
LICENTIATE T H E S I S

Luleå University of  Technology
Department of Civil, Mining and Environmental Engineering

Division of Structural Engineering

2008:02|: 02-757|: -c  -- 08⁄02 -- 

2008:02 

Evaluation of In-situ Measurements of  
Composite Bridge with Integral Abutments

Martin Nilsson









Licentiate Thesis 2008:2 

Evaluation of In-situ Measurements of 
Composite Bridge with Integral Abutments 

Martin Nilsson 

Luleå University of Technology 
Dept. of Civil, Mining and Environmental Engineering 
Division of Structural Engineering – Steel Strucutures 

Luleå, January 2008





Ackowledgement 

Once I had to choose; ”Bridges or wind towers?”. 
I chose bridges, and this pile of papers is the outcome. 
Most of the time it has been interesting and very instructive. At other occasions I 
have decided never ever to look at a bridge again. However, my final opinion 
about bridges is of a more positive characteristic. 

One name decorates the cover of this thesis. That is just common practise and 
does not imply in any way that this is my work alone. A lot of people have 
helped me. 

My supervisors Milan Veljkovic and Peter Collin have always listened to my 
questions and wonderings, thank you. 

Hans Pètursson and Claes Fahlesson were never signed up as my tutors or 
instructors, but still they provided me with as many thoughts, clues and ideas 
such an undertaking would demand. Thank you. 

If it was possible to earn part of a degree by playing a key role in the making of 
it, and then sum these parts together, two gentlemen would own more hats than 
most other people, and that is of course our technicians Lars Åström and Georg 
Danielsson. Their effort for this thesis is without any doubt more decisive than 
any other. Thank you very much. 

I cannot list all the people that have made my coffee breaks and lunches a little 
bit more sunny every day, but some of them do deserve to be mentioned. Tobias, 
of course, with whom I have shared both hotel rooms and workout sessions, as 
well as hairstyle and jogging shoes. The old crew of Steel structures should also 
be mentioned here. 

The PhD-students at the division are a funny bunch of people, and Erika, Jenny, 
Matilda and Gustav are good examples of really nice colleagues. 

Family and friends out there in the real world deserve a “thank you” for the 
times you have at least pretended to be interested in my work. 



Last and smallest, the biggest little man I know, the guy who rearranges things 
in my life and makes my priorities follow a more durable and lasting structure 
than they did before; Einar, you are the man! However, what would Einar and I 
be without Lotta? His mother and my wife-to-become, the adorable and always 
happy girl who makes me want to go early from work every day, you are the 
best, thank you! 

Approximately 20% of the work presented in this thesis is performed during stiff 
conditions.



Abstract

Bridges are an important element of the infrastructure today. The technical 
competence has reached high levels in most countries and the limits given to a 
bridge designer are set by economic restrictions rather than technical skill. The 
ever lasting chase for more economic solutions and procedures includes both a 
wish for cheaper constructions as well as for a decrease in the following 
maintenance costs. 

Roller bearings and sliding bearings used in conventional bridges are known to 
generate high costs both during construction and due to maintenance, and the 
possibility to remove these bearings and accompanying expansion joints are 
therefore investigated since several years. In Sweden, the absence of bridges 
built with integral abutments has made it difficult to test and evaluate this 
solution. In 2005, an international project called Intab was launched with the 
explicit aim to look at different solutions possible to use if joints and bearings 
are excluded. One of the most common discussed problems concerning bridges 
built without expansion joints is the accommodation of longitudinal elongation 
due to temperature variations. A bridge built with integral abutments is often 
supported by piles made of steel or concrete. The longitudinal elongation of the 
superstructure induces a displacement and a moment in these piles, which in 
time may cause a fatigue failure. Therefore it is of big interest to look at the 
amplitude of these strains. Within the Intab project, a pilot object was built in 
Nordmaling, ~50 km south of Umeå. It is a 40 meter long and 5 meter wide 
composite bridge with two steel girders and a concrete deck. The steel piles in 
this bridge is equipped with strain gauges who are used both for longterm and 
shortterm measurements. The sampled data from longterm measurement is 
collected on a computer on site, and then downloaded through a traditional 
modem. The data from the shortterm measurement is sampled and collected 
immediately during the test. The shortterm test is performed during both 
summer and winter conditions, and consists of a lorry passing the bridge while 
different measurements are done. The result from the measurement is also 
compared to calculations and a 2-D FE-model. 

It seems that short-term measurements performed during warmer months, May 
and October, show better agreement with the FE-simulations than the tests 
performed during the winter. The soil behaviour in the used FE-model is based 
on restrictions from Bro 2004. 

Regarding the long-term measurements, the obtained strain values are not in a 
range where fatigue can be considered as a severe problem. 





Notations

Roman letters 

a  Distance from bridge end to load 

A  Area 

Aeff  Effective area 

AV  Voltage amplifier 

d  Diameter 

E  Modulus of elasticity 

EC  Modulus of elasticity of concrete 

ES  Modulus of elasticity of steel 

EV  Voltage 

F  Load 

h  Height of concrete 

H  Height of endscreen 

I  Moment of inertia 

k  Gauge factor 

kk  Modulus of lateral subgrade reaction 

Ko  Coefficient of pressure at rest 

Kpk  Passive earth pressure coefficient 

l  Bridge length 

L  Section length 

M  Moment 

ndi  Number of cycles for a certain load on a daily basis 



ni  Number of cycles for a certain load 

nsi  Number of cycles for a certain load on a seasonal basis 

nh  Coefficient of lateral subgrade reaction 

Nfi  Number of cycles before fracture for a specific load 

P0  Pressure at rest 

pp  Passive earth pressure 

qk  Yield pressure 

R  Electric resistance 

u  Bridge deflection 

Uv  Difference in voltage  

VA  Potential at point A  

WC  Width of concrete 

WEff  Effective width 



Greek letters 

  Density 

  Lateral displacement of structural element against soil 

A  Strain at location A 

A,Disp  Strain at location A caused by displacement 

A,Temp Strain at location A caused by internal temperature changes  

  Rotation 

  Resistivity 

v  Effective vertical pressure 

x  Pressure at rest   

z  Overburden pressure   

  Internal friction angle   
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1 INTRODUCTION

1.1 Integral abutments 

Bridges has been used by mankind for a long time. The complexity of the 
bridges has increased, from trees and stones to advanced structures made of 
steel, concrete or timber. With higher complexity, better materials and more 
thoroughly planned projects raises the wish and demand for better comfort and 
higher quality, considering reliability, economic and maintenance. With time, 
different types of solutions and details have been developed to meet these 
demands. 
-Bearings are used to transfer loads from the superstructure to the substructure. 
The bearings should be able to withstand whatever displacements and rotation 
the design requires. The early bearings were rocker or roller bearings made of 
steel, and several examples exist of these kinds of bearings having operated 
properly for a century. With time efficient polymers were developed for use in 
bearings. These polymers are ageing-, ozone- and UV-radiation resistant. New 
types of bearings were developed as well, based on area load transmission. 
Earlier bearings with line load or point load transmission would, according to an 
elastic analysis, lead to infinite stresses. However, even if the load transmission 
and accommodation of displacements are solved, there still exist problems 
concerning the durability [21].   
-The expansion joint, which allows the bridge to extract and contract without 
any restraints, has been used for many years. The idea is to leave a small gap 
between the bridge itself and the embankment adjacent to it. This will provide 
the structure with enough space to extract into, during warm summer days when 
both long term and short term temperature variations peak. During cooler 
periods of the year, the bridge is contracted and the gap is open. This gap is 
obvious for anyone that has ever entered a bridge; the sound of the car passing 
the gap together with a small bump is noticed. One logical consequence of this 
gap is of course that details such as bearings and girders are easily subjected to 
wear and corrosion since they are exposed to water and gravel. Due to this, 
continuous inspections are necessary to look for cracks and corrosion. Figure 
1-1 shows typical leakage from an expansion joint. In a long term perspective, 
these inspections together with maintenance of bearings and joints, answers for a 
considerable part of the total life cycle cost. Because of this, the idea of a 
structure without expansion joints and traditional bearings has been awakened. 
One of the implemented ideas is the integral abutment; the deck and abutment is 
cast monolithically to achieve a case as close to moment rigidity as possible. In 
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Figure 1-2, a simple sketch shows solution with and without expansion joint and 
bearings.

Figure 1-1 Severe leakage from an expansion joint. 

Figure 1-2 This simple figure shows where expansion joint and bearings are located on a 
regular bridge (left) and how a solution without these elements looks. Brown parts represent 
soil, grey concrete and blue steel girders.
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The abutment rests onto piles driven into the supporting soil, see schematic 
Figure 1-3 of the whole construction below. 

Steel Girder

Concrete Deck

Steel Pile

Abutment Wall

Figure 1-3 Concrete deck, abutment wall and steel girders are cast monolithically to achieve 
resistance in the connection.

This thesis focuses on a bridge built with pipe-shaped piles, and the stiffness in 
theses piles are very small compared to the stiffness of the whole structure. The 
purpose of this is to let the girders and deck extract and contract without any 
restraining effects from the piles. This will cause a moment in the piles with 
following strains. The frequency of these loadings is related to traffic, short term 
temperature variation and long term temperature variation. The dominating and 
most important load is the one caused by long term temperature variations over 
the year. The size of the stresses caused by these variations can lead to plastic 
strains in the piles. These intermittent deformations may eventually lead to 
fatigue.

To gain knowledge about this phenomenon, a composite bridge with integral 
abutment, located in northern Sweden, has been monitored. The bridge was built 
during 2006 and is equipped with a total of 38 various gauges, which make it 
possible to measure strain, rotation, displacement and temperature at different 
locations on the bridge. However, the main issue is considered to be the strains 
in the supporting steel piles under the bridge caused by seasonal temperature 
changes, see Figure 1-4. Every high temperature peak will cause an elongation 



Evaluation of In-situ Measurements of Composite Bridge with Integral Abutment 

4

of the bridge, as well as every low temperature peak will cause a shortening. 
Since the biggest temperature amplitudes are found within the long term range, 
one can expect one cycle per year. 

Figure 1-4 Increased temperature during the summer leads to en elongation of the bridge, 
which will cause strains in the steel piles. Depending on the number of cycles and amplitude, 
these strains may lead to fatigue. 

1.2 Integral abutment bridges in different countries 

Except the safety, economical advantages are the most interesting driving force 
for any designer of large structures today. The ever lasting demand on less 
expensive and more efficient solutions makes way for new ideas and techniques. 
Costs related to maintenance are known to be high and frequent, and inspections 
to discover and prevent possible threats and accidents are not a negligible 
expense. Because of this, several countries have started to use integral 
abutments in their bridges more and more often. This solution is less expensive, 
simple and requires less maintenance. In some countries, the solution with 
integral abutments is an alternative to the conventional ones. In other parts of the 
world, for example the U.K, the integral abutment is the preferred solution. In 
the Design Manual for Roads and Bridges, DMRB, it is stated that “…bridges 
with lengths not exceeding 60 m and skews not exceeding 30˚ shall in addition 
be designed as integral bridges, with abutments connected directly to the bridge 
deck without movement joints for expansion or contraction of the bridge” [1]. 
The text quoted above is found in the chapter Design for Durability which was 
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added to the DMRB in 1995. Figure 1-5 below, taken from Iles [2], shows how 
the use of integral and semi integral bridges has increased during the last years. 

Figure 1-5 Distribution of integral, semi integral and non integral bridges in the UK between 
2000 and 2004. Figure taken from Iles [2]. 

When the expression “integral abutments” is used, there are a few different 
types of solutions referred to. Two different techniques are often used when the 
term “fully integral” is mentioned. One of these techniques is shown in Figure
1-6. In this frame like type, the endscreen rests on piles or columns that are fully 
moment connected to the abutment wall. Different solutions are used when it 
comes to the support; most common is reinforced concrete columns, but H-piles 
area used as well. 

Figure 1-6 One technique used to achieve a “fully integral” connection. Endscreens are 
supprted by piles or columns, which can be made of steel or concrete. Figure taken from Iles 
[2].
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Another solution called “fully integral” is used when piles are not required. 
These bridges are also called fully integral bankseat bridges. The end support 
abutments are fully integrated to the deck beams, but they are also allowed to 
slide and rotate on the soil, see Figure 1-7. 

Figure 1-7 In this case, the supporting abutment is allowed to rotate and slide on the soil, still 
fully integrated to the deck beams. Figure taken from Iles [2] 

The big difference between the two cases called fully integrated is the absence 
of supporting piles or columns in the second alternative, the integral bankseat 
bridges. The case with a supporting abutment resting directly on the soil is used 
in other solutions as well. In the semi-integral bridges, the end screen is 
integrated to the deck beams without providing the beams with any support. 
Bearings are used for lateral displacements, see Figure 1-8. Of course, the semi-
integral solution can contain supporting piles or columns as well.  

Figure 1-8 Semi-integral abutments mean that the endscreens are fully integrated with the 
deckbeams without providing the beams with any support. Lateral displacements are taken 
care of with bearings. Figure from Iles [2] 
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In Finland, most bridges built with integral abutments are made of reinforced 
concrete. According to Finnish bridge design guidelines, the maximum 
expanding length for jointless bridges built with integral abutments may be 35 
m. The maximum bridge length is 70 m, in the case of a totally symmetric 
bridge [3]. For light traffic bridges the maximum expanding length is 45 m and 
maximum bridge length is 90 m. According to Kerokoski [3] there were around 
11000 road bridges in Finland in the beginning of 2004. Approximately 800 of 
those were built with integral abutments. With railway bridges included, Finland 
has got more than 1000 jointless bridges. A summary of the road bridges can be 
seen in Table 1-1, taken from Kerokoski. 

Table 1-1 Distribution of road bridges built with integral abutments in Finland during last 
decades. Table taken from Kerokoski [3] 

Year of 
construction

Reinforced
concrete

Steel Wood Pre- or post-
stressed 
concrete

Weather
resistant 

steel

Total % of all 
bridges

bef. 1984 264 4 0 10 1 279 3,6 

1985-1989 112 3 0 15 0 130 15,3 

1990-1994 164 7 0 29 1 201 16,1 

1995-1999 97 6 2 6 0 111 14,4 

2000-2004 67 1 2 5 0 75 17,6 

Total 704 21 4 65 2 796 7,2 

In USA, New York State Department of Transportation, NYSDOT, ordered 
their first bridge with integral abutments in the late 1970’s. This was done after 
a long time of issues and discussions related to the “leaking joint” problem. The 
first bridges were often single span bridges, shorter than 100 feet (approximately 
30.5 m) and supported by a single row of steel piles. A cap plate was welded on 
top of the pile and the steel girders were then welded to the plate after launching. 
The girders and piles were then embedded in concrete as the deck slab was 
placed, and this formed an integral abutment type. In Figure 1-9, taken from 
Yanotti et. al [4], a typical abutment from an early built bridge is shown. At this 
time, moments induced in the piles from movements in the superstructure was 
neglected. Today there are over 450 integral and semi-integral abutment bridges 
built in New York alone, and integral abutments are the preferred abutment type 
for NYSDOT. “…their in-service performance has been excellent” according to 
Yanotti.
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In USA and Canada together, jointless bridges and bridges built with integral 
abutments are quite common. In 1984, 29 of 52 states allowed those kinds of 
bridges. Very few of them, 2 of 29, demanded calculations on the strains in the 
piles. In some cases a certain construction detail was demanded to reduce the 
stresses. This could for example be a solution where the piles are driven in over-
sized holes filled with loose sand. Though, in most cases the stresses were 
simply neglected. Today, jointless bridges are built in at least 40 states, and seen 
over the last ten years there is an increase of more than 200% in the number of 
bridges built with integral abutments. In many states it is declared that the first 
choice considering new bridges or replacing of older bridges shall be bridges 
with integral abutments, according to Hällmark [5]. Different states have 
different ideas of the longest allowable length. Table 1-2 taken from [5] shows 
the maximum lengths of integral abutment bridges in different states. 

Figure 1-9 A typical abutment in an early bridge with steel girders welded to a cap plate 
which is welded to the supporting piles. Figure taken from Yanotti [4]. 
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Table 1-2 Allowed bridge lengths for integral abutment bridges. Table taken from Hällmark 
[5]

Maximum length Department of 
transportation Composite bridges (m) Concrete bridges (m) 

Colorado 195 240 

Illinois 95 125 

New Jersey 140 140 

Ontario, Canada 100 100 

Tennessee 152 244 

Washington 91 107 

A typical integral abutment bridge in the US consists of a composite structure 
with steel girders or beams of reinforced or pretensioned concrete, together with 
a concrete deck. A common support is given by shallow abutments resting on 
one row of steel H-piles, turned with their strong axis along the length of the 
bridge. No layer of wear protection; the surface of the concrete deck is often 
used as pavement for the road structure. To make the bridge approach as smooth 
as possible, transition slabs or approach slabs are often connected horizontally to 
the bridge. This is done to prevent lateral cyclic movement of the bridge to 
cause separation of bridge deck and transition slab, according to Kerokoski [3]. 

Concrete frame bridges and bridges with semi-integral abutments are common 
in Sweden. Bridges built with integral abutments are quite rare though. The few 
bridges built with this technique so far have been relatively short. Since a 
conventional elastic analysis fails to explain how the bridge works, the Swedish 
National Road Administration has to approve or reject different solutions and 
methods on a case to case basis. According to Pétursson and Collin [6], this 
expensive and long lasting design procedure could be made easier if codes, rules 
or guidelines for integral abutments were developed. An example of a bridge in 
Sweden built with integral abutments is the bridge over Hökviksån, see Figure
1-10 and Figure 1-11 
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Figure 1-10 Bridge over Hökviksån. This bridge built on integral abutments replaced an old 
concrete bridge. Figure taken from [5] 

Figure 1-11 Photo of the bridge over Hökviksån.

The bridge over Hökviksån was built in 2004 and replaced an old conventional 
concrete arch bridge. The bridge is 7 m wide and has a length of 42 m. 8 steel X-
piles were used on both sides. The piles had a thickness of 30 mm and a width of 
200 mm, and were rotated 45˚ in relation to the longitudinal direction of the 
bridge [5]. This was done to decrease bending stresses in the piles. 

Another example is the bridge over Fjällån, see Figure 1-12. This bridge was 
built in 2000, is 9 m wide and 37 m long. It is a composite bridge consisting of 
two welded steel girders and a concrete deck slab. 8 X-piles were used on both 
sides. As in the case with Hökviksån, the piles were rotated 45˚. This bridge has 
been studied by Pétursson in his licentiate thesis “Broar med integrerade 
landfästen” from 2000 [6]. 
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Figure 1-12 Bridge over Fjällån. A pilotobject studied in Péturssons licentiate thesis. 

As a part of his study, Pétursson has listed 11 often used objections against 
integral abutment bridges. Answers were given by Tennessee DOT according to 
common practise and experience in the state of Tennessee. 

1. High soil pressure may cause cracks in the endbeams. 
-The components in an integrated abutment are often robust and 
accommodate passive earth pressure without exceeding any critical state. 
Bridges in Tennessee do not show any cracks in the abutments. 

2. Bridges with integral abutments cannot be built if the abutment is skewed 
more then 20˚.
-Skewed abutments are complicated independent if they are integrated or 
not. In Tennessee integral abutment bridges has been built successfully 
with angles of 70˚.

3. Integral abutments can only be used for shorter bridges. 
-There are integral abutment bridges that are 240 m long. 80% of the 
bridges are shorter than 50 m and 90% are shorter than 120 m. Most 
bridges can be built without joints assuming that the abutments are made 
flexible enough. 

4. Cracks will occur in the pavement near the bridge end and adjacent to the 
approach slab which will cause a bump in the road. 
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-This can be solved with a proper designed and attached approach slab. 
Bridges with joints will have these bumps as well, and further more, they 
will be bigger when new asphalt is laid if the joint not is lifted. 

5. Bridges with integral abutments are restricted to pile foundations. 
-For lateral movements less than 12 mm, slab foundation has successfully 
been used directly on rock. These slabs may not be mounted on the rock. 
For movements up to 50 mm, a hinge can be used between abutment and 
foundation slab. 

6. Cranes cannot be used close to the abutments when the girders are 
mounted since the backfill material is placed after the girders are lifted in 
place.
-The most common way to build bridges is to mount the girders before the 
embankment is built, even for simply supported bridges. If a crane would 
be placed on an already existing embankment, the risk for lateral 
displacement of the abutment is bigger for a conventional bridge since the 
integral bridges has no endscreens when the girders are mounted. 

7. There is no good and proper common practise for the connection between 
approach slabs and abutment. The approach slabs tend to be longer than in 
a normal case. 
-Good and functional solutions for the connections exist. The length of an 
approach slab is often between 4.6 and 7.6 m whether it is mounted to a 
conventional or integrated abutment 

8. Integral abutments limit the possibilities to make the bridge wider. 
-In fact, the correct statement should be the opposite; there are no joints to 
consider or temperature calibrations to do. 

9. Cracks may occur in endbeam, deck slab and wingwall. 
-Proper constructed wingwalls and endbeams should not crack. In the 
deck slab, cracks may occur just as they do over the supports in 
conventional bridges. The part of the deck slab that is in tension is 
reinforced in an ordinary way. 
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10.Wingwalls have to stand for themselves. 
-In most states the wingwalls are cast onto the abutment. In Tennessee it 
has been practise for 30 years. Wings with a height of 3 m and a length of 
6 m have successfully been cast together with the abutment. It is 
recommended that the wings are made parallel to the bridge to decrease 
the restraining forces from temperature movements. 

11. Erosion in the backfill material caused by poor drainage may be a 
problem. 
-This is a problem among conventional bridges as well. Water is leaking 
into the backfill close to the wingwalls and/or close to the endbeams. 
Leakage may develop both in bridges with and without approach slabs. 
The problem can be avoided by using carefully designed details. 
Maintenance on a regular basis can be necessary. 

1.3 Obstacles 

The main reason today why bridges with integral abutments are not built more 
often is lack of knowledge. But this neglected know-how can be seen as a result 
of the absence of integral abutment bridges; to build more, we need to know 
more, but to know more, we need to build more! A conventional elastic analysis 
fails to explain the behaviour of a bridge built with integral abutments. 
However, that does not prevent the authorities in for example the UK, USA, 
Japan or Finland to order (or demand!) bridges built with this solution. 
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1.4 Questions to be answered 

Within this work, a bridge built with integral abutments was studied. During the 
observation of this bridge, four main questions have been raised. These 
questions will hopefully be answered in this thesis. 

-Does the measured strain in the steel piles lie within a range where fatigue can 
be a problem for short span bridges like Leduån? 

-The backfill material behind the endscreens has a big restraining influence. Can 
one mention a number describing exactly how constrained the bridge is? 

-Does the solution with steel sleeves, loose sand and styrofoam surrounding the 
piles work when it comes to decreasing strains by offering softer soil 
embedment? 

-Can FEM be used to predict the behaviour of the bridge? What parameters can 
be predicted more accurately? 

1.5 Restrictions 

The investigated phenomenon concerning the bridge over Leduån is not the only 
question raised when it comes to bridges with integral abutments. There are 
several other wonderings about things such as dimensioning, economy and 
maintenance. Though, this thesis is focused on the influence of seasonal 
temperature changes on the steel piles, an issue which has most of its origin in 
the longitudinal movements of the bridge. The problem is mainly of 2-
dimensional character, and the approach in this thesis is therefore chosen as 2-
dimensional. The performed tests leave both new questions and raw data to 
supply any curious engineer with 3-dimensional interrogation marks for quite 
some time. 
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2 INTAB

2.1 The Intab project 

In june 2005 the RFSC project Intab was launched. Intab stands for “Economic 
and Durable Design of Composite Bridges with Integral Abutments”, and is a 
cooperation between five different European partners. Beside LTU, those are 

 Rheinisch Westfälische Technische Hochschule 
Aachen, Lehrstuhl für Stahlbau, Germany (RWTH) 

 Ramböll Sverige AB (Ramböll) 
 University of Liège, Mechanics of Materials and 

Structures, Belgium (ULg) 
 Arcelor Profil Luxembourg S.A., Luxembourg (APLR) 

(Former PROFILARBED S.A.) 

The aim of the project (as the title says) is to look at behaviour, design and 
economy related to bridges built with integral abutments [8]. The project is 
divided into different work packages, and every work package has its´ own work 
package leader and aim. The Intab project includes the following work 
packages: 

WP 1 Economic analysis 
The aim of WP1 is to increase the knowledge about integral abutment bridges 
concerning economic analysis and critical details. The benefits of integral 
abutment bridges compared to conventional bridges are said to be lower (or no) 
investments in transition joints and abutments, heavily reduced maintenance 
costs, minimised construction time and durability constrains. These benefits are 
thought to be pointed out. 

WP 2 Monitoring 
 The following text from the proposal is a good summary of WP2: 
“The interaction between structure, abutment and subsoil highly influences the 
behaviour and design of composite bridges with integral abutments. Therefore it 
is essential to achieve a fundamental knowledge on the behaviour of these 
constructions depending on the local conditions on the construction site.” 
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The essence of this text is the monitoring. Monitoring means measuring, but 
during a longer time and considering every-day-happenings such as temperature 
changes, and not any specific event. Parameters that influence the interaction 
between details in the bridge and surrounding soil can be type of pile, stiffness 
in the soil, bridge length and temperature fluctuations. Figure 2-1 shows a 
schematic picture of the longitudinal movements of a bridge caused by 
temperature changes. This is a typical behaviour that is caught during a longer 
time of monitoring. In this specific case, strains in the steel piles are of big 
interest.

Figure 2-1 Longitudinal movements due to temperature changes. Figure taken from [8] 

WP 3 Resistance and durability of abutment details. 
Development of a more economic composite bridge, mainly through different 
kinds of tests, is the aim of WP3. In WP3.1 both static tests and fatigue tests on 
steel piles will be performed in the laboratory. These tests will be evaluated and 
hopefully work as a realistic determination of the cyclic displacement capacity 
of steel piles used for example in bridges. The idea is to develop a low cycle 
fatigue avoiding connection from the test results, and both rigid connections and 
hinged connections will be tested. Figure 2-2 and Figure 2-3 show the rigid and 
the hinged connection. Figure 2-4 shows a photo from the laboratory of the cast 
rigid connections. 
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Figure 2-2 Schematic picture of the rigid connection. Figure taken from [9]  

Figure 2-3 Schematic picture of the hinged connection, Figure taken from [9] 
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Figure 2-4 Photo of specimens with rigid connections. Figure taken from [9] 

Vertical and axial loads will be applied during the tests, with a slight difference 
in test setup. Figure 2-5 and Figure 2-6 show the test setup for the rigid 
connection and for the hinged connection. 
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Figure 2-5 Test set up for the rigid connection. Figure taken from [9] 

Figure 2-6 Test set up for the hinged connection. Figure taken from [9]. 
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WP3.2 consists of tests as well, but not in the laboratory. These tests are done on 
site, on the actual bridge. The WP leader is LTU, and a more thoroughly 
description of the test can be found in chapter 3.4. 

WP3.3 deals with approach slabs, the part connecting the bridge with the 
embankment. Today, this part causes many of the problems concerning integral 
abutment. Poor drainage can lead to voids under the approach slab and 
eventually settlements and crack in the slabs. Different academic and survey 
reports has been summarized into a literature study. 

WP 4 Durability of Composite Bridges with Integral Abutments 
In WP4 a new method for constructions with sheet piling is developed. 
Normally when sheet piles are used, a temporary console works as bearing for 
the girder, and subsequently the slab is cast. The method investigated in WP4 is 
aiming towards a procedure where the whole construction is cast in one step. 

The last work package, WP5, will hopefully generate some design guidance for 
small and medium composite bridges built with integral abutments. 

In the start-up phase of the project, a Work shop on the topic was arranged by 
Ramböll Sweden. Figure 2-7 shows participants from eight different countries 
and partners. Missing on the photo is Professor Bernt Johansson, who happened 
to be outdoors enjoying a delicious cigar. The project will end in June 2008. 

Figure 2-7 Participants at the Work shop held at Ramböll Sweden. 
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2.2 The bridge over Leduån 

The monitored bridge is a composite bridge with a single span of 40 meters. The 
width of the bridge is 5 meters.  
Design stage 

The following sequence was assumed during the design face of the bridge.  
1. Excavation of the soil down to level 2 m under the endscreen. 
2. Driving of piles.
3. Pouring of the pile cap to the required bridge seat elevation and the 

wingwalls.
4. Installing the temporary bearings.  
5. Setting the steel beams on the temporary bearings to anchor them to the 

abutment. The bearings leave free play for further dead load rotations. 
6. Pouring the bridge deck in the desired sequence excluding the abutment 

endscreen and the last portion of the bridge deck equal to the endscreen 
width. In this manner, all dead-load slab rotations will occur prior to lock-
up, and no dead-load moments will be transferred to the supporting piles. 

7. Pouring the endscreen full height. Since no backfilling has occurred to 
this point, the abutment is free to move without overcoming passive 
pressures against the endscreen. Stages 6 and 7 can be done in the same 
pour. The important thing is to avoid rotation of the piles from the dead 
weight.

The aim was to reduce the effects of thermal movements on fresh concrete and 
to control moments induced into the supporting pile system. 

Construction stage 

The construction work started in the spring 2006. To adjust the distance across 
the river, the shore was filled out with blasted rock. After that, a pit was dug and 
the six piles supporting the bridge were driven in this pit at predetermined spots. 
Together with these piles, two other piles were driven at the same time. The 
purpose of these additional piles is to act as reference points later in the project 
when the measuring starts. The idea is quite simple; to measure movements in 
the bridge it is necessary to have a fixed point that is not part of the bridge and 
does not move along with the bridge. All eight piles can be seen in top view, left 
in Figure 2-8. Right picture shows abutment and piles from side view. 
Coordinates of the piles are presented in Table 2-1. 
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Figure 2-8 Top view and side view of pile location at one abutment

Table 2-1 Local coordinates for piles. 

Theoretical 
coordinates

Actual coordinates 
after driving of piles Difference Pile

nr. Y (mm) X (mm) Y (mm) X (mm) Y (mm) X (mm) 

1 2100 0 2012 20 88 -20 

2 1300 0 1243 120 57 -120 

3 500 0 429 27 71 -27 

4 -500 0 -639 97 139 -97 

5 -1300 0 -1332 31 32 -31 

6 -2100 0 -2138 -41 38 41 

      

7 2100 40000 2195 39973 -95 27 

8 1300 40000 1393 39963 -93 37 

9 500 40000 479 39954 21 46 

10 -500 40000 -573 39923 73 77 

11 -1300 40000 -1213 39958 -87 42 

12 -2100 40000 -2073 39870 -27 130 
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Metal sheet sleeves were thread on top of the piles and filled with loose sand 
and Styrofoam, see Figure 2-9. Afterwards the pit was filled up with masses 
again.

Figure 2-9 Piles are driven and covered with metal sheet sleeves, which are filled with loose 
sand and styrofoam.

As can be seen in the right picture, one of the piles was not treated as the others, 
at least not immediately. The top of the outer west pile on both sides was later 
replaced by piles prepared at LTU. These new piles had strain gauges attached at 
eleven points and were wrapped up in tape to protect the cables connected to 
each gauge. The piles were transported to the construction site where the two 
original piles had been cut. The new piles were welded on site and then covered 
with metal sheet sleeves filled with loose sand and styrofoam, just as the others, 
see Figure 2-10. It is also possible to see the cables coming up from the gauges 
on the right picture in Figure 2-10.
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Figure 2-10 Two piles were prepared at LTU. Eleven strain gauges were attached to each 
pile, and the piles were then covered in protective tape. After the installation the piles were 
transported to the construction site and welded onto the cut pile. The prepared pile with tape 
and tube for the cables can be seen on the right photo. 

After the piles were driven, the lower part of the abutment was cast. At this 
point, the wing walls were cast as well. Figure 2-11 shows the steel girders that 
are welded together adjacent to the abutment. The first part of the abutment 
together with the wing walls is also visible. On top of the steel girders the 
casting mould for the concrete deck is being built. The upper photo is taken 
from the northern shore, and the lower photo from the southern shore. 

The whole superstructure was then launched and mounted to the abutments. At 
this state the girders rest on temporary bearings. Finally the concrete deck and 
upper part of the abutment was cast to form a more or less monolithic 
construction together with the lower part of the abutment. A simple summary of 
the procedure is shown in Figure 2-12, Figure 2-13 and Figure 2-14. Note that 
the wing walls are not visible in these figures. 
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Figure 2-11 Steel girders and casting mould are put together onshore and then launched to 
connect to the first part of the abutments. Visible is also the wing walls which are casted 
together with the first part of the abutments.  Upper photo is taken from north side, lower 
photo from south side. 
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Figure 2-12 Piles are driven in the dug holes. A metal sleeve is thread on top of the pile and 
filled with loose sand and styrofoam.  

Pile
Sleeve of

sheet metal

Lower part of abutment, 
made in concrete

Steel girders

Temporary 
bearings

Figure 2-13 Lower part of abutments are cast. Girders are placed on temporary bearings. 

Figure 2-14 Upper part of abutment is cast together with concrete deck. 
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With the bridge deck ready, the space behind and in front of the endscreens was 
filled up with masses. Fence was mounted and a layer of wear protection was 
arranged, see Figure 2-15. 

Figure 2-15 When the superstructure is launched and the deck is cast, the bridge is nearly 
finished. Wear protection and paint has to be added. 

The steel in the girders is exposed to different kinds of mechanical wear as well 
as to contaminations from de-icing chemicals. To protect the girders, they are 
painted in several layers where each layer has different functions. Some layer 
act as physical barriers while other layers (often made of zink) are sacrificial 
anodes.
The bridge coordinates and heights were measured several times during 
construction. In Table 2-2 the coordinates and levels of the levelling pegs are 
shown. After the casting of the paving the level of the bridge was measured as 
shown in Table 2-3. 

Figure 2-16 Levelling pegs were placed on the bridge and measured for future reference.
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Table 2-2 Coordinates of  levelling pegs measured 2006-09-21. 

Levelling
pegs

1 7051320.155 456889.644 4.042 

2 7051323.082 456891.392 4.151 

3 7051331.668 456896.52 4.365 

4 7051340.253 456901.648 4.437 

5 7051348.838 456906.775 4.365 

6 7051357.424 456911.903 4.151 

7 7051360.351 456913.651 4.042 

8 7051317.350 456894.34 4.042 

9 7051320.278 456896.088 4.151 

10 7051328.863 456901.216 4.365 

11 7051337.448 456906.344 4.437 

12 7051346.034 456911.471 4.365 

13 7051354.619 456916.599 4.151 

14 7051357.546 456918.347 4.042 

Table 2-3 Bridge coordinates after concreting paving measured 2006-09-21. 

Coordinates
Local

coordinates
Height

difference

X Y Height   z (mm) 

7051330.738 456896.3 4.4153 -2425 9099 33 

7051329.504 456898.4 4.4632 0 9110 20 

7051328.299 456900.5 4.4319 2441 9164 49 

7051340.090 456901.9 4.5127 -2422 19989 45 

7051338.861 456904 4.5447 0 20003 17 

7051337.604 456906.1 4.5217 2440 19996 55 

7051347.895 456906.6 4.4225 -2440 29082 14 

7051346.657 456908.7 4.4674 0 29096 -1 

7051345.420 456910.7 4.4385 2421 29101 30 
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2.3 Monte Carlo simulation 

This is not the first report or investigation concerning the bridge over Leduån. In 
2006, Robert Hällmark defended his master thesis called “Low-cycle Fatigue of 
Steel Piles in Integral Abutment Bridges” [5]. In that thesis the bridge over 
Leduån was examined in several different points of view. The thesis contained a 
literature review of integral bridges in general and Monte Carlo simulations 
containing loads from both temperature and traffic. The whole literature review 
will not be repeated here, since much of its´ content will be found in the 
literature listed among the references. 

To simulate bridge movements due to temperature, it is necessary to define the 
effective bridge temperature, EBT. According to Emerson (1980, 1982), the 
EBT in concrete bridges can be approximated by the average air temperature 
from the last 48 hours. For composite bridges the average air temperature from 
the last 24 hours are enough. In 2005, Oesterle and Volz looked at this thing 
again and found that the differences in average shade air temperature between 
24 hours and 48 hours are so small that any of these two intervals can be used 
for both concrete bridge and composite bridges. 

When fatigue in the steel piles is investigated, longitudinal movements due to 
temperature changes are the biggest and most contributing factor. Both long 
term variations over the year and short term variations over a daily basis should 
be considered. The seasonal temperature changes will cause high amplitude but 
low frequency, while the daily variations act in the opposite way; high 
frequency and low amplitude. Figure 2-17 from [5] shows these two kind of 
variations combined into one. 

Hällmarks calculations are based on values from SMHI, Swedish 
Meteorological and Hydrological Institute. From 1961 daily temperature 
measurements are recorded and available from all over the country. In some 
cases values may be available from the 18th century. For the temperature 
simulations regarding Leduån, samples from five different locations in Sweden 
are used, see Figure 2-18. Figure 2-19 shows the measured temperature during a 
five years period from one of those locations, Stockholm. 
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Figure 2-17 Picture shows daily temperature variations (low amplitude, high frequency) 
together with seasonal temperature variation (high amplitude, low frequency). Picture from 
[5]

Figure 2-18 Temperature samples were taken from five different locations shown on the 
map. Figure taken from [5] 
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Figure 2-19 Diagram shows measured temperature during five years in Stockholm. Figure 
taken from [5]. 

Some theories claim that daily temperature changes may be neglected when the 
steel piles are investigated, since the bridge length is mainly affected by the 
annual temperature variations. The daily temperature changes is said to govern 
the vertical temperature gradient in the structure. However, a field study 
performed by Girton in Iowa and referred to by Hällmark [5] shows that bridge 
length and pile strains are varying with daily temperature changes, and since 
Hällmark is looking at fatigue in steel piles, these shorter daily variations are not 
neglected.

Low cycle fatigue 

Hällmark uses the Palmgren-Miner method (1924, 1945) when predicting the 
lifetime of the bridge. According to Palmgren-Miner the lifetime can be 
estimated by 

n

i fi

i

N
n

1

1

ni is the number of cycles for a certain load, and Nfi is the number of cycles 
before fracture for that specific load or displacement. The remaining part of a 
structure’s fatigue life can be estimated with this equation. Under the actual 
conditions with both long term and short term temperature variations, the 
equation can be modified to consider both these terms: 
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In this case the index d means daily and s means seasonal. 

Traffic loads 

As input value in the traffic load simulations, Hällmark has used sampled data 
from two different measurements. The measurements are done by Swedish 
National Road Administration and are performed along the road E22 close to 
Strängnäs and along the National Road 67, near Tillberga. The measurements 
are of type BWIM, Bridge Weigh In Motion. Trucks detected in these 
measurements are sorted and distributed into intervals of 5 tons. In clear text, all 
trucks between for example 10 and 15 tons will belong to the same group. In 
Figure 2-20 the measured gross weights sampled from National Road 67 is 
plotted against frequency. 

Figure 2-20 Diagram shows distribution of measured gross weights sampled from national 
Road 67. Figure taken from [5] 

The model contained four different vehicle types depending on weight. Since 
plastic deformations are allowed to occur, the fatigue calculations were strain 
based. At the end, Hällmark could find no indications that fatigue should be a 
problem concerning the piles supporting the bridge over Leduån. Regarding 
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integral abutment bridges in general, fatigue should not be a problem at least for 
bridges shorter than 100 meter. 
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3 INSTRUMENTATION

3.1 State of art on instrumentation 

To avoid the joints, abutment and superstructure is cast together. This means 
that all kind of movements in the bridge affects not only the abutment and the 
supporting piles, but also the soil around the piles. The effect on the piles that is 
caused by movements of the abutment is noticed as longitudinal strains along 
the piles. These strains are considered as one of the most interesting issues for 
the investigation, since intermittent stresses of a certain size may lead to fatigue. 
This problem is not new, and several research projects and reports deal with this 
issue. The monitoring of integral bridges is a key for better understanding of 
bridge behaviour. The approach used in these reports differ; some contains all 
aspects: measuring, FE-modelling and calculations, while others are focusing on 
just some of it. Though, in general it is the same variables and areas that are 
studied, using the same instruments. 

Kerokoski 2006 
“Soil-Structure Interaction of Long Jointless Bridges With Integral Abutments” 
[3]. 

Kerokoski (2006) has observed two different bridges. His research focuses on 
unskewed reinforced concrete bridges, where temperature fluctuation and 
breaking forces from train are the main loads. Observed areas are abutments, 
abutment piles, soil pressure and soil behaviour behind the abutment wall. The 
Tekemäjärvenoja Railway bridge was instrumented and tested in 2004. Four 
railway wagons loaded with ballast were placed on the double tracked bridge 
with their brakes on. The friction between wheels and rail were increased by 
treating the rail with a diamond paste. The wagons were pulled out of their 
position, and the horizontal forces and effects on the bridge due to this action 
were measured in different ways. The strains in the rail were detected using 
strain gauges at 10 different successive points. The relative displacement 
between the deck and the rail itself were measured at 4 different points. The 
temperature was measured in the deck as well as in the embankment. To 
measure the longitudinal movement of the abutment, long steel bars is piercing 
the abutment wall and anchored in the approach embankment behind the 
abutment. The earth pressure between the abutment wall and the embankment is 
measured with pressure cells that are developed, designed and assembled at 
Tampere University of Technology. 
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Two cells were placed on one side and six cells at the other side. Movements 
and connecting forces between the transition slab and the deck was detected 
with three force detectors at each side. The force detector is a combined 
connector and gauge, which simply works as a connector while it detects the 
applied force at the same time. 

The other bridge, Haavistonjoki, is a continuous 3-span slab bridge, with span 
length of 50 m, total length of 56 m, and width 11 m. The bridge was 
instrumented in 2003. The continuous measuring is supposed to last at least five 
years, until 2008, and data is collected every 15 minutes. The test programme on 
Haavistonjoki bridge is quite extensive and includes 191 gauges in total. The 
main reason to observe Haavistonjoki Bridge was to look at cyclic behaviour 
such as longitudinal changes in bridge length and displacement of the whole 
bridge. The horizontal movements of the bridge was detected with a tacheometer 
and target prisms located at the ends of the bridge and at the piers. The distance 
between the abutments, i.e. the bridge length, was monitored with laser distance-
meter equipment mounted onto the abutments at both sides. At one side, the 
laser equipment itself, and at the other side, a plate smooth enough to reflect the 
laser beam. The movement of the abutments in relation to the embankment soil 
was observed using the same technique as at the Tekemäjärvenoja bridge; long 
steel bars was installed through the abutment and anchored in the soil behind the 
front wall. The bars have a diameter of 20 mm and are placed in 25 mm tubes. 
The anchor behind the wall is located 12 m away. Other monitored points could 
be found at the piers that are supporting the structure. Strains along the piers 
were measured with strain gauges attached to steel bars, which were installed in 
the pier close to the main reinforcement. To protect these gauges against wear 
and friction, they were covered with adhesive tape, sheet metal and silicone. 
One of the steel pipe piles under the eastern abutment were also equipped with 
strain gauges at four different levels; 1500 mm, 4000 mm, 6500 mm and 9000 
mm under the concrete. Soil pressure was measured in the same way as on the 
Tekemäjärvenoja bridge, see Figure 3-1. All instrumentation on the 
Haavistonjoki bridge, as well as on the Tekemäjärvenoja bridge, were performed 
by staff at TUT, Tampere University of Technology. 
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Figure 3-1 Pressure cells measuring earth pressure behind the abutment, developed at TUT. 
Figure taken from [3]

According to Kerokoski, the behaviour of the embankment backfill should be 
determinant concerning the maximum expansion length. This could for example 
be the partly non-reversible deformations in the soil behind the abutment.  
Several displacement cycles should also be considered.

Khodair, 2004 
“Numerical and Experimental Analysis of Integral Abutment Bridge” [10] 

In 2004, Khodair at Stevens Institute of Technology, New Jersey, defended his 
thesis called “Numerical and experimental analysis of integral abutment bridge”, 
in which he laid focus on the behaviour of HP piles in integral abutment bridges. 
The monitored bridge is a two span 45.5 m long and 32.9 m wide continuous 
structure with integral abutments and a 15˚ skew angle. The abutments are 
supported by HP piles, and the stability in these piles subjected to both vertical 
and lateral loads were investigated. Further, the behaviour of the back fill soil 
material behind the abutment was studied, primarily under cyclic loading. 
Besides the continuous measuring, two tests were performed. One static test 
with a truck placed at different locations on the bridge, and another test where 
thermally induced stresses were measured over a 24 hour period. No traffic was 
allowed on the bridge during this test. 



Evaluation of In-situ Measurements of Composite Bridge with Integral Abutment 

38

To perform the monitoring, six different types of devices were used to detect 
movements, pressure, strain and temperature within the structure. 

-15 strain gauges measured strain along the depth of the piles supporting the 
bridge. Each gauge consisted of four resistances connected together to form a 
Wheatstone bridge circuit. 

-18 pressure cells distributed on three different levels measured the soil pressure 
against the abutment and against the sleeves of galvanized sheet metal covering 
the piles. These cells were manufactured and calibrated for this occasion only. 

-2 tilt meters were attached at the connection between abutment and girder. The 
tilt meter detects angular movements in relation to the gravity. The gauge 
contains a conductive fluid which covers or uncovers electrical components in 
the gauge. This affects the output signal which is converted to an angular 
movement. 

-2 temperature sensors were mounted for monitoring of abutment temperatures. 

-2 displacement transducers detected longitudinal movements in the relief slab at 
the northern side of the bridge, one transducer on each side of the slab. This 
equipment, as well as the pressure cells, is developed especially for this project. 

-8 thermo couples measured temperature variation in the bridge. 4 of the thermo 
couples are placed at top and bottom of two of the girders, and the other four at 
top and bottom of the concrete deck. 

The measurements Khodair performed showed that the pressure distribution 
behind the abutment is parabolic shaped and not linear. The cause of this is 
stated to be combined rotation and displacement. He also noticed that a pressure 
build-up occurred in the embankment behind the abutment, caused by daily and 
seasonal active and passive cycles. 
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Sergio F. Breña et al. 2007 
”Evaluation of Seasonal and Yearly behaviour of an Integral Abutment Bridge” 
[11] 

In the state of Massachusetts between the cities of Orange and Wendell, the 
bridge over Millers River was instrumented and measured from January 2002 to 
December 2004, and most of the instrumentation was focused on the abutments. 
This long term study was commissioned by the Massachusetts Highway 
Department, and some results from the project are presented by Sergio F. Breña 
et. al. in the article “Evaluation of Seasonal and Yearly Behaviour of an Integral 
Abutment Bridge” from 2007. The monitored bridge in the article is an 82.3 m 
long three-span continuous bridge with unskewed integral abutments at each end 
and two reinforced concrete bents as internal supports. A concrete deck of 
thickness 200 mm is resting on four steel girders with height 1220 mm. The 
width of the bridge is 9.75 m. 
The instrumentation of this bridge consists of 85 gauges; earth pressure cells, 
joint meters, tilt meters, temperature gauges and thermistors. To measure the 
longitudinally and transverse movements, joint meters are used at both ends. 
The longitudinally and transverse movements of the abutment wall is measured 
in relation to reference piles located at both sides of the bridge. To decrease the 
influence of the movement of the abutment wall, the reference piles are offset 
laterally from the abutment. The rotation of the abutment walls is detected by tilt 
meters located at each end of the abutment wall, at both ends of the bridge. 
Behind the abutments, pressure cells are placed in vertical arrays in order to 
measure the variations in pressure between abutment and backfill material due 
to longitudinally movements of the bridge. The two exterior HP piles at each 
side of the bridge that support the abutments are equipped with strain gauges on 
all four flanges. The piles are oriented with their weak axes perpendicular to the 
longitudinal bridge in order to minimize strains induced by rotation of the 
abutment. This is common practise in several states. The gauges are placed 
along the flanges at depth of 150 mm, 760 mm, 1370 mm, 1980 mm and 2590 
mm from the abutment. Strain gauges are also placed at the upper and lower 
flanges of the two exterior beams supporting the whole construction. These 
gauges are mounted close to the abutment wall. Under the bridge, at a distance 
of about 3 m from the face of both the abutments, the temperature is measured. 
In addition to this, most of the individual gauges contain an embedded 
thermistor to detect the temperature at each location. 

The conclusions drawn by Breña from these measurements are that temperature 
induced movements of the bridge will cause a displacement and a rotation of the 
pile top. These movements will show opposite sign and therefore relieve each 
other. The observed pile moment is lower than a moment caused by translation 
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only. Calculations based on simple beam theory indicate that the piles have not 
reached yield stresses during the monitored period. The current design 
procedure in Massachusetts is conservative, according to the collected data. 

Abendroth, Robert E et al, 2005 
“Field testing of integral abutments” [12]. 

In June 2005 Iowa Department of Transportation presented their final report on 
the field testing on integral abutment bridges they initiated earlier. For a two 
year period, two bridges were instrumented and monitored, both with 
prestressed concrete beams and steel piles. The work was done together with 
Iowa State University. 

Two bridges located along the state-highway-roads in the State of Iowa were 
picked out. The criterions were prestressed concrete girders, skewed alignments 
and a relative long total length. The bridges were to be found in the State of 
Iowa. The two bridges were called Guthrie County Bridge and Story County 
Bridge. The Guthrie County Bridge is a three-span-continuous bridge with a 
total length of 97 m. The bridge has a right-side-ahead 30˚ skew angle. The U-
shaped abutments rest on single rows of 10 HP steel piles. In addition to that, 
one HP steel pile is located under each wing wall. The Story Count Bridge is 
also a three-span-continuous bridge, with a length of 61 m. The skew angle is a 
15˚ right-side-ahead. Seven steel HP piles support each abutment. 

At both bridges, the longitudinal movements were measured at three points 
across the width of the bridge at one end, and at the middle of the width at the 
other. Both bridges were also equipped with tilt meters at one end of the bridge, 
to estimate rotation of the front walls. At the Guthrie County Bridge, strain 
gauges measuring the strains in the piles were mounted on two different levels 
on all four flanges. Three piles were observed on one side; the two exterior ones 
and the centre one. At the other side, the centre pile and one of the exterior piles 
were monitored similar. At the concrete girders, strain gauges were distributed 
between the different spans, girders, ends and flanges. Thermocouples were also 
distributed well between the girders, spans and flanges. Some of the thermo 
couples are attached to the surface of the concrete, while others are placed in 
drilled holes. In total, 121 gauges were used on the Guthrie Count Bridge. 

The instrumentation on the Story County Bridge is similar to the one on Guthrie 
County Bridge. Three of the piles on the east side were monitored; north pile, 
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center pile and south pile. At the west side, the center pile was monitored. All 
piles had strain gauges attached to all four flanges and at two different levels, 
“top cross section” and ”bottom cross section”. The strain gauges at the concrete 
girders are placed in the same way as on the Guthrie County Bridge. That is, 
evenly distributed between top and bottom flanges, spans, girders and ends. The 
thermocouples were also placed in a similar way. The instrumentation at Story 
County Bridge consists of 105 different gauges.

From these measurements several conclusions were drawn: 

-The displacements at each end of the bridge were not similar. Expected bridge 
length-elongation relation can miss-match with almost 400%. This was probably 
due to differences in vertical stiffness in the soil according to the author.

-Calculations based on values extrapolated from measurements indicate that 
yielding may occur somewhere along the flanges of the supporting HP-piles. 

-The temperature monitoring showed that the highest average temperature in the 
concrete was to be found during a hot summer day, and the lowest average 
temperature in the concrete during a cold winter day.

-The temperature gradient along the depth of the concrete was bigger during the 
summer, probably due to solar radiation. 
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3.2 Instrumentation of the bridge over Leduån 

To gain as much knowledge as possible, it is important to find and identify spots 
and areas that are informative concerning the behaviour of the bridge. In an FE-
model it is possible to read out data from anywhere on the bridge. In reality you 
have to choose what locations to watch. Some of the gauges on the monitored 
bridge are of interest “immediately”, while others are more interesting in an 
“over-all behaviour” point of view. In this chapter all instruments and their 
function are described. In total, between 34 and 38 gauges are used, depending 
on whether it is monitoring or short term testing. Schematic Figure 3-2 and 
Table 3-1 shows location and purpose of all gauges. 

Figure 3-2 Schematic figure showing the location of all gauges. 
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Table 3-1 Symbol, meaning and type for all gauges. 

Symbol Meaning Type of gauge 

BDTW Bridge Displacement Transducer West side Displacement Transducer 

BDTE Bridge Displacement Transducer East side Displacement Transducer 

Tconc Temperature Concrete Thermo couple 

MUF Midspan Upper Flange Strain gauge 

TUF Temperature Upper Flange Thermo couple 

MLF Midspan Lower Flange Strain gauge 

TLF Temperature Lower Flange Thermo couple 

NSUF North Side Upper Flange Strain gauge 

NDTU North side Displacement Transducer Upper Displacement Transducer 

NSLF North Side Lower Flange Strain gauge 

NDTL North side Displacement Transducer Lower Displacement Transducer 

N1-N4 North side level 1-North side level 4 Strain gauges, ½ bridge 

N5A North side level 5 against water Strain gauge, ¼ bridge 

N5B North side level 5 away from water Strain gauge, ¼ bridge 

N5D North side level 5 Dummy Strain gauge. ¼ bridge 

SDTU South side Displacement Transducer Upper Displacement Transducer 

SDTL South side Displacement Transducer Lower Displacement Transducer 

S1-S4 South side level 1-South side level 4 Strain gauges, ½ bridge 

S5A South side level 5 against water Strain gauge, ¼ bridge 

S5B South side level 5 away from water Strain gauge, ¼ bridge 

S5D South side level 5 Dummy Strain gauge, ¼ bridge 

The purpose of each gauge is described below. 

BDTW and BDTE 

Displacement transducers located on top of the bridge to measure deflection. 
These gauges are only used during the short term tests. (Read more about the 
short term tests in chapter 3) A steel wire is attached to a weight resting on the 
sea bottom which acts as reference. Thick steel plates are attached to the other 
end of the wire to keep it tensed, see Figure 3-3. In January 2008 two additional 
transducers attached to wood columns were used, see Figure 3-4. 
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Figure 3-3 Displacement transducers used on west and east side of bridge. Left photo shows 
test setup with gauge, weights, steel wire and tracked wheels for the wire. Right photo shows 
underneath the weight, where the gauge is in contact with the weight. 

Figure 3-4 Additional displacement transducers used in January 2008 to measure deflection. 
Left photo shows wood columns standing on the river bottom. Right photo shows the 
transducer in contact with the bridge.
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Tconc

Thermo couple measuring the temperature in the concrete. The gauge is located 
along the middle of the bridge, in a drilled hole. 

MUF and MLF 

Strain gauges measuring strains on the flanges at the middle of the bridge. These 
gauges are operative during both seasonal temperature changes and short term 
tests. MUF is located on the downside of the upper flange. MLF is located on 
the upside of the lower flange. 

TUF and TLF 

Thermo couples measuring temperature on upper and lower flange on the 
middle of the bridge. These gauges are located in the same way as the strain 
gauges.

NSUF and NSLF 

Strain gauges measuring strain at upper and lower flange close to the abutment. 
These gauges are in use during short term tests only and are used to calculate 
transferred moment from the girders into the abutment. These gauges are placed 
just like MUF and MLF, that is on the inside of the girder, downside of upper 
flange and upside of lower flange. The distance from gauge to web is 14 cm and 
from gauge to endplate around 10 cm, see Figure 3-5. 

Figure 3-5 Strain gauge for estimation of induced moment from girder to abutment. 
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NDTU and NDTL 

These displacement transducers are measuring the movement of the front wall, 
both during seasonal temperature changes and during the short term tests. The 
gauges are measuring the movement of the bridge, but they are not attached to 
the bridge themselves. Instead they are attached to a steel bar which is welded 
onto a reference beam. This beam rests on two steel piles driven some distance 
away from the bridge. This solution is used to avoid influence from movements 
in the bridge into the reference beam, see Figure 3-6. NDTU is placed about 26 
cm under the concrete deck. The distance between NDTU and NDTL is 150 cm. 

Figure 3-6 Photo from underneath the bridge. Reference beam and metal shelter for 
displacement transducers on north side.

N1-N4

Strain gauges in pair connected to form ½ bridges. This means that two gauges 
on a certain level belong to the same Wheatstone bridge. The idea of this 
solution is to avoid disturbance from internal temperature changes in the device. 
These gauges are thought to measure strains in the piles due to movements of 
the bridge, but the signal out will also contain strains due to temperature changes 
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in gauges and wires. If the difference between the two gauges is measured 
instead, the disturbance can be neglected (assuming that the disturbance caused 
by temperature is the same at the two locations, approximately 16 cm away from 
each other.) See Figure 3-7 for further explanation.  

Figure 3-7 Figure describes location of the two strain gauges working in pair. Together they 
form one ½ bridge. 

Signal from gauge A contains contribution from bridge movement and internal 
temperature changes. Same circumstances counts for gauge B. 

TempADispAA ,,

TempBDispBB ,,

The difference N1 between the two gauges will then be expressed as 

ABN1

and since 

TempBTempA ,,
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N1 can be written as 

DispADispBTempADispATempBDispBN ,.,,,, )()(1

Since no weight has been added to the bridge after the monitoring started, one 
can assume that the measured strain difference is distributed equally between 
side A and B as a pure moment. 

Theoretical calculations and common practise tells that the extracting and 
contracting bridge will cause strains in the steel piles to occur. These strains will 
be bigger higher up on the pile and probably biggest at the pile top, see Figure
3-8. This means that the area at the pile top is of big interest since significant 
variations can occur within a small distance there. Because of this, level 1 and 
level 2 are placed quite close to each other. The distance is then increasing, see 
Table 3-2. 

Figure 3-8.Theoretical moment distribution with highest moment at the pile top.
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Table 3-2.Locations of strain gauges in relation to concrete.

Level Distance from concrete, mm 

1 100 

2 200 

3 600 

4 1100 

5 1600 

N5A and N5B 

Two single strain gauges at level 5 for measuring of normal forces. The signal 
from these gauges has to be adjusted with information from the dummy N5D 
described below. 

N5D

This strain gauge is not really attached to the bridge. The idea behind this gauge 
is to measure the size of the strains raised from internal temperature changes in 
equipment only. With this information it is possible to adjust the signals from 
N5A and N5B. 

SDTU and SDTL 

Same type of gauges and measurements as NDTU and NDTL, but located on the 
south side. 

S1-S4

Same type of gauges and measurements as N1-N4 but located on south side. 

S5A and S5B 

Same type of gauges and measurements as N5A and N5B, but located on south 
side.
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S5D

Same type of gauge and measurement as N5D but located on south side. 
Beside these gauges, thermo couples are measuring the temperature in the air 
and in the soil. 

The instrumentation started in September 2006 and was finished in May 2007. 
All connections from gauges on the south side was gathered and organized in a 
locker before the signal cables were drawn to a cabin where computers collected 
the data. Instrumentation on the middle of the bridge and at the north side was 
handled similar. Figure 3-9 shows one of the lockers where cables are organized 
and connected. Figure 3-10 shows the switchboard in the cabin.  

Figure 3-9 Cables are organized and marked in lockers before they are drawn to the cabin.
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Figure 3-10 Switchboard in the cabin. Cables from south side, north side and midspan are 
collected here. 

3.2.1 Strain gauge 

Measuring strain and elongation on various constructions and materials is 
probably one of the most common types of measurements, and for this purpose 
several different models of gauges are available. In this case, a type of strain 
gauge based on metal foil is used. The gauge consists of a conductive pattern 
bated to an insulating material, see Figure 3-11. Current is lead through the 
conductor, and the electrical resistance is described by following relation: 

A
lR     

where
R = resistance 

 = resistivity of the material 
l = length 
A = area 
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The gauge is attached to the detail whose elongation is to be measured. When 
the gauge is exposed to extraction, the length will increase while the area is 
reduced, two parameters that will raise the resistance. This increased resistance 
is often too small to be detected by a regular ohmmeter, and usually a bridge is 
used, in our case a Wheatstone bridge. This is described more in detail in 
chapter 3. To avoid disturbance in the results due to movements perpendicular to 
the measured direction, the transversal parts of the conductor is made thicker, 
which is also shown in Figure 3-11. Disturbance can also derive from internal 
temperature changes in the device. This can be taken care of by mounting a so 
called Dummy. The Dummy is simply a device with identical properties as the 
strain gage, but mounted in a way that no external movements are measured, 
only internal temperature changes. This makes it possible to compensate for 
strains due to temperature changes. More about this in chapter 3. 

Figure 3-11.A conductive pattern is exposed to extraction or contraction which influence on 
its’ properties. The parts perpendicular to the measured direction are made thicker to avoid 
influence from transversal movements  

In Figure 3-12 a welded gauge can be seen. The paint layers have been removed. 
This area is later covered with a protective rubber. 

Figure 3-12 The paint is removed and the gauge is welded onto the steel. The area will be 
covered with a protective rubber later. 
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3.2.2 Displacement Transducer 

A level indicator measures the movement of the monitored object in a certain 
direction. The level indicator consists of a cylinder and a metal bar fitting in the 
cylinder. The cylinder is attached to some reference point and the bar is placed 
against the surface which is to be monitored, see Figure 3-13. The relative 
movement between the monitored object and the reference point is then detected 
by the indicator. 

Figure 3-13 Metal cylinder contains the bar which is in contact with measured surface. 

The inner end of the steel bar is wedge shaped and clamped between the ends of 
two thin pieces of sheet metal, equipped with small roller bearings. Each sheet 
has a strain gauge mounted on both sides which make it possible to build a 
Wheatstone bridge, see more details in chapter 3.2.4. When the bar is lead into 
the cylinder, the wedge is pressing the metal sheets outwards, away from each 
other, and the strain this movement induces is detected. A schematic picture can 
be seen in Figure 3-14 and below two photos, Figure 3-15, which show parts of 
the inside.

Figure 3-14 When the steel bar is pressed into the cylinder, the wedge shaped end presses 
the metal sheets outwards, away from each other. The strain this creates is possible to 
detect.
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Figure 3-15 Top: Side view showing bearings and wedge shaped bar. Bottom: Top view 
showing strain gauge and bearings. 

3.2.3 Thermo couple 

There exist many different types of temperature gauges, and the thermocouple is 
one of them. The principle in this gauge is something called the thermo electric 
Seebeck-effect. The atomic nucleus in a metal can be seen as fixed points, and 
these points form a lattice. Around this lattice, the electrons form a surrounding 
gas. When a metal is exposed to a temperature change, a thermal “movement” 
will occur in the surrounding gas. This will cause a gradient in the density 
among the electrons, and this density gradient will cause a voltage gradient 
along the wire. If two wires that are made of different metals are wrapped 
together and one of the ends is kept at constant temperature, it is possible to 
detect different voltage gradients at the other end. This difference can be 
interpreted as temperature. The visible “gauge” is simply two wires wrapped 
together.
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3.2.4 Wheatstone bridge 

The strain gauge works, as explained earlier, with a resistance R that depends on 
length l, area A and resistivity  of the material. 

A
lR

The measured strain  is defined as the additional length l compared to the 
start length l , that is 

l
l

The gauge factor k is defined as the relative change in resistance divided by the 
relative change in length, 

ll
RRk

/
/

which lead us to 

RRk /

where R is the resistance within the gauge without any strains. For most gauges 
this factor often lays around 2. 

The strain gauge is placed in a Wheatstone bridge as one of four active 
resistances, R , see Figure 3-16. In this figure, the upper right resistance is 
adjustable since that is very common in practise. The reason to this is that the 
bridge is nearly never in balance at zero strain, and by using this adjustable 
resistance that balance can be achieved.
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Figure 3-16 The Wheatstone bridge. Four gauges are connected to form a full bridge. 
Difference in potential between A and B is detected. 

The constant voltage Eel is lead through the circuit, and the difference in voltage 
VU  between point A and B works as output signal. The signal is in most cases 

amplified with a voltage amplifier VA , and the output is often in units .

If the voltage at the bottom of the figure is set to zero, the potential at point B is 
written

2
1E

RR
REVB

This implies that the two resistances are equivalent which they most likely are 
not. This is where the adjustable resistance is used. 

The potential in point A is written 

RR
RRE

RRR
RREVA 2

The wanted output signal BAV VVU , which is equal to 

RR
RE

RR
RRRREE

RR
RREUV 2422

22
2
1

2

Among the expected strains, the assumption is RR . Because of this, the 
term R2  in the denominator can be neglected compared to R4 . This gives 
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R
REUV 4

According to Sikö [14], 
R
Rk , which leads to the wanted relation between 

strain and output signal: 

4
kEUV

3.3 Long term measurements 

The long term measurement started in October 2006 and will go on for at least 
18 months. The main topic of the Intab project, strains in the piles caused by 
temperature induced elongation, has its origin in the longitudinal movements 
studied in these measurements. Except displacement transducers used to 
measure deflection of the bridge and the strain gauges measuring induced 
moment from girders into abutment, the used instrumentation during long term 
measurement was the same as for short term measurement. Data was sampled 
from all gauges every 500 second and stored in a computer on site. A modem is 
connected to the computer which makes is possible to call the computer and 
download data whenever wanted. The computer can be started and stopped from 
a remote location, and input parameters such as sampling frequency and 
operating channels can be selected. 

3.4 Short term measurements 

Short term tests have been performed several times on the bridge. At some 
occasions just to check the instrumentation, and sometimes more thoroughly 
planned. Three of the tests were performed in May and October 2007, and 
January 2008. These tests were done in a similar way, with varying size and 
location of the load. 

The test in May consisted of three rounds, with six repetitions in each round. 
The first round was done with an empty lorry, the second round with a fully 
loaded lorry and finally the third round with an empty lorry again. Each round 
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consisted of six repetitions where the lorry altered between tracks along the 
middle, east and west side of the bridge, see Table 3-3. 

Table 3-3 Overview of the short term test in May

Round Repetition Load Direction Location 

1 1 Empty South Middle 

1 2 Empty North Middle 

1 3 Empty South East 

1 4 Empty North West 

1 5 Empty South West 

1 6 Empty North East 

2 1 Loaded South Middle 

2 2 Loaded North Middle 

2 3 Loaded South East 

2 4 Loaded North West 

2 5 Loaded South West 

2 6 Loaded North East 

3 1 Empty South Middle 

3 2 Empty North Middle 

3 3 Empty South East 

3 4 Empty North West 

3 5 Empty South West 

3 6 Empty North East 

The lorry started at the edge of the concrete at one end of the bridge and made 
then a stop for about 10-20 seconds at every second meter with the last stop at 
the other end of the concrete deck. The concrete deck has a length of 40.7 
meters which gives a total number of stops of 22. In addition, one stop was 
made at the point which theoretically would give the largest rotation of the 
abutment located on the side the lorry comes from. This makes a total number of 
23 stops. 
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In October the test was enlarged with two more repetitions in every round, see 
Table 3-4. Some of the test equipment was improved this time, like better roller 
bearings and more lubricant. 

Table 3-4 Overview of the short term test in October.

Round Repetition Load Direction Location 

1 1 Empty South Middle 

1 2 Empty North Middle 

1 3 Empty South East 

1 4 Empty North West 

1 5 Empty South West 

1 6 Empty North East 

1 7 Empty South Middle 

1 8 Empty North Middle 

2 1 Loaded South Middle 

2 2 Loaded North Middle 

2 3 Loaded South East 

2 4 Loaded North West 

2 5 Loaded South West 

2 6 Loaded North East 

2 7 Loaded South Middle 

2 8 Loaded North Middle 

3 1 Empty South Middle 

3 2 Empty North Middle 

3 3 Empty South East 

3 4 Empty North West 

3 5 Empty South West 

3 6 Empty North East 

3 7 Empty South Middle 

3 8 Empty North Middle 
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In January 2008 the test was slightly modified with more stops before and after 
the bridge, and two extra gauges to measure the deflection. This time the mid-
track alone was used. 
Table 3-5 Overview of the short term test in January

Round Repetition Load Direction 

1 1 Empty South 

1 2 Empty North 

1 3 Empty South 

1 4 Empty North 

2 1 Loaded South 

2 2 Loaded North 

2 3 Loaded South 

2 4 Loaded North 

3 1 Empty South 

3 2 Empty North 

3 3 Empty South 

3 4 Empty North 

The lorries were weighed before each test, front axle and rear axles separately, 
see Table 3-6. 
Table 3-6 Weigh distribution of lorries used in shortterm tests.  

Occasion Status Front axle 
[kg] 

Rear axles 
[kg] 

Total
[kg] 

Empty -   January 2007 

Loaded 7890 16420 24310 

Empty 5700 8960 14660 May2007

Loaded 7220 18740 25960 

Empty 5070 8210 13280 October 2007 

Loaded 7110 16870 23980 

Empty 5040 8360 13400 January 2008 

Loaded 7360 16460 23820 
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During the test, the sampling rate was set to 2 Hz. This gives a continuous flow 
of sampled data, which most of the times can be viewed as diagrams with 
distinct steps, see for example the measured deflection from one of the tests, 
Figure 3-17.

Measured deflection
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Figure 3-17 Measured deflection versus elapsed time.

However, sometimes sampled data plotted against time makes it hard to separate 
certain events from each other and a more desirable alternative is to plot the 
measured data against bridge span or more accurate; against the location of the 
lorry. This was achieved by using something called a trigger. The trigger is a 
gauge with binary output signal. For every stop the lorry makes on the bridge, 
the trigger generates a signal. The number of stops will then be visible as bars in 
a diagram, see Figure 3-18.

Trigger-signal

0

2

4

6

8

10

0 100 200 300 400 500 600 700

Seconds

m
m

Figure 3-18 Trigger signal which indicates what sampled values belonging to each stop.

Since the location of every stop is known, the measured data corresponding to 
each bar can be “translated” into an average value for that specific stop. This 
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will give one value per stop and a clear data-location diagram can be drawn, see 
Figure 3-19.
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Figure 3-19 Measured deflection versus location of front axle.

Since the front axle of the lorry is used as reference point, and the bigger part of 
the load lies on the rear axles, diagrams plotted with recorded data against 
location will not show a symmetric look over the bridge span of 40 m. For 
example, at stop nr 1 when the front axle of the lorry is placed at the edge of the 
concrete deck, most of the load is located outside the bridge where it has no 
effect. At the last stop on the other hand, when the front axle is placed at the 
concrete edge, the heavier rear axles are still located several meters in onto the 
bridge. Because of this, the stop at 40 m will have much higher output signals 
from most gauges than the stop at 0 m. Figure 3-20 shows how the load is 
distributed when the lorry is placed at he middle of the bridge per definition. 

Figure 3-20 When the lorry is standing at the middle of the bridge per definition, it still has 
majority of its load several meters away from this point. 
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4 FINITE ELEMENT MODELLING

4.1 State of art 

If the work is carried out correct and the information used as input data is 
reliable, the finite element method, FEM, can be a cheap and quick basis when 
the behaviour of some structure shall be estimated. Because of this, FE-analysis 
becomes more and more common, and is as established as laboratory tests or 
hand calculations today. The finite element method offers not only a validation 
of theories or performed tests, but also the possibility to analyze the influence of 
different parameters. This makes reasonable adjustments possible and expensive 
tests with only small variations may be avoided. Depending on the problem, 
various degrees of complexity of the FE-model is appropriate; it is not always 
that the biggest and most detailed model containing most elements and covered 
with the finest mesh delivers the best answers, nor is it the most time efficient 
alternative. Since the method has a built-in uncertainty (input data may not 
always be absolutely trustworthy), it might often be a good idea to consider a 
model as easy as possible. 

In his thesis from 2006, Kerokoski [3] has among other things looked at soil 
pressure behind the abutments. Both 2-dimensional and 3-dimensional models 
are analyzed. In the case with 2-D models, an FE-software for geotechnical 
engineering called Plaxis was used. Structural elements such as plates, anchors, 
geotextiles and tunnels are included in the software. Five different soil models 
are also available. This software was used to simulate soil pressure due to 
movements of endscreen, piles and transition details. 

Pressure behind the endscreen was studied in a general way, where size and 
distribution of the stresses was in focus. A 2.5 m high wall was placed in a soil 
continuum measuring 15 m x 40 m, see Figure 4-1. The wall was forced to move 
laterally, both completely horizontal but also with a restrain around its lowest 
point. During this movement, effective stresses in the soil could be studied. 
Figure 4-2 shows effective stresses after a displacement of 10 mm. 
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Figure 4-1 Soil-wall interaction studied in 2-D software Plaxis. Figure taken from [3] 

Figure 4-2 Effective stresses due to a 10 mm displacement shown in Plaxis. Figure taken 
from [3] 

Piles were studied in a similar way as the endscreen. A 2-D model with diameter 
varying between 500, 1000 and 1500 mm was placed in a soil continuum 
measuring 20 x 20 m. The pile was forced to a lateral movement of 50 mm. In 
Figure 4-3, the effective stresses at depth 2 m is shown. 

Figure 4-3 Effective stresses after 50 mm displacement of a pile. Figure taken from [3] 
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3-D models were made in Abaqus. Kerokoski studied two bridges, and both 
were analyzed in FE-software. The Haavistanjoki bridge is a 3 span bridge 
which was modelled with 1- and 2-dimensional elements. One quarter of the 
bridge was included in the model; that is the bridge divided once in both 
horizontal directions, see Figure 4-4. 

Figure 4-4 One quarter of the Haavistanjoki bridge is modelled with 1- and 2-dimensional 
elements. Figure taken from [3]. 

Three different cases were analyzed; one with linear springs, one with non-linear 
springs describing a typical dense non-cohesive soil, and one non-linear with 
spring properties according to large-scale cyclic tri-axial tests. Springs were 
attached both to endscreen, piles supporting the endscreen and piles supporting 
the bridge on the middle, see Figure 4-5.
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Figure 4-5 Model of Haavistanjoki bridge. Springs are attached to abutment, piles and 
midsupport. Figure taken from [3] 

The Tekemäjärvenoja railway bridge was modelled with 3-D solid elements, see 
Figure 4-6. The model includes both bridge, transition slabs, embankment and 
track. The wingwalls were modelled by adding a rigid lateral support to the 
embankment. At other places, soil support was modelled with linear springs.  

Figure 4-6 The Tekemäjärvenoja bridge was modelled with 3-D solid elements. Figure taken 
from [3] 
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Khodair and Hassiotis [15] used Abaqus as well when they studied movements 
of integral bridges and in particular movements of the piles. A 3-D model 
containing about 10 000 solid elements were used to simulate lateral movement 
of a pile top that is embedded into the abutment. Boundary conditions on the 
pile top ensure translation without rotation. This corresponds to a lateral bridge 
elongation without any bending movements. Other boundary conditions that 
were set depended on depth and the sheet sleeve surrounding the pile. Regarding 
the depth, all nodes were restrained in all degrees of freedom under a certain 
level. Same boundary conditions were given to the sheet sleeve; all movements 
of the sleeve itself are assumed to be prevented by the crushed rock used for 
backfill. By making horizontal partitions of the sheet sleeve and its content, the 
varying level of compaction in the soil was modelled. A picture of the model is 
shown in Figure 4-7. One conclusion from this work was that the size (diameter) 
of the steel sleeve filled with loose sand play a significant role for the strains in 
the piles. A bigger sleeve reduces the strains. 

Figure 4-7 3-D model used by Khodair to simulate lateral movements of the pile top. Figure 
taken from [15] 
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Faraji et. al [14] used the software GTSTRUDL in their FE-model of the Bemis 
road bridge over Nashua River in Fitchburg. The deck slab is modelled with 
stretching and bending plate elements, while beam elements are used to model 
steel stringers and diaphragms. Representation of the soil against the piles and 
behind the abutment wall is made with non-linear springs. Deck slab, 
diaphragms, abutment walls and piles is visible in Figure 4-8. Faraji draw the 
conclusion that movements in the pile top depend on the level of compaction in 
the embankment backfill. Amplitude and location of strain peaks along the piles 
are also depending on the soil behaviour. 

Figure 4-8 3-D model of Bemis road bridge, made in the software GTSTRUDL. Figure taken 
from [14] 

Pétursson performed and presented full scale pile tests in his thesis, and these 
tests were analyzed with FEM as well. The analysis was done in the software 
Diana and consisted of shell elements and springs; the X-pile cross section was 
built with 4-node shell elements and the springs were done with 1-nodal spring 
elements. Loads and displacements were applied lateral and vertical, just as in 
the laboratory. 

In general, most FE-models seem to be constructed in quite similar ways. Either 
it is a 2-dimensional model consisting of beam elements, or a 3-dimansional 
model built with shell elements and beam elements. Solid elements are used as 
well, but not as often as shell- and beam elements it seems. The most common 
way to represent soil is probably with springs, and there are mainly three 
different approaches concerning the springs: Simple linear springs, non-linear 
springs following the behaviour of some soil model or non-linear springs with 
different tests, for example tri-axial, as input data. 
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4.2 The model 

One of the most used methods today when constructions and structural problems 
are examined is the finite element method, FEM. In a quite easy way it is 
possible to look at the behaviour of constructions when it comes to 
displacements, stresses, strains and so on. To simulate the behaviour of the 
bridge over Leduån, the FE software ABAQUS version 6.7 was used. In many 
ways, the problems discussed concerning this bridge are of a 2-dimensional 
nature, and therefore it is convenient and time efficient to make a 2-D model. 

Since strains are measured only on one of six piles at each side, the model 
represents 1/6 of the bridge. Properties included in the model, such as moment 
of inertia and loads are therefore divided by six. If different parameters do not 
show exact agreement after a division by six, the moment of inertia is 
considered to be the most relevant and important factor, and height and width 
will be adjusted to match. The model consists of five different parts; two piles, 
two abutments and one girder. The steel girder is given three different properties 
depending on cross section. Figure 4-9 shows a simple picture of the model. 
Parts and part number is presented in Table 4-1. 

Figure 4-9 2-D model consisting of piles, abutments and girders.

Table 4-1 Parts and part number in the model 

Part number Part 

1 Piles 

2 Abutment 

3, 4, 5 Steel girders and concrete 
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4.2.1 Steel piles 

The 2-D model is equipped with one pile on each side, since the bridge itself has 
six piles per side and 1/6 of the bridge is modelled. The piles are modelled with 
a predefined profile called pipe. This profile is ready to use as soon as diameter 
and thickness is specified. On site, the piles are filled with concrete. This is not 
considered in the FE-model. These elements reach from beneath the concrete 
and downwards, see Figure 4-10. Properties set to represent the piles are shown 
in Table 4-2. 

Table 4-2 Properties of element representing steel pile

Property Value 

Length 6 m 

Diameter 168 mm 

Thickness 10 mm 

Moment of inertia 1,555*10-7 mm4

Poisson’s ratio 0,3 

4.2.2 Abutments 

The abutments are modelled using a cross section called rectangular. To use this 
profile, height and width has to be defined. In the model, the cross section of the 
abutment is considered only, and not the wing walls. Just as in the case with 
steel girders and concrete deck (see next section), the geometry of the abutment 
is recalculated to an equivalent area with steel properties. This element reaches 
from beneath the concrete and up to centre of gravity for the cross section of the 
girder, including concrete, see Figure 4-10. Measures used in the FE-model is 
presented in Table 4-3 
Table 4-3 Geometries of the part representing abutment in the FE-model.

Geometries 

Actual measures Divided by 6 Equivalent width 

Width 5 m 0,833 m 0,1587 m 

Thickness 0,8 m 0,8 m* 0,8 m* 

*Only width is changed when number of piles and equivalent area is considered. 
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4.2.3 Steel girders and concrete deck 

In the FE-model, steel girders and concrete deck are modelled together using I-
shaped profiles. The girders in the bridge have varying thickness and width of 
the flanges in discrete step. The web has a continuously changing height. In the 
model, both flanges and web are changing in discrete steps. The first part of the 
girder, nr 3 in Figure 4-9, is the part of the girders which is cast into the 
abutment. This part is only 420 mm long. The second and third girder part, nr 4 
and 5, are the visible girders reaching over the water. These parts have a total 
length of 39.16 meters. Measures of the steel girder in each cross section are 
presented in Table 4-4, Table 4-5, and Table 4-6 

Table 4-4 Geometries of part nr 3 in Figure 4-9

Part nr 3 Measure Value [mm] 

Girder Length 420 

Thickness 25 Upper flange 

Width 500 

Thickness 13 Web 

Height 1059 

Thickness 36 Lower flange 

Width 800 

Table 4-5  Geometries of part nr 4 in Figure 4-9

Part nr 4 Measure Value [mm] 

Girder Length 10580 

Thickness 25 Upper flange 

Width 500 

Thickness 13 Web 

Height 1220 

Thickness 36 Lower flange 

Width 800 
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Table 4-6 Geometries of part nr 5 in Figure 4-9

Part nr 5 Measure Value [mm] 

Girder Length 18000 

Thickness 25 Upper flange 

Width 600 

Thickness 11 Web 

Height 1212 

Thickness 45 Lower flange 

Width 800 

The concrete deck has to be taken into account as well. Since the deck and 
girders are made of different material, a normalization has to done before 
calculating area and moment of inertia. This normalization is achieved by 
transforming area of concrete into an equivalent steel area. An effective area is 
calculated according to 

effceff whA

where

areaEffectiveAeff

concreteofheighthc

widthEffectiveweff

s

c
ceff E

E
ww

for short term load cases and 

s

c
ceff E

E
ww

3
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for long term load cases. 

concreteofwidthwc

concreteforelasticityofModulusEc

steelforelasticityofModulusEs

The loads in the FE-model have size and location just as in the short term tests. 
Since both front axle and rear axles were weighed separately before the tests, the 
loads are easily scaled down to 1/6 of their original size to match rest of the 
model. The location of element 3 and 4 in the FE-model can be seen in Figure 
4-10.

Figure 4-10 Location of beam element 1, 2, 3 and 4.
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4.2.4 Springs supporting the piles 

The properties of the soil supporting the piles have a very big influence on the 
behaviour of the pile. To model this soil, nonlinear springs are used. Properties 
of these springs are calculated according to the method used in Swedish bridge 
norm Bro 2004 [17], appendix 3-4, “Sidomotstånd mot en påle”. 

The resistance is calculated from the modulus of lateral subgrade reaction, kk.
This value is valid up to the yield pressure, qk.

3-4.3 from Bro 2004 gives 

d
zn

k h
k

hn coefficient of lateral subgrade reaction 

depthz

diameterpiled

The value kkd is restricted to 12 MN/m2 for sand according to table 2 in Bro 
2004, appendix 3-4. However, this value counts only for column 3 in table 1; 
“Relativ fasthet: medelhög”.  At site, the density of the soil is considered to be 
very low. According to table 2, other values of kkd can be compensated for by a 
quota corresponding the quota between “very low” and ”middle high”. This 
would give a value of kkd of 

28,4
7
5,212

The numbers 2,5 and 7 are the values of nh above ground water level for soils 
with very low and middle high densities. 

The yield pressure qk is given by 
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vpkk Kq 3

tcoefficienpressureearthpassiveK pk

pressureverticalEffectivev

The passive earth pressure coefficient Kpk is given by 

2/45tan 2
pkK

internal friction angle

The internal friction angle is suggested to 28˚-30˚ in the norm. This gives a Kpk
between 2.77 and 3.0. However, according to geotechnical investigations done 
on the construction site [18] the internal friction angle should be 26˚, and this 
will give a Kpk of 2.56. 

The effective vertical pressure, v, is given by 
zv

where
density

In “Bro 2004” the density for sand and gravel is set to 18000 N/m3.
The described method gives pairs of force and yield pressure. From the known 
spring coefficient and pile geometry, the corresponding displacement is 
calculated. Springs are located along the pile with a distance of 250 mm. This 
means that each spring supports an area on the pile measuring 168 x 250 mm 
(diameter*height). The first spring from above supports an area which has its 
centre of gravity 250 mm down. This means that the distance from where the 
soil starts and 125 mm down should be supported by a spring attached at a depth 
of 62.5 mm. Since there is no distinct “limit” separating soil from air, only 
coarse gravel and small stones forming a small slope, this spring has not been 
considered. The forces applied by this spring are very small due to its small 
corresponding area and ground depth, and its influence is therefore negligible. 
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The pile is supported by the surrounding soil and the support is assumed to 
behave similar in all directions. Table 4-7 shows the calculated forces and 
corresponding displacements for the piles. Figure 4-11 shows expected 
behaviour if yield pressure should be reached, according to Abaqus Manual 
[16]. 

Table 4-7 Forces and corresponding displacements of springs along the piles.

Depth, z [m] Force [N] Displacement [m] 

0,25 1452 0,00929 

0,5 2903 0,00929 

0,75 4355 0,00929 

1,0 5806 0,00929 

1,25 7258 0,00929 

1,5 8709 0,00929 

1,75 10161 0,00929 

2,0 11612 0,010617 

2,25 13064 0,011944 

2,5 14515 0,013271 

2,75 15967 0,014598 

3,0 17418 0,015925 

3,25 18870 0,017252 

3,5 20321 0,018579 

3,75 21773 0,019907 

4,0 23224 0,036395 

4,25 24676 0,038669 

4,5 26127 0,040944 

4,75 27579 0,043218 

5,0 29030 0,045493 

5,25 30482 0,047768 

5,5 31933 0,050042 

5,75 33385 0,052317 
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Figure 4-11 Graph showing behaviour of the springs if yield pressure is exceeded. 

4.2.5 Springs supporting the abutments 

The pressure behind the abutments is varying when the bridge moves, and the 
springs used to represent this soil is calculated from a pressure that depends on 
depth and displacement. According to Bro 2004, 21.23, “Ökat jordtryck orsakat 
av konstruktionsdels rörelse mot jord”, (“Increased soil pressure caused by 
structural element moving toward soil”), the total earth pressure p is given by 

110
200 p
H

cpp

if

200
0 H

The factor c1 is set to 1 if “soil pressure acts unfavourable” and 0.5 if “soil 
pressure acts favourable”. However, since the aim is to reach a value as 
trustworthy as possible and not for dimensioning, the value is set to 1. 
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restatpressurep0

pressureearthpassivep p

01 ppp p

endscreenofHeightH

soilagainstelementstructuralofntdisplacemeLateral

Pressure at rest, p0 or x is given by: 

zx K0

where
restatpressureoftCoefficienK 0

pressureOverburdenz

Coefficient of pressure at rest is given in table 21-1, Bro 2004 21.132. 
For blasted rock: 

34,00K

Overburden pressure, z, is given in Axelsson, chapter 10 [19]: 
zz

where
density

depthz

Density for blasted rock is found in table 21-1, Bro 2004 21.132. 
3/18000 mN

This gives a pressure at rest that depends on the depth z:
zKp 00
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With values from the norm: 
zzp 61201800034,00

Passive earth pressure, pp, is given in chapter 9 in Axelsson [19]: 
2/45tan 2zp p

where
Internal friction angle 

Value on internal friction angle is given in Bro 2004, 21.132: 
45

This gives a passive earth pressure of 
zzp p 104912)5,2245(tan18000 2

If the contributions from passive earth pressure and pressure at rest are added 
together, the total pressure will be 

z
H

zp 61201049122006120

The missing value at this point, displacement , is given by the short term tests, 
gauge NLU, NLL, SLU and SLL. The pressure is then tied to a specific area, in 
this case a rectangle with height 200 mm and width 833 mm, which corresponds 
to 1/6 of the total width. The spring located at the bottom of the endscreen is 
multiplied by a factor 3. This is done to compensate for the area subjected to 
pressure on the endscreen, but that lays outside the abutment on the FE-model, 
see Figure 4-12. This area has a height of 600 mm which should give room for 
two or three more springs 

The obtained force-displacement pairs can then be used to define the springs. 
However, since the given force will define the yield point as well, see Figure 
4-11, any load heavier than the used lorry would cause the soil in the model to 
yield. A new force-displacement pair is therefore calculated for every spring. 
This new force-displacement pair has the same slope as earlier but reaches all 
the way to the yield pressure qk. These values are presented in Table 4-8 . 
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Figure 4-12 Springs to represent the soil pressure behind the abutment are placed along 
area A in the FE-model. However, the actual pressure on the abutment acts on area B as 
well. Since area B lays outside element A in the FE-model, ”abutment element”, the bottom-
placed spring on the abutment is multiplied by 3.

Table 4-8 shows used values when displacements and depths are added. 

Table 4-8 Calculated forces and corresponding displacements for the springs supporting the 
abutment

Force [N] Displacement [mm] 

30275 3,1 

40769 8,3 

51263 12,4 

61757 15,7 

72251 18,5 

82745 20,8 

93239 22,8 

103733 24,5 

114227 26 

374163 27,3 
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The piles are supported by the surrounding sand, while the abutment is 
supported by the backfill material. This will give a small difference in behaviour 
between these two parts; the pile will be supported in every direction it moves, 
while the abutment only is supported when it moves toward the backfill 
material. Because of this, the force-displacement pairs regarding the two parts 
do not look the same. Springs along the piles have the same values in negative 
direction, while the springs along the abutments have a much lower resistance 
for movements away from the soil, see Figure 4-13. Spring coefficients should 
probably be zero when the abutment moves away from the soil, but due to 
numerical problems in the software, the value is set to 0,5% of the value set for 
movement towards the soil. The relations are shown in Figure 4-13. 

Figure 4-13 Graphs showing force-displacement relations in different springs. The left graph 
describes relation for springs supporting the piles. Springs act in the same way independent 
of direction. Right graph describes relation for springs supporting the abutments. Higher 
resistance for movements towards the soil than for movements away from the soil. 

4.3 Calculation models 

A bridge girder in integral abutment bridges does not behave simple as in case 
of bridges with bearings when one can assume simple supports, nor does it act 
like a fully constrained girder as in a case of rigid frame bridges. One question 
raised is where in this span between simply supported and fully constrained the 
bridge over Leduån would fit in. To decide this, the measured values concerning 
deflection of the superstructure, rotation of the abutments and induced moment 
from girders into abutment is compared to idealized cases. The value 
corresponding to the simply supported case, whatever it may be, is defined as 
0% constrain. The respective value for the fully constrained case is defined as 
100%. In this analysis, results from FEA are added as well.  
The evaluation is made for a case when the truck is at stop nr. 13 (see Chapter 3-
4), the front axle just has passed the middle of the bridge. Both deflection and 
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rotation of a beam depends on modulus of elasticity, moment of inertia and size 
and location of the load. Moment is not depending on the moment of inertia. 
Deflection, rotation and moment caused by front axle and rear axles are 
calculated separately and then summarized.

4.3.1 Simple hand calculation models 

Regarding the moment of inertia of the bridge girder, one value is used for the 
entire beam. This value is given by weighing the moment of inertia and length 
of each section into one value: 

543

554433

LLL
LILILI

I tot

Indexes referring to Figure 4-9 

The notation used in the calculations is as follows: 
loadF

a distance from bridge end to the load 

inertiaofmomentI

E =modulus of elasticity 
lengthL

4.3.1.1 Deflection 

a) Simply supported 

Deflection u caused by the front axle is given by 

2

22 43
48 L

aL
EI

LaLFu

Deflection caused by rear axles is given by 

2

22 43
48 L

a
EI

FaLu
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b) Fully constrained 

Deflection u caused by the front axle is given by 

L
aL

EI
LaLFu 43

48

2

Deflection caused by rear axles is given by 

L
a

EI
LFau 43

48

2

c) Position of the measurement 

The deflection of the bridge is measured during the tests by gauge BDTW and 
BDTE, see Figure 3-2 and Table 3-1. 

4.3.1.2 Rotation 

a) Simply supported 

Rotation  of the abutment behind the lorry caused by front axle and rear axles is 
given by 

2

2

1
6 L

aL
EI

LaLF

Rotation  of the abutment in front of the lorry caused by front axle and rear 
axles is given by 

2

2

1
6 L

a
EI

FaL

b) Fully constrained 

Rotation at the abutments cannot be calculated for a fully constrained case, since 
the statement itself, fully constrained, prohibits any kind of deformations.  
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c) Position of the measurements 

The rotation of the abutments is not measured direct, but with displacement data 
from gauge NDTU, NDTL, SDTU and SDTL, together with known geometry, 
the rotation can be calculated, see Figure 3-2 and Table 3-1. 

4.3.1.3 Moment 

a) Simply supported 

As in the case with rotation for a fully constrained case, the stated boundary 
condition makes it impossible to calculate any moments for a simply supported 
case.

b) Fully constrained 

The moment M in the abutment behind the lorry, induced by front axle and rear 
axles is given by 

2

2

L
aLFaM

The moment M in the abutment in front of the lorry, induced by front axle and 
rear axles is given by 

2

2

L
aLFaM

c) Position of the measurements  

The moment itself is not measured during the tests. Instead, strain gauges on the 
flanges is measuring the strain close to the endscreen, see Figure 3-5. From 
these strains a moment can be estimated. 
If a pure moment would act on the abutment, one could assume different signs 
of the signals from the two gauges; positive signal from tension in the upper 
flange and negative signal from compression in the lower flange. This is not the 
case, since a normal force acts on the abutment as well. This will give negative 
signals from both gauges, see U and L in Figure 4-14, and a compensation for 
the normal force has to be done. If the measured values are seen as two vectors, 
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a line can be drawn between these vectors. From the geometry of the cross 
section, the centre of gravity is given. If the imagined line is moved 
longitudinally until it crosses the centre of gravity, one positive and one negative 
strain value is given. By extrapolation, strains in the concrete, 1 and 2, and 
lower flange 3 are achieved, see Figure 4-15. 

Concrete
Upper flange

Web

Lower Flange

Centre of gravity

U

L

Figure 4-14 A pure moment would generate signals with different signs, but due to a normal 
force acting on the abutment, the measured signals are both negative.

Figure 4-15 If the imagined line between the two strain vectors is moved longitudinally until it 
crosses the centre of gravity, equivalent strains within concrete and flanges can be 
extrapolated. 

From this point a moment around the centre of gravity can be calculated. The 
cross section is divided into several parts, and the contribution to the moment M
from each part is given by 
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FdM

where the force F is obtained from strain, modulus of elasticity and area: 

EAF

and

d=distance from centre of gravity of the cross section to centre of gravity of the detail. 
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5 RESULTS

5.1 Measurements 

5.1.1 Long-term measurements 
In October 2007, one seasonal temperature cycle was completed. Temperature 
was recorded at several locations. Figure 5-1 shows measured temperature in the 
concrete deck during the period 061018 – 071023. 

Measured temperature in concrete deck
18 October 2006 - 23 October 2007
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Figure 5-1 Measured temperature in concrete deck between 18 October 2006 and 23 
October 2007. 

The longitudinal movements due to temperature changes are measured at four 
different places. The measured values at two occasions are presented in Table 
5-1 below.
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Table 5-1 Measured movements of the endscreens

 February 23 July 7 Total 
movement

[mm]

Concrete
temperature

Upper
gauge

40,7 Upper
gauge

34,9 5,8 

North side 
Lower 
gauge

41,6 Lower 
gauge

34,3 7,3 
-17˚

Upper
gauge

36,3 Upper
gauge

31,9 4,4 

South side 
Lower 
gauge

36,8 Lower 
gauge

31,1 5,7 
26˚

The measured values in Table 5-1 are shown in a simple sketch, see Figure 5-2. 

Figure 5-2 Measured movements from Table 5-1.

This will give a total movement of 10,2 mm at the upper parts of the endscreens 
and 13,0 mm at the lower parts. These values are compared to a rigid-body 
movement which is given by 

lTl **

where
l = elongation 
 = coefficient of thermal expansion, 1x10-5 P for steel and concrete. 
T = temperature variation 

l = length 
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The values presented above gives an elongation of 17.2 mm. The measured and 
calculated values are shown in 155HTable 5-2 and are valid for T = 43˚.

Table 5-2 Measured length changes compared to calculated length changes

Length variation 
[mm]

Measured movement, upper gauges 10,2

Measured movement, lower gauges  13,0

Calculated rigid-body movement 17,2

156HFigure 5-3 shows measured strains at level 1, north side. Strain peaks visible in 
the figure were detected in February and August. The measurements presented 
in the figure are recorded during the period from October 18 2006 until October 
23 2007. 

Measured strain difference
Level 1, north side

18 October 2006 - 23 October 2007
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Figure 5-3 Measured strain difference at north side, level 1, during the period 061018 – 
071023
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157HFigure 5-4 shows measured strains at level 2. Level 2 is subjected to lower 
strains than level 1, which is obvious both during high and low temperatures. 

Measured strain difference
Level 2, north side

18 October 2006 - 23 October 2007
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Figure 5-4 Measured strain difference at north side, level 2, during the period 061018 – 
071023

Table 5-3 Measured strain peaks during long term measurement, level 1, north side. 

Strain difference 
[ ]

Stress
[MPa]

Stress amplitude/side
[MPa]

Min value, 
February 2007 

-576 -121 

Max value, August 
2007

305 64 
93

Sampled data from the south side shows the same behaviour but lower 
amplitudes, see 158HFigure 5-5 and 159HFigure 5-6. 
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Measured strain difference
Level 1, south side

18 October 2006 - 23 October 2007
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Figure 5-5 Measured strain difference at south side, level 1, during the period 061018 - 
071023
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Figure 5-6 Measured strain difference at south side, level 2, during the period 061018 – 
071023
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Table 5-4 Measured strain peaks during long term measurement, level 1, south side. 

Strain difference 
[ ]

Stress
[MPa]

Stress amplitude/side
[MPa]

Min value, 
February 2007 

-283 -59 

Max value, July 
2007

235 49 
54

Compared to each other, the measured strains at the north side showed bigger 
amplitude than on the south side. If the maximum stress range in the pile is 
divided by the corresponding temperature range in the concrete, a quota possible 
to use for comparison is acheived. 

Table 5-5 Comparison of stress-temperature relations based on dimensioning values and 
measured values.

Assumed values 
in dimensioning 

Measured
values

Low Temperature -40˚C -16˚C

High Temperature 40˚C 21˚C

Temperature Range 80˚C 37˚C

Stress range 269 MPa 93 MPa 

MPa/˚C 3.36 2.58 

5.1.2 Short-term measurements 

5.1.2.1 Deflection 

Deflection was measured at all tests. In 160HTable 5-6 the measured deflections 
together with deflections from FEM is presented. The shown values correspond 
to the stop where the centre of gravity of the lorry is as close the mid-span as 
possible. 
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Table 5-6 Deflections from measurements and FEM, January 2007

January 2007 

Measured deflection 
[mm]

Measured value / FEM [%]

East West 

Deflection from FEM 
acc. to Bro 2004. 

East West 

Empty* - - - - - 

Loaded 5,3 3,5 10,6 50 33 

Empty* - - - - - 

May 2007 

 Measured deflection 
[mm]

Measured value / FEM [%]

East West 

Deflection from FEM 
acc. to Bro 2004. 

East West 

Empty 5,8 5,1 6,1 95 84 

Loaded 4,6** 6,0 10,8 43 56 

Empty 1,3** 1,9** 6,1 21 31 

October 2007 

Measured deflection 
[mm]

Measured value / FEM [%]

East West 

Deflection from FEM 
acc. to Bro 2004. 

East West 

Empty 5,8 4,2 5,5 105 76 

Loaded 8,0 6,6 10,0 80 66 

Empty 4,5 3,4 5,5 82 62 

January 2008 

Measured
deflection*** [mm] 

Measured value / FEM [%]

East West 

Deflection from FEM 
acc. to Bro 2004. 

East West 

Empty 2,6 2,5 5,6 46 45 

Loaded 4,9 5,1 9,9 50 52 

Empty 2,8 2,5 5,6 50 45 

*No test with empty lorry was made in January 2007 
** These unreasonable results were main cause to improve the test setup.
***Values taken from original test setup 
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From 161HTable 5-6 the following conclusions may be drawn: 
1. Results of FEA performed using constant soil characteristic assumed 

according to Bro 2004, which is in agreement with geotechnical 
measurements made in August 2007, agree best with measurements 
Made in May and October. 

2. The worst agreement between FEA and measurements is obtained in 
January. This indicates that the soil behind the endscreen is a bit more 
compact, maybe frozen, and provides the structure with a stiffer 
response.

3. There are a bit unexpected effects of the measurements made in May 
and October 2007. The second series of “empty truck” shows smaller 
deflection than the first series. This is probably due to some friction in 
the transmission devices used in the test set-up for measurements. The 
problem is removed in the measurements in January 2008. 

In an overall behaviour with both empty and loaded lorry considered, the tests in 
October 2007 show the best agreement and continuity. In 162HFigure 5-7 and 163HFigure
5-8 the measured values are compared to FE-values. 
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Figure 5-7 Measured and simulated deflection from an empty lorry in October 
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Measured and simulated deflection
loaded lorry, October
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Figure 5-8 Measured and simulated deflection from a loaded lorry in October 

164HFigure 5-9 shows the deflection from a loaded lorry measured in January 2008. 
These measurements do not show as good agreement compared to FEM as the 
ones in October. However, they are a good example of the importance of the 
extra stops before and after the bridge to gain a complete curve. Values from the 
additional displacement transducers are shown as well. 
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Figure 5-9 Measured deflection in January 2008. Original and additional setup show similar 
results.
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5.1.2.2 Strains 

In 165HTable 5-7 the measured strains at level 1 from the short-term tests are 
compared to FE-values   
Table 5-7 Strains from measurements and FEM, January 2007 

January 2007 

Measured strain  

[ ]

Strains from FEM 
acc. to Bro 2004 [ ]

(Measured value / 
FEM)*100 [%] 

North South North South North South 

Empty - - - - - - 

Loaded 62 32 299 230 21 14 

Empty - - - - - - 

May 2007 

Measured strain [ ] Strains from FEM 
acc. to Bro 2004 [ ]

(Measured value / 
FEM)*100 [%] 

North South North South North South 

Empty 48 45 180 140 27 32 

Loaded 82 71 320 244 26 29 

Empty 55 44 180 140 31 31 

October 2007 

Measured strain [ ] Strains from FEM 
acc. to Bro 2004 [ ]

(Measured value / 
FEM)*100 [%] 

North South North South North South 

Empty 77 63 163 126 47 50 

Loaded 98 77 295 226 33 34 

Empty 56 40 163 126 34 32 

January 2008 

Measured strain [ ] Strains from FEM 
acc. to Bro 2004 [ ]

(Measured value / 
FEM)*100 [%] 

North South North South North South 

Empty 23 19 164 127 14 15 

Loaded 43 38 293 225 15 17 

Empty 26 19 164 127 16 15 

*No test was done with empty lorry in January 2007.
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From 166HTable 5-7 the following conclusions can be drawn: 
1. Calculated strains from the FE-model with springs modelled 

according to Bro 2004 always show higher strains than the actual 
measurements.

2. The FE-model shows better agreement to the measurements 
performed during “warmer months”, i.e May and October, than 
tests performed during the winter. 

Based on the findings shown in 167HTable 5-6 and 168HTable 5-7 above, a short 
parametric study is performed to investigate the sensitivity of FEA results based 
on assumed soil properties. In 169HTable 5-8 the measured bridge deflection and pile 
strain in January 2008 is compared to values from FEA, with spring stiffness 
behind the endscreen varying between 1 and 20 times the norm stated. 
According to Kerokoski [3], frozen soil may have stiffness as high as 20 times 
the stiffness in unfrozen soil.  

Table 5-8 Measured deflection compared to results from FEA with varied spring stiffness 
behind the endscreens. The 

January 2008 

Values from FEA 

Spring stiffness multiplied by factor 

 Measured 

 values 

1 2 4 8 16 20 

Deflection, east 
side [mm] 

4,9

Deflection, west 
side [mm] 

5,1
9,9 8,9 7,6 7,0 6,3 6,1

Spring stiffness multiplied by factor Measured
value

1 2 4 8 16 20 

Strain, north side 
[ ]

43 293 240 181 130 93 82 

Strain, south side 
[ ]

38 225 175 123 80 50 41 
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In 170HTable 5-9 the abutment springs are kept at a constant level 20 times higher 
than values calculated according to Bro 2004 to represent frozen soil. Instead, 
the pile springs are varied. 

Table 5-9 Measured and strains compared to results from FEA with abutment springs 
multiplied by 20 to represent frozen soil and pile springs varied.

 FE-values with abutment springs x 20 and pile 
springs according to following 

Measured value in January K K / 2 K / 4 

North side, [ ] 43 82 60 50 

South side, [ ] 38 41 31 26 

A similar study is done based on tests performed in October where measured 
and calculated deflection shows good agreement, see 171HTable 5-10. 

Table 5-10 Measured strains compared to results from FEA with varied spring stiffness [K] 
modelling the soil around  the piles.

October

Measured
north side 

[ ]

K K / 2 K / 4 K / 8 K / 16 

77 163 135 111 91 77 
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Overall behaviour 

The short-term test performed in October showed better and more uniform 
agreement compared to the other tests. This is probably due to the improved 
test-setup, but also to the fact that the soil was not frozen. Below, results from 
the short-term test in October are analyzed more thoroughly. 

If movements of two theoretical cases are calculated, one simply supported and 
one fully constrained, it is possible to see where in this span the obtained test 
results fit. Theoretical values of deflection, abutment rotation and transferred 
moment for the simply supported case are defined as 0 %. The corresponding 
values for a fully constrained case are defined as 100 %. Test results are taken 
from round 2 in October; loaded lorry. The lorry is located at the middle of the 
bridge.

Table 5-11 Obtained test results compared to theoretical values for simply supported and 
fully constrained cases.

Simply
supported

Obtained
value

Fully
constrained

% constrained

East 13,6 6,1 3,3 73 Deflection 
[mm]

West 13,6 7,7 3,3 57 

North 0,0575 0,0234 0 59 Rotation

South 0,0601 0,0228 0 62 

Moment [Nm] 0 383608 1080697 35 

The more diverging value describing the degree of constraint regarding the 
moment may be explained by the numerical procedure; this value is not 
measured directly, it has to be derived from strain measurements according to 
chapter 4.3.1.3. This procedure involves several assumptions and is therefore 
probably less reliable. 
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Table 5-12 Results calculated with FEM compared to theoretical values for simply supported 
and fully constrained cases. 

Simply
supported

Results
from FEM 

Fully
constrained

% constrained

EastDeflection 
[mm]

West

13,6 10,5 3,3 30 

North 0,0575 0,039 0 32 Rotation

South 0,0601 0,039 0 35 

Moment [Nm] 0 406494 1080697 38 

The springs supporting the piles and the abutments affect different areas and will 
therefore also have different influence on measured parameters. In 172HFigure 5-10 
the influence of pile-support on bridge deflection is visible. The support against 
the piles has a very small influence. 
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Figure 5-10 Measured deflection compared to deflection simulated with FEM, with and 
without springs supporting the piles. 
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Regarding the strains in the piles, the springs supporting the piles have a very 
big influence. In 173HFigure 5-11 the measured values are compared to values from 
FEM with and without springs against the piles. The FE-model without any pile 
support shows better agreement to measured values. The measured values are 
adjusted to show additional strains from the lorry only, strains due to 
temperature are not considered. These adjustments are valid for 174HTable 5-7, 175HTable 
5-8, 176HTable 5-9 and 177HTable 5-10 as well. 
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Figure 5-11 Simulated strain in FEM with and without pile support is compared to measured 
values. Piles without any support shows better agreement to measured values. 
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6 CONCLUSIONS

In the beginning of this thesis four questions were raised. The material shown 
should be enough to give satisfying answers. 

-Does the measured strain in the steel piles lie within a range where fatigue can 
be a problem for short span bridges like Leduån? 
The measured strain range caused by temperature variations during the period of 
the monitoring, between 2006-10-18 and 2007-10-23, is approximately 900 
microstrain, which corresponds to 95 MPa on each side of the pile. 
This means that such strain amplitude due to seasonal temperature variation can 
not cause serviceability problems and the piles are properly designed for fatigue 
endurance. If the quota MPa/˚C is used, the measured values are on a safe side 
compared to design values. 

-The backfill material behind the endscreens has a big restraining influence. 
Can one mention a number describing exactly how constrained the bridge is? 
Test results compared to theoretical cases show that moment constrain is 
between 50-70% of full moment resistance, regarding deflection and rotation. 
These parameters were measured directly. Transferred moment from steel 
girders and deck into abutment, which was obtained after assumptions according 
to chapter 4.3.1.3 shows a moment constrain of 35 %. 

-Does the solution with steel sleeves, loose sand and styrofoam surrounding the 
piles work when it comes to decreasing strains by offering softer soil 
embedment?
Results of measurements and FEA indicate a very positive role of loose sand 
and styrofoam around the piles. This solution allows a bigger deflection of the 
pile which reduces the strains. In some states in the USA it is demanded to 
supply integral bridges with this type of solution. Figure 5-11 shows how a case  
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without any pile support at all lays closer to the measured values than the case 
with pile support according to BRO 2004. 

-Can FEM be used to predict the behaviour of the bridge? What parameters can 
be predicted more accurately? 
Even a simple 2D Finite Element model can be efficiently used to analyze the 
behaviour of the bridge. The results of the short term measurements clearly 
indicate very good agreement with FE results. Better agreement between 
measured values and FE results are obtained during the summer, because the 
input data for soil parameters were measured in the summer. Potential for 
further parametric studies are promising and will be performed in future to 
create a simpler design models. 
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APPENDIX A

Test results from January 2007 

178HFigure A- 1and 179HFigure A- 2 show measured strains caused by a loaded lorry in 
January 2007at level 1 and 2. 
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Figure A- 1 Measured strain caused by a loaded lorry in January 2007 at level 1 and 2, north 
side.
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Figure A- 2 Measured strain caused by a loaded lorry in January 2007 at level 1 and 
2, south side. 
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180HFigure A- 3 shows measured deflection caused by loaded lorry in January 2007. 
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Figure A- 3 Measured deflection caused by loaded lorry in January 2007 
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Test results from May 2007 

181HFigure A- 4 and 182HFigure A- 5 shows measured strain difference at level 1 and 2 
caused by loaded lorry in May 2007 
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Figure A- 4 Measured strain difference caused by loaded lorry in May, level 1 and 2 on the 
north side. 
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Figure A- 5 Measured strain difference caused by loaded lorry in May, level 1 and 2 on the 
south side. 
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183HFigure A- 6 and 184HFigure A- 7 show measured strain difference at level 1 and 2 
caused by empty lorry in May 2007
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Figure A- 6 Measured strain difference caused by empty lorry in May, level 1 and 2 on the 
north side. 

Measured strain difference
South side, Level 1 and Level 2

0

10

20

30

40

50

60

0 10 20 30 40

Meter

M
ic

ro
st

ra
in

Measured
strain, S1

Measured
strain, S2

Figure A- 7 Measured strain difference caused by empty lorry in May, level 1 and 2 on the 
south side. 
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185HFigure A- 8, 186HFigure A- 9 and 187HFigure A- 10 show measured deflections at east 
and west side, May 2007. 

Measured deflection,
empty lorry in May

0

2

4

6

8

10

12

0 10 20 30 40
Meter

m
m

West side

East side

Figure A- 8 Measured deflection caused by empty lorry in May 2007. 

Measured deflection
loaded lorry, May
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Figure A- 9 Measured deflection caused by loaded lorry in May 2007. 
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Measured deflection
Empty lorry
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Figure A- 10 Measured deflection caused by empty lorry in May 2007. 
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188HFigure A- 11 and 189HFigure A- 12 show measured rotation at north and south side 
in May 2007 
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Figure A- 11 Measured rotation of abutments caused by loaded lorry in May 2007 
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Figure A- 12 Measured rotation of abutments caused by empty lorry in May 2007 
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Test results from October 2007 

190HFigure A- 13 and 191HFigure A- 14 show measured strain difference at level 1 and 2 
caused by empty lorry in October. 
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Figure A- 13 Measured strain caused by empty lorry in October, level 1 and 2, north side.

Measured strain at south side,
empty lorry, level 1 and 2
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Figure A- 14 Measured strain caused by empty lorry in October, level 1 and 2, south side



Appendix 

9

192HFigure A- 15 and 193HFigure A- 16 show measured strain difference at level 1 and 2 
caused by loaded lorry in October.
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Figure A- 15 Measured strain caused by loaded lorry in October, level 1 and 2, north side.
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Figure A- 16 Measured strain caused by loaded lorry in October, level 1 and 2, south side 
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194HFigure A- 17 and 195HFigure A- 18 show measured strain difference at level 1 and 2 
caused by empty lorry in October 
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Figure A- 17 Measured strain caused by empty lorry in October, level 1 and 2, north side 

Measured strain at south side,
level 1 and 2, empty lorry

0

10

20

30

40

50

60

0 10 20 30 40
Meter

M
ic

ro
st

ra
in

Level 1
Level 2

Figure A- 18 Measured strain caused by empty lorry in October, level 1 and 2, south side 
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196HFigure A- 19, 197HFigure A- 20 and 198HFigure A- 21 show measured deflections at east 
and west side, October 2007. 
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Figure A- 19 Measured deflection caused by empty lorry in October 2007. 

Measured deflection
loaded lorry, October
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Figure A- 20 Measured deflection caused by loaded lorry in October 2007 
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Measured deflection
empty lorry
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Figure A- 21 Measured deflection caused by empty lorry in October 2007 
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199HFigure A- 22, 200HFigure A- 23 and 201HFigure A- 24 show measured rotation at north 
and south side in May 2007 
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Figure A- 22 Measured rotation caused by empty lorry in October 2007 

Measured rotation, loaded lorry, October
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Figure A- 23 Measured rotation caused by loaded lorry in October 2007 
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Measured rotation, empty lorry in October
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Figure A- 24 Measured rotation caused by empty lorry in October 2007 
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Test results from January 2008 

202HFigure A-25 and 203HFigure A- 26 show measured strain difference at level 1 and 2 
caused by empty lorry in January 2008. 
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Figure A-25 Measured strain caused by empty lorry in January 2008, level 1 and 2, north 
side

Measured strain at south side,
level 1 and 2, empty lorry
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Figure A- 26 Measured strain caused by empty lorry in January 2008, level 1 and 2, south 
side
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204HFigure A- 27 and 205HFigure A- 28 show measured strain difference at level 1 and 2 
caused by loaded lorry in January 2008. 
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Figure A- 27 Measured strain caused by loaded lorry in January 2008, level 1 and 2, north 
side

Measured strain at south side,
level 1 and 2, loaded lorry
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Figure A- 28 Measured strain caused by loaded lorry in January 2008, level 1 and 2, south 
side
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206HFigure A- 29 and 207HFigure A- 30 show measured strain difference at level 1 and 2 
caused by empty lorry in January 2008. 

Measured strain at north side,
level 1 and 2, empty lorry
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Figure A- 29 Measured strain caused by empty lorry in January 2008, level 1 and 2, north 
side

Measured strain at south side,
level 1 and 2, empty lorry

0

5

10

15

20

25

30

0 10 20 30 40
Meter

M
ic

ro
st

ra
in

Level 1
Level 2

Figure A- 30 Measured strain caused by empty lorry in January 2008, level 1 and 2, south 
side
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208HFigure A- 31, 209HFigure A- 32 and 210HFigure A- 33 show measured deflections at east 
and west side, October 2007. 

Measured deflection,
empty lorry
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Figure A- 31 Measured deflection caused by empty lorry in January 2008 

Measured deflection,
loaded lorry
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Figure A- 32 Measured deflection caused by loaded lorry in January 2008 
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Measured deflection,
empty lorry
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Figure A- 33 Measured deflection caused by empty lorry in January 2008 
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211HFigure A- 34, 212HFigure A- 35 and 213HFigure A- 36 show measured rotation at north 
and south side in January 2008. 
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Figure A- 34 Measured rotation caused by empty lorry in January 2008. 

Measured rotation, loaded lorry, January
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Figure A- 35 Measured rotation caused by loaded lorry in January 2008. 
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Measured rotation, empty lorry, January
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Figure A- 36 Measured rotation caused by empty lorry in January 2008. 



Appendix 

22



Appendix 

23

APPENDIX B



Appendix 

24



Appendix 

25



Appendix 

26



Appendix 

27



Appendix 

28






