteriorated elevation and to protect underlying materials, or can be expected to act structurally and
compositely with the surrounding structure, in which case the selection of materials with appropriate physical properties is particularly important. The repair should be able to take some
load but avoid forming hard spots and risking damage of the surrounding structure. It is particularly important that such repairs are well bonded to the adjacent masonry, normally by
pinning and grouting.

2.3.8 Application of consolidants and sealants
There is much debate about the use of consolidants and sealants to preserve masonry. Although it appears that they can in certain circumstances be beneficial to the structure, incautious use can have the reverse effect and they should certainly not be considered a quick
and easy solution to the problem of masonry deterioration. Many such materials are enthusiastically marketed by their producers who are quick to point out their potential benefits, but
their long-term effects are less well known. Great care should be exercised in considering
their use, particularly in old and historic structures, and expert advice should be sought before using any such treatments so as to fully understand their potential benefits and disadvantages for the specific structure in question.
Masonry consolidants are either applied to the surface or can be pressure-injected through a
network of holes drilled in the masonry. They are low-viscosity liquids which work by penetrating the pore-spaces in permeable masonry and either depositing an inorganic substance,
typically a silicate, or reacting with the mineral phases present. The intention is to reduce
porosity and improve cohesiveness and strength. When applied to soft and porous masonry
which is crumbling away it can in certain situations provide some preservative benefit. However, such techniques and materials are not tried and tested and their effects are unpredictable, particularly in the long-term. When surface-applied, consolidants penetrate only a limited distance into the masonry to produce a hard skin at its surface; this layer has different
properties to the underlying masonry, both in terms of thermal response and moisture permeability and in some situations could accelerate deterioration by delaminating from it. When
pressure-injected, weak masonry may be damaged by the drilling of injection holes and the
pressure of injection itself. Penetration is unlikely to be uniform, particularly if conservative
limits are placed on injection pressures, resulting in incomplete and patchy impregnation of
the masonry.
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Although more widely used, masonry sealants and water-repellent applications can also present problems, particularly for old masonry. These are surface-applied and are intended to
inhibit the ingress of moisture into the masonry through the sealed surface. Although they
may be beneficial in certain circumstances, for instance reducing the penetration of moisture
through the treated surface from driving rainfall, unfortunately they may also inhibit or reduce
surface evaporation of moisture from other sources and lead to an increase in masonry saturation. Also, moisture movements and evaporation may be concentrated through certain
parts of the structure, leading to accelerated localised deterioration through leaching, salt
crystallisation or freeze-thaw action. Another consideration is that the application of sealants
can significantly change the masonry's appearance, sometimes leading to patchy discolouration.

2.3.9 Cleaning
Where it has become dirty and discoloured, disfigured by waterborne or airborne deposits, or
colonised by unsightly biological growth, it may be desirable to restore the attractive original
appearance of brick or stone masonry by cleaning. In certain cases, the soiling may be contributing to the deterioration of the masonry and cleaning may be desirable for its preservation - for example where sulfate-bearing sooty deposits have been left by steam trains on
railway bridges.
A variety of techniques and proprietary cleaning products are available and are often actively
marketed by their producers/applicators. However, with old masonry in particular, every
structure and situation is unique and there is no single technique or product that can be relied upon to achieve the desired result while avoiding undesirable effects.
There are three main groups of masonry cleaning methods (Mack and Grimmer, 2000):
•

water methods soften the dirt or soiling material and rinse the deposits from the
masonry surface

•

chemical cleaners react with dirt, soiling material or paint, allowing it to be rinsed off
the masonry surface with water

•

abrasive methods mechanically remove the dirt, soiling material or paint (and, usually, some of the masonry surface) and may also be followed with a water rinse.

Often it is possible to adequately clean masonry surfaces by soaking using a low-pressure
water spray followed by light brushing, but the most suitable technique and product will depend on a variety of factors including the type and condition of the masonry materials, the
nature of the material needing to be removed, and the acceptability of the change in appearance (and possible damage) that might result. Great care should be taken to select an appropriate cleaning method, particularly where the masonry has historic or aesthetic value, or
is subject to any kind of preservation order.
Applying the wrong cleaning materials or techniques to old masonry can have disastrous
results and leave the masonry surface in a weakened and disfigured state. For instance,
some stones, such as limestone and sandstones with calcareous cement, can be damaged
by acidic treatments. Others can contain impurities such as iron, which may result in streaky
reddish discolouration on cleaning. Very harsh abrasive methods, such as grit blasting, are
always damaging and their use is seldom justified.
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The "golden rules" are:
•

do not clean historic masonry unless there is a good reason and a definite benefit

•

use the gentlest method possible, commensurate with achieving the desired result

•

trials need to be carried out on parts of the structure that are not clearly visible

•

cleaning should only be carried out by experienced contractors.

A thorough understanding of the physical and chemical properties of the masonry will help
avoid the inadvertent selection of damaging cleaning agents, and where historically or aesthetically valuable masonry is to be treated it is essential that expert advice is sought.
Valuable guidance on masonry preservation and the selection of suitable cleaning techniques is given by Ashurst, J (1988) and Ashurst, N (1994).

2.3.10 Other specialist treatments
In addition to the above, there are a variety of specialist treatments for preserving and repairing masonry, depending on its type and the cause of the damage. These are often technologically advanced, experimental or labour-intensive techniques, more frequently used over
limited areas in the course of preserving important stone buildings and their architectural
details, statuary etc and would not normally be routinely considered for application to
bridges. For example, the concentration of soluble salts at stone surfaces can cause them to
"blister" and flake off or delaminate in sheets, and this can be treated by the use of poultices
to draw out the salts and reduce their concentration at exposed surfaces. Also laser-based
techniques are available for cleaning masonry, but are too slow and expensive to be used for
treating large areas.
Although not suitable for routine use, specialist treatments might be worth considering in certain circumstances, for instance to treat limited areas of bridges with substantial historic
value.

2.4 Repair and strengthening techniques
Wherever possible, repairs must be sympathetic to the structure, not alter its working mode
and use materials compatible with those already existing.
In order to aid the process of selection of appropriate preventative, remedial and strengthening techniques, this section includes guidance on the selection of potentially suitable techniques for addressing common structural problems and deficiencies of masonry arch bridges.
This information is for guidance only; it is not a substitute for experience and knowledge of
masonry arch structures.
Table 1 suggests techniques that might be considered to deal with common defects.
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Table 1 Application of Remedial Measures to Treat Common Defects (after Page[1993])
Defect

Technique

Deteriorated pointing

Repair point

Deterioration of arch ring material

masonry repair
saddle
sprayed concrete to soffit
prefabricated liner to soffit
grout arch ring

Arch ring thickness assessed to be inadequate to carry required traffic loads

saddle
sprayed concrete to soffit
prefabricated liner to soffit
replaced fill with concrete
steel beam relieving arches
relieving slab
retro-reinforce

Internal deterioration of mortar eg ring
separation

grout arch ring
stitch

Foundation movement

mini-piles
grout piers and abutments
underpin

Scour of foundations

underpin
invert slab
stone pitching
rip rap

Outward movement of spandrel walls

tie bars
spreader beams
replace fill with concrete
take down and rebuild
grout fill if it is suitable
strengthening by the "Stratford method"

Spandrel wall separation

Stitching
tie-bars and patress plates

Weak fill

replace fill with concrete
grout fill if suitable
reinforced fill

Water leakage through arch ring

make bridge surfacing water resistant
high level waterproofing layer
waterproof extrados and improve drainage

Once a repair or strengthening option has been selected, there are many factors that must
be considered prior to its implementation. Some of these are common to most bridges and
are presented in Table 2.
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Table 2 Common factors for consideration when carrying out bridge works
Factor

Items to be considered

Access

Traffic
Topography
Services (location and diversion)
Nature of obstacle (eg river)
Wayleaves.

Procurement

Traditional tendering methods for one-off contracts
Design and build contracts with specialist subcontractors
Call off contracts
Maintenance contracts.

Health and safety

Risk assessments
Method statement (including manual handling, COSHH, dust and debris,
working at height and/or over water etc use of power tools and mobile
plant, buried services, structural collapse).

Environment

Protection of watercourses
Noise, light and dust pollution
Species protection (especially protected species such as bats)
Minimisation and safe disposal of waste
Reuse of materials and minimisation of new materials
SSSI and other designations

Heritage

Listed building, national monument and other designations
Maintenance of original appearance and features
Preservation of original structural fabric.

In order to carry out the works it is vital that all the appropriate preparatory work is undertaken before the contract is awarded:
•

identify and establish causes of deterioration and defects and ensure that these are
addressed where appropriate

•

an initial desktop study should be undertaken to identify important parameters

•

a site investigation is required to confirm the structural dimensions and the
properties of the fabric of the bridge, including the backfill

•

consideration of the effects of temporary loading conditions of plant etc on the
bridge

•

ensure that material specifications are compatible with existing fabric of the bridge

•

it should be checked that the works do not change the mode of behaviour of the
bridge - ideally this should be avoided but if they do, full account should be taken
not only of their immediate consequences but also their effects on the long-term
performance.

•

consideration should be given to the effect of local repairs on the global
performance of the bridge and vice versa

•

assess the adequacy of the existing fabric of the bridge at each stage of the works;
requirements for temporary support works should be assessed
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•

location and diversion of utility company equipment should be carried out as
necessary

•

site access should be secured (eg railway possessions)

•

clearance for temporary works should be checked

•

personnel should be appropriately trained and have the necessary skills and
experience to undertake the work. (In particular, working with historical structural
materials and at height, over water etc)

•

the requirements for post-repair monitoring and the most suitable techniques
should be considered.

On completion, full details of "as-built" drawings, material performance records and monitoring installations should be made available to the bridge owner for the bridge archive.
Repair and strengthening techniques considered in this guide are listed in Table 3. A summary of each technique, its purpose, principal engineering considerations, advantages, limitations and additional details on the design and implementation of each technique are presented in 2.4.1 to Section 2.4.16.
Table 3 Repair and strengthening techniques considered in detail in this guidance
Technique

Reference

Arch distortion remedial works
Arch grouting

Section 2.4.1
Section 2.4.2

Backfill replacement or reinforcement
Concrete saddle strengthening
Parapet upgrading
Patch repairs
Pre-fabricated liners
Relieving slabs
Retro-reinforcement
Spandrel tie-bars/patress plates
Sprayed concrete lining
Spandrel strengthening "stratford method"
Thickening surfacing
Through ring stitching
Underpinning
Waterproofing and drainage improvements

Section 2.4.3
Section 2.4.4
Section 2.4.5
Section 2.4.6
Section 2.4.7
Section 2.4.8
Section 2.4.9
Section 2.4.10
Section 2.4.11
Section 2.4.12
Section 2.4.13
Section 2.4.14
Section 2.4.15
Section 2.4.16
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2.4.1 Arch distortion remedial works
Technique

Category

Structural defect
and location

Engineering aspects

Advantages/
disadvantages

Arch distortion
remedial
works

Remedial

Inadequate overall
load carrying
capacity of arch
barrel.
Distortion,
misalignment or
tilting of the regular
shape of the arch
barrel.

• establish causes of distortion
• lining support should be designed to
be either composite with the
existing bridge or offer independent
support to it. This must be clearly
recorded in the bridge records
• the foundations should be checked
for competence.

Advantages
• ease of application/
installation
• possible enhanced live
load.
Disadvantages
• potential bond problems
• appearance and
clearance
• measures for protected
species (if present).

Description
Distortion, misalignment or tilting of the regular shape of the arch usually indicates that
movement has occurred within the structure either through subsidence, settlement, overloading or the vertical or lateral movements within the substructure. Distortion can occur without
necessarily giving rise to cracking because of the inherent flexibility imparted by lime mortars
in joints.
It should be noted that distortion of the arch could have occurred during or immediately following construction. In order to determine whether it is stable or progressive measurement of
distortion should be taken periodically from a fixed datum point.
This repair is applied to arches suffering from distortion and it will improve the integrity of the
arch through provision of an arch lining in the form of a truss, steel ribs, prefabricated liners
or concrete.
Purpose
The benefits in undertaking this work are primarily that any further movement of the arch is
arrested and that the arch will be strengthened through designing the lining to carry the live
loads. However, it should be noted that further movement and distress may not be arrested if
the distortion is the result of ongoing settlement or subsidence
Design criteria
•

primary causes of the distortion should be investigated and determined,
particularly associated with foundation failure. Monitoring should be undertaken
to confirm if distortion is stable or progressive

•

the liners for the arch will normally be designed to be sufficient to carry the live
loads

•

design of liners will be in accordance with the asset owner's requirements and European standards
British and industry standards

•

a detailed survey of the structure should be undertaken to allow accurate profiling of
the arch to enable the steel lining to be manufactured

•

vertical and lateral clearances will normally be affected and should be agreed with the
affected parties at an early stage

•

consideration should be given to whether the installation of the proposed lining is undertaken while the bridge is closed or open to traffic
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•

Effects of the changes in floor paths should be given detailed and careful consideration

•

Analytical tools used to determined strength should be compatible with a compatible
structural idealisation

Implementation
There are a number of repair methods available in undertaking remedial works to distorted
arch structures. Provision of prefabricated and concrete linings to arch structures is discussed in Sections 2.4.7 and Section 2.4.11 respectively.
Steel ribs are commonly used for supporting arches suffering from faults caused by subsidence, overloading or lateral/vertical movement within the abutments/piers. A specialist contractor is normally employed to manufacture the ribs to the required profile. The ribs are then
installed on site with an appropriate offset from the arch barrel with timber wedges positioned
between the ribs and arch barrel.
Concrete foundations are normally necessary at ground level for supporting the steel ribs
and these would need to be specifically designed for each location.
The installation of the steel ribs can be undertaken without closing the bridge to traffic, but
consideration should be given to stopping traffic while providing support to the arch lining
using timber wedges. Regular inspection of the steel ribs and support should be undertaken
to ensure its continuing effectiveness.
Another method for providing support to a distorted arch is for the provision of a supportive
truss. A number of these trusses are normally required along the length of the arch barrel
with timber supports to the arch using wedges. The truss is normally of timber construction
but can be made up of other materials and is supported at around the springing level of the
arch using robust guides. The condition of the existing brickwork should be assessed to ensure its adequacy in carrying the loading. Regular inspections should be undertaken to ensure the continuing effectiveness of the repair.
This type of repair will normally result in infringement of the arched area of the structure and
consequently is only suitable for arches with sufficient headroom where vertical clearances
are not critical. The agreement of other authorities and undertakers who are affected by the
works should be sought at an early stage. This is particular the case for bridges over rivers
which are prone to flooding.

2.4.2 Arch Grouting
Technique

Category

Structural defect
and location

Engineering aspects

Advantages/
disadvantages

Arch grouting

Remedial

Arch ring separation.
Fractures and
extensive cracking.

• it is recommended that the grouting
holes are stopped at least 100mm
short of the extrados. If no radial
pins are installed then the new load
carrying capacity should be
determined assuming full ring
separation of the top ring with due
regard to the shear capacity of the
inter-ring mortar
• if radial pins are installed then the
shear capacity should be checked
with due regard to the other
possible modes of failure
• the brickwork should be checked for
the new loading regime.

Advantages
• simple established
methods
• structure life expectancy
extended.
Disadvantages
• traffic disruption during
construction
• further
inspection/testing
required to confirm
repair effectiveness.
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Description
Grouting is used to fill voids within the arch barrel, which are often caused by water percolating through the structure due normally to failure of the waterproofing system, resulting in
washing out of the mortar or erosion of the masonry. Grouting is also used to repair barrel
cracks such as ring separation, but if the cracking is extensive then pinning of the cracks in
conjunction with grouting would normally be required.
Cracks and fractures within the arch barrel face can also be repaired by cross stitching of
cracks and injection of a suitable grout.
Purpose
The purpose of the arch grouting is to fill he voids present within the arch barrel and along
with the provision of pinning bars, the re-establishment of the mechanical connection between the arch barrel rings is achieved.
Design criteria
•

a tactile examination of the arch barrel using an inspection hammer should be
undertaken to determine the extent of ring separation, signified by a hollow
sound. This should also be repeated at the end of the work to confirm that the
hollow sound is no longer present and if warranted coring can be undertaken to
confirm extent of ring separation and to prove the effectiveness of the grout
penetration. In stone masonry similar proof of soundness should be demonstrated

•

proposed grout strength characteristics to be similar to existing mortar; overly
strong and inflexible grouts should not be used in bridges constructed with soft
lime mortars

•

false refusal can occur if grouts are not adequately mobile or set too quickly eg
when overly dry mixes are used, and on the other hand it may be difficult to
achieve refusal on structures with extensive voids. Grout vents should be spaced
and sited appropriately to allow effectiveness to be assessed as grouting operation
proceeds

•

grout pressure can cause instability of spandrels and wing-walls or local 'blow-out' of
brickwork if not properly controlled; this can be achieved by using grouting equipment
which allows monitoring of the pressure and volume of injected grout, and setting
reasonable limits on both

•

grouting work should be undertaken while there is no live loading of the structure.
Premature passage of vehicles across the structure should be avoided as this could
lead to cracking of the repair before it has had time to develop its required strength

•

assessment of the effect of grout pressures should be made

•

when grouting is used in conjunction with cross-stitching it is important that the bridge
owners is made aware of the fundamental change in the nature of the structural behaviour of the masonry arch barrel which is now a reinforced brittle continuum rather
than a particular structural assemblage.

Implementation
There are various types of grouting, but by far the most common technique used is pressure
grouting. In this method a matrix of holes is drilled into the structure, prior to injection pipes
being inserted. The grid pattern for drilling will depend on the condition and thickness of the
underlying brickwork or masonry. Low vibration percussive drilling equipment is normally
used and by employing experienced drilling operators, the extent of any voids should be
readily determined.
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It is important that when grouting of voided areas within the arch due to arch ring separation
that the grouting holes are stopped a minimum of 100 mm from the back of the arch barrel.
This is to prevent drilling through the extrados of the arch and damaging the waterproofing
membrane or causing grout contamination of the track ballast of railway bridges. Site investigation should be undertaken to prevent this problem from arising. Examples of investigation
techniques may include trial drilling to determine actual arch barrel depth and monitoring of
grout intake.
Once the holes have been drilled and flushed clean the grout is then injected into the arch
ring at the lowest point and gradually progressing upwards. At each point the grouting should
continue until no more grout is accepted or for larger voids where the grout may emerge from
a neighbouring hole, which should then be sealed using temporary timber bungs. The grout
should be grouted at a low and variable pressure that ensures the grout flows and permeates
the brickwork but minimises excessive leakage. This operation needs to be closely monitored
with due consideration being given to the condition of the brickwork and prevent the possibility of brickwork "blow out".
After grouting operations have been completed and while the grout is still "green" holes
should be re-drilled and anchor grout injected and then insert the pinning bars into the holes.
While inserting the bars it may be necessary to place timber bungs to prevent grout loss,
which can be removed after initial set has taken place. The pining bars should be recessed
into the brickwork and sealed with mortar to match the existing structure.
Due consideration should be given to the size of the stainless steel pinning that are proposed
to be used. These bars should be kept to a minimum size to prevent any local over stiffening
of the arch thus possibly altering its structural behaviour. Bars in the order of 8 to 10mm in
diameter should be considered with holes of around 16 mm diameter. See photograph below
showing grout hole grid pattern on arch.

Figure 3 Grout injection of arch barrel

For repairing cracks within the intrados of the arch barrel it is common practice to cross-stitch
the cracks using stainless steel bars prior to grouting. Before the grout operation is commenced it is important that each crack is clean of all water, dust and debris. The crack is then
sealed with mortar or a sealing compound and left to gain sufficient strength to withstand
grouting pressure. The injection sequence and pressure used riverbed ensure that the crack
is completely filled and that no damage occurs to the existing brickwork of structure.
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2.4.3 Backfill replacement or reinforcement
Technique

Category

Structural defect
and location

Engineering aspects

Advantages/
disadvantages

Backfill
replacement

Remedial

Incompetent existing
fill material or
inadequate overall
load carrying
capacity.

• check stability of the structure when
the backfill has been removed (arch
may require temporary support)
• method statement should take the
removal of the backfill into account
• determination of new carrying
capacity should take into account
the effects of the new backfill
Particularly in terms of the load
dispersal and lateral support to the
Structure
• consider change in loading on the
spandrel walls.

Advantages
• possible enhanced live
load capacity
• relative cost.
Disadvantages
• traffic disruption during
construction
• structure life expectancy
unaffected by works
• further maintenance
works may be required.

Description
Backfill replacement comprises the removal of the existing fill over the arch structure and
replacement with a more competent, possibly lighter, material.
Reinforcement of the existing backfill is undertaken using geotextile/geogrid materials in order improve the properties and action of the fill material.
Purpose
Brick and Masonry arch structures rely on the fill over the arch to help distribute live loads
more evenly through the structure. For a variety of reasons including the effect of water, or
the action of vehicles passing over the bridge, the fill may become unable to fulfil this function.
The purpose of replacement or reinforcement of the fill is to provide a more competent fill
material over the structure, capable of distributing live loads more evenly over the arch.
Another possible reason for replacement of the fill is to reduce dead loading on the structure
by replacing the existing fill with lower density material. This is of particular relevance when
considering shallow arches.
Design critera
•

site investigation to be carried out in order to confirm fill properties

•

site investigation to be carried out in order to identify all buried services over the
structure

•

provide geogrid reinforcement to existing fill where suitable

•

ensure geogrid terminations along the edges and at the ends of the bridge deck
are secure to ensure movement does not occur

•

if existing fill is unsuitable then specify replacement with compacted granular fill
or concrete

•

consider whether use of lightweight fill eg foamed concrete, offers benefits in terms of
dead load reduction

•

temporary loading conditions of plant on exposed arch to be considered

•

temporary loading conditions due to imbalanced fill removal to be considered and any
required restrictions identified
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•

consider application of waterproof membrane over the fill to prevent further
deterioration due to water

•

the reason for the backfill replacement should be determined

•

analytical technique used to determine effectiveness of replacement must accurately
represent the backfill mechanical properties when determining load carrying capacity.

Implementation
All buried services are to be identified, temporarily or permanently diverted, or temporarily
supported in place during excavation. Taking care to avoid damage to cables during excavation.
All excavation of fill is to be carried out in accordance with designer's requirements in order
to avoid overloading of the structure due to plant loading and/or due to imbalanced fill removal.
Excavation is to be carried out by non-percussive methods as the arch is approached, in
order to avoid possible damage and fracture of the arch itself.
Geogrid reinforcement to be installed in accordance with manufacturer's recommendations.
Works can be carried out utilising, as a minimum, half closures of the bridge with work being
undertaken to one half of the bridge before switching over to the opposite side.

2.4.4 Concrete saddle
Technique

Category

Structural defect
and location

Engineering aspects

Advantages/
disadvantages

Concrete
saddle

Strengthening

Inadequate overall
load carrying
capacity of arch
barrel in conjunction
with spandrel wall
and waterproofing
failures.

• the adequacy of the existing
structure should be checked to
ensure that it is capable of
sustaining the enhanced loading
with the saddle in place
• decide whether the saddle is to act
compositely with the existing
structure or not
• check the structural interaction,
bearing in mind that the barrel is
Particulate and heterogeneous while
the reinforced concrete saddle is

Advantages
• no change to
appearance as hidden
• facilitates other
re pairs/para pet
u pgrades/wate rproof i ng
• enhanced live load
capacity.
Disadvantages
• traffic disruption during
construction
• relative cost
• increase in crown depth

Not

• particular attention should be given
to the load paths through the
Abutments, piers and their
foundations
• ensure adequate support of
structural elements during saddling.

Description
Construction of concrete saddle requires the excavation of structural fill between the spandrel wall and down to the arch barrel. The void is filled with reinforced concrete formed on the
extrados of the arch barrel, to which the spandrel walls and extrados are sometimes stitched
using structural ties formed from high tensile reinforcing or stainless steel bars.
The method relies upon the concept of creating a composite structure from the existing brick
arch and the new concrete saddle, thus enhancing stability. However, saddles can be installed simply to act as backing for waterproofing repairs.
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This method is practically and financially viable where the existing bridge fill can be excavated and the concrete saddle placed within a reasonable duration. Bridge reconstruction
should be considered if this is not the case. Relieving arches should be considered where
there is an excessively large depth of fill and headroom or appearance is not important.
Purpose
The purpose of concrete saddle strengthening is to increase the load-carrying capacity of the
structure.
The advantage of this method is that it not only strengthens the arch but also improves load
distribution and ties together any cracked sections.
This method will negate the need for wholesale demolition and rebuilding of the existing
structure, which would be highly disruptive to end users.
Design criteria
Key considerations and actions at the design phase include:
•

general condition of spandrel wall and arch barrel constituent materials and
determination of as-constructed geometry. This can be established through tactile
examination and by intrusive investigation using a combination of coring and trial pits

•

degree of geometric dilapidation of the spandrel wall to assess the overall viability of
employing concrete saddle strengthening as an alternative to reconstruction

•

quantify the available construction depth and plan area for reinforced concrete
infill. For bridges carrying railway lines the top of the concrete infill should not
encroach within 300mm of the underside of sleeper to facilitate future track
maintenance

•

to reduce induced shrinkage stresses the saddle should be thoroughly cured and
consideration given to casting segmentally

•

design life for structural concrete saddles to be a minimum of 120 years

•

design of the reinforced concrete to be carried out in accordance with Eurocodes

•

lightweight concrete should be considered for non-structural concrete saddles (ie acting as waterproofing backing only) to reduce the additional load placed on the existing structure)

•

exposure conditions to be assessed to allow the correct grade and composition of
concrete mix to be specified

•

exposure conditions to be defined to allow the required cover to reinforcement to be
determined

•

the designer should assess at an early stage whether or not the existing services can
be elevated or temporarily supported during the works

•

the existing structure fill should be assessed for temporary stability during
implementation to achieve a suitable excavation profile

•

excavation works should take into account existing structure revetments, spandrel
walls and wingwalls. The designer should assess the temporary stability of these
elements during implementation

•

backfill material should be well graded free-draining fill and provision should be
considered for membrane waterproofing and drainage measures to mitigate the
build up of hydrostatic pressures, thus preserving constituent materials of the
existing structure
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•

the design should take account of the required reinstatement measures to prevent
excessive loading of the arch barrel in its temporary state

•

to ensure safety in construction and following the relevant procedures the design
team should at an early stage identify adequate possessions of the highway or railway infrastructure required to permit the construction of the works

•

design of temporary works including required speed restrictions, barriers and
trench supports or excavation profile required to maintain operational safety
throughout the construction period

•

the design to take account of the changes in the load path and behaviour of the original bridge structure

•

a detailed method statement for the construction works should be developed to ensure stability of the structure and safety of personnel.

Implementation
The key components for the successful implementation of this method of strengthening are
as follows:
•

prior to the commencement of the works the location of all buried services should be
identified and where necessary temporary or permanent diversions effected in conjunction with the relevant utility or asset owner/maintainer

•

where services are to remain in situ measures for their temporary/permanent
protection and /or support should be implemented

•

the working area for the construction of the spandrel strengthening works should be
clearly defined and the normal undertaking of adjacent traffic and public should be
protected from the works. Intrusive survey works will be carried out at an early stage
in the works to confirm the integrity and cross sectional dimensions of the spandrel
wall. This information will be utilised in planning and undertaking excavation works as
well as providing the design team with the information necessary to confirm the design of the in situ concrete saddle. Core samples taken during the intrusive surveys
will be examined by the design team to confirm the existing condition and structural
integrity of the spandrel wall and arch barrel

•

all required brickwork repairs for the spandrels and/or arch barrel are to be
completed and allowed to set prior to concrete saddle placement.

A benched or battered profile should be formed in the existing fill to reduce local slope failure
during the works. Excavated spoil is likely to be contaminated and will require disposal at a
local licensed waste establishment. It is likely that the structure backing cannot be completely
and accurately surveyed without extensive excavation and therefore the Contractor should
prepare suitable methods to break out unseen elements eg buried wingwalls, if required to
accommodate the saddle. The abutments may not follow the assessed dimensions and
again the Contractor should prepare suitable methods to overcome this during the works
Shuttering to be used during the works should be trial-erected prior to the main works should
it be time-dependant eg during possession/road closure. Dowels should be fixed into the
arch extrados and spandrel walls to ensure a composite structure is formed. Reinforcement
should be placed ensuring that adequate cover will be afforded by the concrete pour.
Saddling should be approached with care since otherwise it can result in structural instability
and even partial collapse. Concrete pours should be strictly controlled to ensure that hydrostatic pressure generated by the wet concrete does not adversely affect the stability of the
spandrel wall. Vulnerable structural elements such as wing-walls and spandrels should be
adequately supported.
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The concrete supplier should provide evidence that the mix meets with specification and this
should be validated by independent site and laboratory testing regimes in accordance with
the specification. The staging of the concrete pours should be determined by the designer
and specified in the construction method statement.
Where only limited construction periods are available the use of cement-rich or rapid hardening mixes should be considered. This will allow productivity to be optimised while having the
benefit of concrete achieving a high early strength when the adjacent infrastructure is
brought into use. It will also allow the shutters to be removed at an early stage.
Guidance on waterproofing and drainage requirements is included within Section 2.4.16.
The trafficked surface should be reinstated as per the required standards and specification. It
should be immediately apparent if the waterproofing layer is effective as no water should
issue from the arch barrel after strengthening/repair. No inspection will be required as the
saddle is buried. However, the structure should be maintained at regular periods to ensure
structural longevity.

2.4.5 Parapet upgrading
Technique

Category

Structural defect
and location

Engineering aspects

Advantages/
disadvantages

Parapet
upgrading

Strengthening

Inadequate impact
resistance of
parapet(s).

• the consequence of impact should
be given detailed consideration
particularly in respect of vehicular
containment and falling material
• where the parapet is a new build, its
Interaction with the existing
structure should be checked.

Advantages
• Enhanced vehicle
containment and/or
reduction in likelihood of
falling material.
Disadvantages
• traffic disruption during
Construction
• provision of access

Description
Masonry and brick arch bridge parapets are often found to be incapable of containing errant
vehicles. Additionally, even in the case of an existing masonry parapet which does have
adequate containment capacity, the risk of loose masonry being ejected during an impact
event may be unacceptable. Various options exist for parapet upgrading, including parapet
reconstruction and provision of retro-fitted reinforcement.
Methods of parapet reconstruction involve pre-cast or in situ reinforced concrete parapet
units. In some cases the decision may be taken to dowel into the existing structure and/or tie
parapets together across the bridge deck. However, connecting a reinforced parapet to unreinforced masonry below can be problematic, with a severe impact event then conceivably
leading to disproportionate damage to the structure as a whole.
A variation on the plain reinforced concrete solution is provision of a brick/concrete sandwich
type parapet, comprising outer faces of brickwork with an in situ, reinforced concrete core. It
has been shown that this form of construction can provide the maximum level of containment
capacity currently specified, and can also be aesthetically compatible with the existing structure.
Existing masonry and brickwork parapets can also be upgraded by introducing reinforcement
into the existing structure by drilling and grouting in bars. Independent verification of these
systems is required in order to confirm suitability of these retro-reinforcing methods (see Section 2.4.9).
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Purpose
During structural assessment, masonry and brick arch bridge parapets may be found to have
insufficient capacity to prevent vehicle incursion in the event of accidental vehicle impact.
Parapet upgrading methods either increase the containment capacity, reduce the likelihood
of loose masonry from being ejected, or both, thereby reducing the risk and severity of any
incidents involving parapet collision.
Design criteria
•

traditional unreinforced masonry parapets are not mechanically fixed to the
underlying masonry and, as ostensibly sacrificial elements, may have to be rebuilt
several times during the lifetime of a bridge. Upgrading schemes fall into two types: (i)
those which maintain the lack of mechanical fixing between the wall and underlying
masonry, thereby not interfering with the main part of the structure, and (ii) those
which attempt to make parapets fully integral elements of the bridge, with substantial
mechanical fixings to try to mobilise the dead load of the structure to help resist overturning

•

parapet upgrading may sometimes result in significant dead load increases on the
structure. Assessment of the structure should be carried out to confirm adequate capacity is available

•

the design life of the bridge will be limited to that of the existing structure, but
strengthening measures are typically designed to give 20 - 25 years while
reconstructed parapets can be designed for up to 120 years

•

the design should be in accordance with Eurocodes for reinforced masonry

Implementation
Parapet strengthening and reconstruction works often requires access to both sides of the
parapet, thereby introducing a temporary works access issue. Care should also be taken to
ensure that brickwork is not allowed to fall and strike pedestrians or traffic beneath the structure. Hence, consideration of a designed temporary crash deck may be appropriate.
Alternative temporary measures should also be provided throughout the works in order to
separate the workforce and retain vehicles travelling over the structure.
Any demolition works to the existing parapets should be carried out in a controlled and
phased manor such that the stability of the parapet is not affected. Temporary stability of the
structure as a whole at all stages of the works also needs to be considered.
New reinforced concrete parapets can be pre-cast and lifted into place using lightweight lifting equipment. The pre-cast sections may then be placed on a simple mortar bed or mechanically fixed in place by drilling and grout/resin fixing through the parapet base into the
existing structure.
The in situ concrete version requires substantial formwork to be fixed in place along the edge
of the bridge before placing reinforcement and pouring concrete in a controlled manner along
the length of the structure. Composite brick/concrete parapets are constructed in a similar
way with the inner and outer faces of brickwork acting as formwork for the reinforced concrete core.
Existing parapet upgrading comprises installation of reinforcement into the existing stone or
brickwork. One method involves chasing out vertical and horizontal grooves in both faces of
the parapet and grouting bars in place. The two layers of reinforcement may be tied together
with transverse bars, which are drilled and grouted in place from one face of the parapet.
Another method involves installation of diagonal reinforcement through pre-drilled holes in
the top of the wall.
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The bars are then fixed in position using epoxy resin based grout. In this case bar spacing
along the length of the wall is chosen to ensure adequate bar overlap (eg see Figure 4). An
advantage of the use of diagonal reinforcement is that access is only required to the top of
the wall. Additionally, the method has recently been shown (in a full-scale laboratory test) to
significantly reduce the likelihood of loose masonry from being ejected from a weakly mortared wall.

Figure 4 Layout of diagonal reinforcement in a parapet with retrofitted reinforcement

All methods are likely to have some visual impact on the structure and hence consideration
should be given to aesthetics throughout the project, particularly for listed and historical
structures.

2.4.6 Patch Repair of masonry
Technique

Category

Structural defect
and location

Engineering aspects

Advantages/
disadvantages

Patch repair

Remedial

Bulging or loose
masonry/brickwork.
Heavily spalled
brickwork.

• careful consideration should be
given to the selection of the repair
materials. These should be
compatible particularly with respect
to stiffness and thermal
characteristics
• initially, the patched masonry will
carry very little load and so the load
carrying capacity should be based
upon the capacity of the original
barrel - over time, this may
redistribute as a result of creep and
general other movement. (It may be
that the removal of bulging material
etc could lead to overstressing and
fatigue damage to the remaining
masonry).

Advantages
• simple established
Methods
• structure life expectancy
extended.
Disadvantages
• labour intensive
• works phasing required
• possible traffic
disruption during
Construction
• possible provision of
access.

Sustainable Bridges

TIP3-CT-2003-001653

2006-10-20
Rev. 2007-10-26

31 (101)

Description
Patch repairs involve the local replacement of defective stonework or brickwork when it is
heavily damaged or deteriorated.
Purpose
Patch repairs are carried out to reinstate structural integrity and/or to improve appearance.
Repair is often required to prevent patches of masonry becoming detached and creating a
falling hazard, and to protect underlying masonry from deterioration and thus prolong its serviceable life. Often these repairs are in themselves sufficient, but sometimes they can serve
to delay the need for more extensive repair or reconstruction.
Design criteria
•

examination of masonry structures is undertaken in accordance with the asset
owner's requirements will result in the identification of defects, allow assessment of
the extent of repairs needed and their priority. A structural examination should be carried out before deciding on repair strategy (Yu and Dean, 1997), and if damage is
caused by the action of live loads then further investigation will be required

•

where patch repairs are to be made to spalled or bulging masonry, the cause of
deterioration should be properly investigated by coring and examination. In some instances water may be responsible, in which case further deterioration may be
avoided by relieving water pressure, either by simple maintenance of the existing
drainage system or by improving drainage

•

if the repair is required to behave in a composite manner with adjacent brickwork, for
instance in repairs to arch rings, the repair patch should be keyed into it by the use of
shear connectors (dowels or pins), by "toothing in" of additional headers or by the use
of weld mesh or steel ties. Care should be taken to consider any changes in material
behaviour as a consequence of reinforcement

•

repair materials should be carefully selected to behave sympathetically with the
existing fabric of the bridge. In order to achieve this, it is necessary to remove
samples of masonry for examination and laboratory testing

•

the strength and elastic properties of the repair should be closely matched to that of
the surrounding masonry

•

similar problems occur when strong, dense and impermeable cement-based
mortars are used in structures which were built using softer and more flexible
lime-based mortars

•

the strength of a masonry patch repair may be reduced by increasing the
mortar :brick ratio ie by using greater joint thicknesses in the patch (Yu and
Dean,1997)

•

particularly for structures with special heritage or aesthetic value, it is important
that repair materials are selected to carefully match the appearance of the original
bridge fabric and that the approval of statutory conservation agencies is obtained
where necessary

•

when breaking out and repairing old masonry, care should be taken not to damage or
disturb the habitats of protected species, for instance bat roosts in arch soffits

•

where temporary works are required to enable brickwork replacement to be
undertaken then full consideration should be given to the reduction of existing
road, canal or railway bridge clearances.

Sustainable Bridges

TIP3-CT-2003-001653

2006-10-20
Rev. 2007-10-26

32 (101)

Implementation
Brickwork repairs
Where individual bricks are replaced then temporary formwork is not necessary as timber
wedging of the brick/s is sufficient. Similarly relining of vertical faces of abutments, wingwalls
or piers can be undertaken without the need for temporary works provided the extent of repair is limited to 1 m square. In arches where brickwork is to be renewed (or "recased") then
a programme of work will be necessary to allow determination of the number of possessions
that will be required and other authorities or statutory undertakers that may be affected by
the works contacted eg local roads authorities and waterways authorities etc. The removal of
the brickwork within the arch will require the aid of temporary formwork or centring. This
formwork is installed to support the new bricks and is only removed once the mortar has attained sufficient strength. Such formwork should be suitably designed and have a temporary
works design certificate.
It is critically important that when it is intended to install temporary works over operational
railway lines, highway or canal traffic that sufficient clearance to these temporary works is
maintained at all times. Permission should be sought from the appropriate Authority prior to
installation works commencing. Where infringement of exiting clearances is not permitted or
limitations are placed then alternative method of supporting the new brickwork may have to
be incorporated eg low construction depth temporary works.
Small patch repairs (up to 1 m2 in area) are most effective, larger repairs less so. Defective
brickwork is therefore broken out to a maximum of 1 m square areas and once removed the
exposed surface of the next ring or leaf of brickwork should be inspected to determine if further repairs are required. Prior to carrying out any such further, deeper, remedial works it is
important that full consideration be given to the stability of the element (particularly in arches)
and that appropriate experienced & qualified personnel are involved in the decision making.
New brickwork is normally pinned back into the arch barrel but the proposed pinning method
should not result in local stiffening of the arch, which may change its structural behaviour.
Use of stainless steel brick ties is one suitable method of tying back of new brickwork.
Finally it should be noted that bricks produced today are metric sized, typically 215 *
102.5*65 mm. In the past a much wider variation in size of bricks was manufactured, particularly on the height. When renewing brickwork consideration should be given to matching the
existing brick size as otherwise the bed joints will have to be deeper than those in the original
brickwork, which may give the impression of poor workmanship.
Stonework repairs
Repairs to stonework require similar general considerations to those discussed above for
brickwork, but employ slightly different techniques and labour skills, so are likely to require
the use of a specialist contractor with suitably skilled and experienced masons. Local repairs,
which involve the replacement of a small number of masonry units or damaged parts of units
only, can be achieved either by replacement with new stone or by 'piecing in' to repair the
damaged areas only.
Stone is normally cut-out with a hammer and chisel to a depth of at least 50 mm, or to the
depth of the whole stone (which is often easier). New stone elements should be cut similarly
to those they replace. They should be carefully handled and be laid 'on bed' (ie with its natural plane of stratification in the horizontal plane) with the outer face flush with the original
outer plane of the stonework ie not flush with adjacent weathered stone. Before placement
the cavity should be dampened and the stone slid into position on a mortar bed with lead or
slate packing as necessary to ensure correct positioning.
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Mortar joints are filled by grouting after stopping them at the surface to avoid grout loss.
When "piecing in" the damaged areas of stone are removed using a hammer and chisel to
create a regular cavity and a piece of stone cut to size and inserted in place of the removed
material; in this case, joints should be kept as thin as possible.
Stonework repairs are typically pinned back to the original fabric of the bridge in a similar
way to brickwork repairs. The use of "plastic repairs" where mortar is used to replace original
stonework, or the use of bricks to replace stone, should be avoided wherever possible, since
the results are typically unsightly and repairs may fail prematurely or damage adjacent masonry fabric.

Figure 5 Brickwork patch repair works being undertaken on a "hit and miss" basis to arch ring with no
live loading

2.4.7 Prefabricated liners
Technique

Category

Structural defect
and location

Engineering aspects

Advantages/
disadvantages

Prefabricated
liners

Strengthening

Inadequate overall
live load carrying
capacity of arch
and/or abutments
where depth of fill
over the arch barrel
is excessive. This
can also address
spandrel wall and
waterproofing
failures.

• the nature and condition of the
backfill and any services should be
determined
• determine the extent of the spread
of the loading and its effect upon
the load carrying capacity
• attention should be given to the
change in load paths which may
increase the load effects on the
spandrel walls, substructure and
foundations.

Advantages
• no change to
appearance as hidden
• facilitates other repairs
• enhanced live load
capacity.
Disadvantages
• traffic disruption during
Construction
• relative cost
• increase in crown depth.

Description
Prefabricated liners provide a secondary support mechanism within an existing deformed or
deteriorated arch. The system generally comprises corrugated steel liners or precast concrete liners, which are placed beneath the existing arch structure. Any resultant gaps between the liner and the existing structure are then grouted up to provide continuous support
to the arch. Other types of liners available include GRP panels and steel section ribs profiled
to the intrados of the existing arch or fixed into chased grooves/slots in the existing arch
brickwork in order to reduce the effect on clearances.
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Purpose
The new liners are installed where the existing structure has inadequate structural capacity
or is exhibiting significant signs of distortion or deterioration. The ideal situation for use of
prefabricated liners is where a small reduction in clearance below the structure is acceptable
and where disruption of access over the bridge is expensive or impractical. Although the existing structure is often ignored in the design of the liner, liners may also be installed as a
pure strengthening measure taking into account the residual strength of the existing.
Design criteria
•

the new liner is designed to take all dead and live loads, based on the assumption
that the existing arch will eventually deteriorate into fill material above the new liner

•

existing bridge/liner interaction should be carefully modelled

•

detailed ground investigations are required in order to establish ground conditions,
together with the existing structure foundation details

•

foundations of the existing structure require checking for the new loading
arrangement, new strip or raft foundations may be required in order to support
the new lining system

•

proposed foundation arrangement may be affected by the presence of existing
buried services beneath the structure

•

stability of the existing structure in the temporary condition, allowing for excavation for
installation of new foundations, should be considered

•

lining of the structure will lead to reduction of clearances. The new, reduced
profile should be checked for clearances to traffic as part of the design process

•

provide alternative route for water that is currently penetrating the arch barrel, in the
form of weep pipes

•

corrosion of the corrugated steel liners requires consideration, particularly where it
may be affected by water or road salts

•

the appearance of the structure from beneath will be significantly affected, but with
careful detailing the outer elevation of the bridge may remain apparently unaltered
design should consider that no inspection of the existing structure will be possible following installation of the lining system. However, this problem is overcome by assuming that the existing structure becomes redundant

•

the design life for the prefabricated liner is up to 120 years.

Implementation
Specialist fabricators manufacture both steel and concrete liners and any lead in time required should be allowed for within the scheme programme.
Following excavation for, and casting of, new foundations the prefabricated lining sections
can either be erected in situ underneath the existing structure, or may be fixed together
alongside the existing structure and slid into place.
Where the lining is installed in situ, bolted anchors may be drilled and fixed into the intrados
in order to provide temporary support.
For structures affected by water seepage, permanent drainage in the form of weep pipes is
to be installed prior to grouting behind the liner.
Careful grouting of the annulus between the new and existing structure is required to ensure
continuous support. Follow up grouting may be required in order to compensate for any initial
shrinkage or settlement that may take place.
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The main advantage during the implementation process for this type of work is that access
can be maintained over the structure while all works are carried out below.
Environmental impacts during grouting operations should be considered, particularly in the
vicinity of watercourses.

2.4.8 Relieving slabs
Technique

Category

Structural defect
and location

Relieving slab

Strengthening

Incompetent existing fill • the adequacy of the existing structure
material or inadequate
should be checked to ensure that it is
overall load
capable of sustaining the enhanced
carrying capacity
loading with the relieving slab in
place
• check the structural interaction
bearing in mind that the barrel is
particulate and heterogeneous
while the relieving slab is not
• particulate attentions should be given
to the load paths through the
abutment s, piers and their
foundations

Engineering aspects

Advantages/
disadvantages
Advantages
• no change to external
appearance
• enhanced live load
capacity
Disadvantages
• traffic disruption during
construction
• relative cost
• increase in crown depth
possible

Description
This method of strengthening masonry or brickwork arch structures involves the installation
of a horizontal reinforced concrete slab over the plan area of the arch after the fill has been
partially excavated. The slab extends over the abutments and is generally thickened at the
ends. Relieving slabs are also sometimes constructed with integral side walls that have the
effect of removing horizontal loading from the existing spandrel walls.
The implementation of this method also allows the improvement of the structures drainage by
the installation of waterproofing systems, repairs to spandrel walls and cracks evident to the
intrados of the arch.
As the relieving slab spans over the existing abutments the load transfer to the arch is radically altered. This is due to the reactions to loading being vertical reactions rather than a
combination of vertical and horizontal reactions normally encountered at the arch springing.
Following implementation the existing masonry or brickwork arch continues to support its
own dead weight as well as the fill between the soffit of the relieving slab and the arch extrados. The relieving slab transmits its own dead weight and live load direct to the abutments
in the form of vertical reactions with no horizontal components.
Purpose
The principle of the relieving slab method is to improve the live load carrying capacity of the
arch while eradicating the generation of additional horizontal thrust from the arch into the
abutments at springing level.
The method is particularly useful where the fill over the arch cannot be fully excavated to
expose the extrados of the arch ring. Viaduct spans are a prime example as in many cases
the cover to the arch barrel is substantial.
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Design criteria
Key considerations and actions at the design phase include;
•

through topographic survey, trial pitting and review of available structural records the
geometric constraints of the relieving slab can be established

•

quantify the available construction depth and plan area for reinforced concrete
relieving slab. For structures carrying railways the upper surface of the slab should
not be less than 350 mm below the bottom of sleeper level to ensure that future
mechanised maintenance of the track can proceed unhindered

•

assessment of condition and load carrying capacity of abutments to ensure that
revised load paths are structural acceptable

•

identify live loading regime in accordance with SB-LRA (2007) to allow design of RC
slab

•

consideration to be given to introduction of compressible layer between existing fill
and relieving slab in order to aid load distribution to the abutments

•

design life is normally a minimum of 120 years for the proposed slab. Overall
design life for the structure is dependent on its condition and owner requirements design of the reinforced concrete to be carried out in accordance with Eurocodes

•

exposure conditions to be assessed to allow the correct grade and composition of
concrete mix to be specified.

•

exposure conditions to be defined to allow the required cover to reinforcement to be
determined

•

provision for location and diversion of existing buried services should be made

•

provision of membrane forms of waterproofing and drainage measures to improve
structure drainage to mitigate any pre-existing seepage or percolation through the
structure

•

the design should take account of the required reinstatement measures for the area
of deck.

•

development of a robust construction sequence at the design stage that in
particular addresses the structural stability of the spandrel wall and adjacent rail or
road infrastructure during the excavation phase of the works

•

consideration of the use of an ‘elastic mat’ under the relieving slab should be designed based on equivalent beam on elastic support model.

Implementation
The key components for the successful implementation of this method of repair are as follows. Acquisition of available desktop information including;
•

buried services records

•

structural examination and assessment reports

•

record construction drawings of structure and drainage provisions

•

structural monitoring results.

This information will allow the designer to develop specifications for site data acquisition including topographical and intrusive survey works
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Prior to the commencement of the works the location of all buried services should be identified and where necessary temporary, permanent diversions effected in conjunction with the
relevant utility or asset owner/maintainer. Where services are to remain in situ measures for
their temporary/permanent protection and/or support should be implemented.
The topographical survey data should confirm the principle dimensions of the bridge and the
location of any structural defects. The span and abutment dimensions and width between
parapets is particularly important to ensure the correct sizing of the relieving slab. The survey
should also identify the position of existing deck end drainage outfalls.
Intrusive survey works should be carried out at an early stage in the form of hand dug trial
pits from deck level, and core samples from the abutments. The trial pit results will be utilised
as the basic design input information to confirm the following key aspects:
•

type and properties of proposed formation for relieving slab

•

condition and thickness of spandrel walls

•

construction depth of infrastructure to be supported on the relieving slab.

The core samples taken from the abutments will be utilised to;
•

assess the structural integrity of the abutments

•

confirm the thickness to allow the length of the relieving slab to be determined to
provide concentric load path to the abutment structure.

To ensure safety in construction and following the relevant procedures the implementation
team should at and early stage, identify adequate possessions of the highway or railway infrastructure required to permit the construction of the works.
Relieving slabs within the railway environment are generally constructed over a minimum 54
hour possession for a single span structure. This period will allow adequate time for removal
and reinstatement of the track, excavation to formation, as well as a minimum curing time of
12 hours for the in situ concrete.
The use of concrete with high early strength should be considered to permit the infrastructure
to be brought into as early as possible.
For highway structures carrying more than one carriageway it may be feasible to construct
the relieving slab in two halves. This will allow ongoing restricted use of the structure for
highway traffic. Temporary support to the interface between the existing carriageway and the
relieving slab pour site will need to take account of live loading during construction.
Spoil from the excavation to accommodate the relieving slab is likely to be contaminated and
will require disposal at a local licensed waste establishment.
The concrete supplier should provide evidence that the mix meets with specification and this
should be validated by independent site and laboratory testing regimes in accordance with
the specification.
The staging of the concrete pours should be determined by agreement between the contractor and designer and specified in the construction method statement.
The designer should take account of the staged nature of the proposed construction in the
design of the reinforcement to ensure that structural continuity of the structure is maintained
Waterproofing is installed in the form of a flexible approved membrane to the inside face of
the cast in situ concrete. The membrane should extend to and up the internal face of the
spandrel wall. Once the membrane is installed backfilling can commence and trench supports withdrawn.
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Monitoring measures such as tell tales and targets should be installed to repair fractures or
cracks on the intrados of the arch to allow the effectiveness of the repair to be monitored
following the completion of the works.
Prior to demobilising the works the area where the works have been constructed should be
reinstated to the design specification. Where the works have been adjacent to the permanent
way then consideration should be given to reinstating and maintaining the track alignment
prior to hand over to the permanent way maintainer. This work is likely to involve monitoring
and hand packing the track for approximately two weeks following completion.

2.4.9 Retro-reinforcement
Technique

Category

Structural defect
and location

Engineering aspects

Advantages/
disadvantages

Retroreinforcement

Strengthening

Inadequate overall
load carrying
capacity of arch
barrel.

• it should be recognised by the
designer and bridge owner that the
use of a retro-fit solution changes
the nature and behaviour of the
barrel from that of a particulate
heterogeneous material to that of a
Reinforced masonry
• particular care should be exercised
to ensure that the bond between
the masonry, adhesive and
reinforcement can be relied upon
• in the case of multi-ring brickwork
barrels, the possibility of ring
Separation should be investigate
due to the change in structural
behaviour accompanying the
introduction of the reinforcement.
(Radial pinning is recommended to
ensure through-thickness continuity)
• it should be noted that unreinforced
areas still possess little, if any, tensile
strength

Advantages
• repairs hidden
• much less disruption
than saddle/slab/
Reconstruction
• relative cost
• speed of
implementation.
Disadvantages
• independent
verification/validation of
analysis, design,
installation, fatigue and
durability of systems

Description
Retro reinforcement techniques for strengthening masonry arch bridges comprise the introduction of supplementary steel reinforcement into the barrel of the arch. The principal function of the reinforcement is to strengthen the structure by providing some resistance to the
development of hinges in the arch barrel. Retro reinforcement is likely to alter the load paths
within the arch and also to render it stiffer.
Two basic forms of retro-reinforcement exist:
Internally installed reinforcement, involves the grouting of reinforcement into holes cored
through the arch barrel from the crown to the springing, from either above, as illustrated in
Figure 6, or, in the case of multi span bridges, from below. Transverse reinforcement can
also be provided if necessary to improve transverse load distribution across cracks or joints
or to improve the integrity of poor quality masonry.
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Figure 6 Typical arrangement of internally installed retro-reinforcement (simplified diagram of a single
span with from-above installation. Note anchor arrangements vary to suit each bridge)

Surface installed reinforcement involves the installation of longitudinal and transverse reinforcing bars into formed chases over the intrados of the arch that are in turn filled with structural adhesive. The reinforcing is usually also dowelled back into the arch ring, which in brick
arches can provide an element of inter-ring stitching as well.
Retro reinforcement techniques can be applied to both single and multi-span arches, although in the case of the latter the failure mechanisms to be considered in design are often
more complex. This can lead to complications in positioning internally installed reinforcement. While the primary purpose of both techniques is to strengthen the arch barrel, the
techniques can be adapted and extended to the other parts of the structure eg abutments,
wing walls and parapets to provide more conventional strengthening and tying as appropriate.
Purpose
The principle purpose of retro reinforcement systems is to increase the structural capacity of
the arch barrel while not reducing structure clearances or significantly affecting the appearance. The reinforcement can generally be installed quite quickly and with minimal disruption
to bridge users compared to more conventional techniques such as saddling.
Design criteria
Some bridge owners have established rules relating to the use of retro reinforcement on their
structures. Checks should be made to ensure that any proposal to use one of these systems
complies with the owner's rules and requirements.
A standardised approach to the design of retro reinforcement does not yet exist and different
design approaches have been developed for different proprietary systems. In each case the
approach adopted should have been verified against appropriate testing. The detailed design
process, while verified against tests, should be capable of taking into account the condition,
geometry and loading requirements of each specific bridge.
Solid mechanics methods are required to assess the effects of such strengthening on masonry arch structures and it should be remembered that the masonry will have been changed
to behave as a brittle continuum.
•

before giving consideration to the use of a retro reinforcement system, the
designer and owner should agree on the degree of strengthening that is
permissible and whether the changed nature of the bridge after strengthening will be
detrimental to its future serviceability. For instance the increase in load
transmitted to the foundations could cause additional settlement, which a stiffer
reinforced arch may not be as capable of resisting, or compressive stresses within
the arch material could be increased to unsatisfactory levels

•

design loading is principally governed by dead and vehicle loads in accordance with
SB-LRA (2007).
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•

thorough topographic, tactile and intrusive surveys and a review of available
structural inspection and graphical records, along with relevant assessment data are
essential to establish a sound basis for design. It is particularly important to establish the thickness of the barrel and it will usually be necessary to confirm this by coring. It is normally adequate to determine conservative masonry strengths for design
from published data on the basis of simple characterisation of the masonry; compressive tests are expensive and not usually warranted. Particular attention should be
paid to the condition of the material forming the arch to ensure that adequate holes or
chases can be formed without detriment to the overall integrity and stability of the
structure and that the reinforcement can achieve an adequate bond to the masonry.
Where there is heavy weathering or spalling of the intrados surface it may be necessary to undertake masonry repairs prior to coring holes or cutting chases for the introduction of retro reinforcement. The designer should consider whether any such
masonry repairs could reduce or negate the need for retro reinforcement

•

while the cutting or drilling of chases or holes into the ring will remove relatively
little material from an arch, the effect on temporary stability and load capacity
during implementation should be considered during the design

•

to date the reinforcement used has been stainless steel to provide adequate
durability and avoid the risk of subsequent damage to the masonry by expansive corrosion. Some experimental work has been done with FRP reinforcement but commercial applications are not yet available. With regard to surface installed retro reinforcement, the exposure conditions should be assessed and the required durability
confirmed in order to allow the correct composition of structural adhesive to be established.

In particular, it is recommended that the following questions should be addressed when
procuring retro reinforcement strengthening techniques;
•

compliance with the bridge owner's policy, if one exists

•

track record and relevant experience of propriety contractor and designer

•

basis of design and extent of verification undertaken, including consideration of
the extent to which the design method takes account of the real condition of the
specific arch and is not based on simple extrapolation of test results that may not be
appropriate to the structure under consideration. This should include consideration of
cyclic loading and fatigue performance

•

adequacy of investigations and inspections undertaken to confirm condition and
structural dimensions, including confirmation that the degree of masonry

•

weathering and the condition of the arch does not make retro reinforcement inappropriate

•

long-term durability of the reinforced bridge

•

where several systems are being considered; a simple comparison of the magnitude
of strengthening proposed

•

consideration of the temporary conditions during the works

•

effect on the appearance of the bridge.
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Implementation
Retro reinforcement is available in the form of a number of proprietary systems. Installation is
undertaken by specialist contractors, who generally provide a design and build service. The
technique, in its basic form, is intended to address primary structural inadequacy and consideration should be given to the need to address any other deficiencies in the bridge at the
same time eg locally deteriorated masonry, poor pointing, local cracking and ring separation
etc. In some cases, particularly in relation to local cracking and ring separation, retro reinforcement techniques can be extended to address these.
Internally installed reinforcement is grouted into holes cored into the barrel of the arch from
either above or below, as illustrated in Figure 7. Cementitious grout in conjunction with a
socked anchor (to prevent excessive grout loss into the environment) is generally used. Designs are generally bespoke for each bridge and anchor arrangements vary considerably, but
typically comprise reinforcing bars in the range 20-25 mm diameter in cored holes from 50-65
mm diameter at a spacing of between 200mm and 1000 mm. Accurate survey and setting
out is essential and anchors are regularly and successfully installed to within 65 mm of the
intrados of the barrel. Where anchors are installed from above, particular attention is required
to avoid services below the road surface and verges. However, provided logical procedures
are followed this is seldom an insurmountable problem and the location of anchors can generally be adjusted to avoid existing services while at the same time providing adequate levels
of strengthening.

Figure 7 Coring from top for internally installed retro-reinforcement (a); coring from below for internally
installed retro-reinforcement (b)

Coring is undertaken relatively quickly with lightweight plant and jigs that are easily manoeuvrable. Typically a bridge can be strengthened in the course of 3-10 days on site.
When working on highway bridges and where coring from on top is necessary, temporary
traffic management can usually be established to maintain single way working, as a minimum, for the majority of the time. On smaller bridges, where closure of the road for a period
is inevitable, the speed of assembling and dismantling the coring plant is such that it has
been possible, on occasion, to make arrangements whereby the bridge can be reopened to
emergency vehicles and locals at very short notice, if required.
When coring from the upper surface on railway underline bridges it will usually be necessary
to obtain a full line closure, which will normally mean that the work has to spread over a
number of weekends. Care will also be needed to ensure that there is no contamination of
the ballast from either the drilling or grouting operations. If anchors are to be installed in a
bridge carrying an electrified railway isolation of the overhead cables will usually be necessary.
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Surface installed reinforcement is achieved by the installation of longitudinal and transverse
reinforcing bars into formed chases over the intrados of the arch and often the installation of
radial pins into holes drilled into the arch barrel. The reinforcing may also be extended to
cover abutments, wing walls and parapets as well. Only lightweight plant is required and the
works can therefore be undertaken from lightweight access scaffold erected under the
bridge, which can, if necessary, be relatively easily removed and replaced to suit available
possessions.
For bridges over water care will need to be taken to ensure that no pollution, from either the
chasing/drilling or grouting operations, enters the watercourse. Permission for the provision
of scaffolding in or over a waterway will have to be obtained and where scaffolding is erected
in or over watercourses that may be subject to sudden floods a suitable alarm system with
the relevant authorities should be established.
Generally the reinforcement comprises small diameter stainless steel high tensile bars with
the transverse bars being fixed in pairs to sandwich single longitudinal bars. Typically the
grid comprises transverse bars at 450 mm centres with longitudinal bars at 225 mm centres.
The chases are disk cut to a cross section, which are generally not more than 40 mm deep
and 20 mm wide. Vertical and horizontal holes are drilled into the spandrel walls and abutments respectively to anchor the transverse bars. Following completion of reinforcement fixing structural adhesive is pumped into the rebates (Typical curing times are approximately 12 hours at 5°C). The adhesive is tooled at the surface to provide a compatible and consistent
appearance over the arch soffit and abutment faces to help minimise the visual impact of the
works. The visual impact can be further mitigated by tinting the adhesive or roughening and
coating its finished surface with masonry dust.

2.4.10 Spandrel tie-bars/patress plates
Technique

Category

Structural defect
and location

Engineering aspects

Advantages/
disadvantages

Spandrel tiebars and
patress plates

Preventative/
remedial

Bulging or
displaced
spandrels.
Inadequate lateral
load capacity.

• the long-term effect of the
introduction of a "stiff" local restraint
on the spandrel wall stability should
be investigated
• it should be noted that tie-bars have
a negligible strengthening effect on
the barrel serviceability performance
as they only affect long-term stability
and soil-structure interaction as the
ultimate state is approached
(Melbourne and Gilbert, 1995).

Advantages
• simple
• minimal traffic
disruption.
• relative cost.
Disadvantages
• specialist
Subcontractor
• service avoidance
• localised high stresses
to spandrel at plates
• possible water paths
into bridge
• change in structure
appearance.

Description
Spandrel tie-bars require the formation of bored holes between and perpendicular to the
spandrel walls that extend across the arch barrel. Structural reinforcing tie-bars are placed
into the holes, the patress placed and bolts fixed at each end of the bar and the bars torqued
to the prescribed tension. Grout may then be pumped into the void to surround the bar, depending on the agreed method.
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The method relies upon creating a tensile force between the spandrels to counteract the internal lateral forces of passing traffic on the spandrel, thus enhancing lateral stability.
This method is practically and financially viable where a potential risk in increased lateral
load is identified. It has the advantages over the "Stratford method" (see Section 2.4.12) that
there is less intrusive work, less disruption to traffic passing over the bridge and is less expensive. The width of bridge is not limited for this method of strengthening, but wider bridges
increase the potential for displaced exit wall core positions due to deflection or incorrect drill
rig setup.
Purpose
The purpose of spandrel ties and patress plates is to prevent arch spandrels from experiencing excessive lateral forces or movements due to passing traffic. The method, if successfully
implemented, will reduce the ongoing degradation of spandrel walls and negate the need for
wholesale demolition and rebuilding of existing walls that would be highly disruptive to users
of the structure.
Design criteria
Key considerations and actions at the design phase include:
•

all existing survey records should be consulted as it is essential that the existing
structural fill and any previous remedial work undertaken is known; spandrel tie works
have been carried out on bridges with previously placed reinforced concrete saddles.
Core drilling will also adversely affect previous remedial work eg stitching and grouting, Stratford method repairs etc

•

to ensure safety in construction and following the relevant procedures the design
team should, at and early stage, identify adequate possessions of the highway or
railway infrastructure required to allow the construction of the works

•

condition of spandrel wall and general fill constituent material and determination of as
constructed geometry. This can be established through tactile examination and by intrusive investigation using a combination of coring and trial pits

•

degree of geometric dilapidation of the spandrel wall to assess the overall viability of
employing spandrel ties and patress plates as an alternative to reconstruction

•

core samples taken during an intrusive survey should be examined by the design
team to confirm the existing condition and structural integrity of the spandrel walls to
be stabilised

•

tie bars in close proximity to the brick arch crown should have adequate clearance to
prevent damage to possible pitching acting as a waterproof membrane with a sand
protection layer near the crown

•

quantify the available construction depth. For bridges carrying railway lines the
crown of the hole or casing should not encroach within 300 mm of the bottom of
sleeper to facilitate future track maintenance

•

design life to be a minimum of 50 years

•

lateral load for the spandrel ties to resist to be calculated using simple hand calcs.
Nominal torque per tie-bar to be specified by the designer

•

consideration should be given to obstructions and existing buried services.
Adequate clearances should be detailed to reduce the potential for the core drill to
damage the services if deflected
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•

a temporary road or footpath closure should be arranged if the work is to be
carried out over the public highway or footpath. This can take up to 12 weeks to
put in place and therefore is best applied for by the design team at an early stage

•

development of a robust construction sequence at the design stage that in particular
addresses the structural stability of the spandrel wall and adjacent rail or road infrastructure during the excavation phase of the works.

Implementation
The key components for the successful implementation of this method of repair are as follows.
Prior to the commencement of the works the location of all buried services should be identified and, where necessary, temporary or permanent diversions put in place in conjunction
with the relevant utility or asset owner/maintainer. Where services are to remain in situ
measures for their temporary/permanent protection and/or support should be implemented.
The working area for the construction of the spandrel strengthening works should be clearly
defined and the normal undertaking of adjacent water flow, traffic and/or public should be
protected from the works.
Intrusive survey works should be carried out at an early stage of implementation to confirm
the integrity and cross sectional dimensions of the entry and exit spandrel walls. This survey
should include pilot drilling through a proposed entry and exit point to confirm the spandrel
wall thicknesses. Core drilling will not work within cohesive fill; therefore this information is
essential during implementation to allow the Contractor to know when the drilling methodology should be changed. Standard brickwork repairs may be required at the spandrel walls
prior to core drilling eg repointing, relining or crack injection. These repairs should be carried
out in good time to allow the repair materials to set. Prior to the drilling works commencing a
photographic and drawing survey should record any cracking in the walls. This is to confirm
whether or not the core drilling is adversely affecting the spandrels as a whole.
The first cores should be drilled under track possession or road closure due to the potential
for the core drill to deflect upwards into traffic. Should the contractor be able to demonstrate
that they are capable of installing the ties within the acceptable tolerances then they should
be allowed to install the remaining ties without possessions/closures. However, the tracks or
road should be continually monitored during non-possession/closure installation to confirm
there is no adverse movement or settlement. Core drilling should commence on the spandrel
wall nearest to any known services to reduce the potential for core drill damage if deflected.
Should there be services on both sides, the drilling should commence on the side closest to
the services. Aluminium tower scaffolds should be set below the entry and exit points to allow
person access to both points.
Setup of the drill rig is critical. It should be checked in a horizontal plane and for perpendicular orientation relative to the entry spandrel wall. Deviations from these planes will be visible
by differences in actual exit positions from the proposed exit positions. However, exit positions are also affected by deflections during drilling caused by changes in fill material eg
rock, steel etc. Tie-bars in close proximity to the brick arch crown should have adequate
clearance to reduce the potential for the borehole to damage the crown if deflected. Ducts for
tie-bars should be installed within a cased bore. This reduces the potential for local settlement above the bore position.
Standard tolerances should be considered for the proposed tie-bar positions. Core drills can
exit the spandrel wall up to 300 mm from the proposed exit positions. Skewed bridges should
also be considered in plan to determine the proposed exit positions.
Monitoring measures such as tell tales and targets should be installed to the outer face of the
spandrel to allow the effectiveness of the repair to be monitored following the completion of
the works.
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Upon reaching the back of the entry wall, the drill bit should be changed over from a core drill
to another means eg pulverising "air hammer". Upon reaching the front of the exit wall, the
drill bit should be changed over from an air hammer method back to a core drill. The exit core
should be water flushed to prevent blow-out of the core at the exit wall. This should be given
early consideration when working above watercourses or surface water drainage systems.
The potential obstructions likely to delay or prevent drilling of tie-bar hole using a machinemounted drill rig and suitable implementation measures are:
Encountering of hard concrete infill behind the entry wall
•

pre-drill the concrete using an oversize diameter full face air flush "down the hole"
hammer bit without permanent casing until through the concrete into the fill

•

upon entering the fill the hammer action will slow dramatically. The drilling will
cease and the "down the hole" hammer will be withdrawn

•

the drilling equipment with permanent liner will be installed to the end of the hole
drilled in the concrete and the procedure will recommence as previous.

Encountering of steel obstructions/access obstructions that prevent the drilling
machine from aligning onto the tie-bar entry location.
•

a man access scaffold should be erected at both exit and entry points

•

power packs for the coring equipment should be positioned at ground level.
Coring drills should be fixed to the bridge walls

•

the coring entry point should be inspected and hammer sounded for dummy or
damaged brickwork. Loose or dummy brickwork in coring position to be stitched
using stainless threaded rod and quick set epoxy resin

•

the coring rig should be fixed to the wall using mechanical or chemical means.
Position and level to be checked by the engineer on-site

•

a water line should be established at the coring position and a collection hopper
and settlement tanks/piping installed

•

the core should be drilled continuously with alignment and level being checked
during and after each core

•

a permanent sleeve should be drawn through the cored hole

•

after completion of the liner installation the procedure will recommence as
previous.

Prior to demobilising the works the area where the works have been constructed should be
monitored. Where the works have been adjacent to the permanent way of rail systems, consideration should be given to monitoring the track alignment prior to hand over to the permanent way maintainer. This work is likely to involve monitoring track line and level using sighting targets and remote surveying equipment, normally for approximately two weeks following
completion.
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2.4.11 Sprayed concrete lining
Technique

Category

Structural defect
and location

Engineering aspects

Advantages/
disadvantages

Sprayed
concrete
liner

Strengthening

Inadequate overall
Carrying capacity

• changes the nature and behaviour of
the arch barrel which may or may not
act integrally with the spray concrete
liner
• in the case of multi-ring arches
radial pinning should be used to
to guard against ring separation
• the impermeable liner may affect
the internal moist movement in
the arch
• load paths and foundation
competence should be checked

Advantages
• little disruption to
traffic flow over the bridge
• enhance load carry
capacity
• reinforcement can be
incorporate
Disadvantages
• alter appearance
• reduces opening under
the bridge
• cannot inspect condition
of original arch barrel

Description
Sprayed concrete lining of arch structures involves the application of concrete to the arch
intrados using a spray nozzle. The main advantage of this type of concrete placement is that
it removes the requirement for expensive curved formwork to the face of the arch.
The layer of sprayed concrete provides additional strength to the arch structure and can be
reinforced with dowel connections into the existing arch. The sprayed concrete lining can
extend from springing to springing of the arch or all the way to the foundations of the structure.
Purpose
The purpose of sprayed concrete is to repair and strengthen arches which are suffering from
major defects such as arch barrel distortion, deteriorated brickwork and severe cracking.
Design criteria
•

the design loading of the sprayed concrete is generally for live loading, but a
thicker lining can be provided to resist dead and live loads, thereby making the
existing arch redundant

•

the analysis should take account of the change in the models of behaviour of the arch

•

concrete mix specification to be suitable for spray application, possibly with
inclusion of "natural cements" which are typically more costly but can exhibit
enhanced properties for this type of application

•

spacing of reinforcement within the concrete should be maximised in order to
prevent shadowing, where the sprayed concrete fails to fill voids behind the
reinforcement

•

for bridges over waterways where sprayed concrete is taken down to water level
there should be a clear break above the water-line to minimise the effects of freezethaw action

•

sprayed concrete to the arch intrados should not be continued up the side
elevations of the barrel since this encourages water penetration between the
masonry and concrete, and accelerates deterioration

•

lining of the structure will lead to reduction of clearances beneath. The new profile
should be checked for clearances to traffic as part of the design process
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•

where clearances are limited it may be possible to remove the inner course of arch
brickwork and use this thickness to install the concrete

•

fibre reinforced concrete is also available for spraying, making traditional mesh
reinforcement redundant

•

design should consider that no inspection of the existing structure will be possible following application of the sprayed concrete

•

the design life of the bridge will be limited to that of the remaining structure, but
the sprayed concrete lining can be designed for up to 120 years.

Implementation
Concrete spraying should be carried out by trained, experienced professionals and tight quality control systems need to be adopted.
Prior to implementation, test panels should be sprayed and tested for effectiveness of spraying. These panels should be orientated to simulate the profile of the structure to be sprayed.
Large amounts of waste due to rebound of the concrete occurs during the spraying operations, this needs to be considered when ordering materials.
Sprayed concrete reinforcement is placed prior to spraying and is connected to dowels fixed
into the existing structure. Care should be taken due to the condition of the existing arch that
the dowels are securely fixed prior to fixing the reinforcement.
This method of strengthening is unlikely to be permitted on structures where aesthetics is an
issue or where the structure is heritage listed.

2.4.12 Spandrel wall strengthening ("Stratford method")
Technique

Category

Structural defect
and location

Engineering aspects

Advantages/
disadvantages

Stratford
method
(spandrel
strengthening)

S/R

Bulging or
displaced
spandrels.
Inadequate lateral
load capacity.

• the change in structural behaviour of
the strengthened spandrel wall
should be investigated
• the effect of any potential "hard-spot"
loading onto the barrel should be
Investigated.

Advantages
• non-specialist
Implementation
• can accommodate
parapet strengthening
Disadvantages
• traffic disruption during
Construction
• relative cost
• service avoidance/
Diversion
• not widely used
• change in structure
appearance.

Description
The Stratford repair method comprises the excavation of a trench directly behind and parallel
to the spandrel wall that extends downwards to the arch barrel. The trench is filled with reinforced concrete placed on the extrados of the arch barrel to which the spandrel wall is
stitched using structural ties formed from reinforcing or stainless steel bars as deemed appropriate. Patress plates can be used in conjunction with the structural ties.
The method relies upon the concept of creating a composite spandrel that has greater mass
having its centre of gravity positioned well back from the face of the arch ring thus enhanced
stability.
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The increased mass, contact area and mechanical bonding generated by the in situ concrete
will in addition produce greater adhesion at the junction between the spandrel wall and the
arch barrel. This method is practically and financially viable where the depth of excavation
does not exceed 1.2 m to the arch barrel and is therefore limited to the area between the
arch crown and haunches. It may be employed between the haunches and springing only
where the design does not rely on structural connection between the concrete and the arch
barrel. Where problems exist between the haunches and springings consideration should be
given to alternative methods of stabilisation such as through deck ties with patress plates.
Purpose
The purpose of the Stratford method of repair is to prevent spandrel wall structures from undergoing excessive horizontal or rotational movements relative to their arch barrel supports.
The method if successfully implemented will negate the need for wholesale demolition and
rebuilding of existing spandrel walls that would be highly disruptive to users of the structure.
Design criteria
Key considerations and actions at the design phase include:
•

general condition of spandrel wall constituent material and determination of as
constructed geometry. This can be established through tactile examination and by intrusive investigation using a combination of coring and trial pits

•

change in the soil-structure interaction

•

degree of geometric dilapidation of the spandrel wall to assess the overall viability of
employing the Stratford method as an alternative to reconstruction

•

quantify the available construction depth and plan area for reinforced concrete
infill. For bridges carrying railway lines the edge of the concrete infill should not
encroach within 150 mm of the sleeper ends to facilitate future track maintenance

•

identify loading regime in accordance with SB-LAR (2007) to allow the scheme to be
designed using geometric constraints to deliver the appropriate factor of safety

•

design life normally a minimum of 25 years

•

design of the reinforced concrete to be carried out in accordance with Eurocodes

•

exposure conditions to be assessed to allow the correct grade and composition of
concrete mix to be specified

•

exposure conditions to be defined to allow the required cover to reinforcement to be
determined

•

provision for existing buried services

•

provision of membrane forms of waterproofing and drainage measures to mitigate the
build up of hydrostatic pressures and to preserve constituent materials of the existing
spandrel wall

•

the design should take account of the required reinstatement measures for the area
of deck

•

development of a robust construction sequence at the design stage that in
particular addresses the structural stability of the spandrel wall and adjacent rail or
road infrastructure during the excavation phase of the works

•

design of temporary works including required speed restrictions barriers and
trench supports required to maintain operational safety throughout the
construction period
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•

for bridges carrying road vehicles consideration should be given to providing
additional impact protection to the parapet above highway or footway surface level

•

when providing supplementary impact protection the proposed structure gauge
should be checked for the intended vehicular use post remediation

•

where the spandrel wall requires only localised stabilisation and this method is to be
employed consideration should be given to providing suitable transition
between the proposed strengthened section of wall and the un-strengthened
section of wall thus preventing localised stiffening of the structure.

Implementation
The key components for the successful implementation of this method of repair are as follows.
Prior to the commencement of the works the location of all buried services should be identified and where necessary temporary, permanent diversions effected in conjunction with the
relevant utility or asset owner/maintainer.
Where services are to remain in situ measures for their temporary/permanent protection
and/or support should be implemented.
The working area for the construction of the spandrel strengthening works should be clearly
defined and the normal undertaking of adjacent traffic and public should be protected from
the works.
Intrusive survey works will be carried out at an early stage in the works to confirm the integrity and cross sectional dimensions of the spandrel wall. This information will be utilised in
planning and undertaking excavation works as well as providing the design team with the
information necessary to confirm the design of the in situ concrete support and associated
structural ties. Core samples taken during the intrusive surveys will be examined by the design team to confirm the existing condition and structural integrity of the spandrel wall to be
stabilised.
To ensure safety in construction and following the relevant procedures the implementation
team should at and early stage identify adequate possessions of the highway or railway infrastructure required to allow the permit the construction of the works.
Prior to excavation for the in situ concrete the length of the trench to be excavated at any one
time should be agreed with the design team and asset steward to ensure structural stability
of the wall and the adjacent infrastructure during construction. This is particularly important
when working adjacent to railways where permanent way constructed from stressed continuous welded rail is required to be afforded adequate lateral support even when the line is under possession during the construction period.
The design and method of support for the trench will be determined by the type of material
and the depth to which this material is to be retained. The system should be designed to take
due account of surcharge loading imposed by adjacent infrastructure. CIRIA RO97 Trenching
practice (Irvine and Smith, 1983) provides invaluable guidance on the assessment, design,
selection and installation methods of temporary support system.
Particular care should be taken to ensure that any temporary point loads are not transferred
to the spandrel wall being stabilised once the required trench support system is installed excavation can progress following the agreed method. Spoil is likely to be contaminated and
will require disposal at a local licensed waste establishment. The reinforcement should be
placed ensuring that adequate cover will be afforded by the concrete pour
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Concrete pours should be strictly controlled to ensure that hydrostatic pressure generated by
the wet concrete does not adversely affect the stability of the spandrel wall the concrete supplier should provide evidence that the mix meets with specification and this should be validated by independent site and laboratory testing regimes in accordance with the specification
the staging of the concrete pours should be determined by the designer and specified in the
construction method statement the designer should take account of the staged nature of the
proposed construction in the design of the reinforcement to ensure that structural continuity
of the structure is maintained where only limited construction periods are available the use of
rapid hardening constituents such as micro silica cement should be considered. This will allow productivity to be optimised while having the benefit of concrete achieving a high early
strength when the adjacent infrastructure is brought into use.
Waterproofing is installed in the form of a flexible approved membrane to the inside face of
the cast in situ concrete. The membrane should extend to and up the internal face of the
spandrel wall. Once the membrane is installed backfilling can commence and trench supports withdrawn.
Structural ties can then be installed to a pre-determined grid by competent diamond drilling
teams. The holes shall be drilled at an angle of approximately 30° through the spandrel wall
into the reinforced concrete and can take the form of galvanised or stainless steel resin anchors as appropriate. Pattress plates can be fitted to the outer face of the spandrel in order to
distribute the tie force over an area of brickwork
Monitoring measures such as tell tales and targets should be installed to the outer face of the
spandrel to allow the effectiveness of the repair to be monitored following the completion of
the works.
Prior to demobilising the works the area where the works have been constructed should be
reinstated. Where the works have been adjacent to the permanent way then consideration
should be given to reinstating and maintaining the track alignment prior to hand over to the
permanent way maintainer. This work is likely to involve monitoring and hand packing the
track for approximately two weeks following completion.

2.4.13 Thickening surfacing
Technique

Category

Structural defect
and location

Engineering aspects

Advantages/
disadvantages

Thickening
surfacing

Strengthening

Inadequate overall
live load carrying
capacity of arch
barrel.

• determination of new carrying
capacity should take into account the
effects of the increased surfacing
depth, particularly in terms of the
load dispersal and lateral support to
the structure
• loading on the spandrel walls will
also change.

Advantages
• possible enhanced live
load capacity
• relative cost.
Disadvantages
• traffic disruption during
Construction
• structure life
expectancy unaffected
by works
• further maintenance
works may be required.

Description
Surface thickening over an arch structure comprises the installation of a replacement surfacing material of thicker depth or of additional surfacing on top of the existing.
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Purpose
The surfacing over an arch structure helps with distribution of live loads throughout the arch.
Thin layers of surfacing do little to distribute the load and result in high concentration of loads
on the arch. Provision of an additional thickness of surfacing distributes the live loads more
evenly through the arch and can result in a higher live load capacity for the structure.
Design criteria
•

site investigation to be carried out in order to confirm fill properties

•

site investigation to be carried out in order to identify all buried services over the
structure

•

leave existing surfacing in place if possible

•

if existing surfacing is unsuitable then specify replacement with competent
surfacing material

•

consider application of waterproof membrane while existing surfacing is removed to
prevent deterioration of the arch due to water

•

proposed surfacing to meet requirements of bridge users.

Implementation
All buried services are to be identified, taking care to avoid damage to cables during excavation of surfacing and excavating by hand if necessary.
All excavation of surfacing is to be carried out in accordance with designer's requirements in
order to avoid overloading of the structure due to plant loading and/or due to imbalanced fill
removal.
Works can be carried out utilising, as a minimum, half closures of the bridge with work being
undertaken to one half of the bridge before switching over to the opposite side.

2.4.14 Through-ring stitching
Technique

Category

Structural defect
and location

Engineering aspects

Advantages/
disadvantages

Through ring
stitching

Remedial

Arch ring
separation at any
location over plan
area of arch
barrel.
Extensive cracking
of arch barrel.

• cross-stitching is not recommended
as it changes the behaviour of the
masonry to that of a brittle
"continuum"
• radial pinning is preferred as it allows
particulate behaviour while
Reinstating the longitudinal continuity
between the rings and has the
through-thickness performance of the
Ring
• the longitudinal shear capacity of the
inter-ring connection should be
Determined and used in the
determination of the bridge load
carrying capacity.

Advantages
• simple established
Methods
• structure life
expectancy extended.
Disadvantages
• labour intensive
• possible traffic
disruption during
Construction
• possible provision of
access.
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Description
Through ring stitching is a technique that involves the installation of stainless steel or galvanised dowels into bored holes drilled to predetermined angles and staggered grid on the intrados of the arch structure. It can be employed to arrest ring separation of between two and
six successive constituent arch rings. The system is used in conjunction with cementitious or
resin based grout that is injected at low pressure into the holes prior to installation of the
dowels and is allowed to penetrate the voids that exist between the arch rings. Figure 8 illustrates the principle of this technique.

Figure 8 Drilling guide-holes in arch intrados for installation of dowel

Purpose
The purpose of through ring stitching systems is to remediate existing and prevent further
separation of brickwork or masonry arch rings thus restoring the structural integrity of the
arch barrel by re-establishing the mechanical connection between the constituent rings. This
method also ensures the effective restoration of shear transfer across surface evident shear
and rotational longitudinal cracks that may exist in conjunction with ring separation.
Design criteria
Key considerations and actions at the design phase include:
•

through tactile examination with an inspection hammer identify the extent of ring
separation, (signified by hollow brickwork) to enable the extent of the repair to be designed and quantified

•

during the inspection identify any cracking as well as areas of loose or spalled
brickwork on the intrados

•

where ring separation occurs close to the face of the arch barrel it may be possible to
observe the degree of separation by visually examining the bed joints at this point

•

using the results of the tactile survey, carry out intrusive investigations by taking core
samples through the arch rings. Careful examination of the cores will allow the designer to identify between which rings separation is occurring. This is particularly important as the system relies on the steel dowels intersecting at the separation point

•

using the separation point identified by the intrusive survey the information can be
utilised by the designer to determine the pitch of the pinning and stitching grid along
with the diameter, length and angle of penetration of the steel dowels
required to achieve intersection and adequate anchorage

•

in designing the grid the designer should ensure that the likelihood of inducing
further cracking through installation is eliminated
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•

specify patch repairs to any loose or spalled brickwork in the vicinity of the
proposed area to be stitched in advance of the grouting and stitching operations

•

design life to be approximately 25 years

•

exposure conditions and geometric constraints to be assessed to allow the grout mix
and dowel including cover to be specified

•

consideration should be given to the use of resin and epoxy based grouts where the
structure is to support live loading soon after injection

•

analysis to take account of the different failure modes to establish critical mode.

Implementation
The key components for the successful implementation of this method of repair are as follows.
The working area for the works should be clearly defined and the normal undertaking of users should be protected from the works. When working on a structure spanning the operational highway it may be feasible to undertake the works under a half road closure traffic
management system thus avoiding the need for disruptive diversions
Tactile and intrusive survey works will be carried out at an early stage. This information will
be utilised by the design team with the information necessary to confirm the design and location of the remedial patch repairs and the through ring stitching respectively.
•

to ensure safety in construction and following the relevant procedures the
implementation team should at and early stage, identify adequate possessions of the
highway or railway infrastructure required to allow the permit the construction of the
works

•

this method of repair can be carried out in either a piecemeal or wholesale fashion,
hence a progressive work plan can be developed and timed to utilise periods that
cause minimum disruption to the users of the structure

•

when planning the works the Contractor should carefully assess the temporary
means of access to provide a working platform to the intrados for operatives and
hand held plant within the geometric and time constraints

•

for example when working on a structure that affords significant clearance (eg
viaducts) to the operational infrastructure it may be feasible and cost effective to consider the installation of a crash deck/working platform constructed from
medium duty scaffolding under the intrados for the duration of the works

•

for structures where adequate clearance between the working platform and the
infrastructure cannot be achieved the access solution should be quick to install and
dismantle. In this scenario a range of access solutions are available including lorry
mounted/rough terrain hydraulic access platforms and mobile lightweight aluminium
tower scaffolding

•

compressors and gout pumps can normally be site conveniently on or adjacent to the
bridge structure.

Prior to commencing the through ring stitching works the contractor should carry out any
specified ancillary patch repairs to the intrados to ensure that the grouting and stitching process itself does not adversely affect the stability of the existing brickwork. Such patch repairs
may comprise localised re-casing, re-pointing and removal of face deposits and loose material.
The designed stitching grid should be set out and clearly marked on the intrados of the arch.
When setting the grid out the contractor should ensure that the holes are centred on whole
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bricks thus avoiding the drilling of holes through mortar joints which would decrease the effectiveness of the system.
Prior to drilling any holes which are not perpendicular to the intrados it is advisable to construct a triangular plywood drilling template to assist the drilling operative in maintaining a
consistent angle when drilling the dowel holes. The template should be constructed to reflect
the angle of the stitching bars as specified by the designer. The drilling angle normally varies
between 30° and 45° depending upon the number of rings to be stitched and the location of
the separation within the arch barrel.
The holes are formed using a conventional masonry bit that will produce an irregular finish to
the circumference, hence when grouted additional adhesion along the length of the anchor
will be generated. The operative should ensure that the depth of each hole is achieved by the
use of appropriate drill markers or depth gauges. Once the grid has been drilled the holes
may be grouted using a cementitious or resin based grout as appropriate. The grout should
be injected at a low but variable pressure (limited to approximately 3.0 bar or less) to ensure
that it will penetrate the voids and permeates the brickwork but avoids excessive leakage
and potential blow-out of individual bricks or delamination between brick rings.
•

proprietary lockable grouting nipples or timber bungs should be used to prevent
loss of grout from each hole as work progresses

•

the grouting sequence should commence from the lowest hole on the intrados
where grout should be pumped until it issues from the hole above. At this point
the hole being grouted is locked off and the procedure repeated at the hole above

•

while the grout is still "green" the holes should be re-drilled and the anchors
installed to the correct depth. The hole should then be re-grouted and the secured
with a temporary timber bung to prevent grout loss

•

following the set period the bung should be removed and the resultant hole
pointed up using a mortar to match that of the existing brickwork

Following completion of the works the agreed monitoring measures should be installed.
The principles of the above stitching method can be utilised to repair rotational and shear
cracks occurring in the longitudinal or transverse direction. In addition to pointing the dowel
holes the contractor should ensure that the crack itself is raked out and re-pointed following
grouting to ensure that it is sealed and compatible in appearance to the surrounding brickwork.

2.4.15 Underpinning
Technique

Category

Structural defect
and location

Engineering aspects

Advantages/
disadvantages

Underpinning

Remedial

Inadequate bearing
capacity of
substructure
formation.

• the cause of the foundation
movement must be established
and the effectiveness of
underpinning justified
• the effect of a stiffer foundation
should be considered in respect of
the rest of the structure, (especially
if the underpinning is restricted to
part of the structure).

Advantages
• allows existing structure
to remain in service
• commonly used
technique.
Disadvantages
• phasing of works
• relative cost
• service avoidance/
division
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Description
Underpinning involves the construction of new substructure supports under existing brickwork or masonry abutment and wing wall foundations whose ability to transfer the dead and
imposed loads from the structure to the formation has deteriorated or failed. Reasons for this
failure may be attributed to structural defects, changes in loading regime, subsidence and
time related deterioration of the available bearing capacity afforded by the formation or a
combination of any of these.
The method could also be employed if there is a future risk of settlement from proposals to
increase imposed loadings (eg increase in axle loads) or to reduce passive pressures by
excavation (eg provision of enhanced headroom under structure)
Many brickwork and masonry substructures bear directly on the formation material by way of
corbelled brickwork or masonry spread footings as well as mass concrete foundations.
The most common form of underpinning techniques employed to remedy failing or failed
substructures include mass concrete strip foundations and piles. These are briefly described
as follows.
Continuous strip foundations
This method involves the excavation of rectangular working pits at predetermined intervals
that will not compromise stability of the structure being underpinned. The pits are filled with
mass concrete to the underside of the existing foundation. This process is repeated at designed intervals until the desired extent of underpinning is achieved.
This method is considered suitable where:
•

the depth to competent formation is relatively shallow

•

material can be feasibly excavated and can be adequately supported via temporary
works

•

the water table is below the level of the proposed excavation

•

the structure is able to tolerate temporary undermining to form strip foundation.

Piling methods
Various piling techniques can be employed with cased or uncased (depending on ground
conditions) bored piles being the most common. Displacement piles are not normally favoured due to the potential for vibration and displacement of the ground to adversely affect
the structure being stabilised. Bored piles are also favoured from the standpoint of accessibility as the installation rigs are capable of operating in locations where low headroom exists
(eg when underpinning abutments)
In many cases it is possible to only access the foundations of the abutments and wing walls
from the exposed face of these elements.
Two main structural principles can be applied for piled underpinning solutions to successfully
address this situation as follows.
The first of these principles involves the installation of piles adjacent to the foundation in plan
on the inside face of the wing wall or abutment. The piles are capped with a reinforced concrete pile cap that extends under the existing foundation. This method involves excavation to
the underside of the pile cap to allow installation and should follow the same principles of "hit
and miss" construction as described for continuous strip footings. This will ensure structural
stability is maintained throughout construction.
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Where the existing foundations are of significant width it may be more practical to install minior micro piles known as root piles that can be drilled using low percussive equipment at a
steep raking angle through the structure and foundations into the formation. Once formed
galvanised or stainless steel bars are threaded into the holes and grouted with concrete.
These piles are particularly useful where limited space is available for installation and where
ground conditions prohibit hand excavation. They are also particularly appropriate if the area
adjacent to the base of the wing walls or abutments are congested with services and utilities.
Other forms of underpinning techniques include, ground improvement by chemical injection
and ground freezing.

Figure 9 Underpinning works in progress

Purpose
The purpose of underpinning is to arrest and/or prevent settlement of substructures by transferring the dead and imposed loads to a competent bearing material.
Design criteria
Key considerations and actions at the design phase include;
•

the superstructure/foundation interaction and load path should be investigated and a
parametric study undertaken to determine the critical conditions

•

initial dimensional survey to establish location, extent and magnitude of structural deterioration/failure. Particular attention to be given to visual signs of distress in body of
brickwork such as bulging, vertical stepped cracks and fractures

•

desktop study of structural records to determine the existing form of substructure
construction and available geological/geotechnical information, both to aid the planning and specification of the site investigatory works

•

identification of services and utilities likely to impact on the planning of the
ground investigations and/or the development of a permanent underpinning
solution

•

trial pitting to confirm the dimensions, construction and condition of the existing
substructures

•

boreholes to establish formation material type, depth to interfaces between varying
materials and to provide samples for laboratory testing

•

confirmation of precise location of buried services

•

confirmation of type, magnitude and rate of structural failure by precise levelling
and/or tell tales
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•

range of laboratory testing with required outputs for design including strength, angles
of internal friction and settlement/consolidation (eg tri-axial or shear box, Oedometer
testing etc as appropriate for material type)

•

groundwater monitoring in the form of piezometers should be considered to establish
the position of the natural water table to allow hydrostatic pressure to be considered
in the design calculations as well as the planning of construction and associated temporary works.

•

chemical analysis of soil and ground water samples to allow where necessary

•

sulfate/acid resisting mix as required.

Once acquired the above data should be presented in a Geotechnical interpretive report.
This coupled with the desktop information will provide the basis for assessing the cause of
existing settlement problems and/or the potential for settlement in the future.
Prior to commencing the design the designer should satisfy himself of the mode of failure of
the formation material that is causing settlement and/or instability.
There are two forms of under-pinning technique that are commonly utilised for masonry and
brickwork bridge structures. These take the form of bored piles or traditional foundations.
At an early stage following review of the geotechnical interpretive and survey reports the following criteria should be considered in selecting the underpinning method to be employed
•

depth at which the required bearing capacity is encountered (formation level)

•

nature of material to be excavated

•

total length of structure to be underpinned

•

available programme for completion of the works

•

physical site constraints (eg limited plan area, headroom etc).

There is no definitive rule that states the depth at which traditional strip footings and piles
should or should not be employed, as each site should be judged upon its own merits. However in addition to above the following factors will assist in reaching the most appropriate
solution
•

where consolidation settlement is occurring in a clay band strip footings alone
would be ineffective as the loads will merely be transferred to a lower level
permitting the cycle of settlement to recommence

•

underpinning measures should ideally be taken down to a relatively incompressible
strata

•

establish the true cause of settlement (eg clay shrinkage, de-vegetation, subsidence,
overloading etc).

It should be noted that where the failure is deep seated due to mining subsidence or the like
then traditional methods of underpinning would be rendered as ineffective.
Fundamental criteria to be input into the design stage includes
•

exposure conditions and cover to reinforcement, (contingency in cover to non
cased reinforced piles in granular or loose strata)

•

dead and imposed loading from structure

•

chemical composition of formation stratum and ground water to allow specification of
durable chemically compatible mix

•

design life 50 years or over
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•

connectivity between eccentric pile caps or strip foundations and foundation
structure

•

where continuous strip foundations are to be employed to ensure structural
stability, the designer should specify the maximum length of foundation that can
be underpinned at any one time. The designer should indicate the resulting hit and
miss sequence for the construction

•

for continuous strip foundations the designer should develop a reinforcement
schedule that will achieve structural continuity in conjunction with the intended
sequence for the construction

•

for continuous strip foundations the designer should give consideration to the
specification of mixes that are capable of achieving high early strength, thus
allowing installation periods to be reduced

•

for piled solutions the designer should specify the length and diameter of the pile that
will be governed by the structure loadings, allowable bearing pressure of the formation, end surface area and shaft surface area

•

the designer should provide details for the repair of any cracked brickwork or
masonry consequential of historic settlement.

Implementation
The generic key components for the successful implementation of this method of repair are
as follows:
•

the working area for the works should be clearly defined and the normal
undertaking of users and public should be protected from the works. When
working on a structure spanning the operational highway it may be feasible to
undertake the works under a half road closure traffic management system thus
avoiding the need for disruptive diversion

•

ground investigation and survey works to be carried out at an early stage to
provide base information for design

•

confirmation of position and marking of services to ensure that design and
construction phases take due account of their presence

•

to ensure safety in construction and following the relevant procedures the
implementation team should at and early stage identify adequate possessions of the
highway or railway infrastructure required to permit the construction of the works.

The key aspects to be observed for the implementation of the continuous strip foundation
underpinning technique are as follows:
•

development of approved design for the temporary support of the working pits
(for guidance refer to CIRIA RO97 Trenching Practice (Irvine and Smith, 1983)

•

planning of "hit and miss" sequence for excavation and installation of concrete

•

careful Excavation of working pits and portion of failed formation underneath
existing foundations to proposed new formation level using compressed air hand
tools

•

shuttering to be installed between working pit and proposed underpinning to
contain pour

•

concrete mix to be checked for compliance with specification via laboratory and
field testing.
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•

concrete to be placed in excavated void underneath existing foundation as soon as
possible following excavation. Concrete to be placed by pump and hand tools and
compacted in the normal manner using appropriate vibrators and agitators

•

concrete to be poured to within 50 mm to 100 mm of underside of existing
foundations

•

at this stage it is important that the cast in situ concrete is left to set and shrink

•

once setting and shrinkage have taken place the void between the cast in situ
concrete and the existing foundation can be filled with a suitable non shrink grout.
Pressure grouting using a cementitious grout could also be employed to ensure that
all voids at the interface between old and new structures are removed

•

once complete the shutter can be removed and the working pit backfilled with
engineering fill using appropriate means of compaction

•

the process can then be repeated for the remaining length of structure to be
stabilised to completion in strict accordance with the specified intervals.

When implementing the piled underpinning solutions the major steps and points for consideration are as follows:
•

a competent specialist piling contractors should be appointed to at the earliest
opportunity during the design phase. By involving this expertise early the
designer will be able to specify the pile type with buildability input

•

through previous experience and expertise the piling contractor will be able to
review the site constraints and ground conditions to develop the most appropriate
cost effective means of installing the piles

•

physical site constraints may limit the available space for installation thus the pile
size, numbers and arrangement will need to be designed around an installation rig
that it is feasible to operate within such constraints

•

where early strength is required or where piling loose material it may be prudent to
consider utilising permanent casings that will provide enhanced structural performance and will ensure that pile does not suffer localised necking during
installation. If necking occurs then little or no cover is afforded to reinforcement
leading to potential corrosion and early failure of the pile

•

in water bearing sandy soils boring should proceed carefully to prevent draw down of
sand into the hole. Pumping of ground water from the hole is also not
recommended as this will lead to settlement caused by boiling at the base of the hole
which in turn will be generated by surrounding pore water pressure

•

when the cantilevered pile cap method is employed the piles are installed to the
designed arrangement in advance of excavating for the pile cap itself. Once
installed the piles are exposed and reduced to underside of pile cap level. It is
recommended that the pile is dowelled with stainless steel kicker bars to provide durability in the structural connection between the pile cap and piles. The
construction of the pile cap itself is consistent with the construction of the
continuous strip method of underpinning.

Following completion of the works the agreed monitoring measures should be installed and
reviewed at intervals and over a period agreed with the asset steward to ensure that the underpinning measures are effective.
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2.4.16 Waterproofing and drainage improvements
Technique

Category

Structural defect
and location

Engineering aspects

Advantages/
disadvantages

Waterproofing

Preventative /
remedial

Water seepage
resulting in masonry
degradation.

• sufficient falls must be provided by
the substrate to allow run-off
• selection of system to suit
Substrate.

Advantages
• removes many
problems associated
with water penetration
• reduced maintenance
costs.
Disadvantages
• disruption/closures
• need to provide positive
drainage at spring level
(if barrel waterproofed)
• suitable substrate for
backfill waterproofing
required.

Description
Waterproofing of masonry arch structures is one of the most important arch preventive repairs, as without a satisfactory waterproofing layer and efficient drainage an arch can deteriorate very rapidly. Two types of waterproofing systems commonly used are bonded or loose
laid systems. It is normally preferable to use a bonded system as any subsequent damage or
puncturing of the membrane will not result in total failure of the system but will be contained
locally and be more easily repaired.
However, bonded systems are not normally suitable for arch structures unless a concrete
saddle or concrete screed is provided. It is more common to provide a loose laid system for
arch structures, particularly within the railway environment as the time available to undertake
such works is normally short.
Purpose
The purpose of waterproofing of arch structures and providing an effective drainage system
is to prolong the structures life through prevention of water ingress into the structural elements. Water ingress invariably results in the break down of the structural building elements
and together with chemical activity, perishes the bonding mortar. This occurs typically when
waterproofing to an arch fails and water runs through the arch lining resulting in mortar
washout.
Brickwork/masonry when saturated and subjected to freeze-thaw cycles will deteriorate in the
form of spalling and combined with mortar loss may result in loss of structural performance of
bridge elements.
Design criteria
Bonded systems:
•

bonded waterproofing systems are normally used on concrete or steel surfaces
are not usually applied to masonry arch structures, as the backfill materials would not
normally be suitable for bonded systems. A concrete saddle, slab or screed would be
necessary before consideration could be given to the application of this system to
masonry arch structures

•

bonded systems should be applied in accordance with manufacturers instructions and
can be liquid applied or as a preformed sheet membrane bonded to the substrate

•

sufficient falls in the substrate should be provided to allow water to freely drain off the
structure and into a deck end drainage system.
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Loose-laid systems:
•

fill materials should be covered with a layer of geotextile material as protection
prior to laying of the waterproofing membrane

•

any large debris or sharp objects that are likely to be present a risk of damage to the
membrane should be removed. The substrate may be made smooth by blinding with
a layer of sand to give sufficient cover

•

the waterproofing membrane is loose laid onto the substrate and terminated in
accordance with manufacturers standard details. The membrane should be laid
with no voids beneath and minimising the number of membrane welds required

•

the waterproofing membrane is normally extended beyond the length of the
bridge where it will terminate into a suitable drainage system. For multi-arch
bridges or viaducts drainage provisions may be provided at each pier location

•

the upper surface of the waterproofing membrane should be protected using an
additional protective layer of geotextile material

•

sufficient falls in the substrate should be provided to allow water to freely drain off the
structure & into a deck end drainage system.

Implementation
When undertaking waterproofing works on arch structures it may not be possible or preferable to fully close an operational highway or railway line. In this case it may be feasible to
undertake the works under a half road closure for highway bridges and similarly waterproofing railway structures over a number of consecutive track closures. The number of road, railway or canal closures that are required needs to be established by the project team at an
early stage.
Other aspects that need to be considered at planning stage include possible environmental
effects of works, planning consent issues, management of waste materials, services that
may be affected and logistics of undertaking the works.
For bonded waterproofing systems it is important that the preparation of concrete surface is
in compliance with the manufacturers requirements. Normally a U4 finish is required and the
surface should be free of any dirt or other contaminants. An adhesion test is undertaken to
confirm that minimum tensile adhesion strength is achieved for concrete surfaces.
Prior to application of the waterproofing membrane a primer is applied by airless spray, brush
or roller at a coverage rate in accordance with manufacturers requirements. Once the primer
has cured the waterproofing membrane can then be applied. No further preparation is normally required other than removing any dirt or contaminants from the primer.
A tack coat is usually provided to the cured waterproofing membrane on bridges carrying
highways where an additional protection layer of sand asphalt or hot rolled asphalt is provided. For railway bridges geotextile sheets are provided to protect the waterproofing membrane from possible damage caused by ballast tamping.
Integrity tests of the applied membrane can be undertaken through use of non-destructive
electronic test method for identifying any defects such as pin-hole within the membrane. This
test should be undertaken prior to the application of any tack coat.
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Figure 10 Brush application of bitumen to upper surface of concrete arch saddle

Loose laid waterproofing systems are mainly used on masonry arch structures and in particular over structures carrying railway lines. The primary reasons for using such systems include
their suitability for usage under a wide range of weather conditions and quickness of application when working under tight bridge closure constraints.
Under full or partial closure of the bridge the deck and backfill materials are removed to the
appropriate level with care being taken to remove any large debris or sharp objects that are
likely to present a risk of damage to the waterproofing membrane. Alternatively the substrate
may be made smooth by blinding with a layer of sand, which should be laid at a suitable
depth to provide sufficient cover to the debris. The fill material should be profiled to a suitable
gradient with drainage provision at deck ends and possibly additional drainage provision at
pier locations for viaducts. Care should be taken to ensure that the depth of the fill materials
is at a level which will provide adequate cover to the waterproofing membrane, when applied.
Prior to application of the waterproofing membrane it is sometimes good practice to provide a
layer of geotextile protection over the fill material, where there is large debris or sharp objects
present. The waterproofing membrane can be usually laid in all weather conditions and can
be off site or site welded using hot rollers. It is terminated in accordance with manufacturers
standard details to bridge parapets and to drainage pipes at deck ends. The position of the
deck end drainage pipe is important, particularly its depth in relation to the adjacent arch
springing level. Careful consideration needs to be given to this at design stage as it is important to terminate the waterproofing membrane as low a level as practical, otherwise there is
risk that water may seep to the lower arch area.
Once the waterproofing membrane has been laid it is important to protect the membrane
from damage by covering the membrane with a protective geotextile layer. For railway
bridges where it is not possible to provide a minimum ballast depth of 300 mm an additional
layer of geotextile can be provided. Care should also be taken when replacing either fill material or ballast using mechanical plant. The fill/ballast should be laid progressively over the
protected membrane such that any plant drives over the fill/ballast and not the waterproofing
membrane.
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Figure 11 Loose laid system and protective geotextile membranes being provided for masonry arch
structure

2.5 Minimising risk in contracting and execution of works
Unforeseen circumstances, such as encountering unanticipated conditions or restrictions, or
the discovery of hidden internal details of the bridge structure, can cause considerable increase in disruption and cost when carrying out bridge works, resulting in significant variation
to contracts. Although thorough research and a carefully designed and executed site investigation can help to minimise such risks, the full extent of repairs cannot always be determined
in advance. Where uncertainty remains it is important to reduce the potential consequences
of unforeseen problems by ensuring that all parties involved adopt a flexible approach and
that good channels of communication are established at an early stage in the project. It is
worthwhile giving consideration to possible alternative construction details, work scopes or
methods based on the most likely scenarios and ensuring that contracts allow for such variations wherever it is practical.
Generic risks that should be assessed as a part of contracts for bridge works include:
•

design risks

•

construction risks

•

health and safety and environmental risks

•

programme risks

•

economic risks

•

incidental and indirect risks

As an alternative to the normal tendering procedure, some asset owners and managers have
adopted partnering agreements or contracts for carrying out bridgeworks. This avoids repeatedly going through the tendering process each time work needs to be done, removes
some degree of risk from the contractor, and typically results in reduced fees for consultancy,
appraisals and site supervision. This approach is becoming increasingly popular with larger
asset owners with many structures and much work to be done, where the potential benefits
are greatest. In any case, contracting arrangements which clearly assign responsibilities to
each party and encourage cooperative working are frequently beneficial.
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3 Case studies
This chapter includes a number of case studies involving works on masonry arch bridges to
illustrate some of the issues associated with the practical implementation of the management
and maintenance works.
Table 4 lists each project and provides a brief summary of the main problems and solutions
dealt with in each case study.
Table 4 Listing of case studies
Reference
3.1

Section 3.2

3.3

3.4

3.5

3.6

Section 3.7

3.8

Bridge/project
Saddling and
repair of Elsage
Farm Bridge.
Railway crosscountry route
bridge strengthening works.
Rockshaw Road
Overbridge.

Problems
Cracking and deterioration of
masonry arch and abutments,
severe leakage through deck.
Increased dynamic loading
from trains required strengthening of spandrel walls.

Solutions
Addition of reinforced concrete
saddle, brickwork repairs and
deck waterproofing.
Addition of spandrel tie-bars and
patress plates.

Settlement of an abutment
caused overstress of a pier
and damage to brickwork, urgently requiring a reduction in
dead load on the pier.

Repairs to damaged masonry,
grout injection of the damaged pier
and infill of relieving arch with
concrete to re-distribute the load
and reduce the stress in the
damaged leg of the pier.
Statutory bodies and nature
groups consulted, works were
timed to minimise ecological
impact and provisions made to
protect local fauna.
Grouting and anchoring works,
replacement of fill with concrete
saddle, consultation with statutory bodies and nature groups
and adoption of conservationfocused approach to works.
Stitching and grouting, patch
repair to masonry, improvement
of drainage, careful design and
planning of construction phase.

Ecological issues
in carrying out
works on a bridge
in Wales.

A number of protected species, including bats, birds and
otters, were potentially affected by maintenance and
repair works to the bridge.
Sympathetic reMovement and leakage, expair of Brynich
cessive pressure on spandrel
Aqueduct.
walls, access difficulties,
working on a scheduled
monument with protected
species (bats).
Refurbishment of Cracking to arch barrel and
Berwyn Viaduct.
spandrels, brickwork damaged by root growth, constraints on access and timing
in construction phase.
Strengthening
Assessment indicated inadeand refurbishment quate structural capacity;
of Hungerford
strengthening required; Grade
Canal Bridge.
II listed bridge with integral
services; working over a
navigable waterway.
Assessment of
Llanharan Bridge
using discrete
element analysis.

MEXE assessment indicated
inadequate bridge capacity
but was unable to take into
account the benefit of additional piers previously added
in response to structural distress of arch barrel.

Options assessed on basis of
cost, safety and disruption; system of circumferential retroreinforcement of arch ring implemented from floating platform;
bridge appearance preserved
and disruption minimised.
Discrete element analysis undertaken to improve understanding
of original deterioration and additional capacity provided by new
piers, resulting in increase in
assessed bridge capacity.
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Assessment demonstrated
inadequate capacity;
strengthening required; Grade
II listed bridge.

Installation of proprietary retrofitted reinforcement system assisted by 3D solid modelling
techniques.

Stone bridge suffering from
neglect and flood damage;
silting of arches and inadequate flow capacity; partial
rebuilding required; listed as
ancient monument.
Two deteriorated and unstable brick and stone masonry
bridges; heritage value; presence of protected species

Sympathetic rebuilding of damaged parapets and spandrel
walls; works to maximise the flow
capacity; masonry repairs and
re-pointing; archaeological assessment.
Sympathetic reconstruction; retention of heritage value (features and materials); species
habitat maintained; safety features improved.

3.11

Reconstruction of
brick arch bridges
on the Chesterfield
Canal.

3.12

Egglestone Abbey Displacement of spandrel
Bridge strengthwalls; voids in masonry;
ening and repairs. weight restriction; Grade II
listed bridge; presence of bat
roosts.

Temporary structural repairs;
masonry repairs and void grouting; installation of proprietary
anchoring system; provision of
alternative roosts for bats.

3.1 Saddling and repair of Elsage Farm Bridge
3.1.1 General
Client:

Network Rail Ltd

Principal contractor:

Birse Rail Ltd

Designer:

Owen Williams Railways

Railway Unerbridge 121, known as Elsage Farm Bridge, is a single span brickwork arch
structure carrying four tracks of the London Euston to Rugby Junction line over a private farm
access road (Figure 12). The presence of a number of transverse fractures, visible movement under traffic and extensive seepage indicated that the condition of the bridge was deteriorating rapidly.

Figure 12 General view on east elevation

Sustainable Bridges

TIP3-CT-2003-001653

2006-10-20
Rev. 2007-10-26

66 (101)

3.1.2 Defects
The arch barrel exhibited significant transverse joint fractures around 2 m above springings,
with extensive water seepage and staining to 80 per cent of the soffit area (Figure 13). Slight
movement was observed at these fractures under live load. Hollow areas were identified in
the crown. Weep holes had previously been cored into the intrados to assist drainage. The
abutments also contained hollow areas with multiple hairline fractures.

Figure 13 Water ingress through the arch barrel; previous lrge patch repair to arch intrados is visible
on the right

3.1.3 Options considered
•

do nothing

•

reinforced concrete saddle over arch, brickwork repairs and waterproofing of the
deck

•

brickwork repairs and waterproofing of the deck

•

brickwork repairs, installation of sprayed concrete lining and waterproofing of the
deck

•

deck reconstruction.

3.1.4 Preferred option
Doing nothing at this location was not an option as the condition of the bridge was deteriorating rapidly. Brickwork repairs would not give adequate strength to the bridge deck as the
fractures were so severe. A sprayed concrete lining would reduce headroom and exacerbate
disruption to the access road. Reconstruction was beyond the scope of what was required.
The option selected was the addition of a reinforced concrete saddle with brickwork repairs
and deck waterproofing.
Although strengthening was not required to increase the assessed capacity, the transverse
fractures implied that there might be a stiffness problem with the structure. The saddle is
expected to improve the arch barrel stiffness while providing a sound substrate for the waterproofing membrane. The additional work required to install the saddle was not unduly expensive compared with simply waterproofing the existing extrados since the main cost is removal
of the tracks, which would apply in either case. A design life of 75 years was specified for
concrete saddle (considered non-structural), assuming no damage and regular structure
maintenance.
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3.1.5 Proposed remedial solutions
•

stitch cracks and grout

•

pin hollow brickwork and grout

•

remove spalled/loose brickwork and recase

•

rake out loose mortar and repoint

•

reinforced concrete saddle over arch

•

application of membrane waterproofing to saddle

•

rebuild fractured revetment.

3.1.6 Implementation
Possessions
The concrete saddle work was carried out over a number of possessions. The civils work
scope within these possessions included:
•

possession one (10 hrs): Support S&T cables

•

possession two (10 hrs): Install access ramp

•

possession three (96 hrs): Excavate existing fill, erect shuttering, pour concrete
saddle, lay waterproofing and drainage, backfill, reinstate S&T cables

•

possession four (10hrs): Remove access ramp.

Plant
The large plant used during the main implementation works included:
•

14t tracked excavators fitted with height restrictors + spare

•

5t rubber-tracked excavator

•

120 rollers + spare

•

6t dumpers + spare

•

Wacker plates + spare

•

TE75 drills and bits + spares

•

Task lighting / generators + spares

•

Certified 6t lifting chains + spare

•

31 m concrete pump + spare static pump

•

Compressor unit + spare

•

Vibrating pokers + spare

•

9m tower lights + spare.

Spares were included for contingency against plant breakdown.
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Access/constraints
Possession access was gained via a section of a nearby field set aside for allotments. However, this only allowed for access from the south side of the bridge, which meant that plant
and materials had to be brought across the bridge and stationed on the north side prior to the
excavation work commencing. This also restricted plant movement to and from the bridge as
there was insufficient room for a passing point to be built into the access ramp.
The project possession works would have been easier to implement if access could have
been gained to the north side of the structure.
Access to the bridge arch, spandrels and wingwalls was from the private access road
which ran beneath the structure. A thoroughfare had to be maintained for residents at all
times; proprietary scaffold towers were used for high level access as these could be quickly
moved out of the way or demobilised if necessary.
Temporary closure of the access road would have been beneficial to the works, but it was
not an option in this case.
Interfaces
Interfaces had to be managed with the Parish Council for compound access through the village hall car park, taking into account functions booked at the village hall. Works were undertaken on the car park to reinstate any damage, and Network Rail agreed to pay for the full
surfacing of the car park after completion.
Heras fencing panels were erected around the compound and access road to protect the
public and allotment owners, and to prevent unauthorised access.
Interfaces with other contractors had to be managed to ensure there was minimal disruption
of planned work scope or access during implementation.
Sensitive issues between Network Rail and the private access road and local landowner had
to be managed on site to ensure the relationship did not deteriorate during the works.
Services
Only the trackside signalling and telecoms (S&T) services were affected by the works, and
these were temporarily supported in situ. The access ramp crossing to the west included
protection to the services to prevent damage.

3.1.7 Engineering
The standard brickwork methodologies were followed. However, additional grout holes had to
be drilled into the abutments to allow full grouting as hollow-sounding areas remained after
the main pinning and grouting work was completed. This would suggest that the grid pattern
used for the original grouting did not allow grout to be pumped into all voided or fractured
areas within the substructure.
The excavation, concrete pour and backfill operations were strictly controlled to minimise
imbalance of loading on the arch barrel. A maximum level difference of 0.5 m was allowed for
fill or concrete either side of the brick arch, and an exclusion zone was organised to ensure
surcharge pressure from heavy plant was retained by the abutments. This reduced the potential for arch instability during construction works.
One of the main problems identified during the works was the presence of disused spandrel
walls encountered within the excavations. As the concrete shutters to be used for the works
were proprietary panel forms, the disused spandrels had to be broken out to allow the shutters to be placed at the correct level. This used up additional time during the 96-hour possession, which had not been allocated to the shuttering activity.
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Figure 14 Arch extrados prepared for reinforcement and shuttering

Three particular parameters were determined as requirements for concrete strength gain
during the 96 hour possession; these were to progressively strip formwork, to pass heavy
plant over the structure and to pass trains over the structure. The required concrete strengthgain was plotted against time to decide what mix design would best fit the project needs.
From this, concrete suppliers were requested to forward historical cube strength data to
show consistency with the requirements. Cube tests were also taken during the concrete
pour to confirm the actual strength gain was in line with the requirements.
Loose-laid membrane waterproofing was the preferred option to use in this case as it is relatively quick to install and can be used in a wide range of weather conditions. Sprayed acrylic
waterproofing would have taken a much longer time to place and would have introduced
more onerous requirements on the concrete finish. Further, a curing period would have been
necessary prior to the application of the acrylic system. Finally a membrane system would
have had to be employed in conjunction with the sprayed acrylic to ensure adequate waterproofing against the brickwork spandrels. This would have introduced a discontinuity into the
system, which could have proved detrimental over time. Bonded membrane waterproofing
system would again have taken longer to place and was discounted.

3.2 Cross-country Route Bridge strengthening works
3.2.1 General
Client:

Network Rail Ltd

Principal contractor:

Birse Rail Ltd

Designer:

Mott Macdonald Ltd

A qualitative risk assessment undertaken on the effects of trains travelling at higher speeds
on a railway cross-country route indicated that lateral load effects on the spandrel walls
would increase. To mitigate the potential risk of spandrel failure, spandrel ties were proposed
to be installed on nine bridge structures.
Minimal brickwork and structural defects were identified on the structures, the main issue
being the increase in lateral load.
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3.2.2 Options considered and preferred option
Installing spandrel tie-bars and pattress plates was the only option considered as a preventative measure. This was so that disruption of traffic could be kept to a minimum ruling out
"Stratford method" (see Appendix 6, Section 6.12) or saddle strengthening.
Proposed remedial works
• minor repointing
•

replace missing brickwork

•

drill and install spandrel tie-bars and pattress plates

•

design life of 50 years assuming no damage and regular structure maintenance.

3.2.3 Implementation
Possessions
The first tie-bar casing installation was carried out during a possession. The civils work scope
within the possessions included:
•

possession 1 (12 hrs): Excavate trial pits at services; install 1no tie-bar casing

•

follow-on possessions (12 hrs): Contingencies in case of installation failure during
normal running of trains

•

a follow-on possession was booked to allow at least one tie-bar to be installed each
weekend ie 6no ties in total would require 5no follow-on possessions.

Plant
The large plant used during the main implementation works included:
•

13t excavator fitted with a drilling arm

•

wall-mounted coring rig

•

access scaffolding.

An on-call fitter and spares were available for contingency against plant breakdown.
Access/constraints
Some of the structures were above road and footpaths and some were above waterways.
Access was available at ground level on the roads and footpaths.
Access scaffolding had to be put in place on the structures above waterways and an alternative method of drilling used as there was no way of stabling the machine-mounted drill rig
over the water. Standard coring equipment was fixed to the spandrel walls and the tie-bar
cores drilled as per the standard method.
Track access was gained via authorised access points adjacent to structures, but in some
instances access steps were cut into the embankments to prevent slips, trips and falls.
No track access was available during the normal running of trains for safety reasons. To
overcome this problem, temporary survey stations were established in a position of safety at
track level and remote targets fixed to each rail web above the proposed core position. This
allowed the track to be monitored for movement or settlement while drilling/coring during the
normal running of trains.
The drill rig used was fitted with a height restrictor during weekday drilling works to prevent
the arm moving over the rails and coming into contact with the normal running of trains.
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Figure 15 Machine-mounted drill rig in operation

Interfaces
Interfaces had to be managed with the Local Authorities for footpath and road closures.
Footpaths were either temporarily closed or pedestrians were diverted to prevent a conflict
between operating plant and the public. A temporary closure was put in place on the highway
to eliminate traffic management at the structure.
Heras fencing panels were erected around the compound and access road to protect the
public and to prevent unauthorised access.
Interfaces with other contractors had to be managed to ensure there was minimal disruption
of planned work scope or access during implementation.
The Environment Agency had to be contacted to give temporary works consent for scaffold
access above a river and netting protection to a stream affected by the works.
Services
All the bridges strengthened had signalling and telecoms (S&T) services adjacent to at least
one parapet. During booked possessions, trial pits had to be excavated and levels taken to
confirm the extent and depth of the services, minimising the potential for service damage
during drilling/coring works.

3.2.4 Implementation phase
The initial drill rig setup and subsequent monitoring regime is critical as there is a small risk
of the drill head deflecting if obstructions are encountered. A large scale set square and spirit
level was used to position the drill rig at the proposed core entry point and shoring props
were used at the front and back of the drilling arm for support (Figure 15). Track monitoring
was put in place (see access/constraints) and dimensions taken to monitor when critical
depths were achieved, ie between or beyond the tracks. The drilling equipment was continuously visually monitored during the works to note any changes in drilling progress or drill
head rotation rate, which would give an indication of change in material or change in drilling
direction.
At one structure, concrete and reinforced steel were encountered within the bridge fill. Steel
is impenetrable with the Symmetrix drill bit normally used (compressed air pulverises the
material immediately ahead), so another method had to be employed. In this instance, a
"down the hole" hammer drill bit was used for the concrete (hammer head pulverises the material immediately ahead) and a core rig fixed to the spandrel wall to core through the steel
(Figure 16). See 2.4.10 for standard methodologies.
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Figure 16 Wall mounted drill rig in operation

After further investigation, archive drawings were found which showed this structure had
been strengthened using a concrete saddle within the previous 10 years. Had the designer
used this information at project development stage the aformentioned problem could have
been prevented.
Additional work methodologies were employed when required. For the structure over a river,
standard coring equipment was fixed to the spandrel walls and the tie-bar cores drilled as per
the standard method.

3.3 Rockshaw Road Overbridge - pier repair of a three span masonry arch
3.3.1 General
Client:

Courtesy Crouch Waterfall & Partners, Bill Harvey Associates

Principal contractor:

CMS Pozzament and Network Rail

Designer:

Rockshaw Bridge at Merstham, carrying a road over Network Rail's London to Brighton line,
exhibited serious defects in the downside pier over the London end half.
Visible increase of the existing vertical fractures, localised crushing of brickwork and bulging
of the faces indicated a deteriorating situation.
Built in the 1870s the 36 m long bridge spanned a cutting and consisted of three equal semi
elliptical arches of rise 4.6 m and spans of 9.2 m. The central arch is supported on two piers
6.5 m to springing point from ground level in height and 1.3 x 5.4 m in plan area.
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Figure 17 Erection of access scaffold for close inspection

3.3.2 Temporary works and site investigation
The first consideration was safety. Freshly broken bricks on the bulging face of the relieving
arch on the downside pier and cracks that were wider at their centres indicated the damage
was live, progressive and probably in its final stages. Immediate action was required to arrest
further movement. A steel corset was constructed and clamped around the brick pier and the
road over closed by the local authority (Figure 18).
While the steel corset was under construction a remote monitoring system using vibrating
wire strain gauges was installed over existing main cracks. Movement readings were logged
hourly.
Following these temporary measures a detailed survey of the bridge was executed using
total station surveying instruments. At the same time a careful inspection of the structure
recording all defects was completed.
With the completion of the steel corset movement of the pier was reduced dramatically.
The results of the survey and inspection also provided evidence of the causes. The downside
London end abutment corner was 200 mm lower than the country end corner and both corners of the upside abutment, all of which were virtually at the same level. This drop is visible
in the string course between the spandrel and parapet wall (Figure 19).
•

the opening of the vertical cracks at their centres and the bulging faces of the pier indicate excessive compression

•

the longitudinal profile of the road over produces a sag curve immediately behind the
downside abutment

•

a drainage gully is located on the London side of the road behind the abutment and
discharge through the wing wall directly onto the cutting face

•

at times of heavy rain the gully proved inadequate and water ponded behind the
abutment

•

simultaneously water issued through the front face of the abutment

•

in wet weather a series of diagonal cracks are clearly visible across the face of the
downside spandrel and parapet wall on the London end face.

Intrusive boroscope investigation revealed the pier was constructed with a 9" (225 mm) outer
skin infilled with voided and unbonded brickwork.
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Figure 18 Crushing brickwork in pier below springing showing longitudinal cracks, with patch repairs
to spalled brickwork and steel corset added for temporary support

Figure 19 Dropped string course above pier suffering from settlement

3.3.3 Conclusions
It was concluded that settlement of the London end corner of the downside abutment had
occurred due to constant saturation of the soil beneath it. In turn this had thrown too great a
load onto the pier causing overstress of the brickwork removal of dead load on the pier was
immediately required.

3.3.4 Remedial action required
•

analysis of the bridge showed that removal of fill over the bridge, while relieving
stress, could cause instability in the pier if not strictly controlled

•

construction vehicles could not exceed 5 tonnes

•

the fill had to be removed in narrow strips over the entire length of the bridges

•

if approximately one metre depth of fill was removed the dead load would be
reduced by 100 tonnes

•

removal of the fill to 1m depth over the length of the bridge would provide
maximum relief and the thrust lines show that the pier remains stable.
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3.3.5 Structural integrity and performance
It was concluded that the piers were built as filled shells. Their structural performance depends on the degree of integrity of the shell. It is likely that the core also carries its share of
load but it is likely to be marginally less stiff and, because of the open perpend joints found,
more liable to creep fracture.
The piers will be subjected to some bending effects and in that condition will function as filled
tubes while the shells are complete. In the present condition, one face of one leg has buckled
outwards breaking away from the brick bond at the corners and from the core. Possibly as a
result of this but possibly a cause, some masonry is badly crushed.
In order to restore the integrity of the pier it was concluded that:
•

those shell bricks which are crushed beyond value are replaced

•

the integrity of the connections at the corner of the shell are restored

•

as much as possible create an interaction between shell and core

•

the base area of material carrying the load is increased by filling the void in the
pier

•

the badly constructed and shattered core is grouted to restore its integrity.

It was also concluded that the downside centre span arch rings are stitched and the cracks in
the intrados grouted.
The vertical alignment is improved to remove the sag curve at the downside abutment.
Several options for repair were explored and various materials considered for use. It was
imperative that any void filling material used should help create a dense homogenous support, but not exceed the compressive strength of the original Victorian lime mortar. A medium
strength proprietary lime-based grout specifically formulated for use with "heritage structures"
was chosen. To prevent seepage of the grout into the track bed a plug of a proprietary specialist anchor grout was to be pumped into the base of the pier.
To redistribute the load and reduce the stress in the damaged leg of the pier the relieving
arch was infilled. A concrete "mushroom" was cast in the upper half of the relieving arch and
jacked-up to 104 tons. The jacks were locked off and the lower half of the relieving arch infilled with concrete.
Finally foam concrete was pumped over the bridge to replace the previously removed fill.
This reduced the original dead load weight of the bridge by some 60 tons.

3.3.6 Construction sequence
•

repoint to seal all mortar joints in the pier

•

drill and grout up pier (11 tons of grout were injected into the pier)

•

drill transversely and longitudinally horizontally into the pier and install stainless
steel ties

•

cast in place upper half of concrete "mushroom"

•

jack load upwards into pier via the concrete mushroom, lock off jacks

•

infill lower half of relieving arch with concrete

•

remove steel corset

•

pump foam concrete as backfill to deck
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place road surfacing to new vertical alignment.

Monitoring continued for one year after the works were completed and no further movements
were recorded.

3.4 Ecological issues when working on a bridge in Wales
Supplied by Judi Shorrock, Ecologist, Morrison Construction

This case study concerns a three-span masonry arch bridge in west Wales. One of the
bridge abutments had been damaged by water scouring and it was also discovered during
inspection that not only did the abutment require underpinning but some joints needed pointing and much of the structure required pressure grouting. The bridge was not considered
unsafe in the short term so ecological surveys to be undertaken at the same time as further
structural investigations.
It was found that Daubenton's bats were using crevices in the arch of the central span. Sparrows were nesting in the weep holes of a connected revetment wall and there was anecdotal
evidence of sand martins having also used these structures. Otters were utilising the car park
access and crossing the road rather than swimming under the bridge during spate conditions.
Otters and bats are European protected species under the Conservation (Natural Habitats
&c.) Regulations 1994 and are also protected by the Wildlife and Countryside Act 1981 (as
substituted by the Countryside and Rights of Way Act 2000). Birds' nests, eggs and nestlings
are protected by the Wildlife and Countryside Act 1981.
Advice was sought from the statutory body the Countryside Council for Wales and further
studies of the bat roosts was undertaken throughout the summer and while work on the underpinning of the abutment was continuing. Before work started on pressure grouting the
joints in the arch it had been established that it was unlikely that the bats were hibernating
there and all the evidence from the local bat group indicated that it was a summer roost only.
Work therefore started in October and decisions on which crevices to keep were negotiated
between the bridge engineer and the ecologist. The remaining crevices were highlighted with
paint and then filled with straw during the pressure grouting, this preserved the spaces effectively. As the bridge did not require major construction works there was no opportunity to
build in artificial bat boxes.
Work on re-pointing the revetment wall was undertaken after the bird nesting season. There
was an opportunity to create artificial nest sites for sand martins by bedding 1 m lengths of
40 mm pipe into a proportion of the weep holes sloping gently (1/60) downwards towards the
entrance. They have not been found to have an adverse effect on the function of weep holes.
An otter pass was installed under the bridge to prevent them crossing the road. The simple
bolt on structure cost approximately £1000 and was made by a local fabricator. The decision
to install the ledge was taken after the Welsh Assembly Government (WAG) commissioned a
study of otter mortality on roads and recognised that many of the deaths were as a result of
the animals being unable to swim under bridges in spate conditions. WAG and the Environment Agency flood control section have approved the design for an otter pass and this was
installed above normal flood levels. Fencing and appropriate ramps that meet the river bank
direct the otters to the ledge.
Monitoring of bats and nesting birds was undertaken the following year. Bat numbers were
almost identical to those before the bridge was grouted. Sand martins were flying close to the
pipes and as they are known to seek nesting sites a year in advance it is hoped that the arti-

Sustainable Bridges

TIP3-CT-2003-001653

2006-10-20
Rev. 2007-10-26

77 (101)

ficial nest holes will be in use shortly. There have been no further otter mortalities on the
road.

3.5 Sympathetic repair of Brynich Aqueduct
3.5.1 Summary
Courtesy British Waterways

Problems with movement and leakage, loss of mortar and water seepage weakening clay fill
required the replacement of fill material to relieve pressures on spandrels and sidewalls.
Flood risk meant that additional strengthening measures could not rely on support from
ground-level, necessitating grouting and anchoring works carried out "from within the structure". This is a scheduled monument with protected bat species, and the successful completion of the project was dependent on working closely with the conservation and heritage authorities and local environmental groups to develop acceptable strategies for dealing with
these issues and obtaining the necessary permissions in advance of starting work on-site.

3.5.2 Background
Brynich Aqueduct is a 50 m long multi-span masonry arch structure dating from 1804, spanning the Monmouthshire and Brecon Canal over the River Usk (Figure 20). It has been extensively repaired with rebuilt spandrel walls and arch barrels and the construction of supporting brick arches beneath two spans over the River Usk. Most elements of the structure
showed evidence of movement and deformation, and the aqueduct had a history of repairs
including:
•

reconstruction of areas of spandrel walls and arch voussoirs in stone

•

replacement of stone voussoirs with brick

•

construction of supporting brickwork arch beneath stone arch

•

filling of scour holes to piers in riverbed

•

lining of aqueduct trough with sprayed concrete.

Some of the above have been carried out recently.
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Figure 20 General view of Brynich Aqueduct

Investigations indicated that ongoing leakage and groundwater movements had resulted in
loss of mortar from joints and weakening of the clay fill, contributing to an overall weakening
of the aqueduct. In response to these problems, a £500 000 strengthening and repair contract was carried out over a six month period between 1996 and 1997.
The principal engineering issues were:
•

the need to replace fill material to relieve internal pressure on the spandrels and
side-walls

•

the inadequacy of the masonry structure to withstand the works without additional
structural support

•

the timing of the works and flood risk meant that it was not possible to provide
structural support from the ground.

In addition to the engineering issues, a number of environmental and heritage issues were
identified:
•

the location of the structure in the Brecon Beacons National Park and its presence
in the landscape

•

the scheduled monument status of the aqueduct, requiring consent for the works
from CADW

•

the presence of protected bat species in the soffits of the arches (Dabenton's and
Pipistrelle)

•

impacts on the operation of the navigation

•

impacts on the water quality of the canal and the River Usk below

•

impacts on fish and other wildlife, including dipping birds

•

variable river levels

•

approval of the Environment Agency.
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3.5.3 Engineering aspects
Investigations had indicated deterioration and loss of mortar from the stone arch barrels and
some separation of the brick barrels. After the initial investigations and design phases the
works were undertaken in three main stages: grouting of masonry structure, replacement of
fill with mass concrete and construction of aqueduct trough. A system of grouting and anchoring was adopted to strengthen the arches and piers which then allowed concrete fill to
be placed working from 'within the structure', and excavation of fill material and replacement
with concrete was undertaken in carefully controlled stages:
•

to improve integrity and increase strength the whole structure was repointed using
a lime based mortar grouted with a low strength cement based grout. These works
were undertaken with the canal remaining in water and open to navigation

•

on completion of grouting and draining the canal the trough and fill were
excavated to the underside of trough level. From this point a detailed plan for
sequence of excavation and placement of mass concrete fill was required to prevent
out of balance forces developing (Figure 21). This plan included limitations on
machine size and positioning. Excavations revealed internal rib walls built off the
arches extrados and the extent of some of the previous repairs

•

a reinforced concrete trough was constructed off the fill, connected into the canal
lining at each end.

Figure 21 Placement of mass concrete fill over arch between internal spandrels

3.5.4 Restoration issues
Great care was taken with the choice of mortar for grouting and pointing; a hydraulic lime
mortar was used to allow the structure to "breathe" and accommodate limited movement.
Development of the repair options required close cooperation with CADW to gain their approval for the works and keep the repair contract running smoothly. The pointing detail was
of particular concern, since it has a significant effect on the appearance of the structure.
CADW required a full photographic record of the structure pre-works. They also inspected
the raking out of the old mortar from the joints to ensure this was not causing damage to the
brickwork, and required the contractor to demonstrate the suitability of their proposed repointing techniques and materials by trialling using test-panels.
The presence of protected bat species in the decaying arches required measures to be taken
to provide suitable alternative roosts during and after the works. Artificial roosts were provided on the structure, designed by the Countryside Council for Wales and modified by
CADW to offer greater concealment within the arch barrels and lessen their visual impact.
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Additional consultation was carried out with the local bat group. The operation proved a success, the bats adopting the new roosts the first season after their completion.
In addition to the bat roosts, additional roosts were provided for dipping birds.
It was vital to the overall success of the project that the environmental and heritage issues
were fully considered at the outset, and that all the necessary consultations were carried out
in advance of the need to obtain formal consents for the works and the on-site execution of
the contract. Without this, it the project would have suffered costly delays and setbacks and
possibly compromised the ultimate achievement of the engineering works.

3.6 Refurbishment of Berwyn Viaduct
Courtesy Jonathan Symonds, David Symonds Associates
Winner in the 2003 Institution of Civil Engineers Historic Bridge
and Infrastructure Awards

3.6.1 Introduction
Berwyn Viaduct is located at Berwyn Station on the Llangollen Railway in Wales, which was
opened in 1865. The line was heavily used, both by passengers and freight, until the 1960s
when, the line was run down and closed, after which the viaduct fell into disrepair and an
original cantilever platform was removed for scrap. In July 1975, the Flint and Deeside Preservation Society (the fore runner of the Llangollen Railway trust) leased Llangollen Station
and the trackbed, and this led to the refurbishment of Berwyn Viaduct and reinstatement of
the platform.
Berwyn Viaduct consists of six equal arch spans (Figure 22). The first three spans out from
the station span over open ground. They then span over a small fast-flowing tributary of the
River Dee and the final span is across the minor road leading to the Horseshoe Pass, which
is heavily used during the summer months. The location of the bridge was in fact to prove
one of the major challenges in the construction of the platform and the remedial works.

Figure 22 General view of Berwyn Viaduct before refurbishment

3.6.2 Assessment
In July 1992 an inspection and assessment of all the structures on the re-opened line was
carried out. The assessment of Berwyn Viaduct showed that, in good condition, the structure
was able to take axle loads up to 22 tons. This would be sufficient for all locomotives that the
railway intended to run on the line. However, the assessment inspection identified that there
were a number of areas of distress to the structure, particularly on the spandrels where sig-
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nificant vegetation growth had resulted in displacement of the masonry (Figure 23). There
was also cracking and separation of the arch barrel. This was most noticeable on the arch
over the minor road. There was also a problem of significant water penetration through the
arches, due to the failure of the original drainage outlets.

Figure 23 Severe displacement of masonry from arch spandrel caused by root growth

The assessment report recommended that major remedial works should be undertaken, in
order to preserve the structure and ensure it was able to safely carry the intended locomotives. Initial estimates put the cost of the works at around £100 000 (2002 prices). The feasibility of reinstating the original cantilever platform and restoring the station to its original operating capacity was also considered.

3.6.3 Design
The work to the viaduct fell into two distinct areas; firstly there was the refurbishment and
reinstatement of the viaduct structure itself; secondly the reinstatement of the original cantilever platform (which is not discussed here).
The design of the remedial works to the viaduct was further sub-divided into two areas. The
first was the stitching of the cracking, which had developed in the arch barrel and the spandrels using proprietary anchors with cementitious grout. This aspect of the works also included repairs to the brickwork disrupted by root growth. The extent of the root growth was
far more significant than originally envisaged from the preliminary inspection, and necessitated significant cutting out and replacement of the brickwork.

Figure 24 Repairs to displaced brickwork at arch spandrels
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The original drainage to the structure was provided by a bitumen coating to the brickwork of
the arches, shaped to a drainage outlet at the springing (Figure 25). These had become
blocked over the years. On previous refurbishment schemes of viaducts on other preserved
lines, the consultant had utilised concrete haunching to the arches, shaped to a drainage
point through the spandrel to external drainage points. Such a system facilitates ease of future maintenance. However, due to the listed nature of the viaduct, this proposal was rejected by CADW who required that the original drainage points should be reinstated. This
necessitated careful coring out and cleaning of the drainage outlets and insertion of new pipe
work.

Figure 25 Fill removed to expose bitumen coated arch extrados and original drainage points above
piers

Figure 26 Reapplied sprayed waterproofing system draining through granular material to re-cored and
re-lined drainage points through piers

Perhaps the most onerous aspect of the planning and design of the works, was the liaison
between the various statutory bodies to obtain regulatory approval for the works. Not only
were the Local Authority involved in obtaining listed building consent and the Railway Inspectorate to approve the design of the new platform, consultation was also required with the
Highway Authority to obtain a temporary road closure of the minor road, to erect scaffolding
and to allow access to carry out repairs to the arch barrel and install a section of platform
over the carriageway.
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The final body requiring consultation was the Environment Agency as the works were immediately adjacent to the River Dee and therefore a licence had to be obtained for the scaffolding works, as they encroached within the flood plain of the river. In the end, in order to obtain
a satisfactory foundation for the scaffolding, the contractor introduced the construction of a
concrete apron to the piers (Figure 27). This was constructed in such a way as to replicate
the stonework of the viaduct, so that the Environment Agency agreed to the temporary works
being left in place as additional scour protection to the piers. This also saved the contractor
considerable sums in breaking out the concrete work and disposal of the surplus material.

Figure 27 Construction of concrete apron at pier bases as support for scaffolding, eventually left in
place to provide additional scour protection

The construction phase
The consultant and contractor faced a number of challenges in the construction phase of the
works:
•

one of the biggest problems for working on any railway, whether the national rail
system or one of the many heritage lines, is the difficulty in obtaining an
appropriate window of opportunity to complete the works, while causing the
minimum disruption to the line. For the preserved line, the difficulties of not
operating can be more problematic than for the National Rail Network, as any
restriction of the operation of the line can have a significant impact on the income
of the railway. It is for this reason that work on preserved lines is often carried out
in the most inhospitable winter months

•

when producing contract documents, it is always difficult to accurately assess the
length of time required for works. On this contract to suit the operational needs of
the railway, the contract was split into two distinct phases. In the first, the railway
would be completely shut and the contractor would have free access to the viaduct.
In the second stage, the tracks would be relayed over the structure, and further
work would need to be carried out under lookout protection, with a 10 mph speed
limit imposed across the structure

•

the most difficult aspect from the contractors' perspective was to programme the
works around the various constraints imposed by the different statutory bodies.
Not only were there time constraints imposed by the railway due to their
operational needs, but there were limits on when the scaffolding could affect the
highway, due to the possible effect on the local tourism and limits on when and
how scaffolding could be placed on the river bank, due to the risk of flooding.
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further significant difficulties, were experienced by the contractor in the delivery of
materials to the site. There appeared to be good road access from the adjacent
main road, but the poor visibility at the junction with the minor road meant that,
other than when the minor road was subject to closure, the Local Highway
Authority would not permit any deliveries to take place. This meant many
deliveries had to be made to the railway sidings immediately to the west of the
structure and transported back to the site by dumper.

Overall the reinstatement of the platform and the refurbishment of the viaduct was completed
on time and within the original budget, which is a testament to the cooperation of all parties
to the works.

3.7 Strengthening and refurbishment of Hungerford Canal Bridge
Client:

West Berkshire District Council

Bridge owner

British Waterways

Consulting engineers

Babtie Group

Principal contractor:

Bersche-Rolt l

3.7.1 Introduction
Hungerford Canal Bridge is a Grade II Listed, brick arch structure built in the late eighteenth
century (Figure 28). The bridge is situated in the centre of Hungerford and carries the A338
over the Kennet and Avon Canal. The structure is a 7 m single span brick arch supported on
brickwork abutments with brick spandrels and wing walls. Little is known about the abutment
and wing wall foundations. The arch ring is 330 mm thick and is elliptical in shape. The average depth of fill at the crown is 460 mm. The rise of the arch at the crown is 3 m. Site investigations established that there is no backing to the arch although the wing walls thicken at the
ends of the arch ring.

Figure 28 General appearance after strengthening works
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3.7.2 Assessment
An assessment of the structure undertaken by the consultant determined the arch to have a
three tonne capacity. West Berkshire Council entered into an agreement with British Waterways, who owned the bridge, whereby it would be strengthened at the Council's expense and
the ownership of the bridge would then be transferred to the Council with an agreed commuted sum. The consultant was then commissioned by West Berkshire Council to undertake
a feasibility study to investigate and compare the various strengthening options available.

3.7.3 Options considered
The feasibility study considered the following three options:
•

provision of concrete backing to the arch

•

strengthening of the arch using anchors

•

retro-reinforcement of the arch ring.

The options were evaluated on the basis of cost, safety and the minimisation of inconvenience to highway users, canal users and nearby residents. Consideration was also given to
the presence of existing electricity, gas, water and telecommunications services in the
bridge.
•

Option 1: Provision of concrete backing to the arch. Under this option the fill
material at the back of the arch would have been removed down to the arch
springing and replaced with lean mix concrete up to 2.2 m above springing level.
The concrete would then require seven days to cure. The top of the arch would be
backfilled with class 6N material to 100 mm of the wearing course. The location of
services in the footways and the carriageway would need to be established. The
work would have involved excavation and concreting while providing temporary
support to the services. Consideration was given to using this option and
undertaking the works in two phases, enabling the road to be kept open using
temporary traffic signals. However this would have caused significant delays to
highway users over a long period. The bridge is very narrow and there were also
concerns about safety in keeping the bridge open to traffic and pedestrians during
the works. With no convenient alternative route complete closure of the road was
considered to be an unsatisfactory solution.

•

Option 2: Strengthening of the arch using anchors. This method involves
proprietary masonry stitching consisting of stainless steel ribbed bars, pressure
grouted in predrilled holes in the structure. Each bar is enclosed in a mesh fabric
sock, which inflates under grout pressure to fill completely the masonry hole, and
allow the grout to pass through the expanded sock to form a chemical and
mechanical bond with the structural material. The stitching work is carried out
from road level. Using this method the works could have been undertaken at night
under road closures and temporary traffic signals, reducing inconvenience to
highway users. It was also considered a safer option for both site operatives and
the general public. It would have caused little if any inconvenience to canal users.
However the existence of residential properties within 5 m of the bridge gave
cause for concern regarding the noise levels imposed on residents as a result of
night working. There were also concerns that the large amount of services in the
bridge would hinder the works and the need for trial holes in advance of the works
would cause traffic delays.

Sustainable Bridges

•

TIP3-CT-2003-001653

2006-10-20
Rev. 2007-10-26

86 (101)

Option 3: Retro-reinforcement of the arch ring. This method requires the
grouting of stainless steel reinforcement into the arch ring. Small diameter bars
(up to 16 mm) are placed in 50 mm diameter holes drilled laterally and
circumferentially 50 mm from the intrados. The reinforcement is placed at close
centres over the whole face of the arch and grouted in using a proprietary grout.
The holes drilled laterally are straight and therefore relatively easy to drill. The
circumferential holes follow the curve of the arch and are therefore much more
difficult to drill. The circumferential drilling is achieved by removing several bricks
at the springings and crown of the arch to insert the drill. The drill is then
carefully guided on its radial path, just below the surface of the brickwork, around
the circumference of the arch. Reinforcing bars are then fed through the holes andgrouted into place. The bricks at the springing and crown are replaced leaving no
visible traces of the strengthening works.

3.7.4 Adopted option
The estimated costs for the three options were very similar with less than 10 per cent variance between the highest and lowest estimates. Cost was not considered when evaluating
the options and consideration was given to safety and the minimisation of inconvenience to
the public.
Option 3, arch ring retro-reinforcement, was selected as the preferred option.

3.7.5 The design
Retro-reinforcement is based on the use of stainless steel reinforcing bars inserted below the
surface of the intrados bonded in place with thixotropic cementitious grouts.
Masonry arch bridges mainly constructed during this period (1750-1920) can be strengthened by inserting a comprehensive mesh of reinforcement behind the surface of the intrados,
to strengthen and support the masonry while allowing the bridge to continue to flex and move
as normal in response to imposed loads. Stainless steel reinforcement is used because of its
excellent strength and corrosion resistance, bonded in place with thixotropic cementitious
shrink resistant grouts. This technique has required the development of special drills and
reinforcement installation techniques.
Before the bridge engineer can decide on the extent of the reinforcement and other remedial
works, it is important to carry out a proper survey to establish the form of construction, including the thickness of the arch ring, the height of the haunching and to identify any weakened
and damaged areas.
Transverse reinforcement is designed to strengthen arches with circumferential cracking and
spandrel wall separation. Reinforcement 18 mm in diameter is installed in 50 mm diameter
holes which pass through the arch ring at a depth of about 75 mm from the surface.
The depth of the hole will vary as the brick surface is often uneven and it is also normal to
find voids in the arch barrel due to leaching by surface water. The reinforcing bars have fixed
spacers which locate the bar in the centre of the hole allowing the grout to completely surround the bar and pumping of the grout continue until all voids have been completely filled.
Circumferential holes are drilled below the surface of the intrados by removing bricks from
the crown and springing. Diamond tipped drills mounted on flexible drive shafts are guided
around the arch and the path of the drill head is continually adjusted to ensure that the depth
and path of the hole does not go beyond the permissible limits.
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Reinforcement is inserted with laps at joins to form a continuous length of reinforcement
which passes around the arch and into the springings. In this way each hinge is reinforced
regardless of the eventual position and tests show that increases of 50 per cent in the load
bearing capacity are possible.
As radial reinforcement, stainless steel dowels are grouted into holes drilled through the arch
rings, to allow the prevent ring separation.
Execution of the works
Using the retro-reinforcement method allowed the works to be undertaken from beneath the
bridge eliminating delays or inconvenience to highway users. It was agreed with British Waterways that the work would be undertaken from a floating platform that would be moved out
of the way periodically to allow the passage of boats through the works ensuring that delays
to canal users were kept to an acceptable level. Using the retro-reinforcement method also
eliminated the need for night working and the resulting disturbance to nearby residents.
West Berkshire Council entered into an NEC short contract with the main contractor, who
specialise in the design and construction of reinforced masonry systems and who developed
the unique system to achieve the circumferential drilling required for this method of reinforcement.
The strengthening works commenced on 24 February 2003. For the first four weeks of the
contract British Waterways were able to offer a complete canal closure on the back of other
works being undertaken on this reach of the canal. After four weeks British Waterways required that the canal be re-opened and the remaining work was undertaken from the floating
platform. The canal was opened at set and pre-advertised times during the day. The contractor also agreed to open the canal immediately for commercial craft and when special circumstances arose.

Figure 29 Drilling circumferential holes for reinforcement in arch intrados
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Figure 30 Close-up of installed circumferential reinforcement

3.7.6 Summary
The main objective of the council was to execute the works with minimum delays and disruption to bridge users and local residents. The working methods adopted were successful in
achieving this and a good working relationship developed between the contractor and local
residents and businesses. With the goodwill of these parties West Berkshire Council took the
opportunity to extend the contract with the contractor to include much needed repair and reinforcement of the retaining walls on the bridge approaches. These walls are extremely close
to shop frontages and residential entrances. After full consultation with the occupiers and
owners of these premises it was agreed that the works be carried out during weekday early
evenings, and the works to the bridge and approach retaining walls were completed in August 2003.

3.8 Assessment of Llanharan Bridge using discrete element analysis
Courtesy Gifford and Partners, Glamorgan Engineering
Consultancy, Rhondda Cynon Taff Borough Council and Network
Rail.

3.8.1 The problem
Llanharan Bridge, constructed in the nineteenth century, is a single span sandstone masonry
arch which caries the A437 over the South Wales mainline railway. The arch has a span of
16m and a rise of approximately 3.5 m with no skew. At some time since construction, two
concrete and brick piers have been built just below the quarter points on both sides of the
bridge.
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Figure 31 Elevation of Llanharan Bridge showing brick piers added at quarter-points of arch

An inspection of the bridge carried out in February 1999 revealed several significant defects,
including transverse cracking at the crown. It was suspected that small abutment movements
since construction had caused the cracking and had prompted the installation of the additional piers.
Glamorgan Engineering Consultancy carried out a strength assessment of the bridge, on
behalf of Network Rail, using the MEXE Method and calculated a live load assessment rating
of only 17 tonnes. However, this work did not investigate the influence of abutment movements nor did it determine the effectiveness of the additional piers.

3.8.2 The solution
It had been recognised in the first phase assessment that to obtain a better understanding of
the bridges structural behaviour and a realistic strength assessment a more advanced and
comprehensive method of analysis would be necessary. Consequently, a strength assessment and investigation based on the Finite/Discrete Element (DE) technique was commissioned.
The DE method is suited to the simulation of a non-homogenised continuum such as masonry and in the case of Llanharan Bridge the ability to predict both displacement and
strength could be used to model the structural interaction of the masonry barrel, soil and additional piers. By representing separate parts that can deform and interact with each other
the highly non-linear behaviour of the bridge as live load traverses could be modelled simply
at a fundamental level. In addition, it would allow the influence of the construction sequence
to be investigated including the introduction of the additional piers after the main construction
and the bridges sensitivity to any subsequent abutment settlements.
To understand the occurrence of the transverse cracks and represent their influence in the
strength assessment their cause had to be introduced. The most likely cause seemed to be
lateral movement of the abutments and so a sensitivity analysis was undertaken on the original bridge to help quantify the resulting damage. It was found that the damage resulted in a
crack at the crown and with a movement of about 50 mm generated a similar pattern to that
observed during the visual inspection. Using this damage history and eliminating the need for
somewhat subjective condition factors, subsequent analyses were then carried out to investigate the influence of the additional piers and to determine a live load rating.
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Not surprisingly, without the piers the arch was found to exhibit classic arch behaviour. After
the introduction of the piers the behaviour was modified; the piers attracted vertical load and
tended to brace the barrel with axle loads at the quarter points; there was a corresponding
reduction in passive soil pressure on the opposite half of the span. Interestingly, with axle
loads at the crown, overall displacements and crack widths at the crown were found to be
greater than those without the piers.

Figure 32 Analysis results with additional piers for 40/44 tonne triple axle at the crown

Using the DE technique it was possible to determine the influence of the piers and the earlier
settlement induced damage and using a sensitivity approach undertake a more realistic
strength assessment. It was possible to increase the assessment live load rating of this
bridge to 40/44 tonnes. As the rating was influenced by the earlier settlement and subsequent damage it was also recommended that monitoring of the transverse crown crack is
continued.

3.9 Strengthening of Gumley Road Bridge using retrofitted reinforcement
Courtesy Gifford and Partners, Leicestershire County Council and
Cintec International Ltd

3.9.1 The problem
Gumley Road Bridge, is a Grade II listed masonry arch which carries the unclassified Gumley Road over the Grand Union Canal in Leicestershire. The bridge construction is typical for
masonry canal arches, consisting of a single elliptical span constructed from three rings of
red brick masonry.
The single span of 6.7 m is square, with a rise at the crown of approximately 2.5 m. The carriageway is 4.2 m wide with a total width between parapets of 4.9 m. Situated in the middle of
a sharp s-bend, the road profile over the bridge is humpbacked with little fill and surfacing at
the crown.
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Figure 33 General view of Gumley Road Bridge

A strength assessment of the bridge carried out in May 1995 using the Modified MEXE
Method determined a live load rating of 17 tonnes. To increase the rating to a required 40/44
tonnes the decision to strengthen was taken.

3.9.2 The solution
Traditional saddling, barrel lining and intrados reinforcement were ruled out because of the
limited depth of fill, the listed status of the bridge and closure time limitations. However, a
proprietary internal barrel strengthening system appeared to provide a solution.
Principally, the system involves the retrofit of reinforcement to increase the bending capacity
of the barrel and numerical simulation based on the finite/discrete element (DE) technique to
carry out the design. Using precise diamond drilling, stainless steel bars are installed tangentially to the intrados at predicted hinge locations. Generally installed from the road surface,
the bars are bonded to the masonry using grout and a fabric sock delivery system (the whole
assembly referred to as an anchor).
After modelling the bridge to confirm the strength shortfall and to gain an understanding of
the mode of failure a design was developed and checked with further simulations including
strengthening. The final design consisted of 26 no 65 mm diameter anchors, each approximately 3 m in length and containing one 25 mm diameter bar.
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Figure 34 Anchor arrangement and installation

3.9.3 Construction
Installation of the strengthening was carried out from the road surface. Accurate setting out
and drilling directions are critical aspects of the work, so 3D solid modelling was used for all
setting out calculations. With just three rings of brick in the barrel, the minimum cover to the
anchors was designed to be 30 mm, any less would have risked spalling of the masonry.
After the anchors were marked out on the road surface, the road was scanned for services
and trial trenches made where drilling locations were likely to interfere with service locations.
After minor adjustments, installation commenced, and each hole was drilled and anchors
grouted in turn. The total duration of the site work was 10 days, averaging 2.6 anchors per
day.

3.9.4 Cost, access and safety
The cost of the strengthening work was £34 500 (at 2004) including all design, installation
and material costs.
Although the technique is particularly suitable for flexible night time closures, on this occasion installation was carried out under a full day time road closure as traffic could make use
of a short diversion route.
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Cyclist and pedestrian access was maintained across the bridge throughout the duration of
the works. Canal boat and towpath traffic were unaffected by the work and special measures
were taken to provide protection against any falling water or debris.

3.10 Repairs to Caergwrle Packhorse Bridge
Courtesy Flintshire County Council
Winner in the 2002 Institution of Civil Engineers Historic Bridge and Infrastructure Awards
Client: Flintshire County Council
Designer: High-Point Rendel
Contractor: F G Whitley & Sons

3.10.1 Summary
This case study describes the repair works to Caergwrle Packhorse Bridge, an historic 17th
century stone footbridge over the River Alyn, between Hope and Caergwrle, which was badly
damaged during the floods of November 2000. The Packhorse Bridge, believed to be one of
the oldest bridges over the River Alyn, is one of the best examples of this type of bridge in
North Wales. It is listed as an ancient monument so Flintshire County Council had to gain
approval from CADW for all aspects of the works.
The repair works comprised rebuilding the damaged stone parapets and spandrel walls,
opening up buried flood relief arches and river profiling works to maximise the flow capacity
through the bridge. The remainder of the bridge was repaired and re-pointed.

Figure 35 Caergwrle Packhorse Bridge after repair

3.10.2 Introduction
The date of construction of Packhorse Bridge is unknown but local historians estimate that it
was built in the late 1600s. The overall length of the bridge is 56 m and comprises seven
arches, three carrying the main river channel, one admitting an ancillary branch of the river,
two flood relief arches and one that admitted an artificial millstream, now disused. There are
three cut waters on the upstream side and two downstream. The construction is random masonry.
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The bridge provides pedestrian access over the River Alyn between Fellows Lane and Derby
Road. The bridge is widely used by parents and children to walk to Hope School so works
which affected the footpath over the bridge were carried out during the school summer holidays and the bridge was closed to pedestrians for this period. The bridge was reopened on
the first day of the new school term in September.
Prior to the works, only three of the arches allowed passage of water, the rest being silted
up, with two of the arches being completely buried. This had been the situation for many
years, even local residents in their eighties could not recall these arches functioning.
During the flooding of November 2000 flood waters demolished about 30 m of the parapets
and sections of the spandrel walls and walkway.
Initially a temporary walkway was constructed to allow pedestrian access while preparations
were made for the permanent repairs.

3.10.3 Repair strategy
It was necessary to rebuild the demolished sections of the bridge, to bring it back to its original form. This was done where possible using the original masonry washed from the bridge.
However, much of the stone was weathered and unsuitable for inclusion in the reconstruction
so local stone was used which was sourced from a building which had been demolished. The
coping stones to the parapets are a worked bull-nosed type sandstone. About 30 m of coping
had been lost or damaged so it was necessary to have this re-manufactured in sandstone.
Caergwrle Packhorse Bridge was probably built with unskilled or semiskilled labour and the
masonry work is crude and random in nature. In the rebuilding of the demolished sections
reference was made to old photographs to try to replicate the original form and style of construction, this included the use of lime mortar in the rebuilding and repointing works. Also
sections of the bridge which were still standing were in poor condition and needed to be
taken down and rebuilt. Prior to any works taking place a photographic survey of the bridge
was carried out using rectified photography, these records were referenced in the rebuilding
to ensure the areas were rebuilt in its original form.
Two arches which have been buried for many years were opened up and another one which
was partially silted up was cleared. During the excavation works an archaeologist was on
hand to record any finds of historic significance. Nothing of value was found but fragments of
pottery were unearthed which were dated at about the thirteenth century, which would suggest that this location has been used for crossing the river prior to the construction of this
bridge, wooden bridges probably predate the current masonry bridge.
Fortunately the arch rings escaped significant damage so only needed local repairs and repointing. The foundations of one of the flood relief arches are relatively shallow so to prevent
future scour problems the invert was pitched with river cobbles.
The main rebuilding phase was limited to the six weeks of the summer school holidays, so
careful planning was required to ensure all the necessary materials and labour was available.
There would appear to be a shortage of skilled stone masons that meet the approval of
CADW so it was necessary to arrange all works around the masons' availability. Due to limited vehicular access to the bridge materials were delivered at one end of the bridge by transit pick up and manually taken to where they were needed.
To minimise the likelihood of future flood damage the scope of the scheme was widened to
improve the flow capacity of the bridge. A hydrological survey showed that the capacity of the
bridge prior to the works was 41 m3/s which had to be raised to 65 m3/s. This was achieved
by exposing three of the four buried and silted arches and river profiling works.
The total cost of the works was £80 000 (at 2001 prices).
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3.11 Reconstruction of brick arch bridges on the Chesterfield Canal
Courtesy Fiona Smith, British Waterways

British Waterways owns and maintains around 2400 accommodation bridges. Many of these
are original masonry or brick arch bridges, which form an important part of the heritage of the
canal network. It is British Waterways' policy to preserve the historic infrastructure of the canals through preventative maintenance. In the case of bridges which are, or have become,
under-capacity or have suffered structural or foundation failure, strengthening or even reconstruction may over-rule this policy. However, major works of this nature will always strive to
retain the original features, form and material where practicable.
Osberton Bridge was a failing brick arch that had become unstable and dangerous and the
arch barrel of Manor Farm bridge had started cracking into segments. The boating envelope
was restricted at both bridges and boat impacts had displaced some bricks.
This case study discusses:
•

how features of the existing bridges have been retained and the brick arch bridges
rebuilt using traditional methods and materials to preserve the heritage of the
Chesterfield Canal

•

the design philosophy for the brick arch structures

•

how the habitat for a protected species was maintained

•

how measures were taken to improve safety features without compromising
traditional appearances.

3.11.1 History
The bridges which are over the Chesterfield Canal opened in 1777, and were originally built
to serve the Derbyshire and Nottinghamshire lead, coal and iron industries. After a century in
operation, the railways developed and boat traffic began to decline; all commercial traffic
ceased in 1955. Under the 1968 Transport act the Chesterfield Canal is a remainder canal
therefore British Waterways' statutory obligation was only to maintain a safe passage. This
meant little money was invested in enhancement or planned preventative maintenance.
However, the increasing popularity of canals for leisure purposes means that money can
been made available through European grants and lottery funds as well as British Waterways
money, and it has been possible to restore sections of this canal, which is now navigable.

3.11.2 Condition of the original bridges
Osberton Bridge had been failing for a number of years, and was in a very poor state of repair with numerous defects and signs of deterioration:
•

the arch had flattened and there were distinct bulges in the soffit

•

the wing walls had moved and had been repaired several times in the past

•

there were signs that the abutment on the towpath side had moved, and been
repaired a number of times using different sizes and colours of bricks and different
types of mortar

•

the west voussoir was dressed masonry. The east voussoir was brick headers and
most of the bricks had cracked in half, leaving gaps between the two halves of
brickwork up to 10 mm wide, a symptom of delamination or ring separation
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•

there were very few of the original masonry copings to the parapets and pilasters
on the bridge. Repairs had been made in brick and poor quality mass concrete.
Most of the copings were found on the canal bed following the demolition works,
these were taken to the Chesterfield Canal restoration site which was running
concurrently

•

there was no fill over the arch extrados for a length of approximately two metres.
The bricks on the extrados were uneven, and this was mirrored on the intrados,
where punching of the bricks was visible. A number of the bricks had punched out
completely leaving the remaining bricks unstable.

•

only three of the four corner stones on the abutments were remaining. One of the
remaining stones had been damaged by boat impacts, and split when it was
removed during the demolition works. The original bricks in the structure were in
poor condition, and many had spalled and crumbling faces. The original bricks
could not be used in the new structure due to their poor condition.

Manor Farm Bridge is an accommodation bridge and is the primary means of access to
Manor Farm. Manor Farm is a smaller structure than Osberton, with a clear span of just over
five metres. The towpath under the bridge had been widened in the past, and this has
caused problems for boaters who misjudged the line that should be taken and have subsequently collided with the bridge elevations.
•

there was damage to the brickwork on the elevations and along the arch intrados
on the wet abutment side

•

the arch barrel had split into three sections across its width. The cracks in the
brickwork on the soffit tied in with the cracks in the concrete surfacing

•

the bridge had been strengthened with a reinforced concrete saddle, but there
were no details of the saddle available. During the demolition, two railway rails
were found cast in to the concrete. It is thought that the strengthening work had
been undertaken by the farmer

•

the parapets and pilasters had been damaged by impacts from farm vehicles, and
there were a few of the stone copings missing from the parapets

•

although there were obviously structural problems with the bridge, it was the
problem with the poor boating envelope and British Waterways' duty of care to its
customers that prompted the replacement of the bridge.

3.11.3 Preserving the heritage
The very poor condition of both bridges meant that substantial reconstruction was necessary,
but considerable effort was taken to preserve as much as possible of the structural fabric of
each bridge and to retain their heritage features.
The new bridges both have vertical wing walls, pilasters, spandrels and parapets. The copings on the parapets and pilasters were stone and there were grooves in the bricks on the
corners of the abutments on the towpath side, created by towing ropes rubbing against them.
The parapets on both bridges were very low, and form a series of three straights in elevation
rather than a curved profile.
As many of the original features as possible were preserved. Heritage style bricks with Class
B engineering properties were used with lime mortar in the joints on the arch barrel. Rope
grooved bricks were retained and placed in the new abutments.
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The original copings were re-used on Manor Farm Bridge. Items, which were not reused in
the bridges, such as the masonry copings that were found on the canal bed at Osberton and
the masonry from the abutments at Manor Farm, were taken to the Chesterfield Canal restoration site for use there. A holistic approach on the architectural style of the Chesterfield Canal was adopted to assure that sympathetic materials and appearances were adopted.
The Chesterfield Canal Trust, were consulted and they approved the general arrangement
drawings for the new bridges. There were no problems encountered in gaining planning approval.

3.11.4 The design philosophy
The original bridges were over 200 years old and had been carrying heavier traffic than they
would have been designed for. The traffic of the day is invariably regarded to be the 5 ton
horse drawn cart. Osberton is a towpath turnover bridge and carries pedestrians only, but
had been used by farm vehicles in the past.
The design of the new bridges has ensured that excessive tension or compression will not
develop in either the extrados or the intrados for the serviceability limit state. The linear strip
analysis was conservative, as it didn't allow for the stiffening effect of the spandrel walls. The
arch barrels were assumed to be pinned at the springing points, which is also a conservative
view. The arch barrels are the main structural elements. Sheet waterproofing membranes
over the extrados on both bridges, debonds the brickwork from the mass concrete fill. Mass
concrete was chosen, as it can be classed as a high-grade durable fill. However, in the
analysis, a granular fill was assumed for the purpose of load distribution in the arch ring. The
parapets were designed to resist the impact forces in current design codes.
Ground investigations and coring to abutments to establish existing foundation levels was
carried out at an early stage. The ground conditions at both sites are good with sandstone at
Osberton and very stiff clay at Manor Farm, and hence mass concrete spread foundations
were used. At Manor Farm, the original timber piles were left intact and concrete was placed
around them.
Osberton has a clear span of 6.645 m and Manor Farm has a clear span of 5.02 m. Both
bridges had an original barrel thickness of 1 brick and now have a barrel thickness of 1.5
bricks. It was not possible to obtain the required strength with a 1 brick barrel thickness as
the permissible stresses due to flexure were exceeded. Both bridges were designed to carry
full HA loading. The HA Uniformly Distributed Load (UDL) and Knife Edge Load (KEL) was
applied over different loaded lengths to ensure that the worse case load effects were considered. Braking loads and temperature effects were also considered.

Figure 36 Reconstruction of brick arch on centring, Osberton Bridg
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Habitat for protected species
Before it was replaced Osberton Bridge was in a very poor condition. The arch barrel had
deformed and bricks had started to punch out. The joints had opened up to full depth at
hinge positions. This provided an ideal habitat for bats. A bat survey was carried out and
Daubentons bats were found in the bridge. The ground investigation work was delayed until
an approved bat exclusion process was carried out. As part of the approval process to remove the bats, assurances had to be given to English Nature that a suitable habitat would be
provided in the new structure.
A bat brick was placed on the intrados of the new arch and a bat box was placed on the extrados with an access slot to the intrados. A bat brick and bat box were also placed on Manor
Farm Bridge despite there being no bats present in the original structure.
Improved safety features
One of the main problems with Manor Farm Bridge was poor headroom. As with all arches,
the headroom decreases towards the supports. At Manor Farm, the towpath had been widened in the past and the crown of the bridge was relatively close to the edge of the towpath.
Consequently there was a history of boat impacts on the wet abutment side of the bridge.
While the new bridge has the same span as the existing, the arch was reconstructed 400 mm
further out from the towpath. The canal wall was retained and a small ledge has been formed
above water level. This coupled with a modification of the arch profile, has resulted in a much
improved boating envelope. Although this has resulted in a reduction in the towpath width,
the headroom for pedestrians is 1.8 m along the centreline of the towpath.
One of the features of the brick arch bridges on the Chesterfield Canal are the very low
parapets. At Osberton the extrados was exposed and the parapets were less that 0.5 m high.
Because the parapets were so low, local children used the parapets to stand on to jump in to
the canal. To bring the parapets in line with current standards, the new parapets are over 1.0
m high throughout.

Figure 37 Osberton Bridge after reconstruction, with conserved features and materials

3.11.5 Conclusions
It is possible to design and construct new bridges incorporating traditional methods and,
which are able to carry modern traffic loads. The new bridges look very similar to the originals, but have been modified to improve strength, provide better boating envelopes and improve the containment of the parapets. Both bridges have been welcomed and praised by
the waterway, the farmer, boaters and the Chesterfield Canal Trust.
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Osberton Bridge was replaced in 2002 and won a British Waterways Built Heritage award. It
subsequently achieved a very good award in the CEEQUAL scheme. Manor Farm Bridge
was completed in March 2003. The success of these projects has allowed the heritage of the
Chesterfield Canal to be retained.

3.12 Egglestone Abbey Bridge strengthening and repairs
Courtesy Brian Poole, Durham County Council
Winner of ICE Historic Bridge and Infrastructure Awards 1988

3.12.1 Introduction
The bridge was a former toll bridge, owned by Mortham Estates before it was transferred to
the former North Riding of Yorkshire CC and Durham County Council in 1958 to be maintained jointly. After local government reorganisation in 1974 it transferred to Durham County
Council.
The bridge is a 24 m single span masonry arch which carries road C146 over the River Tees
Gorge. It has a single width carriageway controlled by traffic signals and the castellated
parapets extend to 75 metres. The bridge is Grade II listed.
In the early 1980s there were very low temperatures especially during the winter of 1982,
and freezing of waterlogged fill forced the parapet and spandrel walls outwards, causing a
gap to appear between the carriageway kerb and walls.
Strategically the bridge carries the local HGV route through the area linking the trunk road
A66 with Barnard Castle which has a 7.5 t weight restriction on the county bridge crossing of
the River Tees.

Figure 38 General view of Egglestone Abbey Bridge

3.12.2 Temporary repairs
The form of temporary repair in 1985 comprised a 26 mm diameter "Dividag" tie-bar being
inserted through a 35 mm inside diameter plastic sleeve. The steel bars tied, 300 x 150 timber walings placed horizontally at intervals over the height of the wing walls spandrel wall
and buttresses. This was considered to be a temporary repair until funding was identified for
a permanent repair - 12 years later.
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In the early 1990s a concrete slab was cast over the arch and waterproofed. The importance
of the local route for HGVs between the trunk road A66 and the Barnard Castle area became
more focused in the late 1990s and funding was identified to affect a permanent repair to the
bridge.

3.12.3 Permanent repairs
Voids within the arch fill material were suspected and this was confirmed using specialist
radar equipment.
A scheme was identified to tie the wing walls and spandrel wall together with a stainless steel
bar and also grout up the voids.
A proprietary anchor system was used, in which stainless steel bars are installed in a cementitious grouted sock anchor. The bar was stressed prior to being locked-off and the end of the
cored hole made good. The area of surrounding stonework was also strengthened using
helical rebar bedded in the mortar joints so that a composite zone would act around the anchor.
The bridge was fully scaffolded on both faces which provided access when a close-up inspection could be undertaken. Areas were identified for repointing using cement, lime and
sand mortar.
Closer inspection of the stone voussoirs revealed heavy weathering in places and repairs
were undertaken by a specialist stone repair company. The repair system used stainless
steel pins dowelled into the stone with mesh reinforcement.
Stone stitching of the arch barrel was also included to tie the voussoirs area to the main barrel where circumferential cracking had occurred.
The bridge, and also the temporary timber walings, included bat roosts and permission was
needed to destroy the roost while also making provision for a new roost. Prior to grouting the
arch barrel fill open joints were temporarily sealed at night to try and ensure the bats had left
the roost and could not return. A series of open perpends in the stonework were created in
the spandrel walls and wing walls to allow bats a clear route to the river.
Grouting of the arch fill used a proprietary lime-based "heritage grout" which was pumped
through the side walls.
The steel bar arrangement in the parapet castellations was modified by inserting two vertical
bars to reduce the size of the openings in the intervals of safety. The contractor offered to
replace the whole unit rather than introduce only vertical bars.
The success of the project was in restoring the original elevations of the 19th century bridge
for use by modern day traffic. The works were also carried out without the need for a temporary road closure.
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1 Background
1.1 General
During recent years, widespread problems of deterioration of reinforced concrete infrastructure have been experienced in many countries. The principal cause of this deterioration is
corrosion of embedded reinforcement resulting from chloride ingress, carbonation or a combination of these two degradation mechanisms.
Conventional repair by removal of contaminated concrete has been the most common repair
method for several decades, [1]. Problems relating to high costs, structural safety and the
formation of so-called incipient anodes have excluded this repair method from structures that
have suffered from chloride initiated corrosion. In stead the use of electrochemical methods,
i.e. cathodic protection and chloride removal, are now widely recommended as the efficient
repair method in these events. An USA Federal Highway Administration memorandum from
1982 states that “the only rehabilitation technique that has proven to stop corrosion in salt
contaminated bridge decks regardless of chloride content of the concrete is cathodic protection” [2].
Electrochemical methods aim at reducing or stopping the corrosion process, but they don’t
influence or remedy the structural properties of the deteriorated structure. This means that in
cases where the structural properties of an attacked structure are reduced other repair or
strengthening methods also are necessary.
The use of Carbon Fibre Reinforced Polymers (CFRP) is a method that promises to be one
of the most attractive alternatives for strengthening and repair of concrete structures. Among
many useful properties, carbon fibres are highly conductive and as such could be used as an
integral part of a cathodic protection system as well as a strengthening system. Indeed, carbon fibres and carbon particles are already being used as current distributors and electric
conductivity enhancers in cathodic protection (CP) systems today. However, available systems only offer marginal strengthening to the structures.
The recent developments utilising cementitious carbon fibre composites for strengthening
also form a basis for developing systems that can function as a combined strengthening and
CP system.

1.2 Aim
The scope of the current research project was to investigate the possibility to use CFRP as a
combined strengthening and CP system. In the project 3 different systems were tested. This
included systems where the carbon fibre were used as an active material both for strengthening and protection, and systems where the carbon fibres were isolated from the protection
system (inert systems).

2 Experimental programme
2.1 Introduction
This report describes the results from laboratory experiments where the possibility of using
CFRP as a combined strengthening and CP system was investigated. The primary objective
was to study whether carbon fibres or the bonding between the concrete and the carbon fibre
would degrade as a result of the CP current.
In the test programme three different systems were tested in four different series. The first
system may be called an active system because the carbon fibre functions both as strengthening and an (active) anode. For the other two systems the carbon fibres was used only for
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strengthening purposes. Here, the CP was applied by the use of Mixed Metal Oxide (MMO)
plated titanium ribbon mesh moulded into a commercially available conductive concrete mortar.
The following developing steps and tests were performed:
•

Development of a conductive Carbon fibre grid (Sto)

•

Development of a connection system that would give a satisfactory electrical connection between current feed and the carbon fibre grid

•

Moulding and conditioning of reinforced specimens

•

Application of strengthening and cathodic protection systems

•

Curing

•

Initial CP-tests, adjustments and verification

•

CP exposure

•

Anode potential measurements

•

Bond/max load tests

•

Anode service-life test, NACE Standard TM0294-2001

All steps are described in the following sections.

2.2 Conductive Carbon fibre grid
Sto Scandinavia developed a prototype of a conductive Carbon fibre reinforced grid based
on their commercially available StoFRP Grid 1000 C 390. In order to improve the conductivity, and allow current to pass through the epoxy, carbon or graphite (no data available) were
added to the epoxy matrix. Because this was a prototype, no material data are available.

a)

b)
Figure 1 a) Sto FRP grid. b) Prototype of conductive grid

2.3 Connection between current feed and the carbon fibre grid
To secure a good and durable connection between the current feed wire and the conductive
CFRP it was necessary to test different systems. The different methods were evaluated
through simple resistance measurements. In the end the best results were obtained when
conductive silver glue was used, see Figure 2. To avoid corrosion at the connection it was
sealed with glued heat-shrinkable tubing.
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b)
Figure 2 a) chosen connection between current feed and CFRP. b) Detail of connection

2.4 Moulding and conditioning of specimens
In order to test both the CP performance and the strengthening effect as well as possible
negative effects of the CP, 21 concrete specimens were moulded. The size of the specimens
was 110x200x580 mm3 as illustrated in Figure 3.

Figure 3 Concrete specimen dimensions.

12 of the specimens were reinforced. To allow for chloride initiated corrosion a chloride content of 5 weight % of cement was added to the concrete. Reinforcement of similar shape and
size as the CFRP grid was chosen, see Figure 4.
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Figure 4 Shape, size and location of reinforcement

In order to monitor the corrosion potential of the reinforcement, two reference electrodes
were placed within each specimen. The reference electrodes were made from Activated Titanium ribbon mesh. The titanium mesh was cut into 40 mm lengths and clamped around a
double isolated Ø2.5mm copper wire. The titanium copper connection was then sealed with
glued heat-shrinkable tubing and the electrodes were mounted on the reinforcement by plastic strips, see Figure 5.

a)

b)

Figure 5 a) Making of Activated Titanium Mesh reference electrode. b) Placing of reference electrodes
on reinforcement.

The following concrete mix was chosen for the specimens:
Cement, EN 197-1 -CEM II/A-V 42,5 R

290 kg/m3

Superplastisizer

1,4

Sand, 0-8 mm

935 kg/m3

Coarse aggregate, 8-16mm

937 kg/m3

Water

194 kg/m3
-

NaCl, (5% Cl of cement weight)

l/m3

23,9 kg/m3
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After casting and demolding the specimens were kept in a controlled climate chamber, at 20
± 3 0C and 85 ± 5 % RH for 2 months. During this period the corrosion potential of the reinforcement was checked regularly to see if corrosion was initiated as planned.
Before applying the CP/CFRP on the specimens they were sandblasted and then cut in two,
see Figure 6.

a)

b)
Figure 6 a) Schematic of cut specimen. b) Picture of sandblasted and cut specimen before application
of CP/CFRP.

2.5 Application of strengthening and cathodic protection systems
2.5.1 Test set-up
A test set-up as shown in Figure 7 was chosen for the laboratory programme. The CP/CFRPsystems were mounted on two sides of the two separated concrete specimens. A manual
hydraulic pump, ENERPAC P 142 with an ENERPAC RCH-121 load cell was placed in the
gap between the two specimens. The maximum pressure before failure was monitored with a
pressure transmitter connected to a NIDAC logging system.
Prior to these tests, investigations of the critical anchoring length for different strengthening
systems had been performed with similar test configurations, [3]. The results showed that
anchoring of about 200 mm was sufficient to give maximum failure loads. Increased anchoring will only result in propagating failure between the strengthening and the concrete for this
set-up.
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Figure 7 Test-set-up

In order to study possible negative effects of CP, the ultimate failure load was recorded on
three different systems that had been subjected to CP-currents. The failure load was then
compared to reference specimens that had not been subjected to CP-currents.

2.5.2 Series 1 and 2 - Prototype Conductive CFRP grid
To investigate the sensitivity of anode current density on the conductive CFRP grid, two different test series, i.e. a total of 6 specimens, were made with the prototype conductive CFRP
grid from Sto, see Figure 8.

Figure 8 Schematic representation of test series nr 1.

The grid was mounted within a 15-20 mm thick cover of Stocrete GM repair mortar, see
Figure 9. After application on one side of the specimens they were left to cure under a polythene sheet for one day. Then the grid was mounted on the other side. After another day of
curing the specimens were moved to the climatic chamber and stored at 20 ± 3 0C and 85 ±
5 % RH.
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Figure 9 Mounting of CFRP grid.

2.5.3 Series 3 – CFRP grid and Titanium ribbon mesh anodes.
The second system used in the experiments is shown in Figure 10. The CFRP grid used in
this group is not an active part of the anode. Instead activated titanium ribbon mesh anodes
are put directly under a normal CFRP grid. The design was chosen to simplify the mounting,
and to investigate if placing of anodes close to the CFRP grid would have a negative effect
on the CFRP grid durability/bond. To reduce the electric resistance between the anodes and
the reinforcement, and thereby improve the anode efficiency and reduce anode spacing, a
commercial available conductive mortar, EMACO CP 60, was used.

.
Figure 10 Mounting of CFRP grid and activated titanium ribbon mesh anodes for system 2
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2.5.4 Series 4 - CFRP plate and titanium ribbon mesh
The third system in the experiments consisted of CFRP plate strengthening combined with
titanium ribbon mesh anodes, see Figure 10. This design was chosen because it allows for
complete separation between the strengthening and the anode.

Figure 11 Schematic of system 3 – Bonded CFRP plates and titanium ribbon mesh anodes.

2.5.5 Reference specimens
In addition to 12 reinforced specimens used in series 1-4, 9 more unreinforced specimens
were produced and strengthened to serve as references. Reference specimens 1, 2 and 3
were treated in the same way and had identical strengthening as the specimens produced for
system 1, 2 and 3 respectively.

2.5.6 Constructing circuits and wiring
The electrical wiring for the CP on the different test series is shown in Figure 12. Each test
series was connected to one DC current supply. This meant that it was only possible to adjust the mean current fed into each test series, i.e., it was not possible to adjust the current
feed to all specimens separately. However, special care was taken to produce very homogeneous concrete and test specimens. For documentation the compressive strength and electrical resistivity was measured on test cubes made from every concrete batch.
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Figure 12 Schematic of the CP wiring

2.5.7 Monitoring CP performance
Several tests are available for evaluating the effectiveness of CP systems, see f ex [5]. To
determine performance of the CP system and to ensure that protection conditions were
reached, the potential of the reinforcement with respect to embedded reference electrodes
were monitored. During the CP-tests the reference electrodes were connected to data loggers as shown in Figure 13.

Figure 13 Reference electrode wiring.
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2.6 Initiation and adjustment of CP
2.6.1 Initial tests
Initial tests were performed to see how effective the different systems were with respect to
CP performance. For comparison reasons it was decided to run all tests at so-called constant
current for all 4 series. This means that the applied cathodic protection current is kept constant throughout the test. Commercial CP systems may be operated at constant current,
constant voltage or at currents controlled by the reinforcement potential.
For the initial tests an anode current density of 2 mA/m2 was chosen for series 1 and 2 and
40 mA/m2 was chosen for series 3 and 4. The reason for selecting different current densities
was that the maximum current density for the MMO anodes was 110 mA/m2 according to the
producer, see [6]. For the CFRP anodes it was unknown and it was decided to start carefully.
The effectiveness of the different systems could then be evaluated through monitoring the
potential change.
As a result of the different current densities and the different anode surface area the reinforcement current density passing was different for series 1 and 2 compared to 3 and 4. For
series 1 and 2 the reinforcement current density was 59 2 mA/m2. For series 3 and 4 the reinforcement current density was 260 mA/m2. Higher polarisation for the MMO anodes was
therefore expected.
Figure 14 and Figure 15 shows the reinforcement potential response for series 1 and 2 respectively. The figures show an initial negative potential shift of around 70 mV for series 1
and 40 mV for series 2. The potential then slowly increase again and stabilise at 50 and 25
mV depolarisation. When the current is shut off the potential quickly rise to the start potential
again.

a)

b)
Figure 14 a) On-potential development for test series 1. b) 24 hour decay measurement.
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b)
Figure 15 a) On-potential development for test series 2. b) 24 hour decay measurement.

The results first of all mean that it is necessary to increase the current density to obtain satisfactory protection of the reinforcement according to the well established 100 mV depolarisation criterion, [4, 5]. Secondly, it is interesting to notice the positive shift after the initial polarisation of the reinforcement. This may be a result of electrochemical reactions on the anode/concrete interface creating obstacles that reduce the anode efficiency. Examples of such
reactions may be that carbon particles on the epoxy surface are oxidised to CO2.
Figure 16 and Figure 17 shows the reinforcement potential response for series 1 and 2. As
can be seen an anode current density of 40 mA/m2 was enough to give 250 mV depolarisation of the reinforcement. This means that the reinforcement was protected and that the 100
mV criterion was satisfied for both systems. As can be seen from the figures the reinforcement potential slowly decreases throughout the test period. This is quite normal and is probably an effect of local change at the reinforcement surface, i.e. OH- production and Cl- is repelled.

a)

b)
Figure 16 a) On-potential development for test series 3. b) 24 hour decay measurement.
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b)

a)

Figure 17 a) On-potential development for test series 4. b) 24 hour decay measurement.

2.6.2 Secondary tests
Secondary tests were performed to see how high the current density had to be in order to
obtain satisfactory polarisation of the reinforcement for system 1. The current density was
therefore set to 10 mA/m2. This gave a reinforcement current density of 290 mA/m2 which is
of the same order, but slightly higher than the tests performed on series 3 and 4 in section
2.6.1.
Figure 18 shows resulting potential development for the reinforcement. After an initial polarisation of around -200 mV the potential increase a bit and then slowly fall down to -600 mV,
meaning a polarisation of around -300 mV. This means the anode efficiency is similar to the
MMO-anodes.

a)

b)
Figure 18 a) On-potential development for test series 4. b) 24 hour decay measurement.
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2.7 Main CP exposure
2.7.1 Polarisation test
Having established that the initial anode efficiency for the different systems was relatively
similar, longer or accelerated tests had to be performed in order to evaluate the efficiency
over time. Since CP systems are permanent installations, i.e. they only function when they
are switched on; they normally must have service lives of at least 10-20 years. Because of
the relatively short time available in the project it was therefore necessary to select relatively
high current densities for the main CP exposure tests.
In order to secure similar exposure conditions for the different systems the chosen anode
current densities should be the same for the three systems.
Before executing the semi-long tests, shorter polarisation tests was performed. At these test
the current densities was kept at 50 mA/m2. Although constant current was chosen the
maximum voltage was set to 5 V on all DC power supplies.
Figure 19 -Figure 22 shows the potential development for series 1 and 2. The potentials
show the same trends as earlier, only this time a higher polarisation was reached. After
about 20 hours of polarisation the power supplies of both series went from current control to
voltage control. This reflects the growing resistance in the circuit discussed earlier, i.e. a
higher voltage has to be applied to maintain constant current. In order to maintain the set
current densities the maximum voltage was adjusted to 10 V at this time. The adjustment
lead to a rapid potential fall as expected. 3 hours after the voltage adjustment the current
was cut off with a quick potential rise as a result.
Series 1 - Potential development
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Figure 19 Potential development of series 1 specimens within first four hours.
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Series 1 - Potential development
11b

11a

12b

12a

13b

13a

0
-0,2
-0,4
-0,6
-0,8
-1

09:12

07:26

05:41

03:55

02:09

00:24

22:38

20:53

19:07

17:21

15:36

13:50

12:05

10:19

08:34

06:48

05:03

03:17

01:32

23:46

22:01

20:15

18:30

-1,2

Figure 20 Potential development of series 1 specimens within remaining time.

Series 2 - Potential development
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Figure 21 Potential development of series 2 specimens within first four hours.
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Series 2 - Potential development
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Figure 22 Potential development of series 2 specimens within remaining time

Figure 23 - Figure 26 shows the potential development for series 3 and 4. The figures show
that an initial polarisation of around -300mV was achieved for both systems. As earlier, a
slow potential fall was then observed. When the power was cut off the potential quickly went
back to the starting point.
Series 3 - Potential development
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Figure 23 Potential development of series 3 specimens within first four hours.
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Series 1 - Potential development
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Figure 24 Potential development of series 3 specimens within remaining time.
Series 4 - Potential development
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Figure 25 Potential development of series 4 specimens within first four hours.
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Series 4 - Potential development
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Figure 26 Potential development of series 3 specimens within remaining time.

Although the polarisation tests were relatively short (43-44 hours) the results show that the
CFRP anodes are not as stable as the MMO anodes.

2.7.2 Main exposure tests
To investigate the long time durability of the different systems, long time, or accelerated test
had to be performed. One major problem with accelerated CP tests on anodes in concrete is
that if the current is set to high it may lead premature failure of the concrete as the test electrolyte. Normal current densities for CP systems are of the order 2-20 mA/m2 with respect to
the reinforcement area, [7]. For the accelerated test it was necessary to use current densities
that were much higher , but still not too high.
Since series 1 and 2 were identical it was possible to test two different current densities for
the system. Anode current densities of 50 and 100 mA/m2 were therefore chosen. This corresponds to reinforcement current densities of ~1500 and 3000 mA/m2. This means that the
current densities on the reinforcement surface were about 75-750 and 150-1500 higher than
what is normal.
For series 3 and 4 anode current densities of 50 mA/m2 was selected. This corresponds to a
reinforcement current density of 325 mA/m2 or 16-160 times normal.
Although the reinforcement current densities chosen in these tests may seem very high, the
anode current densities are within the recommended output maximum for the MMO-anodes.
The test is designed to test the durability of the anode, and in that view the acceleration is
considerably lower. Assuming an anode/reinforcement ratio of 1 it is 2.5-25 higher than normal for all systems.
The main tests were performed over a total period of 39 days. During this period the potentials was monitored every 30 minutes for the first 37 days. Then the logger interval was
switched to 1 sec. and the test was continued for 2 days before the power was switched off.
The logging was continued for one day after the power had been switched off.
Unfortunately, due to a logger error following a global power failure the results series 1 and 3
were lost.
Figure 27 shows the potentials around the final power cut-off for series 1. As can be seen the
depolarisation following the power cut-off is relatively quick at first and then slows down considerably.

Sustainable Bridges

WP6-04-2004-09-30State of the art Thermography

(Page 20 of 32)

Series 1 - Potential development
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Figure 27 Potentials development for Series 1 during power cut-off.

Fel! Hittar inte referenskälla. shows the potentials of series 2 during the first 37 days of
exposure. The potentials were relatively stable throughout the whole test. However during
the test a growing voltage was applied from the power supply in order to maintain the constant current. The 2 potential peeks that are visible are the results of global power failures.
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Figure 28 Potential development for Series 2. Initial stage

Figure 29 shows the potentials around the final power cut-off of the test. The potential curves
are very similar to series 1 although a higher degree of polarisation can be seen because of
the higher currents applied.
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Series 2 - Potential development
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Figure 29 Potential development for Series 2 during power cut-off.

Figure 30 shows the potentials around the final power cut-off of the test. As can be seen the
polarisation is lower and the depolarisation following the power cut-off is quicker than for the
CFRP anodes. This reflects the lower reinforcement current density for this series.
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Figure 30 Potential development for Series 3.Final stage.

Figure 31 shows the potentials of series 4 during the first 37 days of exposure. The potentials
were relatively stable throughout the whole test. In contrast to series 2 the potentials continued to fall slowly throughout the test period.
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Series 4 - Potential development
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Figure 31 Potential development for Series 4. Initial stage.

Figure 32 shows the potentials around the final power cut-off of the test. The potential curves
show the same trends as series 3.
Series 4 - Potential development
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Figure 32 Potential development for Series 4. Initial stage.
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2.8 Anode Potential measurements
One of the main concerns with using CFRP as an anode material is the stability of carbon in
concrete and especially when it is polarised as is the case for CP system. Although the
CFRP used in these tests is not a pure carbon fibre, but carbon enclosed in an epoxy matrix,
the main electrical conductor is still carbon. Since there are no data available for carbon in
concrete a good indication of its stability may be found if we consider the potential-pH diagram for pure carbon in water, see Figure 33. The diagram shows that carbon has a relatively narrow stability domain. On account of this it is thermodynamically favourable for carbon to react either by oxidation when the potential is above the value given by the lines (35),
(36) and (37) with the formation of CO2, H2CO3 and carbonates (HCO3- and CO3--).

Figure 33 Potential-pH equilibrium diagram for the system carbon-water at 25oC, [8].

Figure 34 shows the average anode potentials for the tested systems. The potentials represent the average of 2 measurements for each specimen. The measurements were taken
before and during the different tests performed.
As can be seen the CFRP anode potentials (red curves) becomes more positive throughout
the tests. The MMO anode potential (blue curves) on the other hand remains relatively stable. This reflects the registered increase in voltage output that was observed and discussed
in section 2.7.
If we only consider the CFRP potentials we see that the open circuit potential, E0, is around
0.2 V vs. NHE. Knowing that the pH of the repair mortar used is around 13 we can see from
Figure 33 that the anode probably is unstable already. The potential increased above 1.0 V
vs. NHE already during the initial tests. This means that it probably turns into CO2. At these
tests the current density was as low as 2 mA/m2, and the system was not able to satisfy the
100 mV depolarisation criterion. Although the results indicate that the anode is dissolving, it
is only based on thermodynamic considerations and the kinetics of the reactions are not considered. The steep high increase in potential during the main test however, indicates that the
dissolving of the anode is affecting its performance considerably.
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Anode potential development
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Figure 34 Anode potential development vs NHE reference electrode
E0 – Anode surface potential before specimens were subjected to CP
E1 – Anode surface potential during initial tests
E2 – Anode surface potential on the 10th day of main test
E3 – Anode surface potential on the 38th day of main test

The degradation of the CFRP anodes in series 2 was also visually visible. Figure 35 shows
the observed degradation. On the right picture it is possible to see that the matrix has dissolved and is seeping out through the concrete. The picture on the left shows a detail of the
dissolved anode that was visible after the load test.

Figure 35 Pictures showing the dissolution of epoxy matrix on the CFRP anodes.
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2.9 Load tests
2.9.1 Test set-up
After exposure all specimens, including reference specimens were subjected to load tests
according to the set-up shown in Figure 33. Before testing the specimens were placed on a
specially prepared table that allowed the specimens to move in the direction of the force vector. Several failure modes are possible for this set-up, but normally bond failure between
strengthening system and concrete or fibre rupture is observed.

Figure 36 Schematic representation of the Bond

(1) - NI-DAQ logger system
(2) (6) - Manual hydraulic pump
(3) - Metal shims
(4) - Concrete specimens
(5) – Wiring

2.9.2 Results
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Table 1 and Figure 37 show the results of the load tests for all specimens and systems. The
results show relatively large scatter within each series. For series 1 and 2 the failure load of
the exposed samples is approximately 108 and 94 % of the reference value respectively. The
scatter of the individual specimens is however so high that no significant effect of exposure
can be observed. The same results are observed for series 3. Here, the exposed specimens
have a failure load 119% higher than the reference.
For system 4 the exposed specimens only obtained 74% of the reference failure load. This
indicates some degradation, but there where no visible damage to the CFRP prior to the load
tests. Because of the relatively large scatter and few parallel specimens no final conclusion
could be drawn.
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Table 1 Maximum failure load for the different specimens and systems.
Specimen nr
11
12*
13
Mean
21
22
23
Mean
Reference 11
Reference 12
Reference 13
Mean
31
32
33
Mean
Reference 21
Reference 22
Reference 23
Mean
41
42
43
Mean
Reference 31
Reference 32
Reference 33
Mean

Pressure at failure [bar]
126,7
52,2
158,6
143
134,4
125,3
112,9
124
150,5
144,9
99,9
132
188,3
109,4
131,1
143
110,6
89,7
158,8
119,7
225,2
168,6
250
215
302,1
302,3
264,7
289,7

Type of failure
Fibre failure
Debonding: repair mortar - concrete
Fibre failure
Fibre failure
Fibre failure
Fibre failure
Fibre failure
Fibre failure
Fibre failure
Fibre failure
Fibre failure
Fibre failure
Fibre failure
Fibre failure
Fibre failure
Debonding: concrete - adhesive
Debonding: concrete - adhesive
Debonding: concrete - adhesive
Debonding: concrete - adhesive
Debonding: concrete - adhesive
Debonding: concrete - adhesive

* Specimen rejected because of the failure mode.
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Load test
350

Pressure at failure [bar]

300
Series 1

250

Series 2
Reference 1

200

Series 3
Reference 2

150

Series 4
Reference 3

100
50
0
Tested1series

Figure 37 Mean failure loads and standard deviation for all test series.

2.10 Service-life test on anode
Parallel to the load tests, accelerated life tests of the anodes where performed. The tests
where performed according to a special standard from The International Corrosion Society,
NACE [9]. As already mentioned accelerated testing of anodes for use in concrete cannot be
performed due to the premature failure of the concrete as electrolyte. Instead of concrete the,
aqueous solutions are used in the standard test.
During the test anodes shall demonstrate that they can survive a minimum total charge of
38500 Ah/m2 of anode surface area. This is the amount of total charge density an anode is
subjected to if operated at 110 mA/m2 of anode surface for 40 years.
The anode is tested in three different aqueous solutions; NaCl, NaOH and simulated pore
water with sand, see Figure 38 and Figure 39.
The test consists of 2 parts. First a short test where the current is reversed. This simulates
incorrect powering of a real installation. The main test lasts for 180 days where a standard
size anode surface is subjected anodic polarisation under a constant current of 17.8 mA.
During the test the cell voltage and current and anode potential potentials are recorded at:
1h, 24 h, 7, 14, 28, 42, 56, 70, 84, 98 …180 days.
Anode failure is marked by a rapid escalation in both cell voltage and anode potential. The
time of failure should be recorded when the anode potential increases by 4.0 V above its
initial value.
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Figure 38 Schematic of test-set-up for accelerated life tests for anodes, [9]

Figure 39 Accelerated life tests of CFRP anodes.

Table 2 shows the results from the test. As can be seen the anodes failed after just one week
of testing. This is evident from the high anode potentials registered after 7 days for the anodes placed in the NaOH- and the simulated pore water solution. Figure 40 shows a picture
of the surface of the anode that was tested in simulated pore water. From the picture it is
evident that both the epoxy matrix and the carbon fibres have dissolved.
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Table 2 Results from the accelerated life test.

Figure 40 CFRP anode after 7 days of accelerated testing in simulated pore water.
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3 Conclusion
The report describes the results of a research project that aimed at investigating the possibility to use CFRP as a combined strengthening and CP system. Three different systems
were tested. This included systems where the carbon fibre were used as an active material
both for strengthening and protection, and systems where the carbon fibres were isolated
from a commercially available CP (inert systems) and only functioned as strengthening.
Most of the tests were performed with a prototype conductive CFRP grid produced by Sto.
The results show that CFRP-grid will dissolve if they are used as anodes in CP systems. Although no significant loss of strengthening effect could be demonstrated in the load tests
performed, the dissolution of the epoxy matrix and the carbon was clearly demonstrated in
accelerated CP life tests performed in aqueous solutions.
Two other systems where the CFRP grids were not an active part of the CP-system were
also tested. The results from these tests are somewhat inconclusive. For system 2 (series 3);
where a CFRP grid was placed together with a MMO-anode no effect of the CP exposure
was found. For system 3 (series 4), which was thought to be the safest system, the exposed
specimens showed a lower failure load than the unexposed samples. This is somewhat unexpected and may be a result of the relatively few parallel samples and the large scatter of
the results.
At this stage it is concluded that the tested CFRP strengthening grids should not be used as
an active part of the anode in CP systems. Combined systems where the CFRP are kept
electrically isolated from the CP systems could be used, but with extreme caution.
Although the research performed here gave negative results for the active CFRP-system,
more research may be able to overcome the problems revealed here. Future research
should include fundamental electrochemical tests on carbon and carbon embedded in other
matrix materials for the use in concrete. Because of the difficulties of accelerating CP tests in
concrete, longer exposure tests has to be performed in order to evaluate the combined inert
systems tested in this project as well as possible new systems developed. Due to the attractive gains that be provided by combined strengthening and CP systems Norut technology
have already started more tests and fundamental research within this area.
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General remarks
This technical report is prepared based on contract No. FP6-PLT-001653 between the European
Community represented by the Commission of the European Communities and Skanska Teknik
AB contractor acting as coordinator of the Consortium.
Sustainable bridges [25] is an integrated project in FP6 which assesses the readiness of railway
bridges for higher traffic demands and longer lives as the first step towards the 2020 scenario
and provides the means for up-grading the railway bridges if they fall short. The European
transport policy and the 2020 scenario require increased capacities with heavier axle loads and
increased forces to be absorbed due to longer faster trains and mixed traffic. All type of bridges
are considered.
The objective of WP6 Repair and Strengthening is to:
•

Summarize existing suitable repair and strengthening methods and materials for railway
bridges in Europe (D6.1),

•

Develop new methods to repair and strengthen railway bridges including quality
assurance measures (D6.2),

•

Demonstrate new developed methods on existing railway bridges (D6.3).

Deliverable D6.2.3 presents an enhanced quality assurance system based on an optimised
active thermographic system, to control the execution quality and in-service behaviour of the
remedial measures using Carbon Fibre Reinforced Plastics to assess the reliability of the
bonding. The bond is crucial to the effectiveness of CFRP-repair and -strengthening in order to
fulfil the objective of the project Sustainable Bridges.
This is the full description of the performed investigations serving as a background document
and being the basis for the summarising chapter 2.3 on quality assurance of rehabilitation
measures in the main report D6.2. The investigations within this deliverable include the
elaboration of concepts and performance of laboratory testing, concept of a set-up using active
thermography and the construction of a prototype
.
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Summary
Many concrete railway bridges suffer from deterioration already 20-30 years after their erection.
Some lines need to be upgraded for future traffic demands as higher axle loads, faster
passenger trains and longer lives. Carbon Fibre Reinforced Plastics/ Polymers (CFRP) applied
to the surface of concrete bridge slabs is an appropriate tool for both, repair and strengthening.
The application of CFRP-plates to the tension zone is a promising repair method. It is also an
effective system for strengthening railway bridges in order to achieve an effective upgrade of the
bridge to resist higher traffic load cycles and thus to increase the volume of transferred goods.
The bond between the concrete, adhesive and CFRP must be guaranteed to reach the promised
increase of capacity due to effective repair and strengthening measures. Thus, quality control
has to be an essential part of the structural assessment to achieve structural integrity and
reliability during the remaining service life of the repaired or strengthened bridge.
The deliverable presents an quality assurance procedure and its automation based on active
thermography to control the bond quality and effectiveness after application and during
increased loading in laboratory testing. The deliverable D6.2.3 describes

-

A concept for non-contact testing based on active thermography,
The State of the art as basic for the development (see also D6.1),
Optimisation of the most appropriate heating unit,
The validation of the active thermography for the planned application using a block
specimen with designed debonded near surface areas in applied CFRP-products as
grids, rods and CFRP-plates,
The application of active thermography in accelerated feasibility tests in 4-point-bending
laboratory load testing under increasing load cycles to simulate the process of debonding
and to record the early detected bond failures,
The automation of the thermography testing procedure for a thermoscanning system.

-

Design, construction and testing of a thermoscanner prototype for use on site.

-

-

Active thermography was used to control both, the quality of the workmanship after application
and the debonding under increased loading simulating the accelerated deterioration process in
service. By varying the heating sources, the procedure for thermography assessment was
optimised and enhanced. It was shown, that active thermography can be applied to detect near
surface defects. During validation tests, the recorded thermographic data was evaluated in the
time and frequency domain to visualize the maximum contrast between undisturbed surface and
designed or detected defects. The comparison of the cooling down behaviour of undisturbed
surface areas and the defects delivers information about the defect below the CFRP. CFRPplates show a special faster heat transport effect in fibre direction. The recorded data of the heat
distribution in time visualised typical smear effect in fibre direction. The effect is discussed.
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In 4-point-bending laboratory tests, the CFRP-strengthening resulted in a significant increase of
the resistance of RC-beams in bending. In a first load cycle, the beams were precracked in order
to simulate deterioration before strengthening.
The precracked beams were unloaded and perfectly CFRP-plate-repaired. The workmanship of
CFRP-application was investigated before the next load cycles. The CFRP-plate repair almost
doubled the resistance of the beams in bending. A bending-shear failure led to the final failure of
the beams. The reliable detection of debonding was reached at approximately 5 % below the
ultimate failure load. Before the final load cycle, the debonding under load increase was
recorded successfully using the new developed automated system with active thermography.
In reality, deterioration is usually never caused by static ultimate failure load. Real deterioration
is a long lasting process. The processes are caused by concrete deterioration due to low
concrete quality, corrosion resp. alkali-acid reaction or humidity penetrating the massive
concrete slab. Results from thermographic approach were recorded as the thermal contrast in
digital images. The current thermal contrast images were available online during the laboratory
tests. Further data processing in time and frequency domain revealed additional information
using phase and/or amplitude analysis of the thermographic images.
It is possible to detect debonding with the presented concept for application of active
thermography. Even small designed defects with a size of <1,0 x 1,0 cm below one layer of 10
cm broad plates were detectable. This size is assumed not to be crucial for the structural safety.
The detection of small debonded areas in service is assumed to be an early enough signal for
railway owners
- to increase the density of inspection in this area,
- to follow the increase of the debonding tentatively, if the debonding was detected in a
crucial cross section and
-

to investigate the cause for the debonding.

Finally, a prototype thermographic system was constructed for use by the railways as a quality
assurance tool after repair and strengthening. The prototype for automated quality assessment
of debonding was tested during a second laboratory test.
The basic for the research, focusing on quality assurance of bonded CFRP described here, was
the state-of-the-art-report on Quality assurance for bond control included in the sumarising report
A. This full deliverable is attached as background document to the research report B.
The report does not focus on bridges made of other material than reinforced concrete,
strengthened with CFRP neither on other quality assurance procedures than active
thermography.
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1 Introduction
1.1 Background and motivation
Some railway bridge owners still hesitate to apply surface-bonded Carbon Fiber Reinforced
Plastic (CFRP) in repair or strengthening measures, since only durable perfect bond between
the strengthening material and the basic material of the bridge can guarantee the increase of
resistance and increase the remaining service life of a bridge structure.
Nonetheless, bridges need rehabilitation to upgrade for higher axle load and higher train
frequency. Carbon fiber reinforced plastics provide a high-strength, lightweight and corrosion
resistant material for repair and strengthening. During the last decades, composite materials
have been introduced for progressive rehabilitation measures of bridges as well as for
strengthening in many countries. Extensive test series beginning in the early nineties were
applying first investigations with NDT, too, see [23]. Carbon fiber reinforced plastics (CFRP)
have been used even to add an additional lane to a bridge, to retrofit an old bridge built in the
1920ties for future traffic demands (Westgate bridge in Melbourne).
Insufficient execution quality of bridge construction or remedial measures, introduction of higher
axle loads in freight traffic or damages due to environmental impact resp. deterioration during
operation, may require an upgrade of a reinforced concrete structure by repair or strengthening.
Quality control of applied remedial measures guarantees an effective and safe operation as well
as more reliable maintenance of the bridge infrastructure during further use. As remedial
measure, carbon fiber reinforced plastics (CFRP) may be used to strengthen reinforced concrete
bridge structure.
For testing the quality of the application and for the investigation of the current condition of the
bonding; repeated during the service life to characterize the durability, the bridge owner needs
fast, non-destructive and traffic non-disturbing methods. Impulse-thermography fulfills these
requirements since it is sensitive to early detection of bond failures. The chapter describes the
process optimization of a scanning-thermography-based quality assurance system.
Several concrete bridges built within the last decades suffer from degradation due to
environmental influences, from increased cyclic loading due to higher traffic demands, moisture
or from insufficient maintenance. Deterioration of concrete bridges leads to cracks, corrosion of
the reinforcement or spalling of the concrete cover. For save further use, remedial measures
using CFRP-plates, rods or mineral covered grids, are applied to the concrete surface. Alkaliresistant CFRP-plates are a good alternative to steel plates, which are sensitive to corrosion.
The bonding quality of the CFRP is decisive for the success of the repair or strengthening
measure.
Therefore, the detection of debonded CFRP or destructed near surface areas below the CFRP is
crucial to the safety of a structure, although the aggregates, by indenting, may still transmit
forces between the inner reinforcement and the adhesive and make the damages invisible from
outside. Reinforced concrete bridges suffer from deterioration caused by insufficient
workmanship during erection, extreme environmental impact or traffic load cycless. CFRP-plates
can be used to repair the following typical defects in reinforced concrete bridges (see D6.2.5)
and [8]:
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•

Construction faults (exposed reinforcing steel, honeycombing etc.)

•

Cracking (surface, depth, width etc.)

•

Disintegration (peeling, scaling, weathering etc.)

•

Distortion or movement (buckling, settling, tilting etc.)

•

Erosion (abrasion, cavitation etc.)

•

Spalling (pop outs, spalling caused from corrosion or AAR, etc.)

Figure 1 shows the assessment phases of existing bridge structures. An arrow indicates the
level of interest in the flow chart, which was investigated in this report and the level, where the
developed procedures are planned to apply.

Doubts

Phase I
Site visit
Study of documents
Simple check

Doubts
confirmed?

yes

Inspector alone

increased axle loads
doubts on construction plans
accident, deterioration,
regullar inspection

Engineer alone

visual inspection
actual codes
Verification of plans
Simple NDT-methods

Engineer alone

Phase II
Investigations
Analysis
Simple check

no

Specialized
laboratories
Specialists

no
Safe?

Large
consequences?

yes

yes

Engineer
together with team
of experts

Phase III
Site visits, discussions
and consensus within
the team

Update loads
deterministic
approach

Probabilistic
approach

no

Do nothing
Intensify
monitoring

Reduce loads

Strengthen
structure

Demolish
structure

Figure 1: Repair and Strengthening in the assessment diagram, developed in [20]

Following the assessment flow chart, developed in [20], the particular moment, where most likely
the decision is made on repair or strengthening of a bridges structure, is clear.
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1.2 Concept for quality assurance
Externally surface bonded CFRP-plates or carbon fibre rods bonded in slots restore or even
increase the structural safety, serviceability and durability of deteriorated reinforced concrete
structures. For the testing within the project, the Carbon Fibre products were purchased from
STOScandinavia. STOScandinavia was responsible for the application of the CFRP-products as
plates, grids and rods to the test specimens.
A European standardisation for a preferable CFRP-application procedure does not exist. Quality
assurance with NDT is not required. Some countries allow surface mounted strengthening of
bridges with reference to Design Guidelines or Repair Manuals. Other countries, as Germany,
demand technical approvals in addition to the European regulations in EN1504, principle 4,
Eurocode 1 and 2. Producers also refer to the technical approvals or design guidelines of other
states.
In Germany, mandatory tests are required to provide evidence of the resistance of the structural
element. The tests assess the safety of the strengthening measure with CFRP in use. In
Germany, permanent temperatures higher than 40°C, short term 42°C, are not allowed and
assumed to have a negative influence on the bond. New applications show in difference to
German approvals, CFRP on surfaces, which are exposed to sunlight. A mineral cover layer
shall increase the durability against ultraviolet radiation (project partner STOScandinavia).
As part of the European Research Project Sustainable Bridges, the NDT-CE (non-destructive
testing in civil engineering)-team at BAM developed an optimized quality assurance procedure
for bond control for application to railway bridges and new equipment for automated
measurement based on active impulse-thermography.
The test concept consists of a multiple-step approach, since it includes the validation of the
thermography procedure, four-point-bending tests and the construction of appropriate scanning
equipment:
Design of a concrete specimen with different applied CFRP-products and designed bonding
failures for validation and optimisation of the thermographic system and respective measurement
parameters. Optimization of the surface heating procedure to obtain the best possible
information about subsurface defects.
Optimization of the method and choice of the appropriate heating unit in laboratory test series
using a block specimen, produced with designed defects, validation of the thermography
procedure for the special application to bond control between CFRP, adhesive and concrete,
Validation of the thermographic procedure with the optimised thermographic procedure using the
block specimen,
Performance of load tests using a beam specimen (see fig. 2) to investigate a accelerated load
increase to achieve at least one debonding mode in service. The bond quality and the bond
behaviour are tested under stepwise increased quasi-static load cycles. After predefined load
steps, the surface is heated up with the chosen appropriate heating unit and the cooling down
was analysed.
The prototype of an automated scanning equipment was developed with computer based noncontact quality control from a certain distance, applicable e.g. from underneath a bridge.
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After successful laboratory testing, the on-site application to bridges is possible. Different surface
temperatures in one thermogram are a measure for hidden failures. Processing the transient
behavior of the surface temperature versus time enhances the quality of the results. The
processed data are visualized in images, which reliably show the position of debonded areas.
The concept and the possible quality assurance procedures may reduce the doubts in the repair
and strengthening using CFRP and increase the confidence by the railways.
Since the stability of the repair system against corrosion is high, it is estimated, that the durability
of CFRP-systems compared to steel plates is high. Figure 2 shows typical damages to be
CFRP-repaired and in Figure 3 is an example for strengthening a bridge in bending.

Figure 2: Typical example for damages

Figure 3: Typical example for strengthening
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2 State of the art
2.1 CFRP in bridge engineering- research and standardisation
2.1.1 Requirements for CFRP application in Europe
There is a great number of different products and applications in the world. The following
approvals, manufactures are a selection of the authors. They are not assumed to be complete
and can be extended at any time.
German approval (DIBt)
Some countries, as Germany, demand official approvals, e.g. [2], to allow the application of
CFRP to structures in civil engineering. The German approvals as Z-36.12-62 for the
Strengthening of reinforced concrete structures with Sto S&P CFRP-plates, applied with the
adhesive StoPox SK 41, 2003 are required for all materials traded or used in Germany. Other
countries refer to the German approvals, to an Eurocode based guideline as e.g. published in
[24] in many languages or to advices in books, published by specialists, e.g. [22].
•

The German technical approvals [2] require the following technical conditions, e.g.:

•

The pull-out test has to exceed at least 1.5 MPa,

•

The defect has to be 100% in the concrete and not in the adhesive interface.

•

Humidity on the concrete surface at the adhesive interface higher than 4% is not allowed.

•

The surface temperature shall not exceed 40°C in service, 42°C only short term. That
prevents, e.g. application on webs or structural elements exposed to the sun light.

•

Durable moisture or changing humidity is not allowed.

•

No size restriction to damages.

The bond quality at the interface to concrete may be reduced due to rough concrete surfaces.
Individual measures are undertaken from different producers as e.g. sandblasting, to overcome
the problem and to increase the bond quality.
sp-reinforcement
The Swiss/ German producers offers a comprehensive information in 11 languages about
design, data sheets for products and applicability on their website, www.sp-reinforcement.de. An
offer for free design software, for the application of their products:
FRP lamella 3.1 for repair and strengthening of beams in bending and shear and
FRP colonna 1 for design of strengthening centric compression
Non-destructive quality assurance for the control of the application or durability is not published.
Swedish design guideline [22]
The Swedish design guideline is used in the North European countries. There is no description
of quality control using Non-destructive testing methods.
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2.1.2

European Standardisation

Standardization of both, of the application and of the quality assurance, is not harmonized in
Europe. The only quality assurance criterion, that is relatively often applied to test rehabilitation
measures of concrete bridges using CFRP plates, sheets or fabrics, is the destructive pull-off
test.
Pull-off test is widely applied, as the only required but destructive standard test for quality control
of the application quality. The tensile strength is limited to 1.5 MPa as found in the literature
review or in technical approvals, which are substituting missing standards in some countries.
Some literature allows failure at a bond line, other demand, that the failure must occur 100 % in
the concrete.
The European standard ENV 1504 part 9 describes the general principles for the use of products
and systems for the protection and repair of concrete structures. This includes definitions,
requirements, quality control and evaluation of conformity. There are a number of test methods
to evaluate the suitability of the products and systems for the protection and repair of concrete
structures.
EN 1504[8]

Products and systems for the protection and repair of concrete structures

EN1799

Tests to measure the suitability of structural bonding agents for application to
concrete surfaces

EN12617-1

Determination of linear shrinkage for polymers and surface protection systems

EN12617-3

Determination of early age linear shrinkage for structural bonding agent

EN13733

Tests to determinate the durability of structural bonding agents.

An non compulsory interim Guidance of the Design of Reinforced Concrete Structures Using
fibre Composite Reinforcement was published by the Institution of Structural Engineers, London,
UK, in 1999.
2.1.3

Former European projects

Rehabcon IPS-2000
In the European integrated project Rehabcon Strategy for Maintenance and rehabilitation in
concrete structures, typical damages of reinforced concrete have been collected. No hints for
NDT have been given.
2.1.4

Research and standardisation outside Europe

In the USA, the Committee 440 of the American Concrete Institute (ACI) requires the evaluation
of delamination and voids between multiple plies or between CFRP and concrete, see (Ekenel &
al. 2004). Following the ACI 440.2R-02 requirements, the American rules demand the
detectability of a minimum defect size of one square inch).
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•

Minimum detectable size of debonded areas of 1300 mm2, (1sqi)

•

Pull-out test has to exceed min. 1,4 MPa (ASTM)

•

No more than 10 delaminations per m2,

•

Total delaminated area less than 5 % of the whole bonded area,

•

Very large delamination (>16 000 mm2) should be cut away and replaced by new
patches,

•

Smaller delamination (<16 000 mm2) are allowed to be repaired by injecting resin or by
ply replacement.

ASTM regulates standard test methods for CFRP properties and pull-off test.
Other activities
The European Composite Bridge initiative COBRAE tries to concentrate producers, consultings
and researcher in order to promote research, development, standardisation and application of
fibre reinforced polymer composites in rehabilitation, upgrade and new bridge constructions and
infrastructure applications. More information and a free monthly newsletter are available on the
website www.cobrae.org.
First design codes have been prepared for specific applications in Japan and Canada (CSAS806, 2001): In 1997, Japan Society of Civil Engineers published compuzlsory
Recommendations for Design and Construction of Concrete Structures Using Continuous fibre
Reinforcing Materials. The Canadian Highway Bridge Design Code contains a chapter 16:
Reinforced Structures, has been compulsory since 1996, too.

2.2 Non-destructive testing: Research and standardisation
2.2.1

Assessment of CFRP-Strengthening and repair using NDT

The overview supplements the state of the art report in deliverable D6.1. The information bases
on existing national European and overseas guidelines and standards as far as available and
refers to the results of earlier European projects. The bond control should also respect the
anisotropy of the FRP-plates, which is usually not a problem for traditional materials. For
applications in unidirectional single mode tension direction, the CFRP can use its full capacity.
In all applications with other, or changing loading directions, , e.g. in shear resp. mixed mode
loading, the weaker matrix characteristics have to be taken into account.
Some European railway owners still have concerns about the durability and thermal resistance
of remedial measures by CFRP. Active thermography is an appropriate method to verify the
application quality and to identify possible in-service damages and contributes to reduce these
concerns.
Non-destructive quality assurance procedures are not used commonly after application or in
service. The application in civil engineering introduces challenges in maintenance planning and
life cycle cost assessment. Although laboratory testing of the bond quality using active
thermography and shearography began already in the early nineties (BAM [23], EMPA [15]), it is
not frequently applied. It is not used in railway bridge inspection and condition assessment or for
quality control of the bond quality of remedial measures, too.
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The execution quality and in-service bond quality require control in case of reasonable doubts.
The bond quality between the concrete surface and CFRP-strengthening is crucial to transfer
shear and bending load from the CFRP-layer into the strengthened structural elements. Many
reasons can lead to insufficient bond strength [12].
•

Deteriorated concrete due to corrosion, AAR or low concrete quality,

•

Inappropriate concrete surface preparation (dirt, chemicals),

•

Unsatisfactory installation procedures (bad workmanship, scratches on CFRP)

•

Inadequate installation material or equipment (moisture absorption, environmental
exposure)

•

Overaged adhesive or insufficient mixing of the adhesive components.

NDT can help to reveal low quality of workmanship or bond decrease in a warrantable case of
doubts in service. Non-destructive verification and confirmation of the integrity of a structure can
e.g. influence inspection intervals.
No standardisation of thermographic assessment systems for quality assurance of rehabilitation
measures was found in railway or bridge engineering. Research projects in many countries deal
with CFRP-strengthening. Recently published literature on damage assessment using active
thermography presents results from latest research programmes, e.g. by Maldaque in [16], , e.g.
by Maierhofer et al [17], financed by the German research fund.
With exception of the reqirements of DIBt and ACI (see 2.1.1) no standardisation of quality
assurance for the quality control of CFRP applied to RC-bridges using active thermography is
known. To reduce infrastructure owners doubts, a non-destructive, non-contact, cost-effective
reliable and user-friendly method is preferable. The following methods are state of the art.
2.2.2 Tap-test
The most common test for inspection of repair or strengthening measures is the tap test using a
small hammer. The tap-test is a simple and low cost qualitative quality assurance procedure. An
audible sound difference is a measure for a debonding. The method can be carried out by
experienced inspectors, only.
The long-time experience enables the inspector to decide by hearing the audible respons to
either guarantee, that there is no defect or to to make a diagnosis about a debonding. There is
no record about the test. The human failure can be high.
2.2.3 Active thermography
First tests for application of active thermography have been performed in the early nineties.
Active thermography has the advantage of being an imaging non-destructive method, which can
easily document the location of damages. Nonetheless, except feasibility studies, no application
to real structures and their standardisation was achieved. More details will be given in chapter 5

Sustainable Bridges

TIP3-CT-2003-001653

D6.2.3

2006-08-31

16 (54)

Draft Year 3

2.2.4

Acousto-Ultrasonic Technology

Ultrasonic test is a very local investigation. The s.c. acousto-ultrasonic technology is used for
defect detection in strengthened reinforced concrete bridges (Ekenel et al., 2004). In testing of
the, the AU-NDT was compared with the tap-test and found to be assumed to be a reliable
method to detect defects below wraps (sheets). The relatively low frequencies (250 kHz for
CFRP) and long duration signals prevent to distinguish between between defects between
CFRP-layers and defects between CFRP-layer and concrete surface. An area of max. 305 mm
can be inspected. A portable system able to scan surface areas of 305 x 305 mm was developed
and calibration specimens for each type of CFRP are recommended.
2.2.5

Microwave NDE

In [7], feasability tests for the application of microwave non-destructive evaluation was described
under cyclic loading to find surface defects in externally bonded CFRP-laminates. Artificial
delamination was clearly detected by microwave. In fatigue testing, the images did not change
significantly as a function of increased loading. The influence of environmental cycles were
investigated, too. The defect change in size and of the magnitude can only be speculated.
2.2.6

Fibre optical sensors

Some investigations present integrated fibre optical sensors (FOS) with Bragg grating, e.g.
integrated in BBR-cables to measure stress variation. The leading developer is the Canadian
Network ISIS. Other applications are under development, e.g. the implementation of FOS into
wind energy turbines. The implementation of FOS into boundary interfaces of RC-structures is
under investigation, too, but not finally developed because of complicated strain field
investigation between the different materials.
2.2.7

Microwave defectoscopy with extended Eddy current system

Microwave investigation uses the influence of different dielectricity in defraction, refraction and
reflection of different materials. Its especially applicable to glass fibre or polypropylene. In [12],
the principle of the combination with eddy current measurement (5 MHz, oscillated on 10 GHz)
with microwave defectoscopy is presented.
Other fields of industry, as automotive, aerospace and ship building, use microwave
defectoscopy in combination with extended eddy current system to control the quality of
elements made from plasic and fibre reinforced plastics. Feasability tests in showed, that defect
sizeswith d > 4 mm and a depth >4 mm are detectable in 10 mm thick plates. The method is
under development. Application to civil engineering structures is not known yet.
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2.3 Typical damages to be repaired with CFRP-strengthening systems
Direct contact between CFRP with the metallic reinforcement can lead to galvanic corrosion. A
strict quality assurance and the use of primer as applied in the tests are precautionary measures
to prevent the majority of such defects. The table below gives an overview on typical damages to
be repaired with CFRP-plates.
Strengthening measures are also performed with rods to increase the capacity of a structure.
Advantage of rod-application is, that the CFRP is glued into slots and the surface remains flat.
That´s why this type of strengthening is used for floorsin garages. Deterioration of concrete
surfaces is caused by spalling after heavy corrosion of the steel reinforcement as a result of
chloride ingress. It is also possible to strengthen the bottom of bridges without reducing the
structural clearance. Table 1 gives an overview on causes and types of mayor defects.
Table 1:Typical damages to be repaired by applying CFRP-plates or rods [4].

Cause of damage

Type of damage

Alkali Silika (Acid) reaction (ASR/ AAR)
Frost-thaw attack (cement)
Frost attack to unsound aggregate
Sulphate attack

Internal expansion, Loss of strength and
cohesion. Internal and external cracking.
Insufficient structural stability

Moisture swelling of coarse aggregate
Bending fracture
Anchorage fracture

Shear fracture

Fatigue fracture

Yield in main reinforcement
Cracking. Slip in Reinforcement
Crushing of concrete
Through shear cracks
Yield in shear reinforcement
Fracture in concrete
Fracture in reinforcement

2.4 Potential causes for debonding of surface-bonded CFRP
Delamination of CFRP in strengthened structures is a load case that has to be taken into
account in calculation of the resistance of a bridge structure. During static loading, the elastic
behaviour of the resin-based adhesive allows a low slip. If the limit of strength of CFRP-plate,
adhesive or concrete is reached, a near surface crack develops either in the CFRP-plate, in the
adhesive or in the concrete. Therefore, the defects to be detected in the CFRP-strengthened
cross-section are either in the concrete, in the CFRP or in adhesive system. Such defects can be
caused during the strengthening process or in service. The potential causes for debonding can
result from different sources:

Sustainable Bridges

TIP3-CT-2003-001653

D6.2.3

2006-08-31

18 (54)

Draft Year 3

Insufficient material (overaged material, insufficient mixing, wrong recipe)
•

Bad workmanship during application:(Application failure, insufficient pressure during
application, air inclusions during application Insufficient surface preparation, bad concrete
quality)

•

Or from external loading

•

Insufficient environmental conditions.

Aging effects, load and environmental effects may lead to faster damages of the applied CFRPstrengthening system. The European project Rehabcon compiled a damages catalogue. Some
of the typical damages can be repaired using external CFRP-bond repair (details see table 2,
[4]). Each single case has to be investigated thoroughly, to reliably restore structural safety,
serviceability and durability. Thus, the severity for serviceability may differ significantly between
different locations in relation to the static system. Defects in the bonding layer between concrete
and adhesive or between adhesive and CFRP can be caused by
•

Poor underground quality or underground preparation (high deterioration of the concrete
due to moisture, microcracks or spalling),

•

Insufficient installation (low pressure during application, lack of adhesive),

•

Adhesive quality (mixing failure of primer or adhesive, over aged material),

•

In-service failure (high load cycles, impact from accident)

Table 2: Insufficient conditions for good bonding behaviour
Cause

Physical characteristic of the
damage

How to prevent

Uneven surface

Reduced bond strength between
substrate concrete and

Sandblasting and repair mortar

Deterioration of the concrete

delamination

Epoxy may suck-in humidity

Moisture in the concrete, capillary
forces, humidity can influence the
adhesive quality

Bad workmanship

Fatigue

Wrong recipe, bad mixing, low
adhesion
Debonding in the interface
between concrete and adhesive
or adhesive and CFRP

Prevent significant temperature
changes during curing
Increase concrete quality or
repair the covercrete,
Repair sewage system of the
bridge
Follow QM-requirements
Estimate S-N-curve for the given
application

Deterioration of the structural component due to deterioration of concrete, galvanic corrosion of
the reinforcement is followed later by cracking or spalling of the concrete [4]. Table 2 shows:
Different causes for delamination and the possible physical principle
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3 Specimens and material testing
3.1 Specimens
3.1.1 Block specimen
Two different types of specimens were produced for laboratory testing: a block specimen and
beam specimens. The block specimen with a size of 1.50 m x 1.50 m x 0,30 m, containing
designed artificial voids, was designed for validation of the active thermographic for this special
application. CFRP-plates, a grid and rods were applied to the surface. Different methods are
known from literature to produce the voids. Although blowed-in air is the most comparable
method to reality, it is not convenient for validation of methods, since the size of a planned air
bubble cannot be measured.
Therefore, we simulated voids using patches made of self-adhesive foamed rubber tape and
polystyrene patches. The size of the patches varied between 1 cm2 and 50 cm2. The thickness of
the small polystyrene patches is only 1 mm. The thickness of the foam rubber tape is 3 mm. The
polystyrene patches were fixed to the surface with the same two-component adhesive, as was
used to apply the CFRP-plates. Figure 9 shows the block specimen with the applied CFRPplates, Table 3 describes the artificial defects..
Table 3 Designed defect size at the block specimen SB_Valid1

Designed
defects
1-3

70 x 100 mm

4-6

35 x 100 mm

7-10

35 x 50 mm

11

50 x 50 mm

12-14

25 x 25 mm

15-17

15 x 15 mm

18-20

25 x 35 mm

21-22

25 x 25 mm

23-24

15 x 15 mm

25-32

10 x 10 mm

Size
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1

4

7

11 18 12

2

5

8

13 19 14

9

15 20 16

3
6 23

24

21

17

22

25-32

Figure 4: Block specimen SB_Valid with artificial defects, CFRP-plates 100 x 1,4 mm
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3.1.2 Concrete beams
A load test series was planed to follow the bond behaviour of the applied CFRP-plates.
Therefore, two reinforced concrete beams with a size of 5.20 m each were constructed. The
choice of reinforcement respects design rules, valid some decades ago. Thus, a combination of
bending and shear failure was expected in the load test. The static load test until ultimate failure
was used to simulate defects due to overload resp. due to an accelerated deterioration process.

Figure 5: Beam specimen for four-point-bending test

3.2 Test set up

Figure 6: Test setup for the four-point bending test in laboratory
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The test was performed as a 4-point bending test. In the test set-up, the load was applied from
underneath the investigated beam, see Figure 6. A better handling of the thermography
equipment was possible from the top. Intention was to prevent, that falling pieces would destroy
the thermography set-up.
A constant moment region was chosen with a distance of 1100 mm between the introduced
loadings. It was expected to achieve higher shear strength in the cross sections with bended
reinforcement as traditionally used in many old reinforced concrete structures.

3.3 Mechanical properties
3.3.1

CFRP

The CFRP-material was purchased by STOScandinavia and produced by StoBPE, which is part
of STOScandinavia. Three different products were applied to the block specimen with designed
damages:
•

Unidirectional CFRP-plates 1410 E

•

CFRP grids

•

CFRP-rods, implemented into slits.

Grids and rods were not tested in detail, the application is under development. Two beam
specimens were repaired and strengthened by two parallel unidirectional CFRP-plates,
1410E.The main characteristics of the applied CFRP--plates are listed in the table 4 below.
Table 3: Characteristic parameters of the CFRP-plates

Parameter

StoBPE 1410E

Cross section

100 x 1,4 mm

Elasticity

min 1,2 %

Youngs modulus min.

150 GPa

Tension strength

> 2500 N/mm2

3.3.2

Concrete compression tests

The regional concrete producer delivered the concrete for the laboratory tests. Both, the block
specimen and the two concrete beams were produced in January 2005 from concrete delivered
by the same producer. The concrete compression tests revealed that the concrete quality of the
specimens was much higher than designed and ordered: The mean value for the 28-day
compression strength for a serie of three cubes, produced Dec., 10th, 04, tested Jan.,7th, 05
was: 57.7 N/mm2 in everage, the density was 2.32 g/cm3. Another cube test, performed during
the same day, as the second beam test was performed, on December, 5th, 2005, resulted in
significant increased compression strength of 75,24 N/mm2. The current density before the
compression test was 2,31 g/cm3.
The concrete tests revealed, that the concrete quality of the specimens was better than designed
and increasing almost 30% until the last beam was loaded to failure.
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Compression test

Dimension/

Block specimen
Compression strength
days, 05-01-05

after

28

57,7 MPa

Density

2,32 g/cm3

Beam FHP3 ,Compression strength

71,2 kN/mm2

06-06-27

Figure 7: Compression test

Density

2,31 g/cm3

Beam FHP 1

MPa

Specimen tested parallel to beam
test FHP1, 05-12-15

75, 24 MPa

Density, 05-12-15

2,31 g/cm3

Required compression strength

30 MPa

Table 4: Concrete compression test

3.4 Thermal characteristics
3.4.1

Material data for thermal properties of the CFRP

Table 5: Thermal properties of CFRP [20]

Material characteristic
Conductivity, CFRP-perpendicular fibres
Conductivity, CFRP-parallel fibres
Conductivity, Air (thin gaps)
Conductivity, adhesive
Diffusivity, CFRP-perpendicular fibres
Diffusivity, CFRP-parallel fibres
Diffusivity, Air (thin gaps)
Diffusivity, adhesive

Unit

Value

[W/ m K]
[W/ m K]
[W/ m K]
[W/ m K]
[m2/s]
[m2/s]
[m2/s]
[m2/s]

0,64
1,28
0,07
0,2
5,2 10-7
10,4 10-7
5,8 10-5
0,9 10-7

Tension strength
Table 6:Characteristic of the applied CFRP-plates
BPE® Laminate

Cross section area
mmˆ2

E-modul
GPa

1410E

100 x 1,4 mm = 140 > 140

Ultimate tension strength Ultimate strain
MPa
%

> 2 000

1.2
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3.4.2 Pull off test
After the 4-point bending tests were finnished, pull off tests were performed in the undisturbed
surface area of the beams after failure. The pull-off strength was almost doubled compared to
available technical approvals and standards in Europe and the US. 4 pull-off tests were made.
The average failure stress was 3,20 MPa. The obtained pull-off strength was between 2,76 and
3,8 MPa. Figure 8 Pull-off tests at the opposite end of the beam FHP 2 after failure shows the
application of the CFRP plates

Figure 8 Pull-off tests at the opposite end of the beam FHP 2 after failure

3.4.3 Application of active thermography to control the application quality
The quality of the concrete and the application were tested with active thermography in two
steps: before application of CFRP and after application of the CFRP, to make shure, that in the
near surface region inside the concrete are no voids, which could influence the result of the
bonding behaviour.
Alternatively, the estimation of the in-service defects geometry and size would have been
complicated. After loading it can not be distinguished, whether the defect was already in the
concrete, was developed during the application of the CFRP’s or during loading.
To prepare the designed voids in the block specimen for validation and optimization of the active
thermography procedure, the method of void prepartation was discussed tentatively. If
debonding in the block specimen was simulated with blown in air, defect size is not possible to
estimate. Instead, foam rubber tape and polystyren were cut into peaces of known geometry and
glued to the surface after primer application.
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3.4.4

Realisation of the block specimen
Polystyrene patches

Foam rubber patches

Figure 9: Block specimen with designed defects for validation of the thermography method and
comparison of different heating units.

3.4.5 Realisation of the beam specimens
For a load test series, planed to investigate the debonding behaviour of the applied CFRP-plates
under increasing quasi-static load cycles, beam specimens were planed. Therefore, two
reinforced concrete beams with a cross section of 30 x 50 cm and a length of 5.20 m each were
constructed.

3.5 Application procedure
To simulate a deterioration, the beams where precracked. For the calculation of the reinforced
concrete beam and for the CFRP-strengthened beam, the software ATENA from Cervenka
Consulting, a partner in the sustainable bridges project; was used:
Two 100 mm STO BPE 1410 CFRP-plates were mounted parallel to the surface on the top of
the beams. The load was applied from underneath the beam. The test set-up was chosen topdown for avoiding cracked concrete parts damaging the thermocamera and the heating unit.
For the repair and strengthening process, the specialised firms use the application guidelines of
the producer. There, in general, the procedure for a successful application is given. The
procedure can be as a wet-in wet application or can leave a certain time for curing after each
step (as repair mortar hardening, primer hardening)
The preparation of the reported test beams was carried out as follows (the requirements for a
following application to a test bridge are included):
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•

Surface cleaning: The surface of bridges may need eventually to be sand blasted for
cleaning from dirt. Uneven surfaces are repaired using repair mortar. The repair mortar
needs adequate time for curing.

•

Primer coating: A two-component primer. For the reported testing, STOBPE Primer
Super (A + B) was used. Primer probably, has a beneficial effect, since on one side the
existing cracks were perfectly closed and glued together. On the other side, the surface
is perfectly even and prepared for the epoxy resin based adhesive. Thus, the concrete
and not the adhesive will fail as required in the pull off test.

•

Application of the two component adhesive, usually applying a gauge for filling in the
optimised amount of adhesive. After stripping off the protective coating from the CFRPplate, the plate is pressed direct on the wet adhesive.

The quality assurance of the bond is usually performed (if any) by tapping the applied CFRPplates. The sound characterises in this qualitative test, whether the bond is perfect or not. The
tap test does not give an information about the size of a debonded area. The information is not
recordable.
Acoustic echo and acoustic emission techniques, X-ray refraction topography are used to detect
damages in industry, e.g. in aeronautics. This report does not focus on methods others than
active thermography.

3.6 Characteristic of active thermography
For application of active thermography, a heating pulse from a radiator or other heating units
induces a non-stationary temperature field to the surface of an investigated structural element.
The decay of temperature on the surface is recorded over a certain time period with the infrared
camera. The temperature changes rapidly after the initial thermal impulse caused by heat
conduction into the building material and losses due to radiation and convection at the surfaces
[16].
A void affects the internal flow of a heating pulse caused by the heating unit in the solid
specimens. Data is analysed in time domain in a first step. Additional information can be gained
from analysis in frequency domain (pulse phase thermography) The same general principle is
used for detecting debonding or inclusions.
The intensity and duration of the heating impulse depends on the type of damage to be detected
as well as its size and depth. Thus, the heat impulse must be rather high for detecting deep
structure. For surface heating in order to find CFRP-bond failure, only low heat intensities and
short impulses are required. This is also required for the CFRP-system, which does not resists
high temperatures.
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λ
ρ
c

heating pulse
from radiator
λd
ρd
cd

specimen

defect

λ ... thermal conductivity
infrared
camera

ρ ... density
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Figure 10: Principle of impulse- thermography [3].

Figure 11: temperature difference curve ∆T(blue)
of transients of temperatures above a void TF
(red)and and a reference point TR (black, right
side)[4].

Pulse-phase thermography is combining the experimental advantages of impulse thermography
and LT. If the data of the cooling down process is analysed over a time period in the frequency
domain, the frequency spectra allow an advanced identification of voids or anomalies in the
phase and amplitude images. In principle, the frequency scale can be related to a depth scale,
but quantification is still a problem. This method is called pulse-phase thermography
(PPT)[3][16]. At BAM, pulse-phase thermography was applied on special designed test
specimens. All specimens had defined voids of known properties and positions.
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Figure 12 Specimen with designed voids simulating debonding

3.7 Choice of the optimum heating units
The experimental set-up consists of a thermal heating unit, an infrared camera and a computer
system with real time digital data recordings described in detail elsewhere [6, 8]. For selecting
optimum system measurement parameters, three different heating units were tested:
•

Heating unit consisting of three infrared radiators (each with 2400 W) which can be
moved along the surface in a distance of about 15 cm for homogeneous heating,

•

Two halogen lamps with 650 W each,

•

Two flash lights with a power of 1500 W each.

Experimental data recorded at the block test specimen by using the three different heating
systems are shown in Figure 15. Here, thermograms with maximum thermal contrast are shown
in the left column. The gray values of the images were scaled to minimum and maximum
temperature in each image. In the middle, transient curves (surface temperature as a function of
time for a pixel (i,j)) from areas above defects and above undamaged area were compared and
difference curves were calculated. These difference curves usually have a maximum Tmax at
a distinct time tmax that depend on the depth and size of the defects, on the heating time and of
course on the thermal properties of the materials. In the right column, the experimental
parameters are summarized.
By using the infrared radiators as heating source, a relatively large area of about 1.5 x 1.5 m2
can be investigated in one cycle. A heating time of about 1 min is required to achieve a
maximum contrast of the defects of about 3.5 K. A maximum surface temperature of 31.5 oC
was measured. All simulated defects larger than 100 mm2 could be detected. By using halogen
lamps, already after 3 s heating a maximum surface temperature of 34 oC was obtained and a
much smaller area could be tested in one cycle as with the infrared radiators. The maximum
contrast of the defect was less than 1 K. With the flashlights, seven flashes with a time out of 10
s between the next one were used to get a maximum surface temperature of 27 oC. Here, a
maximum thermal contrast of the defect of 1.5 K was achieved.
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By comparing these results, although with the thermal radiators the best thermal resolution of the
defects was obtained, the most efficient method for automatic testing of rods along a linear trace
are the flashlights resulting in a detectable thermal contrast in short measurement time by
applying usable and efficient equipment. These flashlights will be used for the future
development of a scanning prototype system.
The CFRP-system itself limits the choice of an appropriate heating unit. Approvals require a
service temperature for CFRP-strengthening systems below 42°C for short time. Thus, the
maximum applied heating in the quality assurance should not exceed 42°C as well.
The validation specimen SB_Valid1 was used to optimise the heating process. Three different
methods were used to chose the optimum unit:

Thermoimage of the block specimen

Maximum contrast immeadetely after 1 min. Maximum contrast for detection of voids
radiator heating
below the second plate 66s after 1 min.
radiator heating
Figure 13: Analysis of artificial defects

Infrared radiator:
Three infrared radiators were mounted parallel to get a uniform heating of the surface area of 1.5
x 1.5 m2. The power of each infrared radiator was 2400 W (3 x 2400 W = 7,2 kW). The heating
time was only 1 min, to not to heat up the epoxy more than restricted in the approval. The
recording period with the thermocamera in a distance of 2,50 m was 5 min. The optimum
contrast was observed already 66 s after switching off the radiator. Following the difference
curve in Figure 14, of the cooling down behaviour of a void and a reference point, the maximum
contrast is reached after 66 s. This curve is automatically created for each pixel of the thermal
image to get a final image with maximum contrasts.
Both types of failures were found, insufficient workmanship and designed voids. Incomplete
bonding to the surface appeared at the end of plates. The best contrast was between surface
temperatures from 22° and 29.4°C. The maximum contrast for voids below 2 plate layers
occurred later, but best result was reached by the phase analysis (see chapter 3.9).
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Figure 14: Heating of the block specimen with infrared radiator

Halogen lamps
As a second method, halogen light was applied, especially to investigate details of the void. The
power for the investigation of an area of about 625 cm2, was much lower, only 2 x 650 W. For
2,25 m2 it is 46 kW. The thermal surface data have been recorded for 5 minutes. The maximum
contrast was found in the difference curve after 76 s, resp. 90 s (see .
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Figure 15: Cooling down behavior after halogen lamp heating of an area of about 625 cm2

Flashlight
The final alternative for heating was a set-up with two flash lights with a power of 1500 Ws (J),
each (2 x 1500 Ws = 3000Ws). Since one flash was not enough the heat up the surface
repeated flashing was tested.
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7 flashes for surface heating

Figure 16: Investigation of small polystyrene patches with flash light heating

An optimum number was found to be seven flashes during 60 s with a flash duration of 2 ms.
Between the flashes, the lamps need a recovery time of 1,8 s. The heated areas were
comparable to those of the halogen light tests: 625 cm2 with voids of up to 75 cm2. In Figure 16,
small polystyrene patches of only 1 cm2 were detected below one plate. In difference to the
voids below crossings of plates, the faster heat transfer in longitudinal direction is appearing very
clear. Below crossings the smoothening effect is reduced, since the first plate transfers the heat
in one direction, and the second perpendicular to the first plates, which is a known effect, see
[15]. The cooling down behaviour was recorded only 40 s after heating. The time consumption
was one of the decision making factors. The flash light set-up was chosen for the application
during the second beam test.
The comparison of the different heating unit and the analysis of maximum contrast images,
amplitudes and phase images resulted in the decision to chose flash lights. Especially the very
small defects made of polystyrene patches were visible much clearer. The surface was heated
up after 7 flashes to only 25,4°C. Especially in Germany, approvals do not allow higher
temperatures as 42 degrees, even for short time.
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3.8 Application quality
3.8.1 Application of CFRP-plates
STOScandinavia, following their quality assurance programme, produced and applied the
CFRP-plates to both, block and beam specimens using their aligned two-component adhesive
bond system. Material defects from the production process were not investigated and not
detected by chance. The producer, as a partner in the project Sustainable Bridges, presented
the internal quality assurance system applied during the CFRP-plate production, including
thermographic quality control. The tests concentrate on detection of debonding between CFRP,
adhesive and concrete. In Figure 17, the colleagues from STOcretec and STO Scandinavia
prepare the surface with a two component primer in order to prevent effects of an uneven
concrete surface. In a second step, on the next day, the CFRP-plates were applied after 24
hours hardening of the primer.

Figure 17 Use of a primer to reduce the influence of the uneven surface
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3.9 Data processing
Thermal data of CFRP
Unidirectional CFRP:
Heat capacity:
~ 1200 JK-1 kg-1
Thermal conductivity:
~ 5,91 W m-1 K-1
Diffusivity
~ 3,65 10-6m2s-1

Figure 18: Accelerated heat transfer in direction of the orientation of carbon fibres in the plates

The stored data is transferred to a computer for further processing. The analysis of the data can
be performed in the time domain (IT) or in the frequency domain (PPT) by fast Fourier
transformation (FFT) of the transient curve of each pixel in a series of thermal images. By using
the first concept the temperature changes on the surface due to near surface inhomogeneities
will be detected through differences in the contrast images and transients. The second concept
leads to contrasts in amplitude and phase images.
3.9.1

Block specimen

Workmanship
The application of CFRP-plates can lead to insufficient bonding of the edges. Crossing of plates
requires educated skills. As visible in Figure 19, Especially the upper layer of plates is
endangered to develope debonding at edges and flanges, although the work was done under
laboratory conditions with special care.

Figure 19: Amplitude evaluation of the thermal images recorded during cooling down. Crossing of plates
with air inclusions at the flanges of the upper CFRP-layer
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3.9.2

Artificial voids

Reinforced concrete beams
The maximum bending strain will occure in the middle of the beam. That’s why, the strain
gauges were applied in the middle of the beam. Thermographic images and evaluation in the
time and frequency domain did not give any hints on defects from application

Thermogramm nach 70 s nach
erster Blitzlichtanregung
(insgesamt 7 Anregungen).
Temperaturspanne 17-21°C.

Amplitudenbild (1)

Phasenbild (1)

Figure 20: Photograph Amplitude and phaseanalysis of the cooling down behaviour

Amplitude image (1)
Cooling down, automated scaling

Phase image (1)
Cooling down, automated scaling.
Figure 21

The beam surface was divided into nine sections. Figure 21 shows the middle section, where
maximum bending strains are expected. The remaining 8 sections are in Figure 22. In a
systematic approach was investigated the complete surfac of both beams, whether the
application quality was good quality. Only in the end. No debondings were identified in both
beams. Beam FHP 1 showed in section 9 minor bond defects at the edges. In case that the end
of the beam was a critical cross section, the debonding would begin there.

Sustainable Bridges

TIP3-CT-2003-001653

D6.2.3

2006-08-31

35 (54)

Draft Year 3
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Figure 22: Investigation of the bond quality for the 8 sections of beams FHP 1 and FHP2

The CFRP-plates and the adhesive bond system were applied by the producer,
STOScandinavia. STO was following their quality assurance programme. Material defects in the
CFRP plates resulting from the production process are not investigated. The producer, as a
partner in the project Sustainable Bridges presented the internal quality assurance system
applied in the production, including thermographic quality control. The tests concentrate on
detection of debonding between CFRP, adhesive and concrete.

Temperature in oC

32,0

24.0
Figure 23

Figure 24
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4 Four-point-bending-test
4.1 Preloading

Figure 27: Preloading of the beam FHP2 before strengthening and bending cracks after unloading

Before the strengthening, both beams have been preloaded to simulate both, repair and
strengthening. The bending cracks were documented with permanent colour pencil on the white
painted beam surface The load-deflection behavior was calculated using the program ATENA
developed by the project partner Cervenka Consulting. A perfect conformity between calculation
and tests was found.
Figure 28 shows the displacement in the middle of the beam in both preloading tests. The
preloading is compared with the calculation (gray line). In the first phase the dead load of the
beam had to be carried untill approximately 20 kN (compare: 0,78 m2 x 2400 kg/cm3 ~ 1,89 t).
A very good correlation is visible between tests and simulation using the programme ATENA.
Test FHP 2 was stopped at 80 kN and about 7 mm deflection and test FHP1 was preloaded untill
100 kN before strengthening.
The beams were loaded until visible bending cracks occurred in the The load was applied from
underneath the beam. The test set-up was chosen top-down for avoiding cracked concrete parts
damaging the thermocamera and the heating unit. In the first test, a traditional test set up was
applied in thermography test. In order to simulate existing cracking, the beams were precracked
in a first load cycle before strengthening.
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Figure 28: Precracking before CFRP-strengthening

4.2 Strengthening
Two 100 mm STO BPE 1410 CFRP-plates were surface-mounted in the tension zone on top of
the beams, by STOScandinavia, consists, using the two component adhesive and a primer (see
Figure 17) to overcome the influence of an uneven surface.

Figure 29: Strengthening of the beam with two CFRP-plates STO 100 x 1,4 mm

During the application, defects or adhesive porosity can be caused e.g. by aged or insufficient
processed components, insufficient thin layers of the adhesives or by air inclusions (see figure
2). Already at the production site, the CFRP-plates themselves were running through a quality
control process. Therefore, they are assumed to be free of voids in the tests described below.
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In close cooperation with the laboratory for Structural Engineering at the Potsdam University of
applied sciences, BAM tested the two CFRP-strengthened beams in a four point bending test.
As described above, the beams have been precracked in a first load cycle before CFRPapplication. The theoretical calculated load for the beginning of concrete cracking in the tension
zone correlated very well with the real load step with the first cracks at about 80 kN. Maximum
applied load in precracking test 2 was 100 kN and the largest flexural cracks were opened ~2
mm. The distance of the main cracks corresponds approx. with the distance of the built in shear
reinforcement bars as shown in figure 5. The unloaded specimens were strengthened with two
parallel CFRP-plates. After strengthening the strengthened beams were loaded in four point
bending tests in cycles until failure.

4.3 Four point bending test
4.3.1 Performance of the beam under cyclic loading
The 1/3-points turned out to be the weakest cross section in shear. The failure emerged
immediately, after a new shear crack developed at 289 kN. The load was applied as two single
load shares of about 145 kN. The CFRP-plate debonded at the superposition of flexural and
shear cracks. The displacement in the middle reached a maximum of 50 mm. Figure 6 shows
the load-displacement diagram until failure due to complete debonding. In figure 7, one
photography and two thermograms recorded at the position of 1/3 l are visualised. The
thermogram in the middle was recorded 5 minutes after switching of the radiation source. A
homogeneous temperature distribution is giving no hints to unintentionally included
delaminations. The thermogram depicted on the right was recorded before the last destructive
load cycle, after a load of 2 x 144 kN. At the position of the inclined shear cracks in the concrete
and in their vicinity at the surface of the CFRP plates, warmer areas could be detected, which
clearly correspond to the observed beginning delamination. During the last load cycle, as
reaching of 289 kN, the external reinforcement failed as shown in figure 5, right.

Beam: 300 x 500 mm, l = 5200

Figure 30: Beam specimens in 4- point bending test with installed IR camera for feasibility tests.
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Figure 31: Typical cross section before (left) and after failure (right)

Load test of the beam FHP 2 with external CFRP -reinforcement
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Figure 32: Load cycles applied to the beam FHP2 with external mounted CFRP-laminates until failure
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Figure 33: Load cycles applied to the beam FHP2 with external mounted CFRP-laminates until failure
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5 Application of active thermography
5.1 Acceptability of debonded areas
Defects can arise during application, as described above, or in-service due to high impact load,
cyclic loading, moisture inside the concrete or environmental impact. Different publications are
estimating the significance of the debonding in a different way. In Europe, the externally bonding
has to follow the principles of EN 1504-9 and in the US, an ACI-guide provides limits for the
acceptability of flaws [3]. In Germany the authorities decide about technical approvals for
producing firms. A minimum pull-out strength of 1,5 MPa is required. In other countries,
specialists publish their results in books as design guidelines, e.g. [7] or refer to thesises. Thus,
the number of cracks over the whole length of the applied plates is crucial following [2].
The US-American rules in ACI 440.2R-02 requirements demand the detectability of a minimum
defect size of 1300 mm2 when applying a quality control method. The delamination area should
be smaller than 5% of the whole bonded area and should not contain more than 10 delamination
per m2. Repair is allowed by injection. Delamination, larger than 16 000 mm2 has to be cut away
and replaced by patch repair. The pullout test has to exceed at least 1.4 Mpa, the defect has to
be initiated in the concrete and not in the adhesive or in the CFRP.
FHP_II_290KN_8

FHP_II_290KN_9
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5.2 Early detection of debonding using Impulse-Thermography
Impulse-thermography is a fast and non-contact introduced non-destructive testing method for
damage detection in near surface regions. The method is based on the active heating of
structures under investigation. By using either an internal or external heat source, parts of the
structure are heated up and the transient heat flux is observed by recording the temperature
change at the surface as a function of time. The differences between temperature transient
curves at surface positions above non-defect regions and above inhomogeneities are expected
to include information about the defect parameters like depth, lateral size and the type of
material. Therefore, the main parameters that are influencing the data of impulse thermography
are
•

Void geometry (size, characteristics of the CFRP-plate, number of plates),

•

Bulk material parameters (density, specific heat capacity, thermal conductivity of all
components: concrete, adhesive and CFRP),

•

Heat flux density and duration.

Reinforcement inside the concrete structure at depth larger than 2 cm does not influence the
result, since only short heating impulses are applied and thus only near surface regions are
investigated. Often, laboratory equipment for quality testing is not suitable for application in the
field. A linear scanning system set-up for use on-site is under development. A prototype is
available soon for laboratory testing. As a result, thermograms, i. e. spatial distribution of surface
temperature, recorded during and after heating at distinct time intervals are available as
sequences (3D data cube) [8]. For each type of defect, the thermogram with the highest
temperature contrast will be selected.

5.3 Data processing and images
Data aquisition was made in real time and recorded.during the cooling down of the heated
surface. Analysis of thermal maxima in each pixel of the thermoimages The obtained data are
used for the thermographic image. For each pixel, the dataanalysis was performed in time
domain and in frequency domain (Pulse phase thermography). Since all defects are near
surface, the additional information about the inhomogeneities from analysis in the frequency
domain was low. Investigation of the maximum thermal contrast between designed artificial
defects and undisturbed areas,
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6 Prototype of an automated thermographic system
6.1 Motivation for the automation of the equipment
For the future, it is planned to set-up an easy applicable prototype system. The intention is to
develop a scanning system for investigations of linear traces along plates. As heating sources,
the used flashlights are generating enough heat for the detection of delamination and enabling
thermal data recording directly after heating without reflections of afterglowing filaments of the
source. A width of 30 cm of the measurement area is guarantying a coverage of the width of the
rods together with the required high spatial resolution of the thermograms.
6.1.1 Accomplishment of the research’
After finishing the laboratory testing, an automated scanning system for tests with impulsethermography by using flashlights will be set-up and applied as a prototype for on-site tests at
bridges. As shown in the studies above, impulse-thermography is able to detect all unacceptable
damages as air inclusions or poor bonding having a size larger than 100 mm2. These
delaminations can be below one or below two crossing plates. Therefore, the requirements given
by the American ACI-guide are fulfilled. Cracks inside the concrete structure being vertical to the
surface can only be detected with impulse thermography if they are already visible with the eyes.
6.1.2 Results from research
Active Impulse-Thermography is an appropriate tool for the quality control of bonded CFRP to
concrete surfaces. The accuracy is possible to update for new materials using specimens with
artificial voids of kown dimensions.
6.1.3 Special value for the railway owners
Railways can upgrade their bridges for higher axle loads. The new developed equipment and the
optimised thermographic measurement enables them to reliable control the bonding conditions
in areas of doubt. They can control the workmanship. Dependong on contracting or regulations,
e.g. 5 or 10 % of a strengthed area can be investigated to be sure about the quality of
application. On the other hand, the quality and durability of a bridge can be investigated in
service after a certain time.

6.2 Concept and function
After the general adaptability has been proven in validation and laboratory load tests, the system
was enhanced for application on site. For quality assessment of the repair and strengthening
measures at bridges, the main requirement is an easy to handle portable system. For the tests
performed by BAM, the system should be portable by a maximum of two colleagues with a
transporter as e.g. VW-Bus or Ford Transite.
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Figure 35 Test setup for automated thermographic measurement with high accuracy for a good
geometrical coreelation and precise repeatabilty

6.3 Technical parameters of the automation process
The general concept for the mechanical principle bases on the scanner family, developed in the
NDT-CE team at BAM.
Main part is a computer (PC, Notebook) for the control of all modules:
The IR-Camera is attached to the computer with a frame grabber interface, which acquires the
video data continously to the harddisk.
The stepmotor-controller is connected to the computer via RS232 and the controller software
allows to position the linear drive with high accurancy in predefined steps.
The linear drive is a 5m aluminium beam, which is almost the maximum for a protable system.
The internal digital interfaces are used to trigger the flash lights. Each flash light can be triggered
seprately.
In Figure 37 the typical sequence is shown:
After initialisation of the system to a reference point the scanner moves to the first position. Now
the flashlights are triggered. The video data is captured for a given time (depending on flash
energy). After the waiting time, the scanner moves to next position and the sequence replays
until the last position is reached.
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Camera

PC

Stepmotor-

Linear drive

controller

Flash1

Flash2

Figure 36: Typical set-up for the automated scanning of CFRP-strengthened surfaces

Wait +

init

move

flash

aquire
picture

end

next
position
Figure 37: Scheme of the ontrol software sequence

For the application in the laboratory test, the flashes were initiated parallel, as chosen after the
optimization of the heating unit. The test performance itself and the acquisition of mechanical
data (load, displacements and strains) was controlled from a second computer.
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6.4 Thermographic components

Figure 38: Adjustment of the movable fash and thermocamera unit

All tests were performed with an Infrared camera from Flir (Inframetrics) SC1000, with a
wavelength reaching from 3 to 5 µm and a focal plane array of 256x256 pixels (semiconductor
detectors, PtSi). Every detector measures the intensity of the radiation and the camera or the
Computer converts it into temperature values using look-up tables with a storage depth of 12 bit
per each pixel.
Flash lights: Flash Energy: 1500 Ws (J), Recovery time: 1,8 s, Flash duration: 2 ms,
Halogenlight (alternative): Power: 650 W, (UV-absorbing Code:RAREW)
Flash voltage stability: +/- 1%, Dimensions: 13,7x13,7 mm, Length with bracket 73 cm, Distance
between IR-Camera to surface about 60 cm, Distance between Flash light to surface about 50
cm

6.5 Transport of the thermoscanner for onsite application

Figure 39: Transport of the thermoscanner
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7 Manual for quality control using active
thermography
The quality assurance process for CFRP-strengthening in infrastructure engineering consist of a
sum of steps. The quality assurance process begins with the surface preparation of the area to
be strengthened. Substrate preparation (primer and adhesive) is critical and instructions must be
followed in detail. The application test should be followed by independend controlers/
supervisors.
1. Follow strict rules during the strengthening process
•

Surface preparation, remove loose parts of concrete, eg. By sand blasting. Use repair
mortar to produce an even concrete surface. Do not continue in the work before the
repaired surface is hardened sufficiently, follow the instructions of the producers.

•

The use of 2-component primers reduces the roughness of the surface. Controll the
relation of the incredients. Look at the age of the material. Care for sufficient mixing,
follow the instructions of the producers.

•

Begin with application after the primer is hardened. Controll the relation of the
incredients. Look at the age of the material. Care for sufficient mixing and constant layer
thickness. Follow the instructions of the producers.

•

In case of doubts, control of workmanship is advised. If the scaffolding is not removed yet
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8 Conclusions and further results
8.1 Future needs
The applicability of the system to cyclic or dynamic loaded structures was not investigated.
Fatigue testing with repeated Non-destructive evaluation of selected failure modes is advisable.
As well as to fatigue loading, the application of the developed thermoscanner-prototype can be
used to investigate the effect of other external impacts on structures, as environmental impact,
impact loads or natural hazards.
Further investigation is recommended to get a fast applicable airborn measurement system.
Those systems, as thermography, can act on larger distance. For this purpose, thermocameras
are necessary with higher resolution in geometry and temperature.
A unification of national technical approvals, guidelines and standards is necessary on European
level for both, application of CFRP products and appropriate quality assessment tools. The
following parameters need to be taken into account:
•

Quality limitation of the components (CFRP-product, adhesive, concrete, concrete
surface conditions),

•

Pull-off strength limits,

•

Defects: A requirement for the application of an appropriate NDT-method shall be, that
the smallest allowable defect must be larger, than the smallest detectable size of a
debonding. Investigations are required, to define the maximum allowable defect size (in
tension, compression, combination of loading condition),

•

Defects: minimum detectable defect size, portion of allowable defects in relation to the
whole strengthened cross section area and in relation to the whole glued surface need to
be ascertained.

•

Investigations on durability of CFRP-plate repair with respect to temperature limitation in
case, that the surface is exposed to sun light, need to be investigated.

•

Investigation of the influence of a cover layer on CFRP-repaired surfaces exposed to
sunlight on the durability.

These standards or technical approvals should have a close link to the European regulations in
EN 1504.

8.2 Conclusion
Although carbon reinforced plastics are still expensive material, the whole life cycle cost may
remain low, if existing bridges can be rehabilitated and upgraded because of the unsurpassed
strength-to-weight ratio of CFRP. Extreme stiffness of applied CFRP-plates reduces excessive
deflections and increases the resistance in bending, while fabric wrapped around bridge beams
may significantly limit shear stresses.
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Active thermography is an appropriate tool to provide evidence of required workmanship and
bond during the service life of a bridge in the quality assurance process. The digital contrast
images as the online result of active thermography is recordable and can be used to confirm
good quality or to reveal areas of debonding. Further data processing by analysis of phases and
amplitudes refines the result for near surface destruction. The failure of testing is smaller than
+1cm for damages above the concrete surface.
Once the quality of workmanship is proved, the process of debonding under normal service
conditions is very slow. Surface cracks of the deteriorated concrete, which arose after
application of the strengthening plate are an early signal for the need of repeated thermography
evaluation.
A further quality control can be necessary after extreme impact, as impact of lorries or ships of
environmental impact as earthquake. Other signals can be the detection of surface cracks in the
near CFRP-plate region, spelling of the concrete e.g. caused by corrosion, extreme humidity and
low concrete quality.
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Preface
This research report is a part of the work conducted within WP6 on repair and strengthening
of metallic bridges using composite materials. The aim of the work is to obtain a basic understanding for the behaviour of steel elements strengthened with bonded composites and to
provide information regarding the durability and long-term performance of the strengthening
system. Laboratory tests, numerical and analytical studies have been conducted to provide a
basis for the application of the strengthening technique on metallic bridges. Aspects such as
the choice of suitable materials and material combinations for different applications and the
type of fracture modes that can be expected and how these can be avoided are treated.
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Summary
Adhesively-bonded composite materials are now widely used in the field of strengthening
and repair of existing structures. In later applications, the material, often in form of unidirectional plates, has been employed to strengthen metallic structures such as steel and composite bridges. In this report, the results from an experimental and numerical study on the
behaviour and strength of steel elements strengthened with bonded carbon-fibre plates are
presented.
Material tests on adhesives and CFRP-laminates have been conducted to establish several
material parameters of interest for the application of the strengthening technique. Tensile
tests were conducted on various types of laminates both parallel and perpendicular to the
direction of the fibres in the laminate. For the adhesives tensile tests were done on dog-bone
specimens at various temperatures and different curing times to establish the characteristics
of the adhesives at these conditions.
A new type of test specimen has also been developed in order to study in more detail the
behaviour and strength of composite steel-CFRP joints. The specimens were developed
based on extensive FE-analysis. Five specimens, one with steel only and four with various
types of adhesively-bonded carbon-fibre-plates were tested. The behaviour displayed by the
tested specimen varied widely. The degree of strengthening (i.e. the increase in the ultimate
load-carrying capacity) that could be achieved by bonding the plates varied between 12 and
80%. The degree of ductility, which was observed for the tested specimens also varied, ranging from brittle to very ductile failure. The tests succeeded in resembling the failure modes
that can be obtained in steel elements strengthened with bonded composite plates. Tensile
rupture of the plate as well as debonding and delamination failures in the middle and at the
ends of the plates could be observed. The stiffness of the composite plates and the adhesive
used for bonding play both a dominant role for the type of fracture mode, and thus the ultimate load-carrying capacity that can be achieved for steel elements strengthened with adhesively-bonded plates.
Tests are performed in laboratory on steel beams strengthened with CFRP laminates of different material properties. The strengthened beams were provided with strain gauges, both
over the cross-section and at the end and midspan of the CFRP laminate. From the measured strains the stresses were derived. The behaviour of the strengthened beams and the
obtained failure modes were studied. It was found that the increase in stiffness was negligible, but the moment capacity was increased. The variations of material and geometrical
properties of the CFRP laminate influenced the behaviour of the strengthened steel beams.
The most preferable result was obtained for a strengthened beam where the used CFRP
laminate had a modulus of elasticity equivalent to that of steel. This configuration gave the
highest increase in moment capacity and ductility. The dominant failure modes were rupture
of the CFRP laminate. The laboratory results gave that the magnitude of the shear stress at
the ends of the CFRP laminate reached a maximum value in a linear way, and then decreased in magnitude.
Analytical calculations and FE models were developed and conducted to analyse the capacity of the strengthened beams and the interfacial stresses, which appear in the bond line. The
analytical calculation showed that the degree of strengthening of a double symmetric steel
beam is limited. It is the section’s capacity to resist compressive stress as will affect to which
extent the section will be strengthened. The FE analyses showed that the interfacial stresses
near the ends, which may cause debonding, had not reached critical values when the
strengthened beams got to failure, caused by rupture of the CFRP laminate. Even the analyses from FE showed that the development of the interfacial shear stress still were quite linear
after that the steel beam had start yielding.
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Nevertheless, the FE analyses showed that high shear stresses appeared near midspan
when the steel beam started to yield, and the magnitude of these shear stresses might
widely exceed the critical value for the epoxy. The interfacial stresses had a variation over
the width of the bond line, where the greatest values where found in the areas nearest to the
web plate of the steel beam.
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1 Repair and strengthening of metallic structures with
advanced composites
1.1 Background
The main aim of this task is to introduce the use of carbon-fibre reinforced polymers (CFRP)
as a method of strengthening and repair of metallic bridges. The gains of such an application
are manifold. This high strength, low weight material was first introduced in the building industry at the beginning of the 1980s, and has since then successfully and increasingly been
used in strengthening and repairing existing concrete, masonry and lately timber structures.
The central objectives of the research project are:
•

To establish guidelines for the application of CFRP on metallic structures. The possibility of producing simple and strong joints will eliminate a large part of the relatively
high application cost today and, consequently, increase the competitiveness of the
method substantially.

•

To provide the fundamental engineering knowledge needed for understanding the
behaviour of structural metallic elements strengthened with bonded CFRP. This is a
central and important task in the project. Aspects such as load-transfer mechanisms
in the strengthening elements, possible fracture modes and the choice of suitable
strengthening systems (incorporating adhesive and composite materials) for the various strengthening applications are all fundamental for a successful application of the
technique.

•

To develop calculation models applicable to metallic bridge girders. These models
are aimed at helping the structural engineer to evaluate the degree of strengthening
and the efficiency of repair, which are achieved by the use of CFRP.

•

To provide basic knowledge regarding the durability and long-term performance of
the strengthening scheme. This type of information is very essential if the strengthening technique is to be applied on existing bridges.

Although the work conducted in the project is mainly devoted to metallic structures, the outcome of this project in terms of knowledge and results will be of direct interest for many other
applications in which advanced composite materials are used for strengthening and repair of
existing structures.
Strengthening and repair of metallic structures are performed today by means of one of three
methods:
1) Replacing the damaged or degraded elements in the structure with new ones.
2) Adding new elements to the structure in order to relieve the overloaded parts.
3) Increasing the load-carrying capacity of the degraded elements, for instance by
means of welding or bolting additional steel plates.
The major common drawback in all these conventional methods is that they substantially
alter the original characteristics of the structure, which makes them inappropriate for old
structures with cultural and historical value. Furthermore, iron and old steel materials are
generally not weldable which puts further limitations on the methods available for strengthening these old structures today. Adding new elements or additional plates also results in an
increase of the self-weight of the structure, which is always a negative aspect in strengthening and repair of existing structures.
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The possibilities offered by a low weight, high strength material, such as CFRP are obvious.
These narrow and thin strips (for example 50x1.4 mm2) can be bonded to the load-carrying
elements in the structure with a minimum disturbance of its appearance. The high durability
of plates and their excellent corrosion and fatigue resistance offer additional advantages in
the application of the material on existing iron and steel structures.
The work in the project is expected to contribute to the introduction of a new method, which
is effective, economic and sustainable in the field of strengthening and repair of existing metallic structures.
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2 Planning of research
2.1 General
The work in this Task started in January 2004. An initial plan for the work to be performed
within the frame of this Task was produced through cooperation between all partners in the
Task and in coordination with the WP-leader.
In the following text, a brief description of the work conducted during the period January2004 to June-2006 is described. This work followed the preliminary planning in the task without problems.
1) Literature study: Research work performed in the field of strengthening and repair of
metallic structures using advanced composites was shown to be very limited. The
work in the literature study was therefore directed towards the examination of pervious work conducted on members made of other materials, mostly reinforced concrete
members. In particular, testing procedures used for the characterization of joint behaviour, load transfer in the strengthening elements and possible fracture modes,
which might be expected for the strengthening members were examined. Various
testing procedures for the characterization of material properties for adhesives and
composites were also reviewed.
2) Material testing: Two material systems provided by different material suppliers are
considered in the project. These involved 6 types of CFR-plate and two different adhesives. Prior to any application, the properties of the materials used should be established. The material properties, which were considered being of major interest and
for which the tests were conducted includes:
a) For the plates: Young’s modulus, Poisons ratio, ultimate tensile strength and
ultimate tensile strain. These properties were provided in two directions, parallel and perpendicular to the fibres.
b) For the adhesives: Young’s modulus, Poisons ratio (and shear modulus), ultimate tensile strength and ultimate tensile strain.
c) In addition, material properties for the adhesives were obtained at different
temperatures (-20, 0, 20 and 40 oC) and after different curing times (1, 3, 5,
and seven days).
3) Small-scale testing of Steel-CFRP joints: After a preliminary analysis of the behaviour of steel-CFRP joints, it was concluded that test procedures adopted for characterizing the behaviour of concrete-CFRP joints are not directly applicable to metallic
elements. The behaviour, the load-transfer mechanisms and the fracture modes are
all expected to be different, especially after the onset of yielding in steel. Therefore,
an extensive numerical analysis was conducted to examine alternative test specimens, which can be used for this purpose. The analysis resulted in the development
of new tests specimens for characterization of behaviour of metallic-CFRP composite
elements. A series of static tests was conducted to validate the analysis and to study
the various fracture modes, which are expected to be found in steel members
strengthened with bonded plates. The results were very satisfactory and the new
specimens were able to reflect the behaviour of the composite steel-CFRP joints very
well. The results of this work are presented in a journal paper which has been submitted for publication [14], and will also be presented in an international conference
which will be held in China 2005 [15].
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4) Large scale testing of steel beams strengthened with bonded plates: Static tests
on large-scale steel beams strengthened with bonded CFRP are now ongoing. A pilot
test-series with five beams has already been conducted to confirm the behaviour anticipated by analytical and numerical models developed in the project. The idea of the
pilot tests was to vary the type, amount and position of the materials used in
strengthening to produce various strengthening effects, fracture modes and degrees
of ductility.
5) Durability tests on small-scale joints with bonded steel-CFRP elements. The aim
of the tests was to determine the effect of different surface preparation methods on
the ageing of bonded CFRP-steel joints. In this light, a conventional surface pretreatment method has been compared to a new, innovative one. During the tests
special focus has been set on the bond-line corrosion, which means that no corrosion
protection has been applied to simulate the ageing behaviour under any absence or
destruction of the protective coating.
6) Design tools and analysis models: The problem of metallic beams strengthened
with both prestressed and non-prestressed plates was studied analytically and using
finite element models. Analytical solutions for predicting the moment capacity and the
moment deflection behaviour of the strengthened beams have been produced. In addition, the problem of interfacial shear stresses in metallic beams strengthened with
bonded plates has been studied.
The work in 6) above is still ongoing and the results of this subtask – together with the
knowledge gained in the other subtasks – will form the base for the final stage the Task.
Here, a tool box with design guidelines and application recommendations will be produced in
a form that will allow them to be used by bridge engineers for applying the strengthening
technique to metallic bridges.
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3 Material testing
3.1 Tensile Testing of Epoxies
In order to include the effects of various adhesive properties, the two different adhesives
used in the studied strengthening systems (epoxy types A and B) were included in the material tests. The two materials have different properties such as modulus of elasticity, viscosity,
ultimate tensile strength, etc. and therefore different behaviour can be expected. The epoxy
A has a Young’s modulus of approximately 12,8 GPa and an ultimate tensile strength of 30
MPa according to the manufacturer’s data. On the other hand, the modulus of elasticity for
the epoxy B could be expected to be around 7 GPa and no ultimate tensile strength data was
provided.
3.1.1 Specimen Production
Both types of epoxy were cast in moulds following the procedure used by Täljsten (1990).
These moulds consist of a steel frame in a dog-bone shape. Figure 1 shows the dimensions
of the specimens of epoxy.

Figure 1: Dimensions of epoxy specimens (all measurements are in mm).

The moulds were carefully cleaned and their surfaces were coated with a Teflon spray. The
two components of the epoxies were mixed and then carefully poured into the moulds. Since
both epoxies had different viscosities the methodology of pouring them was different as well.
The epoxy A had a viscosity similar to that of concrete paste, and therefore vibration worked
well as means of reducing any unwanted air bubbles. On the other hand, the epoxy from B
had a much more plastic consistency and vibration proved not very effective. Instead, a syringe was use to place small amounts of epoxy in the mould which then was lightly stirred in
an effort to reduce air bubbles. After several attempts, these techniques described resulted
the most effective method to reduce the amount of air trapped inside the epoxy. It is important to notice that a complete elimination of these bubbles is practically impossible both in the
laboratory as well as in real applications. Figure 2 shows the steel frame used and the epoxy
been cast.
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Figure 2: Steel frame used to produce epoxy samples.

The influence that curing time and temperature have on both epoxies was studied in the test.
Regarding the curing time, a minimum of four specimens was produced for each type of epoxy and for each curing time (one, three, five, and seven days). For the temperature tests,
three samples of each epoxy and each temperature were cast (cured for 7 days). The testing
temperatures were –20ºC, 0ºC, and 40ºC, in addition to room temperature (around 22ºC).
3.1.2 Test Set-Up and Testing Procedure
A deformation controlled uniaxial tensile test of each specimen was performed. This test
measures the force needed to deform the material at a certain rate and how it reacts to this
deformation. The uniaxial load applied causes the specimen to deform not only in the direction of the load but also laterally, see Figure 3. With this test it is possible to determine the
modulus of elasticity, Poisson’s ratio, ultimate tensile strength, as well as ultimate tensile
strain of the specimens.
While the ultimate tensile strength and strain are gathered directly from the test data, the
modulus of elasticity can be estimated as the stress divided by the strain from the “elastic
portion” of the test:

E=

σ
ε

(1)

The Poisson’s ratio can be calculated with the following expression:
vx = −

εy
εx

(2)

where εx is the strain measured in the longitudinal direction and εy in the lateral. Each specimen was clamped into the grips of the testing machine. The testing machine for this study
(from MTS System Corporation) was built up with a load frame of a solid T-slot table, columns and a hydraulically manoeuvrable crosshead. A servo hydraulic actuator with capacity
of +/-100 kN was mounted to the crosshead. Figure 4 shows the testing machine used with a
specimen mounted on it.
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Figure 3: Typical σ -ε curve or curve deformation of the epoxy when the axial load is applied

Figure 4: Epoxy specimens mounted on testing equipment.

Two measuring devices were attached to the specimen, one on the axial and the other on
the transverse direction in order to measure the strain involved. A uniaxial load was applied
at a predetermined speed until failure and measurements were taken. For these tests a
speed of 0,5 mm/min was used. Two strain measurement devices were used in the tests, a
mechanical extensometer (from MTS System Corporation) and 2mm strain gauges (by
Kyowa Electronic Instruments Co., Ltd.).
3.1.3 Tensile Tests at Various Curing Times
In order to study the influence of the curing time on the properties of the two adhesives, test
specimens were allowed to cure for different time periods, one, three, five, and seven days.
A minimum of four specimens for each curing time and type of epoxy were produced for this
study. These tests were carried out at room temperature (around 22ºC).
The main parameters to obtain in this part of the study were Young’s modulus (E), ultimate
tensile strength ( σ ult ), ultimate tensile strain ( ε ult ), and Poisson’s Ratio (ν). Extensometers
were used to measure the strain in the axial direction of the specimens, while strain gauges
were used for the strains in the lateral direction. An extensometer is much simpler to install
than a strain gauge. The extensometer and the strain gauge were placed at the centre of the
specimen.
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3.1.4 Tensile Tests at Various Temperatures
To investigate the influence of temperature on the properties of te adhesives, tests were also
carried out in a temperature-controlled chamber at –20ºC, 0ºC, room temperature and 40ºC.
Three specimens of each epoxy type were manufactured to be tested at each temperature.
The purpose of these tests was to examine the effect of the temperature on the strength and
stiffness of the epoxies.
To carry out the temperature tests, the specimens were produced in the same fashion as the
previous tests but the samples were allowed to cure a minimum of 7 days. The extensometer
was the device used to determine strain in the longitudinal direction.
A thermal chamber was installed around the testing machine. The chamber is designed to
allow the test mounts from the base and crosshead of the testing machine to pass through
the top and bottom of the chamber. The samples were mounted in the testing equipment as
previously done but inside the chamber, and testing is conducted inside the controlled thermal environment the same as it would be at ambient temperature. The use of the extensometer was adequate since the maximum temperature tested in this report was 40ºC and extensometers are generally limited to no more than 200° C. Figure 5 shows the thermal chamber mounted on the test machine.
3.1.5 Test results
Analysing the results it was found that both epoxies have non-linear behaviour even for very
low loads. Even though this behaviour is more apparent for the epoxy B it is also present in
the epoxy A. This offered a challenge when trying to determine the elastic properties of these
materials. The results for E-modulus and Poisson’s Ratio shown below are obtained using a
linear approximation of the curves from the beginning of the tests to a load equivalent to 15%
of the ultimate strength.

Figure 5: Set-up for temperature tests on epoxy.
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3.1.6 Influence of curing time:
Figure 6 shows typical stress (σ)-strain (ε) curves for different curing times obtained in the
testing of the epoxies.
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Figure 6: Typical σ-ε curve for different curing times.

The results obtained for the various curing times are presented on Figure 7 and
Figure 8 for the epoxy A. Figure 7 (a) and (b) illustrate the variation of the elastic
modulus, E, and the Poisson’s ratio with curing time respectively.
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Figure 7: Variation of (a) Young’s modulus and (b) Poisson’s Ratio with curing time for epoxy A.

Figure 7 shows the modulus of elasticity, E, generally increasing with time and after 5 days of
curing it has reached the 7-day strength. On the other hand the Poisson’s ratio seems to
fluctuate between 0,22 and 0,29 without any clear tendency as the curing time increases.
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Figure 8 shows the variation of (a) ultimate tensile strength ( σ ult ) and (b) ultimate strain ( ε ult )
with curing time for epoxy A.
Variation of Ultimate Strain With Curing Time
For Epoxy A
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Figure 8: Variation of (a) ultimate tensile strength and (b) ultimate strain
with curing time for epoxy A.

From Figure 8 it can be observed that the ultimate tensile strength ( σ ult ) tends to increase
with curing time and that the 7-day capacity is reached close to the third day of curing. On
the other hand, the ultimate tensile strain ( ε ult ) decreases with time, as is expected, and from
5 days of curing and on the final deformation does not decrease any longer.
The results for epoxy B regarding curing time are plotted in Figure 9 and Figure 10. Figure 9
shows the variation of the modulus of elasticity (a) as well as Poisson’s ratio (b) with curing
time. From Figure 9 it can be seen that for epoxy B the modulus of elasticity tends to increase with curing time, just as epoxy A did, reaching its 7-day capacity by the third day of
curing. The Poisson’s ratio in this case fluctuates between 0.33 and 0.51. Figure 10 shows
the variation of (a) ultimate tensile strength and (b) ultimate strain with curing time for epoxy
B.
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Figure 9: Variation of (a) Young’s modulus and (b) Poisson’s Ratio
with curing time for epoxy B.
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Figure 10: Variation of (a) ultimate tensile strength and (b) ultimate strain
with curing time for epoxy B.

As it can be appreciated from Figure 10 (a) the ultimate tensile strength increases with curing
time and the 7-day capacity is already attained by the third day of curing. Accordingly, Figure
10 (b) shows how the ultimate strain was affected by the curing time. The strain in the axial
direction decreases with curing time and after 3 days the average strain has been reduced
88% of the 7-day maximum reduction.
3.1.7 Influence of temperature:
Figure 11 illustrates typical stress (σ)- strain (ε) curves obtained for the temperature testing of
the epoxies. Figure 12 shows how the E-modulus, the ultimate tensile stress and strain vary
with temperature for epoxy A.
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Figure 11: Typical σ -ε curves for different temperatures.
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Figure 12: Variation of (a) E-modulus, (b) ultimate tensile strength and (c) ultimate strain with temperature for epoxy A.

From these graphs it can be appreciated how the E-modulus (from part (a) of the figure) and
the ultimate tensile stress (from (b)) tend to decrease with increasing temperatures. Figure
12(c) shows an increase of the ultimate strain as temperature rises. From the graphs in
Figure 12 it can be concluded that varying temperatures between -20 and 20 ºC have little
influence on the material properties. On the other hand, epoxy A is affected by temperatures
higher than 20ºC. When temperatures reach 40ºC the E-modulus has reduced to 62% its
average value at 20ºC. The average ultimate tensile strength is reduced to 47% and the ultimate strain has increased in average over 380% from its values at 20ºC.
These tests show that temperatures above 40ºC are detrimental to the performance of epoxy
A. For temperatures between 20 and 40ºC it is possible to observe a substantial reduction of
the ultimate tensile strength as well as the E-modulus. On the other hand a significant increase of the ultimate strain is verified for the same temperature range.
Figure 13 shows how the E-modulus, the ultimate tensile strength and strain vary with temperature for epoxy B.
Var i ati on of Young's Modul us Wi th Temper atur e

Var i ati on of Ul timate Tensi le Str ength Wi th

For Epoxy B

Temper atur e Epoxy B
40,00

8000

35,00

7000

30,00

6000

30000
25000
Ultimate Strain [ustrain]

9000

Variation of Ultimate Strain With Temperature
For Epoxy B

25,00

5000

20,00

4000

15,00

3000
2000

10,00

1000

5,00

0

0,00
-20

-10

0

10

20

30

40

20000
15000
10000
5000

-20

-10

0

10

20

30

40

0
-20

-10

Temper atur e [ºC]

T emper at ur e [ ºC]

(a)

(b)

0

10

20

30

40

Temperature [ºC]

(c)

Figure 13: Variation of (a) E-modulus, (b) ultimate tensile strength and (c) ultimate strain with temperature for epoxy B.

From graphs (a) and (b) of Figure 13 it can be appreciated that the E-modulus as well as the
Poisson’s ratio decrease with the increase of temperature. At 40ºC the average E-modulus
decreases to 57% of its value at 20ºC; on the other hand, at -20ºC it increases about 10%.
Regarding ultimate strength, at 40ºC the epoxy has 64% of the average strength at 20º C
and at -20ºC its capacity has increased over 30% of that at 20ºC. Concerning the ultimate
strain (part (c) of Figure 13) at 40ºC it increases 220% of its average value at 20ºC. When
the temperature drops to -20º the average strain has decreased to a 72% of its value at
20ºC.
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In the case of epoxy B, it can be concluded that increased temperatures of 40ºC diminish the
capacity if this material. For temperatures between 20 and 40ºC it is possible to observe a
substantial reduction of the ultimate tensile strength as well as the E-modulus. On the other
hand a significant increase of the ultimate strain is verified for the same temperature range.

3.1.8 Summary of adhesive tests
Regarding the effects of the curing time on the properties of the epoxies and analysing the
results presented in Figure 6 to Figure 13, it was found that the epoxy A reached the 7-day
E-modulus (about 14 GPa) after 5 days of curing whereas epoxy B reached its 7-day
modulus of elasticity (approximately 6 GPa) after 3 days of curing. The Poisson’s ratio for
epoxy A was found to fluctuate between 0,22 and 0,29 and between 0,33 and 0,51 for epoxy
B. The ultimate tensile strength, σ ult , was reached by the third day of curing for both types
of epoxies. σ ult for epoxy A was 32 MPa and for epoxy B was 25 MPa. After 5 days of curing
epoxy A reached its final ultimate strain, ε ult , of 3000 μstrain, and epoxy B reached the final

ε ult of 7000 μstrain by the third of curing.
When studying the effects of the temperature on the properties of the epoxies and analysing
figures Figure 12 and Figure 13, it was found that the E-modulus decreased with increasing
temperatures for both epoxies. However, between –20 and 20ºC there was little influence of
temperatures for epoxy A. The σ ult gradually dropped for both epoxies with increasing temperatures from about 35 to 16 MPa for epoxy A and from 32 to 15 MPa for epoxy B. The ε ult
increased from approximately 2500 to about 15000 μstrain for epoxy A and from about 5000
to 22000 μstrain for epoxy B for temperatures between 20 and 40ºC.
As it could be seen in the figures shown in the previous section, some scatter is present in
the results. In order to reduce this scatter the number of testing subjects should be increased
and a complete statistical analysis should be completed.
As a final discussion of the testing with epoxies it is important to point out that when the
specimens were tested the majority of them fractured at the section where there was a
change in the geometry. The specimens that failed at different location did so where bubbles
were present, i.e. the path of least resistance. This suggests that there is room for improvement regarding the geometry of the specimens, such as, for example smoother transition
angles.

3.2 Testing of CFRP Plates
The purpose of this section of the report is to determine, experimentally, the elastic properties of the plates (i.e. modulus of elasticity, Ex and Poisson’s ratio, νxy) as well as the ultimate
tensile strength, σ ult , and strain, ε ult , when the axial load is applied parallel to the fibres. It is
also part of the scope to determine the same properties (modulus of elasticity, Ey, Poisson’s
ratio, νyx, ultimate tensile strength, σ ult , and strain, ε ult ) when load is applied perpendicular
to the fibres of the plate.
Two different manufacturers provided carbon fibre plates to include in this report, company A
and B. The company A supplied the plate type A-12 likewise the company B provided four
types of plate: B-12, B-14, B-17 and B-40.
The following two tables show the material properties of the plates as provided by the manufacturers. Table 1 shows the modulus of elasticity (Ex), ultimate tensile strength (fu) and ultimate tensile strain (εu) for the A plate. Accordingly, Table 2 shows similar data for the B
plates.
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Table 1 Material properties for plate A as provided by the manufacturer.
Plate Type
A-12

Ex

fu

εu

[GPa]

[GPa]

[%]

3100

1.7

165

Table 2 Material properties for plates B as provided by the manufacturer.
Ex

fu

εu

[GPa]

[GPa]

[%]

B-12

200

3300

1.4

B-14

200

3300

1.4

B-17

450

1500

0.27

B-40

450

1500

0.27

Plate Type

Notice that no information regarding the properties when plates were loaded perpendicular to
the fibres was available.

3.2.1 Specimen Production
A minimum of five specimens was produced for each plate type and for each direction of
loading (i.e. parallel and perpendicular to the fibre). The plate specimens were manufactured
following the recommendations by the preliminary ISO norms (ISO TC 71/SC & N., 2003).
The dimensions of the specimens tested with load parallel to the fibre are shown in Figure
14. It consists of a rectangular shaped plate with length of 200 mm and width of 15 mm.
Figure 14 also shows the location of the strain gauges.

Figure 14: Shape and dimensions for plates tested parallel to the fibres (all measurements are in
mm).

In order to reduce stress concentration at the gripping points the specimens were sandwiched between two aluminium plates (15mm wide, 50mm long and 2mm thick) at both ends.
For the tests carried out in this report the plates had no tapering.
To test the plates loaded perpendicular to the fibre, wider and shorter specimens were manufactured also according the recommendations from the preliminary ISO codes (ISO TC
71/SC & N., 2003). Figure 15 shows the shape and dimensions for plates tested perpendicular to the fibre.

Sustainable Bridges

TIP3-CT-2003-001653

2006-10-04 21 (95)
Rev. YYYY-MM-DD

It can be appreciated for the figure these specimens were 120 mm long and 25 mm wide.
Figure 15 also shows the location of the strain gauge used for the tests with load perpendicular to the fibres.

Figure 15: Shape and dimensions for plates tested perpendicular to the fibres
(all measurements are in mm).

Aluminium plates (25mm wide, 30mm long and, 2mm thick) were bonded to both ends of the
specimens to reduce stress concentrations. The aluminium plates were not tapered for this
study. For both specimens (parallel and perpendicular to the fibre) a 1-mm-thick layer of epoxy was used to bond the aluminium plates to the plates. The plate surface as well as the
plates were thoroughly sanded and cleaned with alcohol before applying the epoxy. For the
A plates the epoxy A was used. Respectively, epoxy B was used to bond the B plates to the
plates. The epoxy was allowed to cure for a minimum of seven days before testing. To guarantee an even thickness of the epoxy, wires of 1 mm in diameter were utilized to maintain the
distance between the Aluminium plates and the CFRP specimen.
3.2.2 Test Set-Up and Testing Procedure
A deformation controlled uniaxial tensile tests of each specimen was performed. The equipment used to test the plates was the same used to test the epoxy. For the testing of the
plates the loading speed used was 0.5 min/mm. The specimens were gripped and loaded
until failure in the same way as the specimens of epoxy. Figure 16 shows the testing equipment used with a plate specimen mounted on it.

Figure 16: Testing machine with plate specimen.
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The parameters of interest for the plates were the same as for the epoxy: modulus of elasticity, Poisson’s ratio, ultimate tensile strength and ultimate strain. For elements with the fibres
parallel to the load the modulus of elasticity in the longitudinal direction (Ex) can be calculated as the stress divided by the strain from the “elastic” portion of the test:

Ex =

σ
εx

(3)

The Poisson’s ratio νxy can be calculated with the following expression:
v xy = −

εy
εx

(4)

where εx is the strain measured in the longitudinal direction and εy in the lateral.
In order to measure the strain both, parallel and perpendicular to the load, strain gauges
were placed in the longitudinal and lateral direction in the centre of the specimens.
For the specimens with the fibres perpendicular to the load the modulus of elasticity in the
direction perpendicular to the fibres Ey (i.e. parallel to the load) can be estimated as:

Ey =

σ
εy

(5)

The Poisson’s ratio νyx can be calculated with the following equation:
v yx = v xy

Ey

(6)

Ex

For these specimens (fibres perpendicular to the load) only the strain gauge in the direction
of the load placed at the centre of the specimen was necessary to calculate Ey and νyx.
3.2.3 Tensile Tests
A minimum of five tests per each type of plate was performed in order to obtain the material
properties. Table 3 illustrates the types of plate used to test in a direction parallel to the fibres
and their respective thickness as provided by the manufacturer. In a similar way, Table 4
shows the plates tested with load perpendicular to the fibres as well as their thickness also
provided by the manufacturer.
Table 3 Types of plates tested with fibres parallel to the load
Plate A

Plate B

Plate Type

A-12

B-12

B-14

B-17

B-40

Thickness (provided by
manufacturer) [mm]

1,2

1,2

1,4

1,7

4,0
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Table 4 Types of plates tested with fibres perpendicular to the load
Plate A

Plate B

Plate Type

A-12

B-14

B-40

Thickness (provided by manufacturer) [mm]

1,2

1,4

4,0

1600

45

1400

40

1200

35
Stress [MPa]

Stress [MPa]

3.2.4 Test Results
Typical stress (σ)- strain (ε) curves obtained with the tensile tests of the plates are shown in
Figure 17.
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Figure 17: Typical (σ)-(ε) curves obtained with tensile testing of the plates, (a) with fibres parallel to the
load, (b) with fibres perpendicular to the load.

3.2.5 Testing of plates B - fibres parallel to the load.
A summary of the results obtained for the plates B tested with the fibres parallel to the loading is presented on Table 5. This table shows the average values for modulus of elasticity, E,
ultimate tensile strength, σ ult , ultimate tensile strain, ε ult , and Poisson’s ratio, νxy, obtained
for each type of plate with the fibres parallel to the load. Table 5 also shows the measured
thickness (not the nominal thickness) of the specimens tested. It is important to point out that
the measured thickness of the plates was used in all the calculations.
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Table 5 Summary of results for B plates tested with fibres parallel to the load.
Plate type

Measured
thickness
[mm]

Ex

σ ult

ε ult

[GPa]

[MPa]

[%]

νxy

B-12

1.43

174

1855

-

0,26

B-14

1,60

171

2322

-

0,35

B-17

1,95

383

1253

0,33

0,34

B-40

4,40

362

553

0,19

0,35

Notice from Table 5 that values of ε ult are not reported for specimens B-12 and B-14. Unfortunately, during the testing of the plates the testing equipment was mistakenly set up for a
maximum strain of around 0,9% (9000 μstrain).
It was found that for the more ductile plates (B-12 and B-14) this maximum strain was
reached and therefore no ε ult could be obtained. However, the stiffer plates (B-17 and B-40)
failed much earlier than the limit strain of the machine and the ε ult could be recorded. The
values obtained for the B-17 are considered adequate and in accordance those given by the
material manufacture. The values of ε ult shown for B-40 are not representative for reasons
explained later and should be disregarded.
From Table 5 it can be appreciated that for the B-12 and B-14 plates the values of ultimate
strength, σ ult obtained are much lower than 3300 MPa (value provided by the manufacturer,
see Table 2). Regarding the E-modulus, the average values obtained for the B-12 plates was
approximately 25% lower the 200 GPa specified by the manufacturer.
Concerning the B-17 plates (thickness of 1,7mm) the average value of σ ult is about 84% of
the value provided by the manufacture. For the same plate, the E-modulus is also around
85% of that expected based on the manufacture information.
The small number of specimens tested and the scatter observed within the results can perhaps explain the lower values of σ ult obtained for B-12, B-14 and for B-17. On the other
hand, it was found that for all plates B although the values obtained for E-modulus are lower
than expected the results from the test are consistent and therefore considered reliable.
For B-40 the E-modulus obtained, is low (80% of the value provided by the manufacturer),
but can still be considered adequate for the same reasons explained for the B-17 plate. On
the other hand, the results of σ ult collected for the thicker B plate (B-40) clearly differ from
the values of strength from the manufacture data. They are about a 35% of the expected
value (1500 MPa). A possible explanation for such a poor performance could be linked to the
way the loads are transferred from the grips of the testing equipment to the plate.
Figure 18 sketches the way the load is transferred from the grips of the testing machine to
the plate for different plate thickness. The axial load is transferred to the aluminum plates in
shear. This shear force is not constant along the gripping area, it is smaller at the outer edge
and gradually grows larger reaching its maximum at the inner edge of the plate, see Figure
18.
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(a)

(b)
Figure 18: Shear distribution within the plate as sample is tested for (a) for thick plates and (b) for thin
plates.

This high shear force results in high shear stress, which also is not constant throughout the
thickness of the plate; it is highest at the contacts with the epoxy and lowest at the center of
the plate for any given cross section. At a certain point towards the middle of the plate (in the
longitudinal direction) the shear stress is constant along the plate thickness. For the thicker
plate (B-40) the stress at its highest point (inner contact between the epoxy and the plate)
reached the ultimate tensile strength of the plate while at the same time, and where the strain
gauge was placed, the stress is much lower, see Figure 18 (a). The plate then fails at the
point of high stress but the gauge reads a much lower value than the σ ult .
For thinner plates (see Figure 18 (b)) this effect is not as dramatic as for the thicker ones.
The stress distribution within the plate thickness is much more uniform even at the critical
edge. Although there is stress concentration with non-uniform distribution within the plate
thickness, this distribution is very close to be uniform just because of the small thickness of
the material (i.e. lower gradient of stress).
It can be concluded from this portion of the testing that tapered plates are recommended for
thinner plates and are necessary when testing thicker materials in order to reduce stress
concentrations and early failure of the plate.
3.2.6 Testing of plates B - fibres perpendicular to the load.
Table 6 presents a summary of the results obtained for the plates tested with fibres perpendicular to the load.
Table 6 Summary of results for B plates tested with fibres perpendicular to the load.
Plate type

Measured
thickness
[mm]

Ey

σ ult

ε ult

[GPa]

[MPa]

[%]

νyx

B-14

1,66

7,8

35,3

0,4

0,02

B-40

4,37

4,4

4,6

0,09

0,003
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Comparing the values from tables 6 and 7, it is possible to see that the modulus of elasticity
perpendicular to the fibres, Ey, is much lower than the one parallel to the fibres, Ex, for all B
plates.
3.2.7 Testing of plates A - fibres parallel to the load.
A summary of the results for the A plates with fibres parallel to the load is shown in Table 7.
Table 7:

Summary of results for A plates tested with fibres parallel to the load

Plate type

Measured
thickness
[mm]

A-12

1,2

Ex

σ ult

ε ult

[GPa]

[MPa]

[%]

155

1932

-

νxy

0,30

From Table 7 it can be seen that the average modulus of elasticity, Ex, in the parallel direction is very close to the value provided from manufacture for A plate (165 GPa). On the other
hand the ultimate tensile strength is much lower than expected (fu of 3100 MPa based on
manufacturer’s data).
This perhaps can be due to the scatter in the data and the low number of specimens tested.
The ultimate strain ε ult could not be measured because failure occurred after the maximum
strain set up for the machine was reached.
3.2.8 Testing of plates A - fibres perpendicular to the load.
Table 8 shows the similar results but for the specimens tested with fibres perpendicular to
the load.
Table 8 Summary of results for A plates tested with fibres perpendicular to the load
Plate type

Measured
thickness
[mm]

A-12

1,2

Ey

σ ult

ε ult

[GPa]

[MPa]

[%]

11,5

37

0,3

νyx
0,01

It is of importance to point out that, in a similar way that with the B plates, cracking when
gripping was also experienced with some of the A plates and only 3 of the 5 specimens
originally prepared provided reasonable results. Again, it is necessary to do some changes in
the way of production of these specimens with fibres perpendicular to the load (for example
tapering of the aluminium plates) and also an increased number of tests to be able to reach
any conclusions.
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4 Small-scale testing of Steel-CFRP joints
4.1 Introduction
The use of composite materials for the strengthening and repair of existing structures has
increased significantly during the last decade. The high durability and fatigue resistance of
these materials and their superior strength-to-weight ratio make them compete easily with
other traditional building materials in this field. From being mainly devoted to concrete structures, the use of composite materials in strengthening and repair work has extended to include timber, masonry and lately even metallic structures. Several field applications have
been reported where steel and wrought iron structures (mostly bridges) have been strengthened or repaired using adhesively-bonded carbon fibre plates (CFRP) [1], [2]. In some cases,
prestressing of the plates was employed to obtain more efficient strengthening scheme and
higher utilization of the high tensile strength of the composite material [3}. Several experimental studies have also been conducted in this area. Results from laboratory tests on steel
(Bassetti 2001; Mertz et al. 1996) and composite steel-concrete beams (Al-Saidy et al. 2004;
Sen et al. 2001; Tavakkolizadeh and Saadatmanesh 2003) strengthened with adhesively
bonded CFRP have been reported. The vast majority of the tests were devoted to beams in
bending and they cover a wide range of application areas including upgrading of the bending
capacity, increasing bending stiffness, repairing fatigue cracked elements and increasing the
fatigue strength of steel beams. In general, the major focus in the reported experimental
studies has been pointed towards the degree of strengthening that can be obtained by using
this technique. In almost all cases, large-scale beams were used for this purpose. More detailed studies focusing on the behaviour and strength of composite steel-CFRP elements are
rather scarce. Furthermore, analytical work conducted in this field come mainly from the work
performed on concrete beams and is limited to linear elastic analysis only. Consequently,
there is still today some lack of knowledge regarding the behaviour and strength of composite steel-CFRP elements. In particular, the behaviour, strength and possible fracture modes
of these composite members in the post-yielding stage need to be studied more closely.
Standard double-lap tests are apparently not suitable for this purpose as yielding will take
place in the unstrengthened part of the test specimen (Colombi et al. 2006).
There is also some lack of knowledge regarding how proper selection of materials (carbon
fibre, adhesives) for the different applications (increased strength in the ULS, increased stiffness, fatigue, ..) should be made. For example, the general opinion that high modulus plates
are more effective in steel applications does not always hold true.
Research related to the strengthening and repair of metallic structures using bonded CFRP
has been ongoing at Chalmers University of Technology in Sweden since 2003. Various
types of laboratory test and analytical and numerical work have been performed in this field.
In this paper, the results from an experimental study on the behaviour and strength of composite steel-CFRP elements are presented. Finite-element analysis of the tested specimens
has also been conducted and the results are presented and discussed. The main objectives
of the study were:
1. to study the behaviour of composite steel-CFRP elements, in particular in the postyielding stage,
2. to examine possible fracture modes that can be obtained for steel elements strengthened by bonded CFRP,
3. to evaluate the effect of various material properties on the strength and ductility of the
composite elements as well as on the type of fracture mode obtained for these elements.
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Lacking standardised tests that can be used for these purposes, a new type of tests specimen was developed for the tests. The shape and dimensions of the new test specimen were
established based on the results obtained from extensive finite-element analysis.

4.2 Development of tests specimens and finite-element modelling
Figure 19 shows schematically the load effects along the bond line in a steel beam strengthened with adhesively bonded CFRP and loaded in bending. Four possible failure modes can
be recognised:
1. rapture of the plate when the maximum axial stress in the plate reaches its ultimate
strength,
2. debonding failure at the end of the plate,
3.

debonding failure in the middle of the plate,

4. interlaminar failure (delamination) at the end of the plate.
Debonding failure at the ends or in the middle of the plate can be governed by either the cohesive strength of the adhesive (failure within the adhesive) or the interfacial strength of one
of the adhesive-adherends interfaces. The governing failure mode in a specific beam will
primarily depend on: the properties of the materials used (such as plate and adhesive stiffness and strength), geometrical properties (such as plate and adhesive thickness and width
and plate end preparation), and on mechanical properties (like the characteristics of the
bonding surfaces and possible defects in the bonding line).

Figure 19: Schematic illustration of the principle load effects in a steel beam
strengthened with bonded CFRP.

Figure 20 shows the final test specimen, which was developed to achieve the objectives of
the tests. Initially, the shape and dimensions of the specimen were to be chosen so that:
-

successive yielding of the steel adherent can be obtained, starting from the middle of
the specimen,

-

the fracture modes expected to be obtained in steel beams with bonded CFRP
(Figure 19) can be resembled.
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Figure 20: The final shape and dimensions of the test specimen developed to study the
behaviour and strength of composite steel-CFRP.

In a first step, an FE- model of the test specimen was created. The model included 1/8 of the
test specimen, taking advantage of the symmetry. For this model, brick elements with 20
nodes were used for all parts (i.e. the steel plate, adhesive and plate). The shape and dimensions of the steel plate were modified several times. In each case, the analysis was conducted with four different plate-adhesive combinations, one from system A and three from
system B. For each analysis, the maximum axial strains in the plate and the interfacial shear
stresses in the bond line at the end and middle of the plate were examined. The final shape
and dimensions of the tests specimen were chosen so that the different fracture modes expected for steel beams would be resembled in the tests.
After testing, the overall performance of the FE-model was validated using strain readings
from several strain gauges installed at different locations on the plates and the steel plate in
each specimen. The location of different strain gauges is shown in Figure 21 and Figure 22
shows one of the test specimens installed in the testing machine.
In order to examine the accuracy of the first model, a second FE-model with much finer mesh
was also constructed and analysed. The major parameter, which was investigated by comparing the results obtained from the two models is the effect of element size, particularly near
the end of the plate, on the interfacial normal and shear stresses in this location. Figure 23
shows the two FE-models examined in the study and the main features of the two models
are given in Table 9.

Figure 21: The locations of various strain gauges used in the tested specimens.
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Figure 22: One of the test specimens installed in the testing machine.
Table 9: The main features of the two models examined for FE-analysis of the test specimens
Model

Element type

No. of nodes

No. of elements

No. of elements through
adhesive thickness

I

20-nodes brick

17207

3324

2

II

8-nodes brick

73935

65380

8

Both models included a concave fillet of adhesive at the end of the plate. Such fillet is often
produced in practice from the excess adhesive material when making the joint. The fillet at
the end of the joint also helps in avoiding numerical singularity problems that are encountered when modelling joints with dissimilar materials (Teng et al. 2002). Non-linear material
models were used for the steel material as well as for the adhesives.
The models were derived from standard tension tests on dog-bone adhesive and steel
specimens. The plates were modelled as linearly elastic material.

Figure 23: The two finite-element models used in the development of the test specimen, (a) Model I
with 20-nodes brick elements; (b) Model II with 8-nodes brick elements.

Both FE-models were capable of reproducing the behaviour of the tested specimens. The
overall stiffness of the composite elements as well as the distribution of strains at various
locations along the plates and the steel plate was in good agreement with the measured experimental values, both in the elastic and in the post-yielding stage, c.f. Figure 24. Further,
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the interfacial normal and shear stresses along the bond line were examined at three different sections through the adhesive thickness: the steel-adhesive interface, the middle of the
adhesive layer and the plate-adhesive interface. The results produced by both models were
almost identical. Based on the results of this initial investigation, the first model (model I) was
chosen to analyse the tested specimens.

4.3 Production and preparation of test specimens and testing procedure
Four composite steel-CFRP elements and one reference element (with steel only) were
manufactured and tested. One of the composite elements was made of system A (i.e. adhesive A and plate A12) while system B was used in the remaining three elements. In order to
avoid any residual stress effects that might result from flame cutting and mechanical preparation of the steel plate, the latter was cut to the final shape using water jet. The plates where
also cut to the desired length and width using the same technique. Prior to bonding, the opposite surfaces of the steel plate where the plates are to be bonded were sandblasted. Immediately, the steel surfaces were cleaned with alcohol and coated with a thin layer of primer
to prevent oxidation and improve bonding. Upon curing of the primer, the plates and the
bonding areas of the steel plate were covered with adhesive and a roller was used to press
the plate on the steel surface. Small spacers made of timber were used to assure a uniform
adhesive layer thickness of 2mm. The specimens were then left to cure for seven days. Each
test specimen was equipped with a number of strain gauges (2mm long) to monitor the axial
strains at different locations in the plate and the steel plate. A universal uniaxial testing machine was used to load each test specimen in tension at a displacement rate of 0.25mm/min.

4.3.1 Load effects in composite specimens
When the composite specimen is loaded, the steel plate and the plates bonded on each side
will carry a portion of the load according to their relative axial stiffness. Stiffer plates (with
larger E-modulus and/or higher thickness) will attract larger portion of the total applied axial
load. Owing to the non-uniform shape of the steel plate (and hence even its axial stiffness),
the distribution of axial force in the plate will also be non-uniform. Shear stresses will therefore be present along the whole bond line in the specimen, but the magnitude of these
stresses will be highest at the end of the plate. Figure 24 shows an example of the variation
of axial stress in the plate along its half length (from the middle of the plate to its end) obtained from the FE-model for two different values of applied axial load. The corresponding
values obtained from strain measurements for the same loads are also shown. The portion of
axial load carried by the plates increases substantially after yielding of the steel plate.

Figure 24: Measured and calculated axial strains (presented as stresses) in the plate for specimen B17. The values correspond to two load levels before and after yielding of the steel plate (63 and 215
kN, respectively).
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An example of the variation of shear stress along the bond line of specimen B12 is shown in
Figure 25 at the three different sections through the adhesive thickness. Also shown is the
shear stress derived analytically for a steel plate with a constant width. The analytical solution, which is based on the assumption of constant shear stress through the adhesive thickness (Eq. 1) gives valid results for the distribution of shear stress near the end of the plate,
where the width of the specimen is constant. Eq. 1 was derived for a steel plate with a constant width and two plates bonded on each side of the plate. The derivation is left outside this
paper.

sinh ( λ x )
⎞
EL t L
⎟⋅λ
⎝ Es ts + 2 ⋅ EL tL ⎠ cosh ( λ L )
⎛

τ (x) = P ⋅ ⎜

(7)

In Eq. (7), EL and tL are the E-moduls and the thickness of the plate, Es and ts are the corresponding values for the steel plate and L is the plate length. Ga and ta are the shear
modulus and the thickness of the adhesive and the parameter λ is defined in Eq. (8).
Ga ⎛ 1
2 ⎞
⋅⎜
+
⎟
t a ⎝ E L t L Es t s ⎠

λ=

(8)

As can be seen in Figure 25, the shear stress near the end of the plate is not constant
through the adhesive thickness. This observation was also made in previous FE-analysis of
adhesive joints (Teng et al. 2005) and in higher order analytical solutions of the problem
(Hui-Shen et al. 2001). Due to the presence of the adhesive fillet at the plate end, the shear
stress at the steel-adhesive interface is reduced. At the Plate-adhesive interface, where the
shear stress has its maximum value, the analytical solution provides very good approximation.
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Figure 25: The variation of shear stress along the bond line in specimen B-12. Analytical
and FE-results.

The same observations could be made for the other three specimens. Table 10 lists the values of maximum shear and normal stresses at the three different sections through the adhesive thickness for the four tested specimens at the same applied load (P=63 kN). The behaviour of all specimens is totally elastic at this load level. Specimens B40 and B17 which comprise plates with ultra-high E-modulus suffer higher shear stresses, with B40 being the highest of the two due to larger plate thickness. Considering specimens A12 and B12, the later
had a thicker plate with a higher E-modulus. Nevertheless, the magnitude of maximum shear
stress at the ends of the plates was comparable to that obtained for specimen A12. This can
be explained by the fact that in specimen B12, an adhesive with lower shear modulus was
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used which contributed to a less steep distribution of shear stress near the end of the plate
and thus to lower maximum shear stress.
Table 10: Maximum interfacial normal and shear stresses obtained from the FE-analysis of the tested
specimens (P=63 kN)
Steel-Adhesive

Mid-adhesive

Plate-Adhesive

τmax

σmax

τmax

σmax

τmax

σmax

A12

-4.4

6.8

-5.9

6.3

-6.6

4.1

B12

–4.3

5.8

-5.3

5.4

-6.4

3.8

B17

-7

8.8

-8.2

8.1

-10

6.0

B40

-8.8

11.0

-9.6

10.4

-12.0

8.3

Besides the interfacial shear stresses, normal stresses (perpendicular to the plane of the
plate) also exist in the adhesive joint near the ends of the plate. These stresses are the result
of the eccentricity in load transfer from the steel plate to the plate. As such, they are expected to be higher in specimens with thicker (and stiffer) plates. Figure 26 shows an example of the variation of normal stresses in the adhesive joint. The values of maximum normal
stress for all tested specimens are given in Table 10. In all specimens, the value of maximum
normal stress appears at the end of the plate on the steel-adhesive interface. These stresses
converge to zero at the end of the adhesive fillet. At the end of the plate-adhesive interface,
normal stresses are compressive in a very localized area, which is also in agreement with
findings presented in previous FE-studies of bonded joints (Teng et al. 2002).
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Figure 26: An example of the variation of interfacial normal stress near the ends of specimen B12
(P=63 kN) as obtained from the FE-analysis.

After yielding of the steel plate in the middle of the specimen, the plate itself cannot carry any
additional loading and any increase in the applied load has to be transferred to the plate.
This can be seen easily considering the variation of axial stress in the middle of the plate with
applied load (cf. Figure 27). This transition of axial force from the steel plate to the plate is
associated with interfacial shear stresses in the bond line, which might be high enough to
cause debonding. Another way to look at the problem is that these interfacial shear stresses
are caused by the large difference in axial strains between the steel plate (which is now
yielding and loosing its initial stiffness) and the plate, which is still elastic and stiff. This differ-
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ence in strain has to be “accommodated” by the adhesive, which (if relatively stiff) might
crack or debond from the steel surface. Such type of failure can not be predicted by the type
of FE-model employed in this study.
Figure 27 shows the distribution of shear stresses along the bond line, obtained from the FEanalysis of specimen A12 at three different stages of loading. Yielding of the steel plate in the
middle of the specimen took place at a load of 120 kN. Before yielding, very low shear
stresses are present in the bond line near the middle of the specimen due to the change in
the steel plate width, as has been discussed before. With successive yielding of the steel
plate, higher shear stresses are created near the middle of the specimen. These are increased with the progress of yielding in the plate (due to increased plastic strains) with the
location of maximum shear stress being shifted towards the end of the plate. At higher loads
(P = 184 kN) the magnitude of maximum shear stress in the middle of the specimen is higher
than that at the plate ends. Debonding (cohesive or interfacial) might therefore initiate in the
middle of the specimen before failure at the end of the plate is obtained. This was also the
observation made for specimen A12.
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Figure 27: The variation of interfacial shear stress along the bond line in specimen A12 at three different levels of applied load. The vertical dotted lines show the progress of yielding from the middle the
specimen (x=0).

4.3.2 Test results
Figure 28 shows the load-displacement curves obtained for the four composite elements.
The results obtained from the reference specimen (steel only) are also shown for comparison. The same results are listed in Table 11. The following observations can be put forward:
1. As one might expect, the delay in the on-set of yielding in the composite specimens in
comparison to the reference specimen is highest for the plates with high E-modulus (the difference between B-17 and B-40 being attributed to the higher thickness in the latter), see
Table 11.
2. The highest degree of strengthening (i.e. increase in the ultimate load) was obtained for
specimen B-12. This specimen contains the plates with the lowest stiffness and the lowest
thickness. Even the ductility was highest for this specimen. Specimen B-17 with stiffer plate
produced slightly lower strengthening effect, but by far lower ductility.
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Table 11 The strengthening effects of bonding CFRP to the steel plates in the tested specimen.
Specimen

Yielding load,
[kN]

Increase in yielding load %

Ultimate load

Steel

101

-

140

-

A-12

114

14

186

33

B-12

123

23

251

80

B-17

147

47

247

76

B-40

-

> 57

157

12

[kN]

Increase in ultimate load %

Figure 28: Load-deformation curves obtained for the five tested specimens.

The four composite elements showed clearly different behaviour. Besides the remarked difference in ultimate load and ductility, the fracture modes displayed by the specimens were
also different. In fact, the tests succeeded in “reproducing” the four different fracture modes,
which are expected to be obtained in steel beams strengthened with bonded CFRP, see Figure 19. The main observations concerning failure of the composite elements are listed in
Table 12
Table 12 Failure modes observed from testing.
Specimen

First observed failure mode

Load [kN]

Final failure mode

Load [kN]

A-12

Debonding (adhes./steel)
in the middle of the specimen; extended towards the
ends

150

Debonding at the ends of the
plates

184

B-12

Debonding at the ends of
the plates extending inwards

244

Tensile rapture of the plate in
the middle of the specimen

230

B-17

-

210

Tensile rapture of the plate in
the middle of the specimen

247

B-40

-

-

Delamination at the ends of the
plates in a very brittle manner

157
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Delamination and/or debonding were observed in three of the four tested specimens. However, this was the final mode of failure in two specimens only, B-40 and A-12. The behaviour
of specimen B-40 was fully elastic up to failure (i.e. without yielding of the steel plate). The
specimen failed in a very brittle manner due to high interlaminar shear stress at the ends of
the plate. The fracture surface was within the plate itself, see Figure 29. At failure, the maximum axial stress in the plate was only 25% of its actual tensile strength. Figure 30 shows the
variation of shear stress with applied load at some distance from the plate end. The values of
shear stress were derived based on reading from strain gauges that were placed near the
end of the plate, also shown in Figure 30. These values agreed very well with those obtained
from the FE-analysis (compare with Figures 25 and 27). Observe that the distance at which
the shear stresses are derived varies due to some discrepancy in the location of the strain
gauges, 3-6mm from the end of the plate.
The stiff and thick plate in specimen B-40 attracted a major portion of the applied load and
the plate experienced a high concentration of shear stress at its end. This led to a sudden
and premature interlaminar shear failure (delamination) of the plate in this specimen. Unfortunately, no information is available on the interlaminar strength of the plates used in the
study. However, using the FE-analysis of specimen B40, a value of maximum principle stress
in the adhesive near the end of the plate of 24.7 MPa could be derived (at the plate-adhesive
interface). This value is very close to the strength of adhesive B used in this specimen.

Figure 29: The fracture surfaces at the one end of the plate in specimen B-40; (a) plate surface, (b)
steel plate surface where the carbon fibres are still bonded to the adhesive.

The second specimen which failed due to delamination at the end of the plate was specimen
A-12. Prior to failure, this specimen experienced successive debonding in the middle of the
specimen. This is discussed in more detail below. Even specimen B-12 showed some signs
of debonding/delamination at the ends of the plates just before failure. Loading of this specimen could however be continued with the debonding areas at the ends of the plates extending gradually. Failure of this specimen was determined by tensile rupture of the plate in the
middle of the specimen.
As has been mentioned before, successive yielding of the steel plate starting from the middle
of the specimen is associated with the gradually increasing interfacial shear stresses in the
bond line at these locations. These shear stresses are primarily caused by the large difference between the very high strains in the part of the steel plate which has yielded and the
stiff plate which is still behaving in an elastic manner. If the adhesive layer fails to accommodate this large difference in deformation, failure of the bond line might be obtained.
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Figure 30: Shear stresses (in MPa) at the end of the plates in the four tested specimens
as derived from strain measurements. Observe that these stresses are derived at slightly
different distances (x) from the end of the plates as the distances from the end of the
plate to the first strain gauge (x´) were slightly different.

This was the case observed for specimen A-12. In this specimen, the adhesive used to bond
the plate to the steel plate (adhesive A) was two times stiffer than the adhesive used in the
other three specimens (adhesive B). At some load close to the ultimate load, debonding was
observed between the adhesive and the steel plate. The debonded area extended then successively from the middle of the specimen towards the ends of the plates. This was associated with a gradual increase of the shear stresses at the ends of the plate and failure was
finally obtained due debonding at the ends, see Figure 31. The residual bonding length at
both ends of the plates was around 120mm. Specimen A-12 was the only specimen for
which debonding in the middle of the specimen due to yielding could be observed during the
tests. FE-analysis of the tested specimens also shows that specimen A12 experiences high
shear stresses in the middle of the specimen. These stresses were even higher than those
present at the end of the plate (c.f. Figure 27). It should be pointed out here, that the type of
FE-models employed in this study does not allow for capturing the behaviour /load effects in
areas were local debonding or delamination takes place.
Due to the more flexible epoxy used in specimen B-12, much larger plastic strains in the
steel plate could take place without initiating debonding in the middle of the specimen. However, evident signs of high shear stresses in the bondline in the middle of the specimen due
to yielding of the steel plate could also be observed for specimens B-12 and B17 after the
tests were ended. The adhesive layers in this location showed very clear signs of deformations through the thickness with an inclination of about 45 degrees.

Figure 31: The failure surface in specimen A-12.
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4.3.3 Tensile rupture of the plates
Two specimens (B-12 and B-17) failed by tensile rupture of the plate in the middle of the
specimen. In both cases, the plate started to carry an increased portion of the applied load
due to yielding of the steel plate until the ultimate strength of the plate was reached, see
Figure 32. Even though the final failure of the plate itself was brittle, the overall behaviour of
specimen B-12 was very ductile as the plate used in this specimen allowed, due to its low
stiffness, for large plastic deformation of the specimen before final failure. Specimen B-17,
however, showed very limited ductility before failure. This specimen contained plates with
ultra high E-modulus. The ultimate load (and the degree of strengthening) was, however,
almost the same for both specimens.

Figure 32: The variation of maximum axial stress in the middle of the plate in the four composite
specimens.

Sustainable Bridges

TIP3-CT-2003-001653

2006-10-04 39 (95)
Rev. YYYY-MM-DD

5 Metallic beams strengthened with bonded composite
materials
5.1 Introduction
As an alternative to strengthen or repair steel structures with e.g. welded or bolted plates,
bonded CFRP plates can be used. The improvements, which can be expected, are increased
stiffness and strength and an extension in fatigue life of the strengthened member. One advantage of using CFRP is its high tensile strength and stiffness compared with its low selfweight. The low self-weight and the less labour intensive application compared with other
existing techniques makes it even more interesting as a system for repair and/or strengthening of existing structures. Plate bonding relies on the strength of the adhesive layer. Both
tests and theoretical work have shown that this strength is governed by stress concentrations
in the adhesive, which occur due to difference in strains, deflection and coefficients of thermal expansion between the steel beam and the plate.
Concentrations of interfacial stresses occur in the vicinity of the geometric discontinuities; in
particular, at the end of a bond line, but also at the location of cracks in the substrate, or any
bond defect in the adhesive layer. Inter alia [12], [13], [14], [15], [16], [17], [18] have studied
the interfacial shear and normal (peeling) stresses. Analytical solutions and numerical models have been developed for predicting the load bearing capacity, and the magnitude and
distribution of the interfacial stresses in a strengthened steel beam. The interfacial stresses
are caused by disparities in deformation due to differences in stiffness and/or temperature. It
is found that the supreme force transfer between the steel beam and the plate occurs within
the first 100 mm from the end of the bond line. Where steep rise in normal stresses causes
high shear stresses, which can be critical for the strengthened system. Parameters that affect the magnitude of the interfacial shear and peeling stress are; thickness and modulus of
elasticity of the adhesive and the plate layer, respectively, shape of the adhesive (fillets) and
plate (chamfering) at the end of the bond line and the distance between the support and the
end of the bond line for a simple supported beam loaded in bending.
Laboratory tests on steel beams bonded with CFRP plate have been conducted by several
researchers [19], [20], [21], [22], [23], and the common results from these laboratory tests are
that the capacity can be increased with references to both stiffness and strength. Even fullscale tests have been performed on bridge girders [24], [25], [12], [26] were the results correspond to those conducted in the laboratory.
This report contains description of analytical modelling, a series of laboratory tests and FEanalyses of I-beams strengthened on their tensioned flange with CFRP plates. One of the
aims was to analyse the behaviour of the strengthened steel beams in the serviceability limit
state (SLS) and the grade of increase of moment capacity in the ultimate limit state (ULS).
Simplified analytical models were developed for calculation of the moment capacity of
strengthened steel beams, and the stress distribution over the height of the steel crosssection in the area for the maximum moment. Four steel beams, with sectional constants
corresponding to an HEA180 section, were bonded with CFRP plate to the tensioned flange
with a two-component epoxy and tested in laboratory. These beams were also modelled and
analysed in the FEM software ABAQUS. Each strengthened beam had its own unique configuration of CFRP plate and epoxy, with different material properties and geometrical constants. The FE-analyses were conducted as a parametric study. Also, a steel beam without
any plate was modelled and used as a reference beam. The common results, such as moment capacity and strains in steel section and CFRP plate, from the FE-analyses and the
laboratory tests were compared as a verification of the numerical models. Another central
point in this study was analyse of the interfacial shear stress at the ends and at the midsection of the bond line, for strengthened steel beam both in its elastic and plastic phase.
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The aims of the FE-analyses were to receive information about the interfacial stresses which
appear in the bond line between the steel substrate and the CFRP plate. These interfacial
stresses comprise shear stresses and normal stresses, so-called peeling stresses, which act
perpendicular to the extension of the CFRP plate. The interfacial stresses are difficult to
measure or derive from laboratory results, which make the FE-analyses valuable.
The results from the laboratory tests indicate that the shear stress distribution along the bond
line will vary between the elastic and plastic phase of the strengthened beam. Analytical solutions with respect to interfacial stresses are available, but they are only valid in the elastic
phase, and it is of a great interest to gain information about how the interfacial stresses obtained from the FE-analyses will corresponds to the results from the available analytical solutions.

5.2 Analytical solution
5.2.1 Analytical model
Simplified analyses were developed to calculate the difference in stiffness and moment capacity depending on quantity and stiffness of the applied laminates. The solutions are based
upon that the section of the strengthened profile is divided into elements, where the equilibrium statement over the section and the constitutive relations is the central parts in the solution. The calculations are conducted in an iterative way, where the change in strain of the
laminate is the governing parameter. The solution takes the changes in position of the NA
(neutral axis) into consideration and calculates the strain in each element. In each step this
procedure will produce a stress distribution over the cross-section, see Figure 33. As a result, the stress distribution is then used to calculate the moment capacity and the corresponding applied load. Assumptions made in this solution are:
•

Steel is an ideally linear elastic-plastic material.

•

Both the CFRP and the epoxy are assumed linear elastic until failure.

•

Linear strain distribution through the whole depth of the cross-section.

•

Full interaction between steel and laminate.

Another function included in this solution is the calculation of the points where different part
of the section has reached yielding. The marked points on curve B in Figure 33 illustrates to
what extent the steel section has reached yielding in both compression and tension. Thus, it
gives information about the level of the neutral axis and to what degree the section is utilized.
Curve A in the plot shows the calculated response of an unstrengthened beam.

Figure 33: Curve B together with stress curves shows the stress distribution over the
height of the steel section at different yield points. Curve A is the unstrengthened beam.

Sustainable Bridges

TIP3-CT-2003-001653

2006-10-04 41 (95)
Rev. YYYY-MM-DD

Closed form solution for moment capacity
A simplified closed-form analytical expression is developed to estimate the moment capacity
of the strengthened section subjected to bending. The solution is based upon an equilibrium
equation over the cross-section; see Figure 34 and Eq. 1. A requirement for this closed form
solution is that the steel cross-section is in class 1 or 2 according to Eurocode 3, which
means that the section is allowed to yield without any local buckling phenomenon. It is also
assumed that the beam is braced against lateral torsional buckling.

Figure 34: Strain and stress distribution for a fully plastic cross-section. With corresponding forces and distances between the NA and the level of each forces. 1 ≤ i ≤ 5

The moment around the NA can be calculated according to Eq. 9 where Fi is the resultant
force for each stress block and di is the distance between the force and the NA.
n

M = ∑F ⋅ d
i i
i =1

(9)

The plastic section modulus Zα depends on the level of plasticity that the section has
reached in compression and tension, and is calculated according to Eq. 10 for a symmetric Isection in section class 1 or 2. α is a factor between 0 and 1 and indicate how large part of
the web as have reach yielding in compression. The allowable level of α for a specific crosssection in yielding can be calculated according to standards of design. As.i is the sectional
area of each stress block. Both As.i and di are functions of α and depends thus on the level of
NA.

Z

n

α

( α ) = ∑ A s.i ( α ) ⋅ di ( α )
i =1

(10)

Eq. 9 can be rewritten to Eq. 11, where σy and σL are the yield stress for the steel and stress
in the laminate, respectively. AL is the sectional area of the CFRP laminate.
M = σ y Zα + σ L A L d1

(11)

The difference between the strain in the steel flange and the CFRP laminate is taken into
consideration by a factor κ. This factor is calculated on basis of linear strain distribution over
the cross-section and is defined as:

κ=

d1
d2

(12)

The ratio between the Young’s modulus of steel (Es) and CFRP (EL) is defined by a factor γ.
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EL
Es

(13)

And the following equation can be used for replacing the stress of the CFRP (σL) with the
yield stress of the steel (σy).
σ = σ κγ
L
y

(14)

The final closed form solution for simplified calculation of the moment capacity can be written
as:
M=σ

y

( Zα + κγALd1)

(15)

This expression gives results on the safe side, and the results are further discussed in the
result chapter.

5.3 Laboratory tests
Five beams were tested in four-point bending under static conditions. The dimensions of the
tested steel beams were chosen so that the ratio between the height and the length should
correspond to the ratio of ordinary steel beams used as primary girders in bridges. Detailed
information of the test specimens test set up is given below. One of the five steel beams was
unreinforced and acted as a reference beam (Beam Ref). The five beams were provided with
the designations Beam Ref. and Beam 1-2 to Beam 1-5.

5.3.1 Materials properties
A parametric study was carried out where CFRP plates and epoxies with different geometrical and material properties where used. The reason for using different CFRP plates and epoxies was to evaluate how the variation in stiffness, strength and the quantity of the CFRP
plate would affect the strengthened girder in SLS and ULS. The tested steel beams, which
were 2 m long, had an HEA180 profile with a steel material having yield strength of about
330MPa. The CFRP plates were applied only to the tensioned flange.
Four different material configurations were studied and the relevant material properties of the
CFRP plates, which were determined by testing, were the capacity in tensile strength and the
E-modulus that are denoted ft and E, respectively. These properties are shown in Table 13.
Two different epoxies were used to bond the CFRP to the steel substrate.
Table 13 Material properties
Dimensions [mm]
ft1 [MPa]
E1 [GPa]
(Thickness x Width)
Steel
HEA180
330
212
CFRP 1
1,4 x 81
3300
200
CFRP 2
1,8 x 50
1500
450
CFRP 3
2,4 x 60
3100
165
Epoxy 1
Thickness: ~2
7
Epoxy 2
Thickness: ~2
30
4,5
1
Mean values for CFRP’s and epoxies, according to the producers, given
parallel to the fibre direction.
Materials

The different configurations of laminates for all tested beams are shown in Table 14. In three
specimens the CFRP plates were bonded only to the bottom face of the tension flange, posi-
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tion 1 in Table 14. In one specimen, the CFRP plates were bonded on both the bottom and
the top face of the tensioned flange (position 1 and 2).
Table 14: Test specimens’ set up
Test specimen
Beam Ref
Beam 1-2
Beam 1-3
Beam 1-4
Beam 1-5

CFRP plate
CFRP 3
CFRP 1
CFRP 1
CFRP 2

Position
Epoxy
Epoxy 2
Epoxy 1
Epoxy 1
Epoxy 1

Position
1
1
1 and 2
1

2
1

2
1

5.3.2 Specimen preparation
To prevent local buckling of the web, all beams were provided with vertical stiffeners above
the supports and below the load application points. The lower flange of all strengthened
beams (1-2 to 1-5) was sand blasted, cleaned and immediately coated with a primer. When
the primer had cured, the epoxy was applied to the CFRP plate. To get a uniform layer and a
V-shaped form of the epoxy when it was applied to the CFRP plate, a glue box was used
where the CFRP plate were drawn thrown, see Figure 35. The reason for having a V-shaped
section of the epoxy was to minimize the presence of air gaps inside the bond-line when the
CFRP plate was attached and pressed towards the steel substrate. Without delay after that
the epoxy was applied to the CFRP plate the latter was bonded to the steel substrate using a
hard roller. To secure that the thickness of the epoxy would be constant along the beam, thin
strips were used as supports when the plates were applied, see Figure 36. A space was left
between the plates and the strips for overabundance of epoxy when the plate was pressed to
the substrate. At the ends, the epoxy was tapered shaped to reduce the interfacial stresses
at the ends of the plate.

Figure 35: Sketch of a “glue box” for application of the epoxy to the CFRP plate.

Strips
Roller

Figure 36: Schematic sketch over the CFRP application set up.
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5.3.3 Experimental setup
The beams were tested in four-point bending with the two concentrated loads applied 110
mm on both sides of beam midspan. The free span of the beam was 1800 mm and the
length of the CFRP was 1600 mm, leaving 100 mm on each side of the support unreinforced.
To avoid lateral torsional buckling the test specimens were supported laterally at beam
midspan. Figure 38 illustrates the test specimens’ setup. Each beam was provided with strain
gauges (SG), which were positioned according to Figure 38 (marked with an x). With strain
gauges over the height of the cross-section, the level of yielding of the section could be
monitored. The strain gauges used nearest to the end of the CFRP plate were included in a
set of ten strain gauges with 1 mm spacing in between. This set was followed by three single
strain gauges, see Figure 37. By using the strain gauges bonded to the CFRP plate at its end
and near midspan, the distribution of interfacial shear stress along the bond line could be
derived.

Figure 37: Picture of the strain gauges used at the end of the CFRP plate

To measure the rotation of the beam-ends, LVDTs were applied at the top of the beam near
the supports. The tests were carried out by controlled deformation, which was measured by a
LVDT attached at the beam midspan, and the load rate was 1 mm/min.
220
LVDT

P

LVDT

110 P

SG

LVDT

1600
1800
SG1

SG 38
SG 39
SG 40

SG 9, 33

SG 2

SG 6, 7

SG 3

SG 22-31
with 1 mm
spacing

SG 32

SG 4
SG 5

7*20

SG 10-18,
19-31, 32

SG 6, 7, 8

SG positions over the cross-section

40

SG 18

SG 10-17 with
20mm spacing

SG 19
SG 20
SG 21

SG positions along the CFRP laminate

Figure 38: Schematic sketch and a picture over the test specimens setup
and test setup, respectively.
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5.4 FE – analyses
The sections of the steel, epoxy and CFRP laminate of the analysed beams were built up of
20-nodes (C3D20R) solid elements and merged together. Thus, full interaction was assumed
between the different elements. Figure 39 shows the geometric model used in the FEanalyses. The analysed beams had a free span of 1,8m and stiffeners added to the webplate below the load application point and above the support. To decrease the computational
time, the symmetry of the beam was used. This means that the model in the FE-analysis
could be reduced to only the half of the width and half of the length, respectively. Thus, only
one fourth of the beam needs to be analysed. This could be done by use of boundary conditions on the symmetry planes.

DOF
Name

U
1

U
2

Mid-section
Symmetry plane along the web
plate
Support RP

X
X

X

Coupling

X

X

U
3

UR
1

UR
2

UR
3

X

X

X

X

X

X

Figure 39: Illustration of the modelled beam in the FE-analysis.

Figure 39 shows the used boundary conditions on the analysed beams. The boundary
named Mid-section in the Table in Figure 39 is the sectional area of the beam, facing in the
third direction, at the mid-section. Support RP is a reference point acting as a support with
possibilities to displacement in axial and rotational direction.
The reference point is constrained with a coupling to the lower face of the flange below the
stiffener. The information related to which boundaries are constrained is presented in the
table inside Figure 39. DOF (degree-of-freedom) U1, U2 and U3 describe the axial displacement in the corresponding direction according to the Figure 39 above. UR1, UR2 and UR3
describe the rotational degree of freedom around the respectively axis.
The analyses were carried out with non-linear material behaviour of the steel beam, where
the material properties were obtained from material tests conducted on pieces which were
cut out from the tested beams. The beams were loaded in four point bending and the load
was applied as a pressure over a certain area as corresponds to the load application from
the laboratory tests. The load was applied according to a schedule, which was determined
and managed in different steps to catch the specified results at several load levels. The
strengthened beam’s geometry was meshed with different intensity in different regions. In the
part that describes the results in this report, it can be seen that the interfacial stresses are
concentrated to small regions near the ends of the bond line. These regions, which are of
great interest, have to be meshed with a quite dense mesh, to get convergence and an acceptable shape of the stress distribution. A small convergence study was performed to obtain
an accurate mesh density.

Sustainable Bridges

TIP3-CT-2003-001653

2006-10-04 46 (95)
Rev. YYYY-MM-DD

In present report, the results are extracted from different paths, which run in the longitudinal
direction of the CFRP plate and the bond line and Figure 40 gives information on where
these paths are located. No initial deformations or internal stresses, caused by the fabrication process, are included in the model. The effect of this is discussed in next chapter and
can be seen in Figure 55. Neither is the models provided with any failure criteria.

Inner
Edge
Mid
Outer
Edge

Figure 40: Illustration of the used paths in the model.

5.5 Results
5.5.1 Load-bearing capacity
The following part will describe the capacity of the tested beams in both SLS and ULS and
the observed failure modes in the laboratory tests. Figure 41 shows that the increase in stiffness compared with the unstrengthened reference beam is insignificant, for the amount and
type of laminate used in strengthening of the tested specimens. The maximum increase in
moment capacity was about 18% compared with the reference beam, which was obtained for
Beam 1-3. Beam 1-2 showed less stiffness compared to Beam 1-5, despite that Beam 1-2
had 1.6 times the area weight of CFRP plate in relation to Beam 1-5. This shows that either
one or both of the two parameters, stiffness and thickness, can be used to change the elastic
behaviour of the beam. The failure occurred quite early for both Beam 1-2 and Beam 1-5,
compared with the other specimens.
The failure mode for Beam 1-2 was debonding between the primer and the steel substrate
(Figure 43a), which indicate that the adhesion between the primer and the steel substrate
was poor. For all other tested specimens the decisive failure mode was rupture of the plate
(Figure 43b), thus no problem with debonding was observed. Similar tests are reported
where rupture and not debonding was the governing failure mode, e.g. see [21].
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400
350

Load (kN)

300
250
200
150
100
50
0
0
Ref.Beam

2000

4000
Beam 1-2

6000
Microstrain
Beam 1-3

8000

10000

Beam 1-4

12000
Beam 1-5

Figure 41: Load - strain, monitored on the lower face of the tensioned flange of the tested beams.

Additionally, the applied load as a function of the deflection at the midspan is monitored in
the laboratory tests. Figure 42 shows the results for the reference beam together with the
results from Beam 1-2 to Beam 1-5.

Figure 42: Load – deformation monitored in the laboratory tests

Figure 43 a) debonding of plate (Beam 1-2)

b) rupture of plate (Beam1-3).

The strengthening system, which produced the most preferable behaviour, was where plates
with high strength and a modulus of elasticity equivalent to steel (Beam 1-3 and Beam 1-4)
were used. Beam 1-4 was strengthened with CFRP on both upper and lower side of the
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lower flange and when this beam failed, the CFRP plates attached to the upper surface of
the tensioned flange were still intact, see Figure 44.

Figure 44: Picture of Beam 1-4 where the CFRP plates on the
upper surface are still intact.

Table 15 shows the difference in ultimate load ΔP and the corresponding deflection Δd for
the strengthened steel beams in comparison to the reference beam. The ultimate load for the
reference beam is defined as that level of applied load causing the most stressed fibre to
reach a strain equal to 2%, which corresponds to a deflection of 50 mm for the same beam.
The ultimate load for the strengthened beams is defined as that load causing either rupture
or debonding of the plate.
Table 15 Difference in ultimate load and the corresponding deflection between the
strengthened beams and the reference beam.
Beam
Ref
1-2
1-3
1-4
1-5

ft [MPa]
3100
3300
3300
1500

CFRP Plate
E [GPa]
165
200
200
450

2

Area [mm ]
288
192
288
170

ΔP (load)
[%]
0
2
17
18
2

Δd (deflection)
[%]
0
-56
-34
-12
-56

When a double symmetric cross-section is strengthened with CFRP plate on the flange subjected to tensile stresses and loaded in bending, the neutral axis will not appear in same
point as the centre of gravity (CG). With increased bending moment, the neutral axis will
move downward towards the lower flange and the compression area will increase. Figure 45
to Figure 48 show for all strengthened beams how the strain distribution over the height of
the steel cross-section varied with the reference of the applied load. When the strengthened
beams were loaded up to their ultimate load, the major part of the web plate was in compression. This process will limit the level of strengthening and to increase the moment capacity
further.
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Figure 45: Strain distribution over the height of the steel cross-section
for different loads (Beam 1-2).
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Figure 46: Strain distribution over the height of the steel cross-section
for different loads (Beam 1-3).
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Figure 47: Strain distribution over the height of the steel cross-section
for different loads (Beam 1-4).
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Figure 48: Strain distribution over the height of the steel cross-section
for different loads (Beam 1-5).
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Figure 49 and Figure 50 show a comparison of the strain distribution over the height of the
steel cross-section, when the beams have reached yielding in the lower face of the tension
flange at midspan and ultimate load, respectively. The strain distributions for the case when
yielding occurs in the lower flange is almost the same for all tested specimens, which can be
expected from the results describing the load-bearing capacity above, where all beams have
the same behaviour up to yield strain. Disparities in the strain distribution over the height are
found when loads, which cause failure in the specimens, are achieved.
180
Height of section (mm)

160
140

Beam Ref

120

Beam 1-2

100

Beam 1-3

80

Beam 1-4

60

Beam 1-5

40
20
0
-1500

-1000

-500

0

500

1000

1500

2000

Microstrain

Figure 49: Strain distribution over the height of the steel cross-section for the
tested beams, when the sections start to yield at midspan.
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Figure 50: Strain distribution over the height of the steel cross-section for the
tested beams, when the beams got to failure.

When comparing the test results for the moment capacity with the corresponding results from
the simplified analytical calculations it can be seen that the results have a good agreement.
Figure 51 show that Beam 1-3 has at low load levels almost the same measured and calculated stiffness when comparing the measured strain in the laminate with the calculated strain
from the analytical solution.
It can be seen that the results for the tested beams shows an earlier entrance into the yield
phase compared with the calculated results. Additionally, the tested beam shows an increase
in capacity after the strain has reached about 2500 microstrain. These disparities originate
from the fact that the simplified analytical model does not take into account the residual
stresses in the beam and the material strain hardening.
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Figure 51: Load versus strain in the CFRP laminate for Beam 1-3.

The simplified analytical analyses shows that it is possible to increase the moment capacity
by using CFRP laminates bonded to steel girders to a level of about 20% see Figure 52. The
axes in the figure illustrate the applied load versus the strain in the laminate at the midspan
of the girder. The curves show the behaviour of the reference beam and the strengthened
beam, which are denoted with an (A) and a (B), respectively. Figure 52 shows, similar to the
test results, that the increase in stiffness is almost negligible. The reason for this result is that
the stiffness of the CFRP laminate is almost equivalent to stiffness of steel and the quantity
of CFRP laminate is rather low. As a result, the strengthening will therefore not increase the
stiffness behaviour to such extent that it would influence the behaviour of the strengthened
steel beam. However, the analytical calculations show that an increase of either stiffness
or/and quantity of the CFRP laminate will improve the behaviour in SLS, and increase the
level for the elastic behaviour of the strengthened steel beam.

B
A

Figure 52: Applied load (P) – Strain (epsilon) plot for the Beam Ref (A) and
the beam (B), strengthened with a total area of CFRP equal to 224 mm2.

To increase the moment capacity to a level of about 20% the entire cross-section of the steel
beam has to reach yielding in compression. Using of the developed simplified analytical solution, it is also possible to calculate the extent to which the steel section will reach yielding for
different levels of strengthening. The centre of gravity will not coincident with the neutral axis
in a CFRP strengthened steel beam. With increased bending moment, the NA will move
downward towards the lower flange and the compression area will increase, see Figure 53.
The curve denoted with a (C) shows the stress distribution over the cross-section when the
most compressed part of the upper flange has reached yielding.
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The other curves in the same figure illustrate how the stress distribution varies due to increase in magnitude of the applied load. The plastic section in tension will increase until a
certain level then it will decrease with further increase in load. This shows that when the
compression area continues to increase the tension area of the steel must decrease, and
more of the forces in the tension area have to be taken of the CFRP laminate. The limitations
on the x-axis are the yield stress in both compression and tension. For a double symmetric
steel girder, which has to be strengthened in bending, this may limit the level of strengthening. To increase the moment capacity further, strengthening has also to be made to the compressed area.

Figure 53: Stress distribution over the height of the steel cross-section. Curve (C) shows
the stress distribution over the cross-section when the section has started to yield.

The same observations were made in the laboratory tests where the major part of the steel
cross-section was shown to be in compression. This confirms the analytical results and earlier discussions that additional strengthening in the compression area is required if further
increase of the level of strengthening is necessary.
The results from the developed simplified closed form solution are compared with results
from the iterative analytical solution calculated in Matlab for Beam 1-3 and the reference
beam (Figure 54). The lines for ClosedForm 1-3 and ClosedForm Ref.Bem show the results
from the closed form solution, which show a good agreement with the iterative analytical solution for strains in the range of 3000 to 5000 microstrains. The closed form solution will at
higher strains be slightly conservative and on the safe side. It was shown before that the
analytical solution is on the safe side compared to the result from the laboratory tests, cf.
Figure 51. The closed form solution was also compared with the other tested beams and
showed corresponding results as for Beam 1-3.
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Figure 54: Moment capacity calculated with the iterative analytical solution
and the closed form solution for Beam 1-3 and Beam Ref.
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The global responses of the strengthened beams in FE-analyses and laboratory tests are
compared through study of the strain in a certain point as a function of applied load. The
point where the strain is examined is located on the lower face, below the web plate, of the
tensioned flange at the midspan. The agreement between the results from the laboratory
tests and the FE-analysis concerning the global response of the strengthened beam appear
to be good, see Figure 55.
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Figure 55: Load – strain curves of a strengthened beam, obtained from
the FE-analysis and the laboratory test.

The divergence which can be seen in the area where the steel beam has reached yielding
can be explained by the presence of residual stresses due to the fabrication process. These
stresses are not taken into consideration in the FE-model. The residual stresses will cause
earlier yielding in the tested beams compared with the numerical analyses. It can be seen
that the behaviour of the analysed beams is in good agreement again after redistribution of
the stresses after yielding had started. When studying the normal stress over the height of
the steel cross-section in the FE analyses, it was shown that the level of the NA was
changed as the load increased. Figure 56 to Figure 59 show the stress distribution over the
height of the steel cross-section for each analysed beam at different magnitudes in load. This
behaviour was also observed in the results from the laboratory tests. The FE-analyses also
show that the plastic area in tension will increase at the beginning of the loading to decrease
later when the plastic area in compression increases. This indicates that the CFRP plate has
to take an increased part of the forces in tension to compensate for the increased plastic
area in compression.
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Figure 56: Normal stress distributions over the height of the steel cross-section, Beam 1-2.
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Figure 57: Normal stress distributions over the height of the steel cross-section, Beam 1-3.
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Figure 58: Normal stress distributions over the height of the steel cross-section, Beam 1-4.
180

100kN

160

170kN
270kN

140

300kN

Height [mm]

120

330kN
360kN

100
80
60
40
20
0
-600

-400

-200

0

200

400

600

Normal stress [MPa]

Figure 59: Normal stress distributions over the height of the steel cross-section, Beam 1-5.
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5.5.2 Interfacial shear stresses at the ends of the bond-line
The interfacial stresses at the ends of the plate include shear and peeling stresses. The peeling stresses acts as normal stresses perpendicular to the longitudinal direction of the bond
line. From the laboratory test results, only the shear stresses can be derived. The interfacial
shear stresses arise due to change in strain in the laminate. Figure 60 to Figure 63 show the
strain distribution in the plate over a distance from the end of the CFRP plate, for different
magnitudes of the applied load.
In the laboratory tests the CFRP plates were chosen so that the major part of the tensioned
flange were reinforced in its longitudinal direction. This was done in order to reduce the shear
stress at the ends of the bond line, when the length of the CFRP plate will affect the size of
the interfacial shear stress. In the plots for Beam 1-4 and Beam 1-5 there are small deviations in the strain curves and the reason for these are probably due to disturbances in the
test. The disturbance of the curve from the laboratory test cannot be explained physically,
which is why some source of error exists in the tests. Lack of bonding between the strain
gauges and the CFRP plate, disturbances inside the CFRP plate or in the adhesives below,
variations in the thickness of the adhesive and the assumption of constant shear stress
through the thickness of the adhesive are examples of possible errors in the test.
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Figure 60: Measured strain distribution over a distance from the end of the plate
for different magnitude in load, Beam 1-2.
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Figure 61: Measured strain distribution over a distance from the end of the plate
for different magnitude in load, Beam 1-3.
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Figure 62: Measured strain distribution over a distance from the end of the plate
for different magnitude in load, Beam 1-4.
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Figure 63: Measured strain distribution over a distance from the end of the plate
for different magnitude in load, Beam 1-5.

Schnerch et al. [27] have conducted tests with different CFRP and epoxies to study the development length of the shear stress. Figure 60 to Figure 63 show that a certain length is
necessary until the stresses are transferred from the steel substrate to the CFRP plate and it
is over this length where the interfacial shear stress are acting. The maximum value is near
the ends of the plate where the largest increase of the normal stresses will occur. From the
figures above it can be seen that the transfer length is less than 100 mm. Attempts were
made to derive the shear stresses from the strain distribution measured at the laboratory
tests. Figure 64 gives an example of the curves obtained from these derivations for Beam 13 together with a curve obtained from analytical calculations based on the analytical solution
developed by Smith et al. [18]. The disturbances in the curve obtained from the laboratory
tests are caused by the disturbances seen in the strain distribution above. These small disturbances will give large effects when the results are used to derive the shear stress. Nevertheless, the magnitude of the shear stress is well below the capacity of the epoxy used,
which is equal to about 25 MPa.

Figure 64: Shear stress distribution over a distance from the end of the plate,
obtained from laboratory test and analytical solution for Beam 1-3.
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When extracting the shear stress distribution over the width of the laminate at the end of the
bond line from the FE results, it can bee seen that the interfacial shear stresses not are constant along the width. The maximum shear stress will appear near the edge of the bond line
closest to the web of the steel section, and then decrease towards the mid of the width of the
bond line. Then it will increase again when it reaches the outer edge of the bond line. The
shear stress distribution along the width is plotted in Figure 65 for an applied load within the
elastic range. The results from the analytical solution would corresponds to the distribution of
the shear stresses at a distance of about 35 mm from the outer edge of the bond line, which
is represented by the point where the two curves cross each other in Figure 65 below. The
location of this point along the width will vary for other kind of bond line, where other parameters of the material and geometrical properties for the epoxy and CFRP are used.

Figure 65: Shear stress distributions along the width of the bond line. The shear stress is plotted at the
most stressed locations for the FE-analysis and the analytical calculation, respectively.

The reasons for this behaviour may be the effect of the difference in deflections of the outer
part of the flange and the part of the flange below the web plate, so-called flange curling and
the effect of shear lag. Cotton et al. [16] have studied this case on beams with rectangular
cross-sections subjected to three point bending. They obtained the same results in their FEanalysis, except for the unsymmetrical behaviour as can be seen in Figure 65, which appear
for I-shaped sections. The unsymmetrical behaviour will probably appear for all sections
where the stiffness varies along the width of the section. From the conducted FE-analyses it
is shown that the shear stress in a bond line will be highest near the stiffest part of the flange,
and higher near the free edges of the bond line compared with the stresses at the part in
between.
The interfacial stresses in the bond line are extracted from two different paths along the
strengthened lower flange in the FE-model. One path is located along the inner edge of the
epoxy and one is taken along the mid of the width. Both paths are taken at a level at the
middle of the thickness of the epoxy. Reason for extract data at the mid of the material is that
there are problems with singularities at the interface between two different substrates. A convergence study in the FE-analyses was conducted, and it comprises change in the size of
the elements located near the end of the bond line, see Figure 66. In Figure 67 a) and b) are
the mesh density is shown for the area marked in Figure 66 for two different models, with an
element length of 10 mm and 0.5 mm, respectively.
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Figure 66: Picture of the modelled beam, where the area for the convergence
study is marked with a circle.

Figure 67 a) 10mm element length.

b) 0.5mm element length.

In Figure 68 the shear stress for three different models are compared. All three models are
built with 20-nodes (C3D20R) solid elements and it is only the density of the mesh in the vicinity of the end of the plate that is changed. The sparsest mesh had an element length of 10
mm and this model could not capture the decrease in shear stress nearest to the end of the
bond line, while the densest mesh (0.5 mm) almost reach zero in magnitude of the shear
stress at the end, which should be the correct value at the ends of the laminate. In the model
with the densest mesh, the 20 mm nearest to the end of the bond line had an element length
of 0.5 mm and the following element had an increased size in length. It was found that it was
enough to have the finer mesh density only over the first 20 mm to capture the distribution of
the interfacial shear stress.

Sustainable Bridges

TIP3-CT-2003-001653

2006-10-04 59 (95)
Rev. YYYY-MM-DD

5
4,5

Shear stress [MPa]

4
170kN-0.5mm

3,5

330kN-0.5mm

3

170kN-2.5mm

2,5

330kN-2.5mm

2

170kN-10mm

1,5

330kN-10mm

1
0,5
0
0

10

20

30

40

Distance from end of laminate [mm]

Figure 68: Shear stress distribution from three different FE-models.

Figure 69 and Figure 70 illustrates the interfacial shear stress distribution as a function of
distance from the end of the epoxy, for two different levels of load. The results are extracted
from FE-analyses, with an element length of 0.5mm, and analytical solution based upon
Smith et al. [18]. In the analytical solution the maximum shear stress is given at the end of
the bond line. This approximation is discussed in [18], where higher order analysis exists.
These higher order expressions are given explicitly and are quite complex compared with
other available simple solutions. The FE-analysis, with requisite density of the mesh, gives a
more authentic shape of the shear stress distribution.
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Figure 69: A comparison of the interfacial shear stress distribution, between the FE and analytical
results, over a distance from the end, at a path taken at the inner edge of the bond line.
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Figure 70: A comparison of the interfacial shear stress distribution, between the FE and analytical
results, over a distance from the end, at a path taken at the mid of the bond line.

As shown in Figure 69 the difference in magnitude of the maximum shear stress between the
FE-analysis and the analytical solution is not only at the ends, the FE-analysis shows a high
shear stress even after 40 mm, while the shear stress according to the analytical solution
have a larger decrease over the same length. Studying the results at the mid of the width of
the bond line another behaviour is shown (Figure 70). Here, the FE-analysis shows a larger
decrease in magnitude of the shear stress compared with the analytical solution over the 40
mm.
From the FE-analysis the shear stress in the bond line is extracted as a function of load, and
the result is plotted in Figure 71. The results in the figure below is taken at a selected node at
the mid of the thickness of the bond line, at a location near the end of the CFRP, where the
magnitude of the shear stress at the end reaches its maximum.
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Figure 71: Interfacial shear stress as a function of the applied load.

The analytical solution for calculation of the interfacial shear stress is valid only in the elastic
phase. In Figure 72 the interfacial shear stress from the FE-analysis and the analytical calculation are extracted as a function of load for Beam 1-3. The selected node in the FE-analysis
is taken at a width where the maximum value of the shear stress from the FE-analysis and
analytical solution coincident. Nevertheless, the increase of the shear stress in the FEanalysis, for the node where the most extreme value is obtained, will have the same distribution as the distribution in Figure 72 apart from the magnitude of the shear stress.
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The results show that the FE-analysis and the analytical solution matches almost over the
whole load range. It is only in the upper part near the ultimate load as the FE-analysis shows
a small increase in shear stress compared with the analytical solution.
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Figure 72: Interfacial Shear stress, from the FE-analysis and the analytical solution, as a function of
applied load in a specific node in the bond line, near the end of the CFRP.

Because of the deflection of the strengthened beam, loaded in bending, interfacial normal
stresses in the direction perpendicular to the extension of the bond line, so-called peeling
stresses will appear. Like the FE-analyses for the interfacial shear stress, it is necessary to
analyse the results of the interfacial peeling stresses at the end by conducting a convergence
study. It is hard to get convergence of the FE-models when studying the peeling stresses
and Figure 73 and Figure 74 show the results from two different FE-models, where the steel
beam still is in its elastic phase. These two models have the same peeling stresses at the
boundary, but the less dense model can not capture the peak near the end of the bond line.
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Figure 73: Peeling stress distribution at the inner edge of the
bond line from two FE-models with different mesh intensity.
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Figure 74: Peeling stress distribution in the mid of the width of the
bond line from two FE-models with different mesh intensity.
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Figure 75 and Figure 76 show the peeling stresses along the bond line with start at the end
of the epoxy. The figures show both results from the FE-analysis, with 0.5 mm elements, and
the analytical calculation based on Smith et al. [18] solution.
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Figure 75: Peeling stress distribution, from the FE-analyses and analytical calculation, at the nearest
100 mm from the end of the bond line and along the inner edge.
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Figure 76: Peeling stress distribution, from the FE-analyses and analytical calculation, at the nearest
100 mm from the end of the bond line and along the path taken at mid.

Like the interfacial shear stress the distribution of the peeling stress varies along the width of
the bond line. Near the inner edge, closest to the web plate, the maximum peeling stress
obtained from the FE-analysis is about three times the magnitude of the peeling stress obtained from the analytical solution, while at the outer edge the peeling stress obtained from
the analytical solution is higher than the results from the corresponding FE-analysis. The FEanalyses show that there is a difference in the distribution of the peeling stresses over the
width of the bond line for different strengthened beams and that the difference depends on
the parameters of the material and geometrical properties for the epoxy and CFRP. A parameter EA, which comprises the modulus of elasticity and the sectional area of the CFRP,
can be used for describing the various behaviour of a strengthened beam. A lower EA, than
the one used in the model, will give results where the FE-analyses and the analytical calculations corresponds better at the point where the maximum peeling stresses appear. Nevertheless, this will give disparities in the peeling stress distribution in the direction outwards to the
outer edge of the bond line. However, these results will be on the safe side when studying
the peeling stresses in tension.
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5.5.3 Interfacial stresses near the mid-section
When the steel beam yields, it will undergo large deformations, and when the composite
plate is more or less linear elastic it will continue to transfer forces. Large strain gradients will
arise through the thickness of the adhesive, see the schematic sketch in Figure 77. These
strain gradients may cause large shear stresses in these areas.
Yield area

x
t(x)
Figure 77: Schematic sketch of the shear stress distribution in the bond line of a strengthened beam
loaded in bending when the steel beam has reached yielding.

For a beam loaded with two point loads symmetrical positioned around beam midspan the
shear stress distribution will take another shape. In Figure 78 a schematic illustration of the
theoretical and the numerical shear stress distribution obtained from FE analyses of the
tested beams is shown, when the load level is in the elastic phase.
The dashed line represents the theoretical distribution of the shear stress according to the
elastic theory, while the other curve represents results obtained from the FE-analysis. The
differences in the two distributions depends partly on the fact that the load is distributed over
a certain length, and partly that below the load application point there stiffeners are welded to
the web, which causes stress concentrations in the tensioned flange right below the load
application point. The shape of the shear stress distribution varies along the width of the
bond line and the closer the inner edge of the bond line the more will the numerical shape of
the shear stress distribution match the theoretical distribution.
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Figure 78: Schematic compare of shear stress distribution in the bond line between theoretical distribution and actual distribution, when the strengthened beam is in the elastic phase.

The strains were measured in several points near the midspan of the tested beams. The aim
of these measurements was to study the stresses in the bond line after the steel flange has
started to yield in tension. When the steel is undergoing large deformation after it has started
to yield in its most stressed areas, large strain gradients will arise through the thickness of
the bond line. These strain gradients, which have to be studied, would cause large shear
stresses in these areas.
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The results from the strain measurement in the CFRP plate for the strengthened beams can
be seen in Figure 79 to Figure 82 for different magnitudes in applied load. In the areas where
the magnitude of the shear stress has exceeded the capacity of the epoxy, no force transfer
will be possible and the stress in the plate will be more or less constant.
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Figure 79: Strain in the plate near the midspan for different levels of applied load, Beam 1-2.
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Figure 80: Strain in the plate near the midspan for different levels of applied load, Beam 1-3.
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Figure 81: Strain in the plate near the midspan for different levels of applied load, Beam 1-4.
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Figure 82: Strain in the plate near the midspan for different levels of applied load, Beam 1-5.

The shear stress distributions for the strengthened beams tested in laboratory, were extracted from the FE-analyses. Figure 83 shows the distribution of the interfacial shear
stresses for one of the analysed strengthened beams. The two curves represent the shear
stress distribution as a function of distance from the midspan for an applied load of 270kN
and 330kN, respectively. These load levels causes that the strengthened beam is well in the
plastic phase. The form of the shear stress distribution shown in the Figure below is typical
for all analysed strengthened beams.

Figure 83: Shear stress distribution as a function of distance from the midsection for two different loads. The results are extracted from the FE-analyses.

The shear stress distribution in the bond line is more complex after the steel section has
started to yield. The results are more like a superposition of results from partly the elastic
analysis, shown above, and partly the shear lag which will occur when the steel undergoes
plastic deformations. In the section where the steel has plastic behaviour it is only the CFRP
plate which will transfer the tension forces, and in the areas where the steel has elasticplastic behaviour a new transfer length will built up in the adhesive layer. This causes that
the area for the maximum shear stress will move as the plastic zone of the steel is propagating, and this effect can be seen in Figure 83 above.
Also for the plastic phase the shape and magnitude of the shear stress distribution will
change along the width of the bond line, where their maximum values are reached at the
path nearest to the web plate. The maximum value of the shear stress may widely exceed
the shear capacity of the epoxy. This causes that the shear stress will theoretically decrease
and reach zero in magnitude, and the forces in the CFRP plate will be constant over the
length where the epoxy has got to failure and thus can not transfer any strains, see Figure
84. Because such failure model can not be followed in the FE-analysis, this behaviour is not
captured in the Figure 84.
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This can explain why the curve from the FE-analysis, showing the strain development for a
load equal to 300 kN, does not show a constant behaviour, instead it will decrease smooth
while the corresponding curve from the laboratory tests show quite constant strain over a
certain length. Additionally, when the CFRP plate is not constrained by the epoxy the strain
and thus the forces in the CFRP plate will be higher compared with the results from the FEanalysis, and that explain the differences in strain in the Figure 84 below.
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Figure 84: Strain in the CFRP, at two different load levels, as a function of distance from the midsection. The results are extracted from FE-analyses and laboratory tests.

5.6 Conclusions and discussions
The laboratory tests and analytical calculations shows that it is possible to increase the bending strength up to about 20% when using CFRP plates bonded to the outer side of the tensioned flange of an I-shaped cross-section. For the tested specimens there were no difficulties with debonding of the plate due to high interfacial stresses, except for one beam (Beam
1-2) were the failure was between the primer and steel substrate. This failure has to be studied further to avoid wrong combinations of materials. Instead, the major failure mode for the
tested beams was rupture of the CFRP plate due to high stresses. Aside from the failure
mode of Beam 1-2 there are a possibility to increase the quantity of CFRP plate on the tensioned flange and thus increase the capacity of the steel beam even further, presuming that
the section is able to transmit the compression stresses. The laboratory tests show that use
of a high strength CFRP with steel equivalent stiffness produces the most preferable behaviour of the strengthened steel beam. An increase of stiffness can be obtained by using either
a stiffer CFRP or a greater quantity of CFRP. The disadvantage with using CFRP with high
modulus is the decrease in strength that causes a more brittle behaviour of the strengthened
beam. The measured interfacial shear stress distribution fits fairly well to the shear stress
distribution obtained from the analytical solutions, but experiences from the laboratory tests
shows that it is hard to capture the strain without having small disturbances in the measured
values. These disturbances produce large fluctuations in the distribution of shear stress obtained from derivations of the strains. However, the magnitude of the interfacial shear stress
is well below the capacity of the epoxy. The FE-analyses can be seen as a very useful tool
for modelling and analysing of strengthened beams. The model used in the present study
employing 20-nodes solid element is quite time consuming when it comes to the computational effort. More simplified models have been conducted and are shown to be a good alternative to the present model. Some advantage with modelling with solid element is that it is
possible to analyse non-linear stress and strain distribution in a three dimensional condition.
Additionally conclusions from the present study are summarized below:
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•

The interfacial shear stress distribution varies along the width of the bond line, with its
maximum value in the path at the inner edge of the bond line.

•

The longitudinal shear stress distribution extracted from the FE-analyses reflects the
shape showing the increase and decrease in shear stress at the outermost point of
the bond line.

•

For an I-section where the stiffness varies along the width of the strengthened flange,
the analytical solution gives values of the shear stress which are lower compared to
the results from the FE-analyses. The intersection between the results from the analytical solution and the FE-analysis will vary for different configuration of the strengthening materials and is thus not constant.

•

The shear stress development, in a point where the numerical and analytical results
coincide, as a function of applied load will be equal until a very high load is reached.
This gives indication of that the analytical solution can be valid even after the steel
has reached yielding.

•

Even the peeling stresses at the end of the bond line will vary along the width, and
the maximum value is reached at the path located on the inner edge of the bond line.
The magnitude of the peeling stresses in this path overrides the results from the analytical solution.

•

The interfacial shear stress distribution near the midspan of the beam varies along
the width of the bond line. In the elastic phase the distribution will have a shape similar to the theoretical solution, but further away from the inner edge the distribution will
change in behaviour and peak values will appear.

•

For the plastic phase of the strengthened beam the maximum value of the interfacial
shear stress near the midspan will move along the bond line away from the midspan
as the area of yield increases. The magnitude of the interfacial shear stress may
widely exceed the capacity of the epoxy for high loads.

•

When the capacity of the epoxy is reached all the tension forces will be carried by the
CFRP plate and cause higher stresses in the CFRP plate over the region where no
shear stress will act anymore.

•

A 3D solid element model can reflect the behaviour of a strengthened steel beam.
With addition of initial deformations and modelling of internal stresses the results
would fit even better in the region where the steel starts to yield.
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6 Durability under extreme Environmental Influences
6.1 Introduction
Bonded CFRP plates become more and more important in the sustainability of old buildings
and bridges. In the last years a lot of laboratory and field tests have been done to analyse
and optimise this modern reinforcement system. In addition to the traditional repair and
strengthening methods, such as replacement or reinforcment via additional steel members,
this system consequently has become part of the applied rehabilitation methods in many
countries. Beside the research of the mechanical properties of such advanced strengthening
systems, a focus should be set on its durability. In particular polymers, as they are known to
be susceptible to ageing.
Concerning the long-term performance of FRP repair- and strengthening systems environmental influences play a very important role. Extreme temperatures, humidity, aggressive
exposure (like road-salts, etc.), UV-radiation and their combinations can extremely shorten
the lifetime of each component. This report gives a summary of given standards to carry out
ageing tests. It also addresses some essential questions of durability and fabrication of adhesive connections such as galvanic corrosion and surface pretreatment methods. This first,
general part of the report is supplemented by a detailed report on tests carried out in the
scope of the Sustainable Bridges project.
The aim of the tests, carried out by RWTH Aachen within this project, was to determine the
effect of different surface preparation methods on the ageing of bonded CFRP-steel joints. In
this light, a conventional surface pretreatment method has been compared to a new, innovative one. During the tests a special focus has been set on the bond-line corrosion, which
means that no corrosion protection has been applied to simulate the ageing behaviour under
any absence or destruction of the protective coating.
It could be shown that the surface preparation method has significant influence on the bondline corrosion progress.

6.2 Corrosion-fatigue tests
6.2.1 Aim and overview of the test series
The aim of the test series, described in the following, was to determine the effect of different
surface preparation methods on the ageing of bonded CFRP-steel joints. In this light, a conventional surface preparation method (sandblasting up to a grade of SA2-½, see above) has
been compared to the new SACO method.
In total a number 71 single shear lap joint specimens have been fabricated, in which respectively one half of the specimen were prepared by one of the mentioned pre-treatment methods. The main part of the specimens was artificially aged by a corrosion fatigue test. Afterwards its ultimate resistance has been determined by a simple tensile test. Finally these results have been compared to the tensile strength of reference, unaged specimens.

6.2.2 Testing procedure used
As mentioned in section “Surface preparation before bonding” (see above) ageing of materials can be accelerated by exposing the specimen to alternating combination of aggressive
environments. Following the above mentioned standard VDA-621-415 a corrosion-fatigue
test has been chosen which combines periods of condensation climate, salt spray, drying
and freezing. All technical data of the testing procedure is given in Table 16.
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Table 16: Data of modified VDA-test

Climate
Chamber

Step
1
2
3
4
5
6
7

Salt-Fog
Chamber

8

Modified VDA-Test
K/Min
% rel. humidity
0.1
97
-50
0.4
50
0.66
50
0.33
50
-50
Repetition of step 1 to 6
Temperature of test bench: 35°C
1,0 kg NaCl/
Humidifier temperature: 46,4°C
20 l H2O
T [°C]
40
20
80
-20
20
23

Duration [H]
4
4
7
7
2
48
72
24

Duration of one cycle: 7 days

An illustration of one exposure cycle is given in Figure 85. A set of 16 specimens has been
tested after 1, 3, 6 and 10 of these cycles.
According to field reports from [55] it can be said that ten cycles of the modified VDA-Test
correspond to 5-10 years of normal environmental influence in middle Europe. It has to be
mentioned that such tests only can point out tendencies and that no direct and accurate correlation between real and accelerated ageing can be drawn. In particular if the real environmental conditions are not exactly known. Nevertheless such tests are essential for the comparison of the durability of different fabrication methods or materials.
T [°C]
100
Condensation
Climate

80

SaltFog

60
40
20
0
-20 0

24

48

72

96

120

144

168

t [h]

-40

Figure 85: One exposure cycle of the used Corrosion-Fatigue Test following VDA-621-415

6.3 Preparation of test specimens
6.3.1 Material
The test specimens have been assembled using the following four materials. As metal a
steel of grade S235 has been chosen, which represents commonly used black steel in constructions. The FRP, adhesive and primer were taken from a commercial re-strengthening
system. The CFRP-plates show a total tensile strength of 2500 N/mm² and a Modulus of
Elasticity of 260000 N/mm². For the bonding a thixotropic epoxy adhesive, with compression
strength of 93 N/mm², a bending strength of 46 N/mm² and a Modulus of Elasticity of 7000
N/mm², has been used. The primer was epoxy-based.

Sustainable Bridges

TIP3-CT-2003-001653

2006-10-04 70 (95)
Rev. YYYY-MM-DD

6.3.2 Surface preparation
All Specimens were preliminary cleaned with acetone. The surface of the specimens was
prepared by two different methods. Half the specimens were prepared by common sandblasting. The so treated specimens were cleaned up to a level of SA 2-1/2, cp. The other half
was treated by SACO. Contrary to the description above the primer, which was recommended by the adhesive-manufacture, was used instead of SACO-Si.
Two pictures of the used sandblasting chamber are given in Figure 86.

Figure 86: Sandblasting chamber

6.3.3 Bonding
The chosen bonding system consists of a two-component Epoxy and a special twocomponent steel-primer. All specimens were bonded within four days. On each day one set
of 5 steel- and CFRP-sheets were bonded together (Set I to IV). After 14 days of curing each
single sample were cut by water-jet into four specimen (= 20 specimen per Set).
All steel specimens were previously cleaned by acetone. Primer and adhesive were prepared
right before their application (Figure 87). The protective layers of the CFRP sheets were removed just before the application of the adhesive. For each set new stirring rods, cups and
brushes were used.

Figure 87: Preparation of primer
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All data of the bonding protocol are given in Table 17. The quoted time spans indicate all
working steps including weighting, mixing, application of primer/adhesive, fixing into clamping
arrangement and assembling (in case of bonding).
I

II

III

IV

Tuesday,
March 21, 2006

Wednesday,
March 22, 2006

Thursday,
March 23, 2006

Friday,
March 24, 2006

Primer

Primer X
Hardener X
Ratio
Start
End

52 g
10 g
100:19.2
12:20 PM
12:50 PM

50 g
10 g
100:20
1:45 PM
2:15 PM

50 g
12 g
100:24
8:45 PM
9:15 PM

52 g
12 g
100:23
8:15 PM
9:45 PM

Adhesive

Table 17: Data of bonding protocol
Set

Epoxy Y
Hardener Y
Ratio
Start
End

206 g
206 g
100:100
6:45 PM
7:50 PM

120 g
120 g
100:100
5:30 PM
6:10 PM

100 g
100 g
100:100
2:30 PM
3:30 PM

100 g
100 g
100:100
2:30 PM
3:30 PM

Date

The primer has been applied on the steel sheets by a soft brush in one thin layer, see also
Figure 88.

Figure 88: Application of primer

After the application of the primer the steel sheets were fixed into a clamping device in a defined position, see Figure 89 This allowed an easy assembling of the CFRP-sheet after the
application of the adhesive and guaranteed the adherence of the specified overlappinglength. Finally the steel sheets were stored until the hardening of the primer.
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Figure 89: Steel sheets during primer curing in clamping device

After the curing of the primer the epoxy was applied on the CFRP-side. Then the CFRPsheet was leaned against the stopper (cp. Figure 90) and softly pushed against the steel
sheet. To guarantee a well defined bonding thickness two spacers were set between the
steel and CFRP sheets, see Figure 90. The CFRP-sheet itself has been aligned to a horizontal level using two additional large spacers which were set between base-plate and CRFPsheet. This guaranteed a constant thickness of the bond, after having clamped the CFRPsheet.
Stopper

Base plate
Spacers

CFRP

Steel

Spacers

Figure 90: Clamping device sample directly after bonding

The additional adhesive, which was squeezed out on both sides of the single shear lap joint,
were wiped off in one stroke using a plastic scraper with an edge slope of 30° (cp. Figure
91).
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Figure 91: Removal of the additional adhesive after bonding using a plastic scraper
(middle)

6.3.4 Curing
After bonding the specimens stayed in the clamping device for 24 hours. Thereafter they
were removed and stored for another 13 days under room-temperature.
One of the steel-CFRP-samples, the first one, split apart while being removed from the
clamping arrangement due to carelessness.

6.3.5 Cutting
After 14 days of curing each sample was cut into four small single shear lap joints. To cut the
specimens a computer controlled water jet cutter was used. Figure 92 and Figure 93 shows a
drawing of a bonded steel-CFRP sample in top and side-view. The cutting lines are indicated
in blue dashed lines.

Figure 92: Dimensions of bonded steel-CFRP sample with indicated cutting lines
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Figure 93: Dimensions of test specimen cut by water-jet

The result from this fabrication procedure was very accurate and achieved similar locking
specimens with clear defined bonding areas. Nevertheless all specimens were measured
before and after testing. Some photos of a single-shear-lap sample are given in Figure 94

Figure 94: Final single shear lap specimen

6.4 Accelerated Ageing of specimens
The modified VDA-test, as given in above, included the alternating temperature, as well as
condensation and salt-fog test. For the corrosion test climates, appropriate testing devices
such as climate (cp. Figure 95, left) and salt-fog-chamber (cp Figure 95, right) have been
used.
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Figure 95: Specimen in climate chamber (left) and Salt fog chamber (right)

The so arranged aggressive environment caused very quickly extensive corrosion on the
metal strips. Figure 96 shows the specimens in the climate chamber after one cycle of the
modified VDA treatment (7 days).

Figure 96: Corroded specimens after one cycle of VDA treatment

6.4.1 Ultimate resistance tests
All single shear lap tests were carried out on a computer controlled testing machine with a
maximum load capacity of 20 kN. The load had been applied displacement controlled with a
displacement velocity of 5 mm/min. Figure 97 shows a picture of the used test rig.

Sustainable Bridges

TIP3-CT-2003-001653

2006-10-04 76 (95)
Rev. YYYY-MM-DD

Figure 97: Test rig for single shear lap tensile tests with clamped specimen

Load [N]

All tested specimens failed in a brittle manner. No ductility could be observed in any of the
tests. Figure 98 shows a load-displacement curve, measured during the shear test of specimen I-12, which is representative for all tested specimens. The maximum shear resistance
has then be computed by the maximum test-load divided by the area of fracture, which was
measured after the test.
3000
2500
2000
1500
1000
500
0
0

1

2
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4

5

6

7
8
Displacement [mm]

Figure 98: Typical load-displacement curve of a single shear lap test

6.5 Results
Bonding strength can be very sensitive to all kinds of influences. Differences in the material
properties of the adhesive can be caused by variations in the mixture ratio of epoxy or primer
components, the hardening duration or the contamination of the fabrication equipment. Slight
changes of the bonding geometry, especially the thickness and the length of the adhesive
layer and the assembly components cause different kinds of stress distributions and thus
different ultimate load capacities. The smaller the bonded area, the bigger the described effects.
Even though the test specimens have been fabricated with great care, a scattering of the
determined maximum shear resistance can be observed within each single set, due to the
above mentioned reasons. Nevertheless a clear tendency can be detected.
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To countercheck the measured values (shear strength) a second focus should be set on the
visual interpretation of the tests. In dependence of the exposure time a change in the failure
mode can be observed. With increasing exposure time the proportion of bond-line corrosion
and adhesion fracture increases.
To quantify at least the area of bond-line corrosion as accurate as possible, a simple photogrammetric measurement method has been used. Therefore pictures with the fracture surface of all specimens have been converted in two-colour-pictures, followed by a colour-ratio
calculation.

Original image
of fracture surface

Black and white image
of fracture surface

Figure 99: Determination of the percentage of bond-line corrosion via colour analysis

The above shown example (Figure 99) gives an impression of the described procedure. The
percentage of black pixels in the right picture, which corresponds more or less to the area of
bond-line corrosion, has been determined to 29%.
The results of this evaluation are given together with the measured shear strength in Table
18 to Table 22. In some cases a CFRP-sided failure mode can be observed, which might
indicate that bond-line corrosion is not significant in those cases. In such cases the value for
the corrosion area given in the table is set to zero.
Pictures of the fracture surface of each tested specimen are given in the following. With increasing exposure time an increasing bond-line corrosion can be observed. Depending on
the surface preparation method this effect is more or less distinct. During ageing the specimens were stored vertically in the climate and salt fog chamber (cp. Figure 99), thus the
bond line corrosion started at the side-edges of the adhesive layer where more condensate
accumulated compared to the bottom edge.
In case of steel sided adhesive failure, the orientation of the pictures is similar to the orientation of the specimen during storage time.
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Reference
Specimens
1st day

SA 2–½

SA 2–½

SA 2–½

SACO

SACO

SACO

Reference
Specimens
1st day

Reference
Specimens
1st day

SACO
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Reference
Specimens
1st week

SA 2–½

SACO

SACO

SA 2–½

SA 2–½

SA 2–½

SA 2–½

SA 2–½

SA 2–½

Aged
Specimens
1st week

Aged
Specimens
1st week
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Aged
Specimens
1st week

SACO

SACO

SACO

SACO

SACO

SACO

Aged
Specimens
1st week

Aged
Specimens
1st week

SACO
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Reference
Specimens
3rd week

SA 2–½

SACO

SACO

SA 2–½

SA 2–½

SA 2–½

SA 2–½

SA 2–½

SA 2–½

Aged
Specimens
3rd week

Aged
Specimens
3rd week
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Aged
Specimens
3rd week

SACO

SACO

SACO

SACO

SACO

SACO

Aged
Specimens
3rd week

Aged
Specimens
3rd week

SACO
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Reference
Specimens
6th week

SA 2–½

SACO

SACO

SA 2–½

SA 2–½

SA 2–½

SA 2–½

SA 2–½

SA 2–½

Aged
Specimens
6th week

Aged
Specimens
6th week
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Aged
Specimens
6th week

SACO

SACO

SACO

SACO

SACO

SACO

Aged
Specimens
6th week

Aged
Specimens
6th week

SACO
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Reference
Specimens
10th week

SA 2–½

SACO

SACO

SA 2–½

SA 2–½

SA 2–½

SA 2–½

SA 2–½

SA 2–½

Aged
Specimens
10th week

Aged
Specimens
10th week
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Aged
Specimens
10th week

SACO

SACO

SACO

SACO

SACO

SACO

Aged
Specimens
10th week

Aged
Specimens
10th week

SACO
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The following tables give all relevant information of the single shear lap tests. The indicated
area is the area of fracture which has been measured after the test. The shear stress τB has
been computed using the simplified equation:
B

τB =

Ftest
Afracture

where

(16)
Ftest = failure load at shear test
Afracture = area of fracture surface

The area of bondline corrosion has been detected by means of photogrammetric measurements (see above) with an estimated accuracy of ±1%. The percentage of cohesive failure,
given in the tables below, has been simply detected visually and thus just classified in raw
categories (<10%, <20% ,<30%, <50%, >50%).
Table 18: Results from first test series; reference tests
Date

Test Series

Surface
preparation

Spec.
Nr.

Area

Force

Shear
Stress

Area of bondline
corrosion

Cohesive
Failure

Side of adhesive
failure

[dd.mm.yyyy]

[-]

[-]

[-]

[mm²]

[N]

[N/mm²]

[% of adherent]

[% of adherent]

[-]

I-12

270.81

2784.75

10.28

~0%

< 10%

CFRP

I-13

273.82

2774.16

10.13

~0%

< 10%

CFRP

II-1

252.60

2489.73

9.86

~0%

< 10%

Steel

IV-17

263.52

2897.29

10.99

~0%

< 10%

CFRP

IV-18

264.42

3000.91

11.35

~0%

< 10%

CFRP

IV-19

241.79

2793.40

11.55

~0%

< 10%

CFRP

IV-20

265.50

2923.72

11.01

~0%

< 10%

CFRP & Steel *

SA 2-1/2

21.04.2006

Reference
Test A

SACO

(* During testing the complete adhesive layer was catapulted away. It stayed entire as a small
epoxy plate and left two adherents with 100% adhesive failure.)

Sustainable Bridges

TIP3-CT-2003-001653

2006-10-04 88 (95)
Rev. YYYY-MM-DD

Table 19:Results from second test series; unaged and aged test specimens after one week
Date

Test Series

Surface
preparation

Spec.
Nr.

Area

Force

Shear
Stress

Area of bondline
corrosion

Cohesive
Failure

Side of adhesive
failure

[dd.mm.yyyy]

[-]

[-]

[-]

[mm²]

[N]

[N/mm²]

[% of adherent]

[% of adherent]

[-]

SA 2-1/2

II-19

250.19

2361.48

9.44

~0%

< 10%

Steel

III-1

212.37

2230.89

10.50

~0%

< 10%

CFRP

IV-12

228.94

2596.51

11.34

~0%

< 10%

CFRP

I-3

260.09

2579.28

9.92

~ 2%

< 10%

Steel

I-6

245.08

2650.99

10.82

~ 4%

< 10%

Steel

II-3

251.54

2598.17

10.33

~ 4%

< 10%

Steel

II-6

245.70

2600.84

10.59

~ 3%

< 10%

Steel

II-12

257.97

2884.45

11.18

~ 6%

< 20%

Steel

II-15

250.11

2785.79

11.14

~ 0%

< 50%

CFRP

III-3

253.89

2529.44

9.96

~ 2%

< 10%

Steel

III-6

255.64

2723.17

10.65

~ 0%

< 10%

CFRP

III-12

255.50

2693.77

10.54

~ 3%

< 10%

Steel

III-15

240.77

2633.92

10.94

~ 0%

< 30%

CFRP

IV-3

245.37

2721.42

11.09

~ 0%

< 20%

CFRP

IV-6

247.45

3040.30

12.29

~ 2%

< 10%

Steel

IV-15

256.93

2866.45

11.16

~ 3%

< 10%

Steel

Reference
Test C+F

SACO

SA 2-1/2

03.05.2006
VDA Test
C+F
YELLOW

SACO

Table 20: Results from third test series; unaged and aged test specimens after three weeks
Date

Test Series

Surface
preparation

Spec.
Nr.

Area

Force

Shear
Stress

Area of bondline
corrosion

Cohesive
Failure

Side of adhesive
failure

[dd.mm.yyyy]

[-]

[-]

[-]

[mm²]

[N]

[N/mm²]

[% of adherent]

[% of adherent]

[-]

SA 2-1/2

II-20

243.72

2339.22

9.60

~0%

< 10%

CFRP

III-10

226.03

2555.92

11.31

~0%

< 10%

Steel

IV-14

239.17

2942.24

12.30

~0%

< 10%

CFRP

I-4

265.79

2791.02

10.50

~ 8%

< 10%

Steel

I-5

242.01

2586.09

10.69

~ 11%

< 10%

Steel

II-4

250.79

2263.57

9.03

~ 11%

< 10%

Steel

II-5

245.82

2430.30

9.89

~ 14%

< 10%

Steel

II-13

249.44

2715.15

10.88

~ 15%

< 10%

Steel

II-14

248.64

2592.52

10.43

~ 12%

< 10%

Steel

III-4

251.50

2623.57

10.43

~ 5%

< 10%

Steel

III-5

257.82

2928.39

11.36

~ 7%

< 10%

Steel

III-13

261.22

2829.25

10.83

~ 6%

< 10%

Steel

III-14

240.72

2879.01

11.96

~ 0%

< 20%

CFRP

IV-4

243.34

2674.63

10.99

~ 0%

< 20%

CFRP

IV-5

255.44

2796.07

10.95

~ 0%

< 10%

CFRP

IV-13

262.36

2887.02

11.00

~ 8%

< 10%

Steel

Reference
Test D+E

SACO

SA 2-1/2

17.05.2006
VDA Test
D+E
GREEN

SACO
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Table 21: Results from fourth test series; unaged and aged test specimens after six weeks
Date

Test Series

Surface
preparation

Spec.
Nr.

Area

Force

Shear
Stress

Area of bondline
corrosion

Cohesive
Failure

Side of adhesive
failure

[dd.mm.yyyy]

[-]

[-]

[-]

[mm²]

[N]

[N/mm²]

[% of adherent]

[% of adherent]

[-]

SA 2-1/2

I-1

258.45

2350.72

9.10

~0%

< 10%

CFRP

III-19

215.63

2395.07

11.11

~0%

< 10%

Steel

IV-16

243.05

2949.81

12.14

~0%

< 10%

CFRP

I-2

263.77

2764.41

10.48

~ 28%

< 10%

Steel

I-7

247.17

1781.56

7.21

~ 32%

< 10%

Steel

II-2

255.89

1287.39

5.03

~ 31%

< 10%

Steel

II-7

251.92

1686.86

6.70

~ 21%

< 10%

Steel

II-11

251.51

2275.67

9.05

~ 34%

< 10%

Steel

II-16

252.85

1331.03

5.26

~ 32%

< 10%

Steel

III-2

249.61

2500.35

10.02

~ 0%

< 20%

CFRP

III-7

249.72

2438.09

9.76

~ 16%

< 10%

Steel

III-11

253.87

2112.68

8.32

~ 10%

< 10%

Steel

III-16

260.05

2435.49

9.37

~ 11%

< 10%

Steel

IV-2

244.33

2731.41

11.18

~ 12%

< 10%

Steel

IV-7

240.51

2314.09

9.62

~ 11%

< 10%

Steel

IV-11

250.78

2378.19

9.48

~ 10%

< 10%

Steel

Reference
Test B+G

SACO

SA 2-1/2

07.06.2006
VDA Test
B+G
RED

SACO

Table 22: Results from fifth test series; unaged and aged test specimens after ten weeks
Date

Test Series

Surface
preparation

Spec.
Nr.

Area

Force

Shear
Stress

Area of bondline
corrosion

Cohesive
Failure

Side of adhesive
failure

[dd.mm.yyyy]

[-]

[-]

[-]

[mm²]

[N]

[N/mm²]

[% of adherent]

[% of adherent]

[-]

I-10

240.90

2856.39

11.86

~0%

< 10%

CFRP

II-10

258.00

2827.32

10.96

~0%

< 10%

CFRP

III-20

258.75

2534.92

9.80

~0%

< 10%

Steel

I-8

296.00

2227.76

7.53

~ 52%

< 10%

Steel

I-11

264.88

1587.00

5.99

~ 57%

< 10%

Steel

II-8

258.57

1139.69

4.41

~ 42%

< 10%

Steel

II-9

270.56

2069.45

7.65

~ 47%

< 10%

Steel

II-17

258.72

949.28

3.67

~ 50%

< 10%

Steel

II-18

266.76

875.47

3.28

~ 65%

< 10%

Steel

III-8

252.00

2233.38

8.86

~ 0%

< 10%

Steel

III-9

269.25

1729.21

6.42

~ 31%

< 10%

Steel

III-17

264.69

2222.87

8.40

~ 20%

< 10%

Steel

III-18

259.92

2205.99

8.49

~ 26%

< 10%

Steel

IV-8

264.48

2462.43

9.31

~ 23%

< 10%

Steel

IV-9

264.00

2093.52

7.93

~ 23%

< 10%

Steel

IV-10

269.93

1709.89

6.33

~ 28%

< 10%

Steel

Reference
Test K+L

SA 2-1/2

SACO

SA 2-1/2

05.07.2006
VDA Test
K+L
BLACK

SACO

The following diagrams show the maximum shear stress in function of the exposure time.
Figure 100 and Figure 101 show all results according to the different pretreatment methods.
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A comparison of the means of the results of each surface preparation method is given in
Figure 102.
τ [N/mm²]

Sa 2-½

16.0
14.0
12.0
10.0
8.0
6.0
4.0
2.0

aged specimens Sa 2-1/2
reference specimens Sa 2-1/2

0.0
0

7

14

21

28

35

42

49

56

63

70

time [d]

Figure 100: Results from single shear lap tests of sandblasted specimens
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0
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Figure 101: Results from single shear lap tests of SACO treated specimens
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8.0
~29.8 %

6.0
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4.0
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28

35

42

49

56

63

70
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Figure 102: Mean of ultimate shear stress and area of bond line corrosion

6.6 Evaluation and Analysis
The performed test series of 71 tested specimens confirms a general sensitivity of bonded
steel CFRP joints to environmental exposure and shows of the advantage of a modern surface preparation method over conventional sandblasting. In detail the following conclusion
can be drawn:
─

Specimens with conventional pretreated surfaces reached lower ultimate resistances
than those prepared with the SACO method.

─

The reduction of the ultimate resistance of aged specimens compared to unaged
specimens seem mainly to be caused by bondline corrosion.

─

On the average, SACO treated specimens were 2.7-times less sensitive to bondline
corrosion than sandblasted specimens.

─

τ B,eff =

The comparison of the effective shear resistance τB,eff under different exposure times
lead to a direct correlation between bondline corrosion and ultimate resistance (see
also Figure 103):

τB
(1 − ablc )
where

=

Ftest
Afracture ⋅ (1 − ablc )
Ftest
Afracture
ablc

(17)

= failure load at shear test
= area of fracture surface
= area of bondline corrosion in percentage of adherent (value
given in row eight of Table to Table .
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Figure 103: Mean of ultimate shear stress only taking into account
the effective (not corroded) bonding area
─

This direct correlation leads to the conclusion that the deterioration of the joint due to
chemical ageing of the polymer chains is not that significant compared to the ageing
caused by bondline corrosion.

─

Assuming a linear progression, it can be said that within these test-series the bondline
corrosion of conventional pretreated specimens proceeded with an average speed of
0,43 mm/week, compared to SACO treated specimen which proceeded with an average speed of only 0,16 mm/week.

─

According to field reports ten weeks of modified VDA-Test correspond to 5-10 years of
normal environmental influences in middle Europe.

─

Galvanic corrosion could not be detected.

6.7 Summary and conclusion
Some of the major issues of the deterioration of bonded CFRP-steel joints due to accelerated
ageing under extreme environmental conditions have been discussed and the most important standards for accelerated ageing tests have been introduced.
As the way of implementation is a decisive factor for the quality and durability of the bonded
joint, this report has given some general recommendations concerning the surface pretreatment and bonding procedure. It also addressed the questions of galvanic corrosion.
Within this project RWTH Aachen carried out a standardised ageing test with a total of 71
single shear lap samples. The bonded CFRP-steel specimens have been prepared using two
different surface preparation methods: Conventional sandblasting and SACO method
As a result of the discussion and the tests, the following conclusions can be drawn:
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1. A good surface preparation and an accurate bonding procedure is essential for the
durability of a bonded joint.
2. As bonding is a sensitive connection method, it should only be done by special skilled
workers, as it is already the case for welded connections.
3. To reach a better adherence between steel surface and adhesive the application of
new surface preparation methods, which combine cleaning and coating of the steel
surface in one working step, should be considered.
4. In case of absence or destruction of any protective coating, bondline corrosion leads
to a fast deterioration of the bonding.
5. The part of the bonding area which is affected by bondline corrosion is completely inoperative, which means that a direct correlation between ultimate strength and percentage of corroded bonding area can be drawn.
6. The tests show that the progress of bondline corrosion can proceed with an estimated
speed of 1mm/year under normal environmental conditions in middle Europe, if the
reinforcement is not protected against environmental exposure.
7. The bondling corrosion progress can be decelerated to nearly a third by the use of
advanced surface preparation techniques such as the mentioned SACO method.
8. Using a sufficient layer of non-conductive material (such as the adhesive layer) between steel and CFRP and a protection coating for the whole reinforcement, there is
no detectable risk of galvanic corrosion.
9. In general a coating of the whole reinforcement via a durable protection paint is highly
recommended
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1 Repair and strengthening of concrete structures using
mineral based composites
1.1 Background
A large part of the existing concrete structures of the world’s infrastructure are in need of
upgrading or strengthening. There are a number of reasons for this. Our cities are becoming
larger with increasing traffic flows. The existing infrastructure is designed for old and outdated design-norms and traffic-loads. Further, a large part of the existing infrastructure has
reached the designed life length and needs to be replaced. An additional reason for upgrading and strengthening is the degradation of the infrastructures of today. It is important from a
social-economical point of view to solve these problems in a cost effective way. One way of
solving these problems is by applying repair and strengthening methods that are environmental friendly and energy saving.
Luleå University of technology started research activities in this field in the end of 1980ieth.
The research team “Innovative materials and structures” at Luleå university of technology is
to day one of the premier research teams in the world when it comes to repair and strengthening of concrete structures with advanced composites. The most common repair and
strengthening techniques with advanced composites use carbon fibre reinforced polymers
(CFRP) with epoxy resins as the bonding agent between the structure and the composite.
This method has been utilized on different types of structures in Sweden with good results.
There are however certain parameters that needs to be improved and developed before
these repair and strengthening techniques can be considered modern methods of the 21st
century. One of these parameters are the working environment, two component epoxy adhesives can provoke allergic reactions unless protective clothing is being used. It is therefore of
interest to replace the epoxy adhesive with a bonding agent that ensures a better working
environment. Other aspects that limits the use of epoxy adhesives is the diffusion-closeness,
thermal compatibility and application temperature. The two first aspects can evoke freeze
and thaw problems and the third aspect refers to the required minimum temperature of the
surroundings, 10°C which limits the use in colder regions of the world. It is then advantageous and of interest if the epoxy adhesives can be replaced with a mineral based bonding
agent, e.g. polymer modified mortar, which has similar properties as concrete and are more
working-environmental friendly.
Earlier studies, Wiberg (2003), show some disadvantages with mineral based bonding
agents and this is mainly the insufficient bond between CFRP and the mineral based bonding
agent. But this strengthening technique can be improved by enhancing the interaction between the CFRP and the mineral bonding agent. Research in this area is in great need, with
theoretical models and implementations. The opening phase in this project includes a literature study on polymer modified mortars and assessments as well as laboratory tests on small
scale unreinforced concrete beams with flexural strengthening and four large scale concrete
beams strengthened in shear with CFRP grids and polymer modified mortars.
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2 Planning of research
2.1 Flexural strengthening
This is a pilot study carried out at Luleå University of Technology with mineral based composites bonded to concrete slabs. Four concrete slabs with no steel reinforcement were cast
and three of these slabs were strengthened with a carbon FRP grid with three different bonding agents, which were different types of polymer modified mortars. The unstrengthened concrete slab acts as a reference to the strengthened specimens. Prior to the strength tests
three beams were sawed out of the four different concrete slabs and were then subjected to
four-point beam bending according to Figure 2.1.

Figure 2.1 Test set-up for concrete beams with flexural strengthening

2.2 Shear strengthening
Shear strengthening of concrete beams with carbon fibre composite and polymer modified
cement mortars are a part of an ongoing research project at Luleå University of technology.
Significant studies on concrete strengthening have been conducted at Luleå University of
technology. Shear strengthened concrete cross sections with epoxy bonding agents has during the recent years been thoroughly evaluated, Carolin (2003), Hägglund (2003), Aboudrar
and Johansson (1998) and Matsson (1999). The dimensions of the strengthened concrete
beams in this study were chosen according to the concrete beams in previous studies, Hägglund (2003). There are also vast reference materials from all of the earlier studies.
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3 Accomplishment of the research
3.1 Flexural strengthening
3.1.1 Materials
The base concrete was cast as unreinforced slabs with a length and width of 1000 mm and a
thickness of 75 mm. The concrete slabs were cast in two different sets with two slabs in each
set. Six concrete cubes for each set were cast to evaluate the compressive and tensile
strength of the concrete mixture for the different slabs. Mechanical properties of the concrete
are showed in Table 3.1 and were tested according to Swedish standards.
Table 3.1 Mechanical properties of concrete specimens
Specimen

Concrete

Density

Compressive strength

Tensile strength

3

(slab)

set

[ton/m ]

[MPa]

[MPa]

1

1

2,38±0,0

46,1±0,4

3,9±0,1

2

1

2,36±0,0

46,1±0,4

3,9±0,1

3

2

2,40±0,0

49,1±2,6

4,0±0,1

Reference

2

2,37±0,0

49,1±2,6

4,0±0,1

The three different commercially available polymer modified mortars were supplied from Sto
Scandinavia AB and are described in Table 3.2. Mortar 1 has the lowest amount of polymers
and mortar 3 the highest amount of fibres.
Table 3.2 echnical data and description of the polymer modified mortars
Mortar

Compressive
strength

Bending tensile
strength

Description

Mortar 1

45 MPa (28 days)

9 MPa (28 days)

35 MPa (7 days)

5 MPa (7 days)

One component, cement based
polymer and fibre reinforced
powder material mixed with water.

Mortar 2

64 MPa (28 days)

10 MPa (28 days)

One component, cement based
polymer and glass fibre reinforced powder material mixed
with water.

Mortar 3

77 MPa (28 days)

11 MPa (28 days)

70 MPa (7 days)

9 MPa (7 days)

One component, cement based
polymer reinforced and hydraulic
hardening mortar. Can be applied
with dry spraying.

The carbon FRP grid is also a commercially available product supplied by Sto Scandinavia
AB, the grid spacing was 40 mm in both longitudinal and transverse direction. To enhance
the bond between the base concrete and the polymer modified mortars a silt-up product were
primed to the surface of the base concrete. This product prevents moist transportation from
the wet mortar to the dry base concrete which leads to lesser crack formations and better
bonding.
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3.1.2 Strengthening
First the concrete slabs were cast and hardened for 7 and 9 days, concrete set 1 and 2.
Then the concrete surface was sand blasted to remove the cement laitance for better bonding between the base concrete and the polymer modified mortars. Before the application of
the polymer modified mortar the base concrete surface was primed with silt-up product for
better bonding.
The polymer modified mortar was applied in two layers each with a thickness of about 10
mm. The first layer was cast with a higher viscosity to improve the workability of the mortar to
act as a distance between the base concrete and the carbon fibre grid. The second layer was
applied as a cover and to keep the carbon fibre grid in place. The concrete slabs had hardened for 11 and 13 days prior to the application of the polymer modified mortars.
The concrete and polymer modified mortar was then further hardened for 7 days. Prior to the
load capacity tests the slabs were sawed to get three similar concrete beams, Figure 3.2 and
3.3 shows the slabs prior to the sawing of the beams. Every beam contained the same
amount of carbon FRP with the same design. Figure 3.4 shows the manual sawing of the
beams.

Figure 3.2 Slab and beam geometry and markings prior to
the sawing of the beams with
the original and intact carbon
fibre grid

Figure 3.3 Slab and beam geometry and markings prior to
the sawing of the beams with
the carbon fibre grid cut at the
ends of the mortar.

Figure 3.4 Manual sawing of the
concrete slab into three beams

3.1.3 Test set-up
Each beam was subjected to four-point bending tests. Figure 8.1 shows the test set up for
the beams. The distance between the two line loads were chosen smaller than the distance
between the line load and the support to avoid large scale shear failure and delaminating of
the strengthening material.
The bond lengths, lb, for each individual beam were measured for each beam and the average bond length was 790 mm. The midpoint deflection was measured with two LVDT gauges
located on each side of the midpoint of the beam referring to the supports. The presented
deflections in the results are mean values of these two deflections. Figure 3.5 shows the test
set up in the laboratory.
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Figure 3.5 Test set-up for the concrete beams in the laboratory, reference beam.

Since a smooth deflection curve of the strengthened beam was desired the deformation rate
was controlled by the midpoint deflection of the beam, Groth (2000). Table 3.3 shows how
the deformation rate depends on the magnitude of the deflection.
Table 3.3 Deformation rate for the four-point bending tests
Deflection
Deformation rate
[mm]

[mm/sec]

0-1,2

0,0083

1,2-1,4

0,0125

1,4-4,0

0,0145

4,0-6,0

0,0167

6,0-6,2

0,02

6,2-19

0,025

19-25

Stroke controlled

3.2 Shear strengthening
3.2.1 Materials
In total there are three concrete beams that were strengthened and tested, the concrete
beams are showed in Figure 3.7. All of the concrete surfaces were sand blasted. The concrete beams are reinforced in such a way that shear failure will occur at one half of the beam
span. The design of the steel reinforcement is described in detail below. This design of the
reinforcement are motivated by the fact that due to the lack of shear reinforcement in one
span, the beams only needs to be strengthened in this span. The utilized materials are:
•

Concrete beam (see Figure 3.7)

•

Surface primer, same as in the flexural tests(enhance the bond strength between the
base concrete and polymer modified mortar)

•

Two different polymer modified mortars, same mortars 1 and 3 in the flexural tests

•

Carbon FRP grid, same as the grid used in the flexural tests

All of the concrete beams are reinforced with twelve Ø16 steel bars at bottom and two Ø16 at
the top of the beam. This design will prevent bending failure in between the supports. The
shear strengthening contains of Ø10 steel bars with the distance 50 mm at the supports and

Sustainable Bridges

TIP3-CT-2003-001653

YYYY-MM-DD
Rev. YYYY-MM-DD

10
(28)

Ø12 with the distance 100 mm in one of the shear spans. The densification of the shear reinforcement over the supports is supposed to prevent crushing and peeling failures and secure
anchorage of the main reinforcement. All of the steel reinforcement has the characteristic
yield strength of 500 MPa. Figure 3.6 shows the design of the reinforcement in the concrete
beams.
Two polymer modified mortars as bonding agents were evaluated in the tests. The mortars in
this test program have shown good bonding and strengthening capabilities based on the results from the pilot study on mineral based flexural strengthening of concrete beams. Mechanical properties for the mortars 1 and 3 are recorded in Table 3.2. Both mortars are one
component, cement based and polymer reinforced. Mortar 2 has the advantage that it may
be applied by dry spraying.
The CFRP grid used in the tests is a two dimensional grid. In Figure 3.6 a photograph of the
grid is shown and the mechanical properties are recorded in Table 3.4. The distance between the longitudinal and transverse carbon fiber strips are 40 mm in average.

Figure 3.6. The two dimensional carbon FRP grid with traditional strain gauges attached.
Table 3.4 Mechanical properties of the carbon fiber properties.
Tensile strength Modulus of elas- Failure elongation
[MPa]
ticity [GPa]
[%]

Carbon
[g/m2]

CFRP grid

159

3800

284

1,5

content

3.2.2 Strengthening
The hand lay-up method of the mineral based strengthening system is the same in between
the flexural strengthening and the shear strengthening technique. The surface of the concrete beams were sand blasted and prior to the application of the strengthening system the
surface were treated with a steel brush and pressurized air to remove dust from the surface.
Before the polymer modified mortars were applied, the surface was primed with a silt-up
product which prevents moisture transport from the wet mortar to the dry base concrete. This
ensures good bonding between the polymer modified mortar and the base concrete. The
polymer modified mortars were then applied in two layers of 10 mm each with the CFRP grid
applied in between these layers. After casting the strengthening system it is important to
keep the strengthening system moisturized for about 4 days, this is mainly to prevent shrinkage crack formations. The strengthening system is only applied on the left shear span in Figure 4.7.
Previous research on similar concrete beams strengthened with epoxy adhesives and carbon
fiber composites has been going on since the late 1990s. Therefore vast reference materials
exist. Capacities for unstrengthened concrete beams can be seen in Table 3.4 along with
some of the previous strengthening applications.
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The concrete beams in Table 3.4 have the same dimensions and reinforcement as the parent beams in this pilot study, but they were strengthened with epoxy bonded CFRP sheets
with a carbon content of 200 g/m2, for further reading see Carolin and Täljsten (2005).
Table 3.5 Mean values of strength properties from earlier studies with epoxy based strengthening of concrete beams, Carolin and Täljsten (2005)
Type of beam

Compressive strength

Tensile strength

Shear failure load

[MPa]

[MPa]

[kN]

Reference beam

46 & 67

2,9 & 3,6

238* – 252*

Fibre direction 0°

59

3,5

308

Fibre direction 45°

53 & 71

3,5 & 3,8

514 & 610

Fibre direction 90°

52 & 59

3,7 & 3,5

512 & 596

* Pre-cracked beams, loading disrupted at the first shear crack

3.2.3 Test set-up
The test set-up for the shear strengthening tests a shown in Figure 3.7. All tests are performed in four-point beam bending. Thus, the maximum moment will be constant in between
the two line loads. Measurements include load capacity, deflection, support settlement,
strengthening effect, internal and external strain measurement of the strengthened concrete
beams. Internal strain measurements consist of traditional strain gauge measurement on the
CFRP grid. External strain measurement was conducted with photometric strain measurement.
P/2
250

1250

P/2
1500

1250

500

2 Ø16
12 Ø16

4500
Stirrups at support Ø10

250

180
Stirrups in one shear span Ø12 s100

Figure 3.7 Test set-up and steel reinforcement scheme

Strain measurements on the CFRP grid were conducted with foil strain gauges (SG). A more
detailed scheme over the emplacement of the strain gauges on the CFRP grid in the
strengthening system can be seen in Figure 3.8 and Figure 3.9. Applied strain gauges have
the width of 2 mm and are protected with a waterproof coating. All strain gauges were
bonded to the CFRP grid with a cyan acrylate adhesive. All of the strain gauges were placed
at an approximately 30° angle from the point load based on shear crack experience from
previous tests. In total 21 strain gauges were mounted in both horizontal and transverse direction of the CFRP grid. This strain gauge measurement was only conducted for one
strengthened concrete beam, specimen M1 beam 2.
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Figure 3.8. Points for Strain gauge measurement

Figure 3.9. Photo of strain gauges in the
strengthening system.

Photographic measurement entails taking photos of an, from a scientific point of view, desired area. The photos are taken prior to loading and at certain load intervals during the loading of the beams. All photos are then analysed by computer software that divides the photos
into different parts and calculate their point of gravity. Strains are then calculated by comparing the difference in distance between these parts. For the software to work properly and
give adequate results the photographed area needs to be given pattern or divergent colours,
there exist different methods. In this case the strengthened area will be given a random pattern by using an epoxy adhesive to adhere white and black sand (0,55:0,45). This method is
called Speckle pattern correlation, Carolin (2004).
For the speckle pattern correlation to work the surface needs to have a random pattern. This
pattern is given by the mixture of white and black sand bonded to the strengthened surface,
see Figure 3.10. Traditional strain gauges are mounted on the other side of the beam in Figure 8.10, see also Figure 3.8 and Figure 3.9. The loading was paused at a 20 kN interval and
the beam was photographed. The photographic equipment consisted of a digital camera with
a maximum resolution of 3504 x 2336 pixels and a professional lightning set, see Figure
3.11. The results from the speckle pattern correlation analysis can be plot as shear strains,
principal strains or strains in any arbitrary direction.

Figure 3.10 Strengthened shear span with applied speckle pattern
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Figure 3.11 Set-up for the photometric equipment, to the right the beam with the speckle pattern is
seen in the background

This experimental analysis of concrete beams shear strengthened with mineral based composites includes in total four concrete beams. Three beams where strengthened using two
different polymer modified mortars and one beam was not strengthened and was therefore
used as a reference beam. Table 3.6 shows the strength properties of the two different mortars and also on which concrete beam specimen it was used on.
Table 3.6 Strength properties for mortars used on shear strengthened concrete beams
Mortar
Compressive
strength Tensile strength [MPa]
Used for specimen
[MPa]
Mortar 1

45 (28 days)

9 (28 days)

Beam 1:A and beam 1:B

Mortar 3

77 (28 days)

11 (28 days)

Beam 2
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4 Results from research
4.1 Flexural strengthening
4.1.1 General
In this chapter the results from the flexural test will be given for the concrete beam specimens. The failure loads of all tested beams are recorded in Table 4.1. The measured load is
the sum of the two line loads that can be seen in Figure 2.1. Thus the total load on the beam
with the exception that the dead load of the beam is not included. All of the concrete beams
are labeled after which type of mortar that was used as bonding agent. The unstrengthened
beams are labeled reference and numbered, see Table 4.1. The strengthened beams are
labeled M1 for mortar 1 and numbered for each population of strengthened beams. M2
stands for mortar 2 and M3 for mortar 3, see Table 4.1. Results from reference beams and
the beams strengthened with different types of mortar are described further in chapters below.
Table 4.1 Failure loads for all of the concrete beam specimens
Specimen
Failure load
Mean value of failure load for
each group of beams [kN]
(concrete beam) [kN]
Reference 1

3,15

Reference 2

3,17

Reference 3

3,07

M1 beam 1

8,52

M1 beam 2

7,40

M1 beam 3

8,86

M2 beam 1

6,91

M2 beam 2

8,28

M2 beam 3

8,16

M3 beam 1

7,89

M3 beam 2

9,11

M3 beam 3

8,14

3,1±0,04

8,26±0,57

7,78±0,58

8,38±0,49

4.1.2 Reference beams
Figure 4.2 shows the load-displacement curves for the reference beams with a rectangular
unreinforced cross section. There are no large scatterings in the values for the failure load
between the three beam specimens. The failure mode for all of the beam was similar and as
expected, an initial bending crack that leads to a failure of the unreinforced reference beams.
The failure curve is strain softening and the failure energy could roughly be evaluated. However, the strain softening is not crack controlled but this is not handled in this report. Figure
4.3 shows a reference beam while loading with the initial crack and prior to failure. Figure 4.4
shows the bending failure that was similar for all of the reference beams.
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Figure 4.2 Load deflection curves for the reference beams

Figure 4.3 Initial bending crack propagating from
tensile side of reference beam

Figure 4.4 Typical failure of reference beam

4.1.3 Polymer modified mortar 1
Figure 4.4 shows the load-displacement curve for the concrete beams that were strengthened with the polymer modified mortar 1. The first crack load is higher for this series than the
crack load for the reference beams. This behaviour depends on the new and improved cross
section. The total height of the beam is increased with approximately 20 mm and the mortar
contains fibres that increase the tensile strength and the carbon fibre grid acts as reinforcement. Every dip in the curves represents unloading due to decreasing stiffness when new
cracks appear. For every new crack the stresses redistributes over the cross section and the
load capacity increases as the carbon fibre bridges the higher stresses. The initial crack is
fairly the same for all of the beams in this test series. These set of beams compared to the
reference beams shows a larger amount of cracks until failure. There is some scattering in
the crack distribution in this set of beams, but still relatively small. Two different failure types
appeared in these set of beams. One beam failed in bending and rapture of the carbon fibre
grid. Two beams failed due to shear failure and splitting of the mortar.
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Figure 4.5 shows bending failure and the rupture of the carbon fibre grid can be seen in figure 4.6. Figure 4.7 shows a shear failure and where the shear crack has propagated through
the mortar at same level as the carbon fibre grid.
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M1 beam 1
M1 beam 2
M1 beam 3
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Figure 4.5 Load deflection curve for beams strengthened with mortar 1

Figure 4.5 Failure of beam and rupture of the
CFRP grid

Figure 4.6 Rupture of the CFRP grid, circles
indicates the location of raptures in longitudinal
CFRP tows
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Figure 4.7 Shear failure and splitting of the mortar

4.1.4 Polymer modified mortar 2
Figure 4.8 shows the load-displacement curve for the concrete beams that were strengthened with the polymer modified mortar 2. There are no large scatterings within the crack
loads on the curve. These set of beams compared to the beams strengthened with mortar 1
has lower first crack load. This series also have smaller dips in the curves which indicate on
a less stiff cross section compared to the beams strengthened with mortar 1. The failure initiates in bending and results in splitting of the mortar at the same level as the carbon fibre
grid, this can be seen in Figure 4.9 and Figure 4.10. A closer inspection of the connection
point in the carbon fibre grid shows that the transverse bars have slipped and the connection
points are no longer rigid and the strengthening system will loose anchorage. This is shown
in Figure 4.11.
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Figure 4.8 Load displacement curve for beams strengthened with mortar 2
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Figure 4.10 Shear failure and splitting/spalling of
the mortar

Figure 4.11 Failure/slipping in the connection points of the CFRP grid,
white arrows indicate movement

4.1.5 Polymer modified mortar 3
Figure 4.12 shows the load-displacement curve for the concrete beams that were strengthened with the polymer modified mortar 3. The crack load for this series is in the same ratio as
the concrete beams strengthened with polymer modified mortar 2. Mortar 3 contains more
fibres, than the other mortars, this leads to a quicker redistribution of stresses in the cross
section which is shown in the curve as smaller dips. The crack distributions are therefore
more effective due to more and smaller cracks. All of the concrete beams strengthened with
mortar 2 fail in shear of the concrete substrate and anchor failure between base concrete
and mortar. Figure 4.13 shows shear and bond failure. Figure 4.14 shows the surface of the
debonded mortar.
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Figure 4.12 Load deflection curve of beams strengthened with mortar 3

Figure 4.13 Shear and bond failure of the M3
beam 2

Figure 4.14 Debonded surface of mortar 3

4.1.6 Discussion
The result of this pilot study indicates that strengthening of concrete structures with mineral
based composites has a lot of potential since it is possible to obtain fibre rapture in the carbon fibre grid. The failure modes alternated from bending failure with one crack, for the reference beams, to bending and shear failure with several cracks for the strengthened beams.
Note that the bonding between the carbon fibre grid and the polymer modified mortar is of
the type, mechanical anchoring. This means that the surrounding mortar keeps the grid in
place. The effectiveness of the strengthening system can most certainly be increased but this
demands further study on the mortar compound and the design of the carbon fibre grid. A
different design of the grid and the grid surface can prevent or postpone splitting of the mortar at the grid level. It should also be mentioned that the strengthening system alters the geometry of the beam cross section in comparison to the unreinforced reference beams. This
also increases the level arm to the CFRP grid which in the strengthened beams acts as reinforcement in the new composite cross section.
The hand lay-up method used in the laboratory is an easy way to apply the mortars but in
larger scale the technique has to be refined, e.g. spraying
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4.2 Shear strengthening
4.2.1 General
The results of the shear strengthened concrete beams contain analysis of measured load
capacity, deflection, support settlement, strengthening effect, internal and external strain
measurement of the strengthened concrete beams. Internal strain measurements consist of
traditional strain gauge measurement on the steel reinforcement and the CFRP grid. External
strain measurement will be conducted with photographic strain measurement.

4.2.2 Load and deflection
Figure 4.15 shows the load and midpoint deflection for the unstrengthened and strengthened
concrete beams. The midpoint deflections are corrected with regard to the support settlements. There are no large differences in stiffness and failure loads for the beams strengthened with the two different polymer modified mortars. The Strengthening system with polymer modified mortar 3 had the lowest failure load but as recorded in Table 3.6 has the highest compressive and tensile strength. Mortar 3 also contains the highest polymer amount.
The behaviour during the load steps was similar for all of the strengthened concrete beams.
Initial cracks in the concrete and strengthening material appeared as small bending cracks in
the load range of 280 – 320 kN. Visual shear cracks first appeared in the load range of 320 –
380 kN, initial shear cracks and crack propagation for specimens M1 beam 1 and M1 beam 2
are recorded in Figure 4.16 and Figure 4.17. All of the strengthened beams exhibited distinguished noises prior to the failure of the beam. These noises first appeared at; 475 kN for the
specimen M1 beam1 (failure load 493 kN), 480 kN for the specimen M1 beam 2 (failure load
487 kN) and for the beam M3 beam 1 at 466 kN (failure load 474 kN). All of the strengthened
beams failure modes were the same with propagating shear cracks in the polymer modified
mortar and finally a brittle failure and rapture of the transverse tows in the CFRP grid.
After failure of the strengthened concrete beams the outer layer of the polymer modified mortar was separated from the underlying layer of the mortar. This splitting occurrence does not
regard the entire strengthened surface only in the vicinity of the ultimate shear crack. Figure
4.18- Figure 4.21 shows ultimate failure of concrete beams with polymer modified mortar M1
as bonding agent.
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Figure 4.15 Load and mid-point deflection curves for concrete beam specimens
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Figure 4.16 Initial shear cracks for M1 beam 1

Figure 4.17 Shear crack propagation for beam M1
beam 2.

Figure 4.18 Failure of beam M1 beam 1, shear
crack on the speckle pattern side.

Figure 4.19 Failure of beam M1 beam 1.

Figure 4.20 Failure of beam M1 beam 2, shear
crack on the speckle pattern side.

Figure 4.21 Failure of beam M1 beam 2, spalling of
the mortar at same side as the strain gauges.
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4.2.3 Comparison with epoxy based strengthening systems
There exists vast reference material on shear strengthening of similar concrete beam but
with epoxy based bonding agent. However, the design of the CFRP in the epoxy based
strengthening is a sheet with continuous fibres in one direction and quite different from the
two dimensional CFRP grid used in the mineral based strengthening system. Figure 4.22
shows a compilation of both the mineral based strengthening and shear strengthening of
similar concrete beams with unidirectional carbon fibre sheets and an epoxy bonding agent.
The carbon fibre amount in the CFRP sheets are 200 g/m2 and the fibre direction was 90°
from the horizontal plane. The results from the epoxy bonded carbon fibre sheets are from
previous pilot studies, Hägglund (2003) and Aboudrar et al. (1998). The CFRP grid in the
mineral based strengthening system has a carbon fibre amount of 159 g/m2, this includes the
CFRP tows in both longitudinal (horizontal) and transverse (vertical) direction.
Both the epoxy based and the mineral based strengthening systems shows similar behaviour
in initial increase of stiffness and load bearing capacity. There is very small difference in failure load between the mineral based strengthening system and the epoxy based strengthening system in specimen Epoxy beam 1, Aboudrar et al. (1998). But the strengthening system
in Hägglund (2003) shows somewhat higher failure load, specimen Epoxy beam 2. However,
it most be pointed out that there are differences in between the mineral based and epoxy
based strengthening system. Besides the two different bonding agents the design of the carbon fibre reinforced polymer differs from a grid in the mineral based strengthening system to
a sheet in the epoxy based strengthening system.
The carbon fibre amount between the sheet and the grid is also different with higher amount
of fibres in the CFRP sheet, especially in the vertical direction. Failure loads for the unstrengthened concrete beam and the concrete beams with different strengthening systems
are recorded in Table 4.2 The strengthening effect is the increase in failure load compared to
the reference beam.
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Figure 4.22 Load and mid-point deflection curves of mineral based and epoxy based strengthening
systems
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Table 4.2 Failure load and strengthening effects of both mineral based and
epoxy based strengthening systems
Specimen
Bonding agent
Failure load
Strengthening effect
[kN]
Reference

-

247

-

M1 beam 1

Polymer modified mortar

493

2,0

M1 beam 2

Polymer modified mortar

487

2,0

M3 beam 1

Polymer modified mortar

474

1,9

Epoxy beam 1

Epoxy resin

520

2,1

Epoxy beam 2

Epoxy resin

595

2,4

Traditional strain measurement
All of the applied strain gauges were mounted at a line located approximately 30° from one of
the point load distributor. The ultimate shear crack missed the line of applied strain gauges
but strain gauge number 19 was bordered by the shear crack, see figure 4.23. Strain gauges
with odd numbers measure the strain in the transverse strips of the carbon fibre grid (90°
from the horizontal axis). Strain gauges with even numbers measure the longitudinal strain.
The number count starts from the point load origin and increase along the line of strain
gauges, see Figure 3.8.

Enhanced
crack

shear

Figure 4.23 Failed strengthened concrete specimen M1 beam 2 with traditional strain gauges.

The transverse strains are recorded in Figure 4.24. All of the transverse strain gauges (SG)
measures low strains for the first load steps. The strains in the carbon fibre strips are starting
to increase at the total load of 300 kN. The strain gauges in the middle region of the
strengthened area display high strains. This is in full agreement with the occurrence of the
initial shear cracks.
All of the longitudinal strain measurements are recorded in Figure 4.25. The longitudinal
strains display a common behaviour with compressive strains in the upper strain gauges and
tensile strain in the lower strain gauges. SG12 is located near the neutral axis of the beam,
the low strain measurements corresponds well to this fact. The strain gauges that display
tensile strains indicate small strain measurements for the first load steps. However, SG22
starts to measures strains at a total load of 180 kN and shows greater increase in strains,
this gauge is located near the bottom of the beam. The distinguished noises mentioned earlier concur with the fast increase in strains for transverse strain gauges and the longitudinal
strain gauges that displays tensile strains. However the maximum strain levels for the transverse strain gauges only reaches about 7000 μstrain and the failure elongation for the carbon
fibre grid in Table 4.2 is 15 000 μstrain.
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Figure 4.24 Transverse strain measurement, strain gauges are located on vertical CFRP tows
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Figure 4.25 Longitudinal strain measurements, strain gauges are located on horizontal CFRP strips

4.2.4 Photometric strain measurement
The results from the photometric measurements are not possible to follow during testing with
this type of equipment and currently have to be evaluated after the test. Except for this,
photometric measurements are superior to strain gauges for this kind of research since the
whole area is covered as well as all directions. In Figure 4.26 strains in vertical direction from
specimen M1 beam 2 are presented for the load 480 kN. Light colours correspond to high
strains. As can be found in Figure 4.26, strains are not uniformly distributed over the crosssection. Strains are not only concentrated to the forming shear crack but also to the midsection of this crack in good agreement with theory presented by Carolin and Täljsten (2005).
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From the measurements the highest strains in the vertical tows of the grid are slightly more
than 15 ‰. These measurements can also be compared to the strain measured by strain
gauges applied on the vertical strips of the CFRP grid, Figure 4.27 shows strain readings for
three different load steps. All of the strain gauges were located under the ultimate shear
crack formation. However, for the load step 480 kN both the photometric strains and the
strain gauge readings are in accordance at approximately 5 000 μstrain.

Figure 4.26 Photometric strains in the vertical direction
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Figure 4.27 Measured vertical strains for specimen M1 beam 2 at load steps 420 kN, 480 kN and 483
kN. Strains are plotted at their location on the height of the beam
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4.2.5 Discussion
A significant shear strengthening effect was achieved by the presented and tested strengthening system. Good bond and composite action between the concrete beam and the
strengthening system was obtained. The presented strengthening system was not complicated to install even though the possibility of spraying the mortar to mount the strengthening
system was not evaluated in this study. The mineral based bonding agent did provide such
good anchorage that fiber rupture in the used carbon fiber grid was achieved. The elongation
at failure of the carbon fiber grid where 15 ‰. Prior to final failure, distinguished noises
where recorded from the strengthening system which is explained by local failures of the grid
structure. During undertaken tests, strain gauges were used for monitoring of studied beams
in real time. However, strain gauges only show strains at the gauges local positions and for
tests presented the gauges were not able to capture maximum strains in shear span. The
photometric measurements did not provide real time measurements but did provide very useful and important information on strain distribution over the shear span. Readings from photometric measurements and from strain gauges were in accordance.
In comparison with epoxy bonded sheet systems comparable loads at failure could be obtained.
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5 Future Research
The research carried out is consider to be a pilot study. The results clearly show that it is
possible to strengthen concrete structures with MBCs (Mineral Based Composites). However, there are still questions unsolved, for example creep and drying shrinkage must be
investigated as well as the long time behaviour.
In addition in situ production methods needs to be developed. In the presented tests the cementitious material has been applied by had – this is not practical in field applications.
Furthermore, more accurate design models needs to be developed and verified, both by FEanalysis and laboratory tests.
Research in the abovementioned fields are ongoing and primary results are promising.
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Summary
The need of rehabilitation and strengthening of concrete structures has increased considerably the last decade. The causes for repair and/or strengthening can be many, but normally
change of use, increased demands on the structure, errors in the design or/and construction
phase or accidents are governing. Many methods to repair or/and strengthen concrete structures exists such as concrete overlays, shotcrete, external prestressed cables etc.
This report presents laboratory tests where concrete T-beams with a length of 6 meters have
been strengthened. External prestressed cables and epoxy bonded CFRP (Carbon Fibre
Reinforced Polymer) rods have been used. Three beams had external tendons, two with
steel tendons and one with CFRP. Three beams were strengthened with epoxy bonded
CFRP Near Surface Mounted Rods (NSMR). On one of those beams the rods were
prestressed before bonding. One beam hade post-stressed internal steel tendons and also a
non strengthened reference beam was tested.
The results showed that all tested strengthening techniques increased the load carrying capacity of the beams. The beam with external tendons of CFRP obtained problems with the
anchor and could therefore not be prestressed to the desired level, which also then had effect on the strengthening level. The other strengthened beams recorded for a strengthening
level from 81% to 107% depending on the technique used.
The tests scores show that prestressing is a very effective strengthening method to increase
the load carrying capacity of existing concrete beams.
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Introduction

1.1 General
External prestressing was initially developed for strengthening of bridges, but is today used
for both strengthening of existing as well as for new built structures. Prestressed concrete
bridges with external prestressing are becoming popular because of their advantages, like
simplicity and cost-effectiveness. External prestressing is when unbonded tendons are
placed, and prestressed, outside the structure anchored at the ends and sometimes with one
or several deviators during the length of the structure. This method is advantageous for
strengthening of a structural member to obtain improved load carrying capacity.
The external tendons can be made of steel, but also fibre reinforced polymer (FRP) materials
have been used. They provide one of the most efficient solutions to increase the load carrying capacity of existing bridges when the infrastructures are in need of renewal and made of
all structural materials, such as concrete, steel and timber.

1.2

Scope of the study

The scope of this report is to present the laboratory tests that have been conducted at Luleå
University of Technology during the spring of 2004 concerning strengthening of concrete
structures with external tendons.
The tests aim to compare the strengthening techniques of prestressed external tendons and
steel and CFRP and strengthening with Near Surface Mounted Reinforcement (NSMR), both
with and without prestress. The tests are an initial study that will be complemented in future
test series.
The tests have been limited to concrete T-beams. The strengthening methods that were chosen were external tendons with steel and CFRP. During the initial face of the study it was
decided to include internal post-tensioned tendons of steel and Near Surface Mounted Reinforcement (with and without prestress).
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2 Laboratory tests
1.3 Test set-up
The tests were carried out at Luleå University of Technology during spring of 2004. The test
specimens were concrete T-beams with a length of 6 meters. The flexural steel reinforcement was three Ø16mm bars in the lower part of the beam and four Ø10mm bars in the upper part, see figure 2.1. The shear reinforcement were designed to ensure flexural failure,
stirrups Ø12mm were placed with a 100mm distance over the whole length of the beam. The
tensile strength of the steel reinforcement was fy = 496MPa. The strength of the concrete for
each beam is presented in table 2.1

100

400

500

4Ø10
Ø12 @ 100mm

50

3Ø16

200
Figure 2.1 Cross-section of the beams, in mm

The beams were loaded under four-point bending as can be seen in figure 2.2 and figure 2.3.
The load was applied with deformation control at 0.2mm/s until failure or to a point where the
beam no longer could carry any more load.
F/2

CSG - Concrete Strain Gauge
SSG - Steel Strain Gauge

1000

CSG
2 SSG

500

2500

F/2

5600
6000

Figure 2.2 Setup during testing
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Figure 2.3 Photo from the test set-up

1.4

Measuring

The beams were measured with both strain gauges and displacement gauges. During
prestressing the tension in the midsection was measured by the use of strain gauges in the
upper part of the concrete beam and in the internal steel reinforcement, see figure 2.2. The
prestressing force in the strengthening material was controlled differently; it is described for
each beam in the coming sections.
During testing the strain, midpoint and support displacement was measured as well as the
load.
Displacement
gauges

Strain
gauges

Figure 2.4 Placement of gauges at midsection of the beams

1.5

Beams tested.

A total of eight beams were tested during the series. The strengthening techniques used
were externally prestressed steel rods, externally prestressed CFRP rods and Near Surface
Mounted Reinforcement (NSMR) with CFRP rods with and without prestress.
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For complete view of the beams tested see table 2.1 and the material properties for the reinforcement see table 2.2. The material properties for the strengthening material are those
provided by the supplier. For the concrete 6 cubes were made for each beam and tested, 3
in compression and 3 in splitting.
Table 2.1 Beam configuration
Beams

Ref
Steel 1
Steel 2
Steel 3
CFRP
NSMR 1
NSMR 2
NSMR 3

fcc/fct

47/3.2
54/3.4
52/3.3
40/2.7
42/2.8
53/3.5
50/3.6
49/3.4

Strengthening
technique

External steel
External steel
Internal steel
External CFRP
NSMR
NSMR
Prestressed NSMR

Strengthening material properties

E

Atot

f

195
195
195
150
150
150
150

300
300
300
301
300
300
300

1760
1760
1760
2600
2600
2600
2600

Prestressing force

180
180
180
110
150

Table 2.2 Data of the steel reinforcement, tendons, CFRP and the adhesive used

Steel bars, Ks500
Steel tendons, 7 wire
CFRP tendons
Sto BPE® NMSR 101S
Sto BPE® Lim 465/464

Ef
[GPa]

ε fu
[‰]

210
200
160
160
-

53
17.5
17.5
-

fy
ff
[MPa] [MPa]

500
-

>1760
2800
2800
-

fac
[MPa]

fat
[MPa]

103

31

Ea
Visc.
[GPa]

7

Tix

Three beams had grooves sawn in the sofit for use of the NSMR technique. The groves were
sawn with a two-blade concrete saw and was then chiselled with an air pressure driven
chisel, and finally cleaned by high pressure air. In figure 2.5 the sawing and chiselling is
shown and in figure 2.6 the size of the grooves are shown.

Figure 2.5 Sawing and chiselling grooves for NSMR
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35

15

42.5

15

42.5

15

35

200

Figure 2.6 The grooves sawn in the concrete

Reference beam
The reference beam had no external reinforcement, strengthening, and was used for comparison to evaluate the strengthening effect that each technique would provide, see figure
2.7 and 2.8.
F/2
1000

500

2500

F/2

6000

Figure 2.7 Beam configuration

Figure 2.8 The reference beam before testing

During the test the strain was measured by the gauges, also the midpoint displacement
measured. The support displacement was also controlled via displacement gauges.
The concrete started to crack at 24kN and the steel to yield at 108 kN. The test was aborted
at 115kN when the load had levelled out.
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350

300

Load F [kN]

250

200

Ref
150

100

50

0
0

20

40

60

80

100

120

140

160

Midpoint displacement [mm]
Figure 2.9 Load-displacement for the reference beam

Steel 1
The first strengthened beam was strengthened with external steel tendons. The tendons
were placed as can be seen in figure 2.10. At the ends the tendons was placed at the equilibrium point of the cross-section going down to the lower part of the beam at the middle where
a deviator fixed the tendons in vertical direction. This is an effective way to place the tendons
and the tendons are always fixed at the endpoints and the middle, regardless of deflections
as long as there is no rupture in the tendons.
F/2
1000

350

500

2500

F/2

6000

Figure 2.10 Setup for beam Steel 1

16-350

The tendons were a bundle of 7 twinned steel wires with an anchor plate at each end. Steel
wedge anchors were used to secure the tendons to the steel plates.

Figure 2.11 Placement of the tendons for beam Steel 1

The tendons were prestressed using wedge anchors and a hydraulic pump. Each tendon
was partially stressed and then the pump was shifted to the other. This was repeated until
the required force was achieved. As the tendons were of twinned wires it was not possible to
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have strain gauges on the tendons of that reason the stress in the tendons was measured
via the force applied from the hydraulic pump.

Figure 2.12 The hydraulic pump during prestressing

During the loading it was not possible to measure the strain or force in the external tendons.
The loading started with a rapid increase in the load and only a small displacement was noticed before cracking of the concrete. At approximately 75kN the concrete started to crack
and the displacement increased. This load corresponds to 200% higher load then the reference beam. The load-displacement is shown in figure 2.13.
At 215kN the internal flexural reinforcement in the lower part of the beam started to yield,
causing the beam to lose stiffness. The placement of the tendons helped the beam to increase the load with almost 100kN from steel yielding, followed by large displacement.
350

300

Load F [kN]

250

200

Ref
Steel1

150

100

50

0
0

20

40

60

80

100

120

140

160

Midpoint displacement [mm]
Figure 2.13 Load-displacement for beam Steel 1 compared to the reference beam

The beam proved to be able to carry both large loads and displacements with the steel tendons, as can be seen in figure 2.14.
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The ropes around the beam in figure 2.14 were to prevent the tendons to snap out in case of
failure in the tendons. The test was aborted after 314kN when the load started to decrease
although the displacement still increased.

Figure 2.14 The beam during the end of the test

Steel 2
As it would not be possible to place the CFRP tendons in the same way as beam Steel 1, a
second beam with steel tendons was tested. The tendons were placed in the lower part of
the beam as can be seen in figure 2.15 and the tendons were only fixed at the ends. Opposite to beam Steel 1 the tendons will always remain at the same level as the endpoints, regardless of displacement of the middle of the beam.
F/2
1000

500

2500

F/2

6000

Figure 2.15
Beam configuration

50

The same type of tendons was used as in beam Steel 2 and the prestressing force was applied in the same way.

Figure 2.16 Placement of the tendons

The beam behaved as beam Steel 1 in the beginning. A rapid increase in load until the concrete started to crack at 74kN and then reinforcement started to yield at 207kN, see figure
2.17.
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350

300

Load F [kN]

250

200

Ref
Steel2

150

100

50

0
0

20

40

60

80

100

120

140

160

Midpoint displacement [mm]
Figure 2.17 Load-displacement comparing beam Steel 2 with the reference beam

As the beam started to get larger displacements after steel yielding the active cross-section
at the middle of the beam changed. Although the beam got larger displacement the tendons
remained at the same level as the endpoints causing the effective height of the beam to decrease. In figure 2.18 it is possible to see that the tendons is placed much higher up on the
beam when the displacement of the beam increased.

Figure 2.18 The beam have increased displacement but the tendons remain at the level of the endpoints

The decreased cross-section caused a much smaller increase of load after steel yielding
compared to beam Steel 1, the load increased to 246kN and then the beam started to loose
load and the test was aborted.
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Steel 3
Beam Steel 3 is not a strengthened but a beam with post-stressed internal steel tendons.
The tendons are placed in steel pipes that are installed before casting of the concrete. Apart
from the steel pipes the beam is exactly the same as the other beams in the serie.
F/2
1000

500

2500

F/2

6000

Figure 2.19 Placement of the internal pipes for the tendons

80

After the concrete has cured the tendons were placed in the pipes and the prestressing force
was applied in the same way as the previous beams. After prestressing the pipes were filled
with cement paste according to the Swedish code, in figure 2.20 and 2.21 the steel pipes and
the pipes for filling can be seen. The tendons used had the same material properties as the
external tendons.

Figure 2.20 Placement of the steel pipes

The behaviour of this beam was expected to be different, this due to that the tendons were
placed somewhat higher up in the structure but also that the tendons were bonded by the
cement paste.

Figure 2.21 The steel pipes and the end zone during manufacturing and after prestressing
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When the loading started the concrete cracking began at 69kN and steel yielding at 224kN.
The behaviour of the beam was the same as the beams with external unbonded tendons
until before steel yielding. As can be seen in figure 2.22 the behaviour during steel yielding is
softer then for the beams with unbonded tendons.
350

300

Load F [kN]

250

200

Ref
Steel3

150

100

50

0
0

20

40

60

80

100

120

140

160

Midpoint displacement [mm]
Figure 2.22 Load-displacement comparing beam Steel 3 with the reference beam

After the soft behaviour the load started to level out and the test was aborted at 284kN when
the load started to decrease.

CFRP External
The tendons used could not be placed as beam Steel 1 and therefore was placed in the
lower part as can be seen in figure 2.23. The tendons used had a diameter of 8mm, with a
modulus of elasticity of 150GPa and ultimate strength at failure of 2600MPa.
F/2
1000

500

2500

F/2

6000

Figure 2.23 Beam configuration

As normal steel wedge anchors would crush the FRP tendons amodified anchor with a plastic wedge was used, see figure 2.24. To get better effect of the anchor the tendons had
quarts sand glued on them. As those anchors would not be able to take as high forces as a
steel anchor on a steel tendon six tendons were used instead of two.
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70 70
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Figure 2.24 The placement of the rods and the modified wedge anchors used

Once the anchors were in place they could not be moved as it is possible with steel tendons,
therefore using the hydraulic pump as for steel tendons was not possible. Instead the whole
anchor plate was used to apply the prestressing force. As the prestressing was applied it
became clear that it would not be possible to achive the same prestressing force as with the
steel tendons. Instead the prestressing force stopped at 90kN.

Figure 2.25 The tendons during testing

Due to the lower prestressing force the concrete cracking load got lower then the beams with
the steel tendons, 51kN. After that the steel reinforcement started to yield at 149 kN, but before that there were some slip between the anchors and the tendons. After steel yielding the
slips caused the beam to have just a small increase in load capacity and a slippage in one of
the anchors occurred at 173kN.
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Figure 2.26 Load-displacement comparing beam CFRP external and the reference beam

The concrete cracking load increased with 100% and the steel yielding load with 50% compared to the reference beam.
It is important to keep in mind that the results from this beam would have been other if the
anchorage had worked better. The anchor devices consequently needs to be improved before future tests.
NSMR 1 and NSMR 2
Two beams were tested with the Near Surface Mounted Reinforcement (NSMR) technique
without prestress. The rods used were 10x10mm BPE® NSMR 101S and the adhesive was
BPE® Lim 465/464, see table 2.2 for more details.
F/2
1000

500

2500

F/2

6000

Figure 2.27 Beam configuration

The slots were placed with the bottom up and the sawed grooves were cleaned with air preassure. The rods were grinded with normal sandpaper and then cleaned with acetone. The
grooves were filled with sufficient amount of adhesive and then the rods were placed in the
slots and allowed to cure for 5 days in ambient conditions (20±2oC and 50±5% RH).
As there was no prestressing force on the beams the concrete cracking started at the same
level as the reference beam, 25kN. But after that the NSMR beam had a stiffer behaviour
and the steel reinforcement started to yield at around 295kN. Both beams failed at around
300kN.
Both beams failed when the rods were ripped of the concrete due to the high shear stresses
between the concrete and rods.
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Figure 2.28 Placement of the NSMR rods
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Figure 2.29 Load-displacement comparing the NSMR beam 1 and 2 with the reference

NSMR PS
One beam was strengthened with prestressed NSMR. The material and placement of the
rods were the same as for the previous NSMR beams, but here a prestressing force of
150kN (50kN per rod) was applied.

Figure 2.30 Beam after failure
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During prestressing the beam was placed with the soffit up to make the strengthening work
easier. The slots where filled with the adhesive and the rods placed in the slots and then
presstressed. The adhesive cured for 5 days and then the prestressing force was released.
The prestressing force was then transferred to the concrete via the adhesive.
350

300

Load F [kN]

250

200

Ref
NSMR PS

150

100

50

0
0

20

40

60

80

100

120

140

160

Midpoint displacement [mm]
Figure 2.31 Load-displacement comparing the NSMR beam 1 and 2 with the reference

When testing the beam it was hard to find the concrete cracking load, this may be due to
initial cracks in the beam. At 216kN the steel started to yield and at 324kN the concrete in the
sofit was ripped off due to high shear stresses.

Figure 2.32 Beam NSMR PS after failure
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Results
1.6 Prestressing
Five beams were strengthened with prestressed tendons or rods. The results from the
prestressing is presented in table 3.1 as the measured strain in the concrete on the top of the
section and in the lower steel reinforcement.
Table 3.1 Strain after prestress

Strain

Beams

Concrete

Steel

75
56
44
28
-

-148
-121
-165
-97
-325

Steel 1
Steel 2
Steel 3
CFRP
NSMR 3

1.7 Loading
With the exception of the beam with external CFRP tendons all the tested beams behaved as
expected. The strengthening effects for the prestressed beams were over 100%, all with a
limited addition to the beam.
Table 3.2 Loads and displacements
Beam

Ref
Steel 1
Steel 2
Steel 3
CFRP
NSMR 1
NSMR 2
NSMR PS

Cracking
Load
Displ.
[kN]
[mm]
24
1.6
75
3.4
74
3.5
69
3.4
51
2.6
25
1.5
25
1.6
-*
-*

Yielding
Load
Displ.
[kN]
[mm]
108
23
215
31
207
29
224
123
149
25
196
29
195
30
216
29

Ultimate
Load Displ.
[kN]
[mm]
115
43
314
150
246
84
284
99
173
84
302
76
298
75
324
74

*Cracking load could not be determined

In table 3.2 the loads for the concrete cracking, steel yielding and ultimate is presented.
When looking at the post-steel yielding behaviour it is interesting to compare the beams
strengthened with unbonded tendons and those with bonded tendons (Steel 3 and NSMR
PS). The beams with bonded tendons and rods showed a better behaviour after steel yielding than those with unbonded tendons.
In figure 3.1 and 3.2 the loads and displacements are shown.
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Figure 3.1 Load-displacement for the tested beams strengthened with CFRP
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Figure 3.2 Load-displacement for the tested beams strengthened with steel

1.8 Strain distribution
During the tests the strain were measured in the middle of the beam, on the top of the beam
and on the tensile reinforcement, see figure 2.4. The strains were measured both during
prestressing and loading.
In figure 3.3 and 3.4 the strain distribution is presented for four beams at five load levels. For
three of the beams the load level of 0 kN includes strains from the prestressing, hence the
initial strain. For beam NSMR 2 only three load levels are shown as the steel reinforcement
started to yield before 200 kN resulting in a to high strain to be presented in the graph.
When studying the graphs the effect by the prestressing force is clearly shown when comparing the strain at 50kN. The lower strain is due to that the concrete has not yet cracked giving
the beam a stiffer behaviour.
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Figure 3.3 Strain distribution for beams Steel 1 and Steel 2
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Figure 3.4 Strain distribution for beams NSMR 2 and NSMR PS
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Theoretical calculations
1.9 Prestressing
For the prestressing one assumption was taken for the calculations, there is no concrete
cracking.
The theoretical stresses in the middle of the beams during prestressing are calculated using:

σz =

M
⎛ P P⋅e ⎞
z +⎜− −
z⎟
I
I ⎠
⎝ A

(4.1)

In the equation M is the external moment (during prestressing the dead weight of the beam),
P is the prestressing force, I the moment of inertia and A the cross-sectional area. Figure 4.1
shows how the values for z are used, from the centre of the cross-section to the top of the
concrete for the compression and down to the steel reinforcement for the tensile stress. The
lever e depends on what prestressing technique used, as is shown in figure 4.1.

100

zo
200

e

e

zu

zo
e

zu

zo
zu

200

400

100

400

100

400

200

Figure 4.1 Distances for prestressing calculations

When the stress have be calculated for the top of the beam and the tensile steel reinforcement the values are calculated to strains using

ε=

σ

(4.2)

E

The results from the calculations are presented in table 4.1 for the beams that were
prestressed.
Table 4.1 Theoretical stress and strain after prestress
Beams
Stress
Strain

Steel 1
Steel 2
Steel 3
CFRP
NSMR 3

Concrete

Steel

Concrete

Steel

3.5
1.7
1.0
0.7
2.0

-6.4
-4.6
-4.0
-2.5
-4.4

95
46
32
20
61

-174
-127
-121
-74
-133
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1.10 Loading

Fc

ds

Fc

Fs

Fs

Fs

Fs

dp

x

0.4x

For the loading the calculations for the load causing yielding in the tensile steel reinforcement
is calculated. To calculate those loads the assumption is made that the tensile stress in the
steel reinforcement is 490MPa (steel yielding). Then by using force equilibrium, see figure
4.2 and equation 4.3 the compression zone when steel yields can be calculated.

Figure 4.2 Force equilibrium for the section of the beam

Fs + Fp = Fc

(4.3)

Equation 4.3 can then be rewritten as

f s As + f p Ap = 0.8 xbc f c

(4.4)

the tensile stress in the prestressed strengthening tendons is calculated by

f p = f pi + E p Δε p

(4.5)

Using equations 4.3 – 4.5 the value x can be calculated and then using equation 4.6 the
moment and loads for steel yielding.

M = f s As ( d s − 0.4 x ) + f p Ap ( d p − 0.4 x )

(4.6)

The results from the calculations are presented in table 4.2.
Table 4.2 Calculated values for steel yielding

x
[mm]
Ref
Steel 1
Steel 2
Steel 3
CFRP
NSMR 1
NSMR 2
NSMR PS

20
36
37
48
39
25
25
37

M
[kNm]
128
278
271
249
217
181
181
261

F
[kN]
111
241
236
217
189
157
157
227
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Comparing tests and theory
1.11 Prestressing
For the prestressing a linear equation (equation 4.1) was used as the beams were design not
to crack during prestressing. The comparison between the calculated values and the measured can be seen in table 5.1.
Table 5.1 Comparison between calculated and measured strain after prestress

Steel 1
Steel 2
Steel 3
CFRP
NSMR PS

Measured
ConSteel
crete
75
-148
56
-121
44
-165
28
-97
-325

Calculated
Concrete
Steel
95
46
32
20
61

-174
-127
-121
-74
-133

Compared, εmea/εcal
ConSteel
crete
0.79
0.85
1.22
0.95
1.40
1.36
1.40
1.31
2.44

1.12 Loading
For the loading the state of steel yielding in the flexural reinforcement have bee compared.
The loads compared are the total loads of both point loads. The comparison can be seen in
table 5.2.
Table 5.2 Comparison between calculated and measured load at steel yielding

Ref
Steel 1
Steel 2
Steel 3
CFRP
NSMR 1
NSMR 2
NSMR PS

Measured
[kN]

Calculated
[kN]

Compared

108
215
207
224
149
196
195
216

111
241
236
217
189
157
157
227

0.97
0.89
0.88
1.03
0.79
1.25
1.24
0.95

1.13 Comments of the comparison
With simple equations it is possible to get fairly good correspondence with the results from
the tests. However, one important thing to remember is the possible variation of the creep in
the concrete. As the creep do not vary with the compressive strength it is hard to say how
this has influenced the comparison with the theoretical calculations.
One important thing to remember when studying these comparisons is that the technique
with prestressed NSMR is new. The theoretical investigation has to be studied further to
achieve better knowledge and more accurate equations for the technique.
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Conclusions
Eight beams have been tested, seven strengthened with and without prestress. The results
from the tests show that the strengthening techniques used have effective strengthening effect.
As the beam with external CFRP tendons had problems, it is hard to compare that beam with
the other. But the technique with prestressed NSMR showed to work very well compared to
external steel cables. Althougn the NSMR techniqoue today is less labour efficient, it should
be a competitive method when fully developed.
The tests show a large increase in crack and steel yielding loads. The increase in load for
steel yielding can be very important for a constructions life, the fatigue behaviour will improve
and as a consequence the crack widths will be smaller which can result in increased durability. Together with higher crack loads the cracks also go smaller, this should also indicate a
more advantageous behaviour in the service limit state (SLS).
With fairly simple theory it is possible to obtain an estimated value of stresses and strain in
the midpoint beam that is, compared with tests, in good agreement during prestressing.
However, the values for the prestressed NSMR beam differed more and should need further
studies as the technique is new.
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Future work
The focus on the future work should be on prestressed FRP. The use of steel tendons, especially practical work, is already well known.
The method with external tendons of FRP materials could, with a more efficient anchor system, give interesting results that could be beneficial.
The method of prestressed NSMR has now been proven to give good results, comparable
with external steel tendons. The future work with NSMR should be focused on the following
areas:
The composite
In the tests the modulus of elasticity has been tested at two levels, different prestressing
forces have been investigated and two bond lengths of the rods. But only one size of the rod,
cross-section, have been tested. Testing of different cross-section might show what the most
optimised size of the cross-section is.
Acnhorage and prestressing system
The most important part is to develop an anchorage system that can be used for prestressing
the rods in the field. It is not possible to use the same technique in the field as have been
done in the tests presented. The other reason for having an anchorage device is to try and
reduce, or even remove the loss of strain that happens at the end of the rods when releasing
the prestressing force.
Fibre optics
An interesting aspect would be to be able to have fibre optics embedded in the FRP. In that
way it would be possible to monitor the behaviour of the FRP, possibly over a long time.
Durability
The long-time behaviour of the prestressed strengthened CFRP has to investigate. What
happens to the prestress over a long time? If there is a significant loss of strain that has to be
taken in consideration when designing the strengthening. There is no doubt that without a
mechanical anchorage system this will be a problem, but with a correctly developed anchor it
should be possible to get good long-time behaviour.
Theory
The theory has to be developed. A more thoroughly understanding of the failure modes must
be derived. In addition the long-term effects of prestressed NSMR rod should be investigated. It is important to have an complete theoretical investigation for understanding the
process of strengthening with prestressed CFRP. But it is also important to develop calculation methods that can be used by engineers working with strengthening works. If engineers
can not in a not to advanced way calculate the strengthening and the effect it will have on a
structure the strengthening technique will not be used.
It would also be beneficial to have investigated the theory around the anchorage. The
stresses in an anchor and fractural mechanics of the concrete in that area has to be investigated to get a full understanding of what happens in that part of the beam.
Field applications
With a developed anchorage system the next step will be to use the method on a real structure in field. Here it will be of great importance to have the possibility to continuously monitor
the structure, both before and especially after the strengthening.
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Appendix A
Steel details
Deviators for beam Steel 1

Figure A1 Bottom part for the deviator

Figure A2 Side for the deviator

Figure A3 The deviator in 3D
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Anchor plate for beam Steel1

200

5 .3

Ø22 mm
30

77.5

110

20

Figure A4 Anchor plate from the side

300

260

360
Figure A5 Anchor plate from the back
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290

Figure A6 Anchor plate from the top

Figure A7 Anchor plate in 3D
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3 Appendix B Beams tested
Reference
F/2
1000

500

2500

F/2

6000

Strengthening technique

-

Strengthening material

-

Placement of strengthening (from sofit)
-

Prestressing force
Steel 1
F/2
1000

500

2500

F/2

6000

Strengthening technique

External prestressing

Strengthening material

7-wire steel tendons

Placement of strengthening (from At end: 350mm. At middle: 16mm
soffit)
Prestressing force

180kN
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Steel 2
F/2
1000

500

2500

F/2

6000

Strengthening technique

External prestressing

Strengthening material

7-wire steel tendons

Placement of strengthening (from 50mm
sofit)
180kN

Prestressing force
Steel 3
F/2
1000

500

2500

F/2

6000

Strengthening technique

Internal prestressing

Strengthening material

7-wire steel tendons

Placement of strengthening (from 80mm
sofit)
180kN

Prestressing force
CFRP External
F/2
1000

500

2500

F/2

6000

Strengthening technique

External prestressing

Strengthening material

8mm CFRP tendons

Placement of strengthening (from 0mm, 70mm and 140mm
sofit)
Prestressing force
NSMR 1 and 2

110kN
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F/2

F/2
1000

500

2500
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6000

Strengthening technique

Near Surface Mounted Rods

Strengthening material

Sto BPE® NMSR 101S

Placement of strengthening (from In grooves
sofit)
-

Prestressing force
NSMR PS
F/2
1000

500

2500

F/2

6000

Strengthening technique

Prestressed Near Surface Mounted Rods

Strengthening material

Sto BPE® NMSR 101S

Placement of strengthening (from In grooves
sofit)
Prestressing force

150kN
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1 Performance Characteristics of Fibre Bragg Grating
Strain Sensors Post-Embedded in CFR Composite Rebar
1.1 Introduction
Fibre Bragg grating (FBG) strain sensors have been applied in variety of sensing and inspection techniques for in-service monitoring of steel, concrete and composite structures. The
FBG strain sensor is formed from a periodic perturbation in the refractive index of the fibre
core. When broadband light is coupled into the optical fibre FBG sensor, a reflection peak
centred around a specific wavelength called Bragg-wavelength will be obtained which depends on the refractive index and the period of the grating, which both change due to mechanical and thermal effects applied to the fibre sensor.
In most applications, these sensors are surface bonded to the structure with some level of
protection against mechanical as well as chemical hazards during usage in as much the
same manner as conventional foil gauges. A suitable adhesive is used to bond the sensor to
the structure. Although surface bonding allows optimised linear strain transfer, long term
sensor integrity can be significantly improved if the sensors are embedded within the structure; this is more practical for use in carbon or glass fibre composite structures. Further to
this, pre-assembled or embedded sensors minimise the risk of sensor drop-outs both during
filed installation and long-term usage. In this work, results from experiments carried out with
surface bonded and embedded FBG strain sensors are presented with comparative data
obtained from surface bonded resistive strain gauges.
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2 Experimental Tests
2.1.1 Test setup
A test setup was implemented to characterise the response of embedded FBG sensors to
applied strain loading. Both surface attached and embedded sensors were tested. Figure 2
shows three surface attached FBG strain sensors as well as electrical resistive strain gauges
(ESG) attached on the opposite sides of a carbon fibre strip orientated along a common longitudinal axis. In Figure 3, two FBG sensors are embedded within 1mm deep and 1mm wide
pre-cut grove inside the carbon fibre road. Similarly resistive strain gauges were also attached at respective points for comparison. Embedding the sensors is of great importance for
the use of Bragg gratings in mechanical and civil structures with ease of installation and for
improved long-term survivability in harsh environments e.g. for concrete embeddiment.

Figure 1 Test rig for cyclic loading

Figure 2 3 No. FBG strain sensors and a resistive strain gauge (RSG) surface bonded to a carbon
fibre strip
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Figure 3 2 No. FBGs strain sensors embedded in a 1mm wide grove in the carbon fibre rod and x3
RSG surface bonded sensors for comparison

The Monitoring instrument and the test set-up were connected with a 10m long lead fibre.
The carbon fibre test elements were subjected to static-loading increments as well as to
slowly varying dynamic-loads applied pneumatically, as shown in Figure 1. The cyclic load
application pattern is reflected in the stepped response of the measured data.
The integration of fibre FBG strain sensor system into carbon fibre composite materials is an
essential step towards a continuous, remote monitoring of composite material in the design
of "smart" structures.
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3 Experimental Results
Periodic tensile strain tests were conducted on the carbon fibre test pieces by employment of
a hydraulic test rig by slowly varying the tension applied to the carbon fibre specimens. Two
such tests were conducted on (i) a 350mm long carbon fibre strip with surface bonded FBG
strain sensors and resistive gauges (RSG) and, (ii) a 450mm long carbon rod with FBG strain
sensors embedded in a 1mm deep grove and surface bonded resistive strain gauges (RSG).
For each type of test conducted, one set of recorded test data is shown on Figures 4, 5 and
6. Figure 4 (a) and (b) show the measured strain against time from both the surface bonded
FBG sensors and co-located RSG gauges. Figures 5 and Figure 6 show data from the carbon fibre rod with embedded FBGs and corresponding surface bonded RSG gauges. In each
of the tests conducted the shift in the reflected wavelength and thus the strain measured by
the FBG sensors, whether surface bonded or embedded within the carbon fibre composites,
shows similar temporal strain variations as that from the co-located RSG strain gauges with a
good overall linear agreement.
3000
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2500
2500
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ESG

2000

1500

Strain (με)

Strain (με)

2000

1000

1500

1000

500
500

0
0

-500
0

100

200

300

400

500

600

0

700

500

1000

1500
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Time (AU)

Time (AU)

(a)

(b)

Figure 4 Showing tensile strain readings from, (a) surface bonded FBG sensor and
(b) co-located ESG sensor on a carbon fibre test strip
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Figure 5 Tensile strain readings from, (a) embedded FBG sensor and
(b) co-located surface bonded ESG
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Figure 6 Tensile strain readings from, (a) embedded FBG sensor and
(b) co-located surface bonded ESG

4 Summary and Future Work
From the results it can be seen that use of embedded fibre Bragg grating sensors for strain
monitoring has been demonstrated to be as good as surface bonding in relation to strain
transfer and sensitivity with added benefits of sensor protection for long term harsh environment use. Embedded sensors also offer sensor packages, which are easy and quick to install even in the most remote/limited access and harsh environments. This extends the use
of Bragg grating sensors as smart packaged sensors for routine applications either in allcomposite structures or as part of smart composite repair elements using composite materials.
Following these promising results presented here, the current research work is directed at
embedding Fibre Bragg grating sensors in carbon composite structures of various thicknesses during the composite protrusion stage. The objective of this work is to produce smart
carbon rods, which could either be flexible, or ridged elements for repair and re-enforcement
applications of concrete as well as masonry structures and other fibre reinforced composite
materials.
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1 Repair and strengthening of Masonry Arch Bridges
1.1 General
At USAL a series of large-scale arch tests have been carried out under both static and cyclic
loading to investigate the efficacy of the FRP near surface reinforcement and radial pinning.

1.2 FRP reinforcement
A series of arches was tested with glass fibre sheet reinforcement on the arch intrados under
both static and cyclic loading conditions. The effect of FRP reinforcement on the load capacity and arch behaviour was investigated.
The composite material chosen for application was Enforce Glass Fibre Sheet (1 layer
340mm wide, 90/10 weave, tensile strength 53kN/m width) as the weakest form of FRP
which was applied directly onto the good quality intrados surface.

1.3 Radial pinning
Radial stitching on three arches has been carried out so far. Prior to pinning, all arches had
been reinforced by FRP and subjected to cyclic loading up to failure. After the arch failed by
ring separation radial pins were introduced (using 10mm diameter bars in pairs at 130mm
centres longitudinally) and cyclic loading continued. Radial pinning stopped further separation of the rings and reinstated the original load capacity.
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2 Results from research
2.1 FRP reinforcement test results
While under static loading unreinforced 3m arches failed as four-hinge mechanisms, with
FRP reinforcement they failed by ring separation between the point of load application and
the nearest abutment. Unexpectedly, by changing the failure mode of the 3m arches, the
presence of FRP reinforcement also reduced the load capacity of 3m arches by up to 30%.
The 5m reinforced arch however failed at significantly higher load compared to the without
reinforcement.
Under cyclic loading FRP reinforcement improved the load capacity of the 3m and 5m arches
by at least 30% (see Table 1).
Table 1 – FRP reinforcement test results

Unreinforced
Max
Span

Load

Static
3m
Cyclic

5m

Static
Cyclic

FRP reinforced

load

Number
of

(kN)

cycles

A

29

1

G

28

1

C

14

23,500

E

12

25,000

Arch

M
O

30

1

18

333,00
0

Failure
mode

Arch

Max
load
(kN)

Number
of cycles

Fourhinge

H

25

1

I

20

1

Ring
separation

J

26

174,500

K

18

145,000

L

18

500,000

N

72

1

P

26

2900

Ring
separation

Failure mode

Ring separation

Ring separation

Ring separation

The surprisingly low static load capacity of the 3m reinforced arches was the consequence of
the change in failure mechanism due to the presence of reinforcement. While unreinforced
arches under static loading generally failed as four-hinge mechanisms, the presence of glass
fibre-sheet changed the mode of failure by preventing the formation of hinges at the extrados
and thus resulting in higher shear stresses between the rings.
Flexural strengthening of arches using composites enhanced the stiffness of the arch but
also increased brittleness. For reinforced arches the initial cracks in the critical (high tensile
stress) region occur at higher loads compared to unreinforced arches because of the ability
of the bond between the glass fibre and masonry to transfer tensile stresses. Once the bond
strength is reached an initial crack occurs and the glass fibre acts as bridging over the crack
and transfers tensile stresses through the bond back into the stiffer (masonry) part. This can
happen as long as there is sufficient bond between the glass fibre and masonry. Once the
bond between the FRP and masonry is broken down in the cracked region, cracks will similarly occur at other locations. Although in the experiments no cracks have been observed
prior to final failure, acoustic emission recordings did clearly indicate cracking in the brickwork during load application. Cracks were however held together by the glass fibre sheet and
were prevented from developing hinges. All reinforced arches failed by ring separation. A
limited extent of delamination over a few individual bricks under the points of load application
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was observed which however did not propagate and was not responsible for failure. There
was no (tensile) failure of the reinforcement itself.
The lower than expected static load capacity of the 3m arches has highlighted the pronounced danger of FRP strengthening if it is used when its consequences are not well understood. Masonry arches can fail by a number of different ways, such as four-hinge mechanism, ring separation, sliding, crushing, etc. Each mode of failure has its own load capacity
and the arch will fail by what ever is the lowest. Capacity of the arch is therefore the capacity
of the failure mode which is the lowest.
Any reinforcement technique, e.g. FRP sheet at the intrados, is designed to change the way
the arch behaves with the aim of reinforcing certain weaknesses. It is however inevitable,
that by changing one aspect of the arch’s behaviour, others are also modified and so will the
associated capacity with each mode of failure. The presence of the FRP sheet in the current
tests has changed (increased) the load capacity of the four-hinge mechanism but simultaneously changed (reduced) the capacity of the ring separation failure.
On the contrary to the 3m arches, FRP reinforcement greatly enhanced (by 140%) the static
load capacity of the 5m arch. Both unreinforced and reinforced 5m arches failed by ring
separation therefore the reinforcement did not change the mode of failure. Out of the possible failure modes (e.g. ring separation, four-hinge mechanism, sliding, crushing, etc.) ring
separation occurred at the lowest load in both cases. It is expected that if the presence of
reinforcement does not change the mode of failure it is likely to be beneficial for increasing
the load capacity of the arch. If the presence of reinforcement however changes the mode of
failure it is important to ensure that the new failure mode will occur at a higher load and does
not ‘weaken’ the arch.
The fatigue performance of both 3m and 5m arches was improved with composite reinforcement although it became more varied and less predictable. Since both unreinforced and reinforced arches failed by ring separation, the presence of FRP sheet did not change the mode
of failure and was therefore beneficial for the system.

2.2 Radial pinning test results
The arches eventually failed by slippage (radial shear) or by pin failure (Table 2).
Table 2 – Radial pinning test results

3m

Cyclic

5m

cyclic

K-Pin

28

1000

Slippage

J-Pin

29

16000

Pin failure

P-pin

36

500000

Pin failure

Radial pinning increased the capacity of ring separation failure and changed the modes of
failures, e.g. failure of pins, slippage or crushing. When reinforcing arches, it is necessary to
consider the capacity of all possible modes of failures which can occur after modifying the
arch. Radial pinning together with FRP reinforcement has been found to be beneficial for reestablishing the original load capacity of the arch.
Ring separation may occur in multi-ring arches because of loss of inter-ring mortar due to
deterioration or wash-out or due to longitudinal shear stress overload. Either way there will
be a loss of mechanical integrity with the resulting reduction in mechanical performance.
Figure 1 illustrates the consequence of ring separation on the flexural and shear stress distribution for a two-ring arch.
FLEXURAL STRESS
DISTRIBUTION

LONGITUDINAL STRESS
DISTRIBUTION
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Ring separation

Figure 1 – Effects of ring separation on stress distribution

Previous work had established the flexural stress redistribution due to ring separation but the
effects on the longitudinal shear stresses had not been considered before. If there is no mechanical connection between the rings (i.e. no radial pins etc.) then the barrel will rely entirely
upon the bond between the mortar and the bricks to transfer the longitudinal shear stress. In
which case, there will be slip strain between rings. (Slip strain is the rate of change of slip
along the beam - this is not actual slip but is the same as strain is the rate of change of displacement). For full interaction a very stiff connection is required. Radial pins may be introduced to provide the necessary shear connection between the rings and these can fail in a
number of ways as illustrated in Figure 2 separately or in combination. Each mechanism may
be considered in turn and quantified in the context of an idealised model.

a) Shear in pin

b) Bearing/crushing

c) Plastic hinge

d) Tension in pin

e) Pull out

Figure 2 – Failure mechanisms in pin

According to recent tests radial pinning (together with FRP reinforcement) re-established and
slightly increased the original fatigue capacity of the arch by reinstating the shear capacity
between the arch rings.
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