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SUMMARY 

Externally bonded fibre-reinforced polymer (FRP) systems have shown to 
be a robust and durable way to repair, or strengthen concrete structures. 
Epoxy, as the most common bonding agent, provides excellent force 
transfer, and bonds well to the base substrate to the as well as to the 
strengthening material. However, the epoxy-bonded systems exhibit 
certain inherent weaknesses, such as low compatibility with the concrete 
substrate, degradation in strength and stiffness around 85 °C, and toxicity 
both during application and when subjected to fire. Epoxies also require a 
minimum application temperature often above 10 °C, and create sealed 
surfaces, potentially resulting in moisture and freeze/thaw problems. 

In recent years, alternative, inorganic bonding agents have been in the 
focus of research. Cementitious bonding agents, when combined with the 
FRP, have the potential to become a high-performance strengthening 
system, without the drawbacks of the epoxy-bonded systems. Inorganic 
binders provide excellent protection to the FRP against UV-degradation, 
fire, or vandalism. Contrary to epoxy, they can be applied in colder 
temperatures or climates. They show a better compatibility with the base 
concrete in terms of chemical or thermal compatibility, shrinkage 
properties, and they do not create diffusion-closed surfaces. 

In this thesis, the mineral-based composite (MBC) strengthening system 
has been investigated, with focus on the tensile behaviour of the material. 
The MBC comprises of a carbon fibre polymer (CFRP) grid and an 
inorganic, mineral-based binder. Additionally, MBC has been placed in a 
wider context within the field of externally bonded, mineral-based 
strengthening systems. On the material side, MBC has been modified and 
enhanced by involving strain-hardening mortars.  

The experimental work presented in the thesis consists of two test series 
aiming to investigate the tensile behaviour. First, uniaxial tensile tests 
were carried out on dogbone-shaped specimens, to characterize the 
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tensile properties of the bare composite strengthening material. Then, 
wedge-splitting tests were conducted to investigate the post-cracking 
behaviour, toughness, and ductility of the MBC, and the interaction 
between the MBC and the base concrete.  

The chosen test methods have proven to be suitable to characterize the 
tensile behaviour of the MBC. In all cases, the specimens failed with 
CFRP rupture, indicating good bond, both on the base concrete-mortar, 
and the mortar-CFRP interface. The MBC strengthening system 
performed excellent in terms of load-carrying capacity. Furthermore, the 
strain-hardening mortar has been found to enhance both the load bearing 
and in particular, the deformation capacity. It has also been shown that 
the pseudo-ductile mortar is capable to shift the overall behaviour from 
brittle towards a more ductile failure.  

The potential in such improved mineral-based strengthening systems is 
enormous. The ductility provided by the strain-hardening mortars 
together with the stiffness and strength from the FRP component could 
result in a high-performance strengthening material applicable in a range 
of different situations, from shear-sensitive structures through mining 
applications, such as tunnel linings.  

Keywords: strengthening, fibre-reinforced polymers, mineral-based 
composites, engineered cementitious composites, tensional behaviour, 
uniaxial tensile tests, wedge-splitting tests, ductility, strain hardening 
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ABBREVIATIONS 

ELt = Young’s modulus of the grid in longintudinal (0 ) direction; 
tested value 

ETt = Young’s modulus of the grid in transversal (90 ) direction; tested 
value 

fLt = ultimate stress in the grid in longitudinal direction; tested value 

fTt = ultimate stress in the grid in transversal direction; tested value 

Lt = strain at failure in the grid, longitudinal direction; tested value 

Tt = strain at failure in the grid, transversal direction; tested value 
ELm = Young’s modulus of the pure carbon fibre in longintudinal 

direction; manufacturer-given 
ETm = Young’s modulus of the pure carbon fibre in transversal direction; 

manufacturer-given 
fLm = ultimate stress in the pure carbon fibre in longitudinal direction; 

manufacturer-given 

fTm = ultimate stress in the pure carbon fibrein transversal direction; 
manufacturer-given 

Lm = strain at failure in the pure carbon fibre, longitudinal direction; 
manufacturer-given 

Tm = strain at failure in the pure carbon fibre, transversal direction; 
manufacturer-given 

Ec = Young’s modulus of concrete 
fcc = compressive strength of concrete 
fct = tensile strength of concrete 
fy = yield strength of steel 

cc = first cracking stress of concrete/mortar 

pc = post-cracking stress of concrete/mortar 

cc = tensile strain capacity of concrete 

su = tensile strain capacity of steel 

FRP = tensile strain capacity of FRP 
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ACRONYMS AND SHORT DEFINITIONS 

Polymers - plastics with long-chain molecules – have been used in 
several ways to enhance concrete properties. They can replace part of the 
Portland cement, or be incorporated as an admixture, or used to 
impregnate hardened concrete. 

PMM and PMC stands for polymer-modified mortar, or concrete, often 
referred to as “polymer concrete”. It is a cement mortar, or concrete, in 
which part of the Portland cement has been replaced by polymeric 
admixtures. These mortars/concretes harden faster than ordinary mixes; 
they can have significantly higher compressive strength, and modulus of 
elasticity. Creep is less and resistance to freezing and thawing cycles is 
higher.  

FRP refers to fibre-reinforced polymer. It is a composite material, which 
consists of a polymeric matrix reinforced with glass-, carbon-, or aramid 
fibres. For structural engineering applications, the matrix is typically 
epoxy. 

AFRP, GFRP, and CFRP denote aramid-, glass-, or carbon fibre-
reinforced polymers, respectively. 

AR-glass: alkali-resistant glass (fibre, or textile). 

PBO (polyparaphenylene-benzobisoxazole) is an ultra-high-performance 
inorganic fibre with a tensile strength and failure strain higher than that of 
commonly used carbon fibres. The unique structure of the PBO allows a 
direct chemical bond to be built up with the specially formulated 
cementitious matrix. Therefore, it is supposed to have a better bond than 
carbon fibres in either form. PBO has greater impact tolerance and energy 
absorption ability than any other fibre. 



 

 

PVA, polyvinyl-alcohol fibres are high-performance reinforcement fibres 
for concrete and mortar. They are unique in their ability to create a 
molecular (hydrogen) bond with cement during hydration.  

NEFMAC grid, “New Fibre Composite Material for Reinforcing 
Concrete”, is a batch-processed reinforcement material made from 
continuous carbon, aramid, glass, or hybrid glass-carbon fibres alternating 
in two directions, impregnated with an appropriate resin. It comes in the 
form of a cross-laminate grid with rigid nodes. It has a constant thickness, 
and the upper and lower faces of the bars are flat and smooth. It shows 
excellent anchorage and mechanical interlock in concrete. 

Primer is bond coating, applied on the roughened concrete surface, in 
order to improve the bond between the base concrete and the 
strengthening material. The most common primers consist of ordinary 
Portland cement, to which silica fume, polymers, fly ash, superplasticizers, 
etc. are added. In some cases, epoxy-based primers are also used. 

MBC refers to mineral-based composite. It consists of a polymer-
modified mortar phase (binder) and a stiff CFRP grid (reinforcement). 
The surface of the concrete structure is first roughened by sandblasting or 
other means, such as jackhammers, grinding, hydro-jet blasting, needle 
gunning. Then, a surface primer is applied on the roughened surface to 
reduce moisture transport from the polymer-modified mortar to the base 
concrete. This is followed by the application of the first layer of mortar. A 
CFRP grid is placed on the mortar and covered by a second layer of 
mortar. 

MBS stands for mineral-based strengthening. In this thesis it is used in a 
broad context referring to any kind of externally bonded strengthening 
system, in which a high-strength fibre/fibrous component (continuous 
fibres, sheets, grids, textiles) is bonded to the concrete structure by means 
of a cementitious binder (fine-grained concrete, mortars, etc.). 

FRC and FRM are general terms describing different types of fibre-
reinforced concrete, and fibre-reinforced mortar. The short, discrete, and 
randomly oriented fibres increase the structural integrity. Fibres include 
steel, glass, synthetic, and natural fibres, among others.  
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SFRC, steel fibre-reinforced concrete is the most commonly used fibre-
reinforced concrete. Steel fibres are added to enhance tensile strength, first 
cracking strength, toughness, and energy absorption capacity. After first 
cracking, it exhibits tension-softening behaviour, i.e., a decaying load 
capacity.  

SFRS is steel fibre-reinforced shotcrete, typically used in mining 
applications, such as tunnel linings. The addition of randomly oriented 
steel fibres into the concrete improves the crack resistance capacity of the 
concrete. It also enhances the tensile strength in all directions, as opposed 
to weldmesh reinforcement. 

TRM and TRC refer to textile-reinforced mortar, or concrete. The 
“textile” is typically alkali-resistant glass, or carbon textile, aligned in the 
direction of the principal stresses for maximum efficiency. The textile is 
only partially penetrated by the mortar phase. Technically, it is more 
correct to use the term “mortar” rather than “concrete”, because in TRC 
there are no coarse aggregates. The maximum grain size is normally 1mm 
or less.  

FRCM is fibre-reinforced cementitious mortar. In recent literature, there 
is confusion since certain authors handle textile-reinforced concretes and 
fibre-reinforced cementitious mortars together. However, they define 
FRCM as a strengthening material made by fibre nets embedded into an 
inorganic, stabilized cementitious matrix, explicitly excluding more 
densely woven technical textiles. For convenience, in this thesis, TRC 
and FRCM are bundled together, and referred to as TRC. 

Strain hardening, or “plastic hardening” is the contribution of a 
cementitious matrix to the load-deformation response of a structural 
member. It is more accurate to refer to the mechanism as pseudo strain 
hardening, differentiating it from the “real” strain hardening observed in 
metals. The pseudo strain-hardening behaviour in SHCCs is achieved by 
the sequential development of matrix multiple cracking. In metals 
however, it is based on dislocation micromechanics in the plastic 
deformation regime.  

 



 

HPFRCC denotes high-performance fibre-reinforced cementitious 
composite. HPFRCCs exhibit excellent overall “high performance” 
tensile behaviour. Since the term is too general, HPFRCCs have been 
renamed to SHCC lately (see below). 

SHCC, strain-hardening cementitious composite, is a more descriptive 
definition of HPFRCC. The earlier literature often refers to it as 
HPFRCC, while in recent literature SHCC is the commonly used term. 
The most notable feature of SHCCs is their high ultimate tensile strain 
capacity, up to 6%. This pseudo-ductility is achieved by the sequential 
multiple cracking of the matrix while undergoing strain-hardening 
behaviour after first cracking.  

ECC, engineered cementitious composite, is a major subclass of SHCC. 
The design principle ECCs is based on micromechanics and fracture 
mechanics. It can be tailored to suit particular structural needs (low 
shrinkage mixes, high early age strength, etc.), or application methods 
(sprayable). The ECC uses randomly oriented, short (8-12mm) polymeric 
fibres (typically, PVA, or polypropylene) in low amounts (less than 2 vol. 
%), or in certain cases, hybrid fibres, and high volumes of fly ash. 

PVA-ECC is the most typical form of ECC. It contains PVA fibres up to 
2 vol. %.  

R-ECC refers to an ECC member with internal steel reinforcement (bars 
or welded grids). 

TR-ECC stands for textile-reinforced ECC. The textile is similar to that 
in textile-reinforced concrete. 
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WST, wedge-splitting test, is a well-established test method to perform 
stable fracture mechanics tests on brittle or quasi-brittle materials. 
Compared to a uniaxial tensile test, WST also provides information on 
the softening part of the load-deformation curve after peak load. It does 
not ensure a uniform tensile stress field since there is bending in the 
specimen. 

COD stands for crack opening displacement; here specifically in the 
wedge-splitting test. In the WST (above), a specimen with a starter slit on 
top is being split into two halves, by means of a rigid steel wedge that is 
pressed down vertically. The COD is the opening of the crack, measured 
at the top of the starter slit. 
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1 INTRODUCTION 

1.1 Background 

Concrete is the most common construction material in the world, 
having been around for about 6-7000 years, and in the strict sense, with 
Portland cement, since 1824, the invention of Portland cement 
(cement.org#1). With the volume of buildings and infrastructure that are 
built from concrete worldwide, in recent years there has been a great deal 
of research focusing on the repair and rehabilitation of deteriorated 
concrete structures, due to the magnitude of such a problem on a global 
level.  

1.1.1 Need for rehabilitation 

A significant part of the infrastructure is built from reinforced 
concrete. Due to its inherent brittleness and low tensile strength of most 
concretes, it cracks under load, allowing water, chlorides, and other 
corrosives to penetrate it. Corrosion of the reinforcing steel is the 
principal cause of deterioration in concrete.  

However, it is not only the deterioration processes that make 
rehabilitating, or strengthening necessary. There are numerous reasons 
why a structure does not perform up to the desired standards. Fatigue 
damage, environmental factors, the use of poor materials, flaws in design, 
or problems in execution may all contribute to rapid and too early 
degradation. Moreover, the load carrying capacity may need to be 
increased because of increased loads and/or changes in utilization.  

Furthermore, buildings and infrastructures can be subject to a wide range 
of unexpected loading conditions during their service life, such as blast 
explosions or earthquakes. Under these circumstances, not all structures 
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have the toughness and ductility to maintain structural integrity for a 
situation they not have been designed for. 

In case of severe damage or inferior load capacity, demolition of the old 
structure and building a new one may be a solution. However, 
considering the volume of the buildings and infrastructures involved 
worldwide, economic, and environmental considerations, i.e., 
considerations for sustainability, lead to find new ways of structural repair 
or upgrading of existing structures. 

1.1.2 Concrete strengthening 

Externally bonded fibre-reinforced polymer (FRP) systems have 
shown to be a robust and durable way to repair, or strengthen concrete 
structures. Epoxy, as the most common bonding agent, provides excellent 
force transfer, and bonds well to the base substrate as well as to the 
strengthening material. However, the epoxy-bonded systems exhibit 
certain inherent weaknesses, such as low compatibility with the concrete 
substrate, degradation in strength and stiffness around 85 °C, and toxicity 
both during application and when subjected to fire. Epoxies also require a 
minimum application temperature often above 10 °C, and create sealed 
surfaces, potentially resulting in moisture and freeze/thaw problems. 

In recent years, alternative, inorganic bonding agents have been in the 
focus of research. Cementitious bonding agents, when combined with the 
FRP, have the potential to become a high-performance strengthening 
system, without the drawbacks of the epoxy-bonded systems. Inorganic 
binders provide excellent protection to the FRP against UV-degradation, 
fire, or vandalism. Contrary to epoxy, they can be applied in colder 
temperatures or climates. They show a better compatibility with the base 
concrete in terms of chemical or thermal compatibility, shrinkage 
properties, and they do not create diffusion-closed surfaces. 

In this thesis, the mineral-based composite (MBC) strengthening system 
has been investigated, with focus on the tensile behaviour of the material. 
The MBC consists of a carbon fibre polymer (CFRP) grid and an 
inorganic, mineral-based binder. The application is straightforward and 
easy. First, it is necessary to remove the cement laitance. The concrete 
surface is roughened, e.g., by sandblasting.  
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The strengthening system is applied in four steps. First, a surface primer 
(bond coating) is applied. This serves to reduce moisture transport from 
the strengthening mortar to the old concrete. One layer of mortar is 
immediately applied on the primed surface, followed by the pre-cut 
CFRP grid, and a second layer of mortar to cover it. 

It has been shown from earlier studies that the MBC strengthening system 
works well for general strengthening purposes. However, the limiting 
factor with it, in my opinion, was the same as with almost any other 
methods aiming to strengthen concrete structures, or just create a durable 
repair. Many improvements have been made with regard to concrete and 
repair material durability, but few solutions have targeted the core reason 
of  concrete (and often repair material ) fails in the first place  the 
inherent brittleness of the concrete, or repair mortar. 

1.2 Aim and objectives 

This research project aims to map the possible materials that can be 
used in a mineral-based strengthening system. It also aims to broaden the 
concept of the “mineral based composite” (MBC) and enhance it with 
new materials, by involving strain-hardening mortars, such as engineered 
cementitious composites (ECC).  

Additionally, the goal has been to analyze the potential of different test 
methods that could serve to study the effects of the MBC strengthening. 
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1.3 Research questions 

The research presented in this thesis has tried to answer the following 
research questions: 

RQ1. Which material combinations are promising for future mineral-
based strengthening applications? 

RQ2. How can the tensile capacity of the MBC strengthening 
system conveniently be tested? 

RQ3. Can the overall performance of the MBC system be improved 
by applying pseudo-ductile mortars, instead of quasi-brittle?  

More specifically,  

Is it possible to modify the MBC in a way that it reduces brittle 
failure in a strengthened structural element?  

Can the strain capacity of the MBC be improved?  

RQ4. Can the expected strain-hardening behaviour of the ECC be 
confirmed by tests? 

1.4 Scientific approach and methods 

The research presented here is the result of a traditional sequence of 
steps that need to be taken in order to complete a Licentiate thesis at 
Luleå University of Technology.  

The first major section of the thesis is the detailed state-of-the-art report. 
This is a necessary step to get acquainted with the field. After having 
gathered the state-of-the-art knowledge, the information has been 
structured in a comprehensive way, which led to finding areas of research 
that have not been covered in detail yet. My choice was to look deeper 
into the behaviour of the composite on the material level, and expand the 
strengthening system with a new material – strain-hardening mortars. 
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In the next step, the research questions were formulated, and an 
experimental program (testing) was built up around them. The testing 
focused on the tensional behaviour of the expanded MBC system.  

Two different test series have been planned and executed, as a follow-up 
of earlier shear beams (Figure 1.1a) tested by (Blanksvärd, 2007). The goal 
was to find test set-ups that represent the section of the beam where the 
shear crack occurs, and investigate the tensile behaviour of the 
strengthening material as it bridges the (shear) crack. The idea of 
performing diagonal compression tests (Figure 1.1b) has been dropped 
early in the testing program. Instead, the performed uniaxial tests (Figure 
1.1d) on dogbone specimens aimed to characterize the bare strengthening 
material, while the wedge-splitting tests (Figure 1.1c) investigated the 
post-peak response, and the fracture behaviour of MBC-strengthened 
specimens.  

 

Figure 1.1: Schematic testing program. (a) shear beams, (b) diagonal compression test 
(not performed), (c) wedge-splitting test, and (d) uniaxial tensile (dogbone) tests 
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As the last step, the findings of both the state-of-the-art review and the 
testing program have been condensed into an extended summary, 
supported by peer reviewed journal and conference papers presented in 
the appendix. 

1.5 Limitations 

The use of grid-type reinforcements for strengthening concrete is not 
new per se. However, the combination of carbon-fibre grids specifically 
with polymer-modified mortars, and/or strain-hardening mortars is novel. 
It is natural that not all aspects of this strengthening system are well 
known and explored. One part of the “unknown”, the tensile behaviour 
was placed in focus, while other aspects have not been considered 
thoroughly. For example, long-term performance, or durability issues are 
outside of the scope of this thesis as far as the testing program goes, but 
have been partly covered in the state-of-the-art part.  

While the expression “ductility” has gained increased importance 
throughout the thesis, the energy dissipating ability, that is a very 
important feature of “ductile” materials, has not been investigated in 
detail. Materials that can accommodate large deformations are often used 
in seismic zones, or in structures otherwise subjected to impact- or blast 
loading because of their energy dissipating ability. I only tackled the very 
surface of those aspects in the literature review. 

Due to the innovative nature of the tests and resources available, in this 
thesis, no analytical work is presented.  
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1.6 Structure of the thesis 

Chapter 1 serves as a general introduction.  

Chapter 2 is a state-of-the-art review summarizing the existing mineral-
based strengthening methods. The review is selective to strengthening 
applications that involve a sheet, textile, mesh, or grid-type reinforcement 
that is embedded in a cementitious bonding agent. The report is not 
simply a summing-up of research carried out by others, but it links the 
different fields together in a new way. 

The aim of the review is twofold. Firstly, it serves to find or suggest 
possibly better-suited material compositions for structures or structural 
elements that are subject to significant tensile and/or shear loads, by 
mapping the existing mineral-based strengthening systems and materials 
used. Additionally, it helps to understand the different load transfer 
mechanisms acting in the various kinds of cementitious composites.  

Chapter 3 contains the extended summaries of the appended papers. The 
goal was to give a concise summary of all testing programs (and resulting 
papers) within the thesis itself, but present them in detail as appendices, in 
order to avoid presenting the exact same material on the uniaxial tests 
twice.  

Chapter 4 clarifies the outcome of the thesis with a discussion and a 
general conclusions section. 

Chapter 5 closes the thesis by presenting ideas and suggestions for future 
research.  
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1.7 Appendices 

Appendix 1, Paper One, “Strengthening of Concrete Beams in Shear with 
Mineral Based Composites - Laboratory Tests and Theory” is a short 
conference paper presented at the Third International Conference on 
FRP Composites in Civil Engineering (Miami, 2006). Authors are Björn 
Täljsten, Katalin Orosz and Thomas Blanksvärd. My contribution to the 
paper was making the disposition of the paper, and writing smaller 
sections of it with the first and third author.  

- Best Paper Award in conference 

Appendix 2, Paper Two, “From material level to structural use of mineral 
based composites – an overview” is a journal paper published in the Journal of 
Advances in Civil Engineering in 2010. Authors are Katalin Orosz, 
Thomas Blanksvärd, Björn Täljsten, and Gregor Fischer. My contribution 
to the paper was planning the paper, writing the majority of the state-of-
the-art part, performing and evaluating the uniaxial tensile- and wedge 
splitting tests, and writing the relevant parts of the paper. 

Appendix 3, Paper Three, “Crack development in CFRP reinforced mortar – 
An experimental study” is a conference paper presented at the Asia-Pacific 
Conference on FRP in Structures (APFIS 2007) in Cape Town, South 
Africa. Authors are Björn Täljsten, Katalin Orosz, and Gregor Fischer. 
My contribution was performing and evaluating the tests, and writing 
major parts of the paper. 

- Best Paper Award in conference 

Appendix 4, Paper Four, “Crack development and deformation behavior of 
CFRP reinforced mortars” is a journal paper submitted to the Journal of 
Nordic Concrete Research in May 2013. Authors are Katalin Orosz, 
Thomas Blanksvärd, Björn Täljsten, and Gregor Fischer. My contribution 
was performing and evaluating the tests, and writing major parts of the 
paper. It is presented in “thesis format”; not formatted to the journal’s 
requirements, but with the appropriate content. 
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Appendix 5, Paper Five, “Development of a new test method for Mineral 
Based Composites – Wedge splitting test” is a conference paper presented at 
the International Conference on Concrete Repair, Rehabilitation, and 
Retrofitting (ICCRRR2008) in South Africa. Authors are Katalin Orosz 
and Björn Täljsten. My contribution was performing and evaluating the 
wedge-splitting tests, and writing major parts of the paper.  

Appendix 6 contains the complete wedge-splitting testing program. 

Appendix 7 contains additional data (strain images from the optical 
measuring tool ARAMIS) from the uniaxial tests that could not have 
been included in Paper Four because of length constraints, but represent 
valuable information that is best presented as a standalone Appendix. 
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1.8 Other publications 

One additional paper is closely related to the thesis but it is not included 
because it contains overlapping information. Two additional papers on 
shrinkage are not related directly. They are a result of a short-term project 
conducted parallel to the thesis. 

Paper Six, “CFRP strengthening with mineral-based composites loaded 
in shear” is a conference paper presented at the 8th International 
Symposium on Fiber Reinforced Polymer Reinforcement for Concrete 
Structures (FRPRCS-8) in Patras, Greece, in 2007. Authors are Katalin 
Orosz, Björn Täljsten, and Gregor Fischer. This paper is essentially the 
same as Paper One. My contribution was making the disposition of the 
paper, and writing larger sections of it with the second and third author. 

Paper Seven, “Evaluation of the Linear Logarithmic Creep Model” is a 
conference paper intended for the XXIIth Symposium on Nordic 
Concrete Research & Development in 2014, Reykjavík, Iceland. 
Authors are Peter Fjellström, Katalin Orosz, Jan-Erik Jonasson, Mats 
Emborg, and Hans Hedlund. My contribution was evaluating the test 
results. 

Paper Eight, “Evaluation of LTU Models describing Free Deformations” is a 
conference paper intended for the XXIIth Symposium on Nordic 
Concrete Research & Development in 2014, Reykjavík, Iceland. 
Authors are Peter Fjellström, Katalin Orosz, Jan-Erik Jonasson, Mats 
Emborg, and Hans Hedlund. My contribution was evaluating the test 
results.
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2 MINERAL-BASED STRENGTHENING – STATE 
OF THE ART 

2.1 Structural repair and strengthening 

Structural repair describes the process of reconstruction/renewal of a 
facility or its structural elements. In the case of repair, a portion of a 
structure that has a structural or functional deficiency is replaced by a new 
and preferably more durable element. This involves determining the 
origin of defect, removing damaged materials and causes of defect, as well 
as selecting and applying appropriate repair materials that extend a 
structure's life. 

In contrast, strengthening describes the process of upgrading a structure 
that is adequately functioning in ordinary situations, but may fail in 
extreme conditions or with the planned load increase (e.g., increased 
traffic load). The effects of strengthening must be analysed carefully to 
determine their influence on the global behaviour of the structure.  

The term retrofit is specifically used in relation to the seismic upgrade of 
facilities, such as composite jacketing or column confinement.  

2.2 Strengthening with fibre-reinforced polymers 

The structural repair and/or upgrade of concrete structures can be 
achieved by many different methods developed. These – feasible and 
economical, described by (Emmons, Vaysburd et al., 1998) - methods 
include section enlargement of critical elements, span shortening with 
additional supports, and external or internal post-tensioning.  

Extensive increase in the need of rehabilitation and strengthening and the 
decreasing cost of advanced composite materials have led to a further 
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development of the (steel) plate bonding method. The very first use of 
fibre-reinforced polymers (FRPs) was the FRP plate bonding, gradually 
replacing steel plates in the end of the 1980s (ed. Hollaway and Leeming, 
1999; Täljsten, 2006).  

FRPs are what are commonly known as “composites”. A composite is a 
material formed from two or more non-soluble materials. In general, the 
fibres can be short, randomly oriented or more frequently, intentionally 
aligned, long, thin fibres, which contribute with stiffness and strength. 
The fibres are held together and shaped by the matrix. The polymer 
matrix usually used is polyester, vinyl ester, or epoxy. The polymer 
matrix has the main purpose of transferring the forces between fibres, as 
well as protecting the fibres from mechanical and environmental damages.  

The most important benefit of the FRP reinforcement is perhaps that it 
does not corrode as steel, offering advantages over steel reinforcement 
embedded in concrete in severe environments. In addition to very high 
strength-to-weight ratio, important characteristics of FRPs for structural 
repair and strengthening applications are the speed and ease of installation, 
lower cost (considering not only the material cost but the costs of labour 
and maintenance as well), and aesthetics (ed. Hollaway and Leeming, 
1999; Täljsten, 2006). 

Today there are several types of externally bonded FRP strengthening 
systems. In wet lay-up systems, dry fibres are impregnated on-site with a 
saturating resin, providing a binding matrix for the fibre and bond of the 
FRP element to the concrete surface. In systems based on prefabricated 
FRP elements, the FRP composite shapes are manufactured in the 
supplier’s factory and shipped to the job site. An adhesive is used to bond 
the pre-cured composite element to the concrete surface ("NCHRP 
Report 514," ; Täljsten, 2006). 

2.2.1 Epoxy-based strengthening systems 

Externally epoxy-bonded FRP systems have been proven as an 
effective strengthening method in repairing or strengthening concrete 
structures (Ohuchi, Ohno et al., 1994; Tepfers, 2000; Carolin, 2001; 
Mirmiran, Shahawy et al., 2004; Pellegrino and Modena, 2006; Täljsten, 
2006). Epoxy bonds to the majority of surfaces (concrete, steel, timber, 
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etc.) providing excellent force transfer, and shows to be durable and 
resistant to many different environments.  

Despite their favourable characteristics and proven efficiency, the epoxy-
bonded systems also entail some disadvantages. Epoxy is a hazardous 
material potentially causing eczema when it comes to contact with the 
skin. Organic resins lack fire resistance, and have low compatibility with 
the substrate material (Ombres, 2009b). Epoxy loses its strength, stiffness, 
and adhesion near its glass transition temperature, typically around 85°C. 
The stiffness and strength of the adhesive decrease already at temperatures 
below this characteristic temperature (Stratford and Bisby, 2011). The 
consistency of the epoxy becomes rubbery, viscous and de-bonds off the 
structure together with the FRP reinforcement. (Stratford and Bisby, 
2011) confirmed substantial slip between the epoxy-bonded plates and the 
strengthened beam already at 40°C. Furthermore, epoxy emits toxic gases 
when subjected to fire (Autian, 1970; Edwards, 1998).  

Epoxy-bonded systems may exhibit long-term durability problems 
because of the degradation under UV-light (Papakonstantinou and 
Balaguru, 2006). According to the authors, the organic bonding agent 
used in externally bonded systems becomes the weak link, since carbon 
and glass fibres/fabrics can withstand normal fire exposure and are durable 
under UV-light (Papakonstantinou and Balaguru, 2006).  

The recommended minimum application temperature of epoxy - 
depending on the exact product - is typically 5-10°C, but often above 
10°C (example: Sika® adhesives), which is of special relevance in cold 
climates, as expressed by e.g. (Täljsten, 2006; Blanksvärd, 2007; Orosz, 
Täljsten et al., 2007; Blanksvärd, 2009). Epoxy creates diffusion-closed 
(sealed) surfaces which may imply moisture and freeze/thaw problems for 
concrete structures (Mirmiran, Shahawy et al., 2004). There might also be 
bond problems applying epoxy to wet or humid surfaces. To reduce or 
eliminate the aforementioned disadvantages, alternative inorganic bonding 
agents have been researched and are currently being developed. 
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2.2.2 Sustainable strengthening with mineral-based 
strengthening systems 

Mineral-based strengthening (MBS) systems are originally derived 
from epoxy- bonded FRP systems. The epoxy is replaced by 
cementitious matrices to adhere the fibre material to the concrete surface. 
Mineral-based strengthening refers to any kind of a strengthening system 
in which a (short, disperse or long, aligned) fibrous component is 
embedded into a cement-based matrix to repair or strengthen existing 
concrete structures. Mineral based strengthening in this context would 
include applications as surveyed in Chapter 2.4, from dry fibres embedded 
in a cementitious matrix through textile-reinforced mortar/concrete to 
FRP grid-mortar applications. The investigation of inorganic binders for 
structural use dates back to the late 90s. The first documented structural 
application I found was using them for flexural strengthening of RC 
beams (Balaguru and Kurtz, 1998). 

Strengthening systems that employ inorganic binders have the potential to 
eliminate most of problems that originate from the use of epoxy. 
Contrary to epoxy, they can be applied in colder temperatures or 
climates. They show a better compatibility with the base concrete in 
terms of chemical or thermal compatibility, shrinkage properties, and they 
do not create diffusion-closed surfaces. Inorganic binders also provide 
excellent protection to the FRP against UV-degradation, fire, or 
vandalism. One particular strengthening system, the Ruredil X-Mesh is 
practically fire-, and heat-resistant up to 200°C (Ruredil, 2008).  

2.3 Mapping of materials for mineral-based strengthening 

2.3.1 Overview 

The mineral-based composites consist of two main components, 
binders, and fibre composites. The binder (cementitious matrix) is used to 
bond the fibre composite to the concrete to be strengthened, while the 
fibre composite is the load-bearing component.  

The binder has to be able to efficiently transfer the stresses to the fibre 
composite, as well as protect it. It has to have good dimensional 

chemical compatibility with the base concrete, see in Chapter 2.3.2.  
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The FRP has to have good compatibility with the binder, and because it 
is the load-bearing element, it has to have excellent tensile properties. 
Generally, a third component, a primer (bond coating) is used on the 
roughened concrete surface to ensure good bond on the interface.  

An overview of the materials that have been used or are promising to be 
used in mineral-based strengthening systems is shown in Figure 2.1. In 
the figure, “concrete structure” refers to the structure to be repaired or 
strengthened. A suitable strengthening system is chosen based on 
structural or economical needs, available materials and/or manufacturing 
technologies. The components used in practical applications are detailed 
in Paper 2, which also deals with the quasi-brittle vs. pseudo strain-
hardening behaviour of mortars.  
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Figure 2.1: Overview of the constituents and the interactions in mineral-based 
strengthening systems 
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2.3.2 Requirements for successful mineral-based strengthening 

The compatibility between the structure to be strengthened and the 
strengthening material is a crucial prerequisite for the overall performance 
of the system. This includes permeability-, chemical-, electrochemical-, 
and dimensional compatibility (Wiberg, 2003). Dimensional 
compatibility, i.e. volume instability is one of the major problems 
(Emmons, Vaysburd et al., 1993). Volume changes due to shrinkage, 
thermal expansion, effects of creep and differences in the modulus of 
elasticity all add up as emphasized by (Emberson and Mays, 1990a, b; 
Morgan, 1996), and can cause shear stresses in the bonding between the 
concrete and the strengthening layer. 

A study (Triantafillou and Papanicolaou, 2005) suggests a detailed list of 
requirements for successful and efficient mineral-based strengthening. The 
mortar phase should have very low drying shrinkage deformations, see 
also (Decter and Keeley, 1997). High workability is an advantage as it 
allows the application by shotcreting. High viscosity is necessary for 
effective work on vertical or overhead surfaces. Low rate of workability 
loss means that the application of each mortar layer should be possible 
while the previous one is still in a fresh state. The mortars should have 
sufficient shear (hence tensile) strength in order to avoid premature 
debonding. In case E-glass fibre textiles are used, the mortar-based matrix 
should be of low alkalinity.  

From the field of the strain-hardening mortars, (Li, 2005) adds a few 
requirements towards the “future concrete”, which I feel relevant for a 
concrete-like repair- and strengthening material as well. The (repair) 
“concrete” should be highly  with the ability of “yielding” like 
metals when overloaded. This would prevent unpredictable and sudden 
failure. Additionally, it should be highly durable and sustainable. 
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2.3.3 Cementitious binders 

Tensile response 

The binder phase may be a quasi-brittle mortar (such as a polymer-
modified mortar - PMM, or the mortar phase in textile-reinforced 
concretes with a very refined grain structure), or a pseudo-ductile mortar, 
such as a strain-hardening cementitious composite (SHCC).  

The brittle, quasi-brittle, strain-softening, and pseudo-ductile/strain-
hardening behaviour is schematically illustrated in Figure 2. . It is 
explained more in detail in Chapter 2. .  

 

Figure 2.2: Definition of (A) brittle [glass], (B) quasi-brittle [concrete and conventional 
mortars], (C) strain-softening [SFRC], and (D) strain-hardening behaviour [SHCC] 
under tensile load (Fischer and Li, 2002; Matsumoto and Mihashi, 2008). SFRC – 
(steel-) fibre-reinforced concrete; SHCC – strain-hardening cementitious composite 

In the figure above, brittle materials, such as glass, or concrete follow path 
A. These lose their tensile load capacity immediately after first cracking. 
Quasi-brittle materials (e.g., plain mortars) follow a softening path (B) 
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after first cracking. Steel fibre-reinforced concrete follows a more 
pronounced softening path (C). For all the above materials, the tensile 
strength of the material equals to the first cracking strength. Strain-
hardening materials on the other hand are characterized by a tensile 
strength higher than the first cracking strength, following path D. At the 
peak (“localization”), the hardening behaviour turns into softening as 
fracture localizes. 

The hardening behaviour in cementitious composites is referred to as 
pseudo strain hardening, in order to differentiate it from the “real” strain 
hardening observed in metals. The pseudo strain-hardening behaviour in 
strain-hardening mortars is achieved by the sequential development of 
matrix multiple cracking. In metals however, it is based on dislocation 
micromechanics in the plastic deformation regime. 

Strength and ductility 

Another convenient way to group cementitious binders is by comparing 
them with other well-known cementitious materials on the strength-, and 
on the ductility scale, as illustrated in Figure 2.3.  

On the strength scale, conventional, quasi-brittle mortars are typically low 
to medium strength, while (steel, PVA, polyethylene etc.) fibre-
reinforced concretes and mortars, including engineered cementitious 
composites (ECC) are in the mid-range, and ultra high-strength fibre-
reinforced concretes (UFC) on the high end.  

On the ductility scale, ECCs exhibit pseudo strain-hardening behaviour in 
tension, contrary to every other mapped cementitious material. UFC, 
SFRC (steel fibre-reinforced concrete), (general) FRC (fibre-reinforced 
concrete – with any type of fibres), and FRM (fibre-reinforced mortars) 
show multiple crack formation like SHCCs, but only under bending, and 
not in uniaxial tension. This behaviour is called deflection hardening 
under bending. 
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Figure 2.3: Grouping of cementitious materials based on their ductility and strength. 
Based on (Matsumoto and Mihashi, 2003; Rokugo, Kanda et al., 2009), and 
expanded by me 

SFRC, FRC, and UFC are greyed out. They appear only to complete 
the mapping of the most well-known cementitious materials. The 
materials that have a potential to be used as binder in a strengthening 
system are conventional mortars, FRM (fibre-reinforced mortars) and 
ECC. 

Quasi-brittle mortar binders 

Polymer-modified mortar (PMM) is the most widely used, suitable 
mortar in a mineral-based strengthening system. In Figure 2.3, it belongs 
to the group of the conventional mortars (bottom left). The polymer-
modified mortars or concretes contain two types of binder, the hydraulic 
cement, and the polymeric admixture. In general, the properties of a 
polymer-modified mortar (or concrete) depend significantly on the 
polymer content or polymer-cement (P/C) ratio rather than the water-
cement ratio compared with ordinary cement mortar (Van Gemert, 
Czarneczki et al., 2004). To enhance the properties of a PMM, e.g. 
workability, flowability, mechanical properties etc., superplasticizers, silica 
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fume, fly ash, and reinforcing fibres can be used. Possible additives, 
modifiers and their effects on the mechanical properties are explained in 
Paper Two. Polymer-modification of the mortar improves the bonding 
properties to the concrete as well as reducing the water-to-binder ratio; 
however it creates similar problems as the epoxy as bonding agent, it 
decreases the permeability and obstructs moisture transportation, see e.g. 
(Hashemi and Al-Mahaidi, 2008). 

Engineered cementititous composites as binder 

The engineered cementitious composite (ECC) material is also 
described in Paper Two. ECC is a micromechanically designed and 
tailored material that exhibits strain hardening and multiple cracking with 
very tight and well-controlled crack widths under tensile load. Its tensile 
strain capacity is about 100 times, sometimes up to 500 times that of plain 
concrete (Li, 2003) and 7-10 times that of steel bars. The exact strain 
capacity depends on the mix, but a good number is 3-5%, see e.g. 
(cement.org#2). 

Besides common ingredients of cementitious composites, such as cement, 
sand, (high amounts of) fly ash, water and additives, ECC utilizes short 
(8-12mm), randomly oriented polymeric fibres (e.g. polyethylene, 
polyvinyl alcohol) at very low to moderate volume fractions, less than 2-
3% (Li, 2003). The mechanical properties of these fibres, in order to 
compare with steel fibres and FRPs, are listed in the next section, in 
Table 2.1 in Chapter 2.3.4. 

In an ECC, in contrast to some other types of fibres, there is a strong 
chemical bond between the PVA and mortar. This strong bond needs to 
be reduced, e.g. (Wang and Li, 2003; Horikoshi, Ogawa et al., 2005). 
The desirable failure mode for the ECC matrix is ductile with PVA fibre 
pullout, instead of breakage. By applying a chemical coating or oil on the 
fibre surface and with additional fly ash in the mix, premature PVA fibre 
rupture (because of its relatively low tensile strength) can be prevented.  

ECC has shown to be useful in strengthening applications. When 
repairing concrete structures, the drying shrinkage of the strengthening 
material restrained by the old concrete substrate may cause cracking in the 
repair material that results in the delamination or peeling off the 
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strengthening layer. The large tensile strain capacity of the ECC can 
reduce the cracking tendency of the strengthening layer under restrained 
drying conditions (Li and Li, 2006). The tight crack width of ECC is a 
material property referred to as “maximum crack density” and it is a 
material property (independent of structural dimensions). Therefore with 
increasing structural scale, the advantage of using ECC as repair material 
may become even more prevalent in the future (Li and Li, 2006). In 
contrast to quasi-brittle repair materials, ECC has the potential to 
eliminate surface spalling in an ECC/concrete repaired system (Lim and 
Li, 1997; Kanda, Saito et al., 2003). The tight and controlled crack widths 
can effectively protect the steel reinforcement in the concrete from 
corrosion (Yokota, Rokugo et al., 1996).  

Because of the tight crack widths, ECC excels in durability in harsh 
environments (Lepech and Li, 2006). Its resistance to impact- and blast 
loading has proven excellent. Under blast loading conditions, hybrid 
ECC has been tested by (Maalej, Zhang et al., 2004; Zhang, Maalej et al., 
2004). The hybrid ECC contained a specific volume ratio of high 
modulus steel fibres and low modulus polyethylene fibres. The fatigue 
resistance of ECC has been documented by e.g. (Suthiwarapirak, 
Matsumoto et al., 2002; Leung, Cheung et al., 2007). 

2.3.4 Fibres 

In structural engineering applications, the fibres are usually 
continuous and aligned to provide the highest strength possible. Because 
the stiffness and strength of the fibres is much larger than that of the 
matrix, the properties of the FRP composite material in “fibre direction” 
are governed by the fibre.  

Materials  

The commonly used FRPs include carbon-, aramid-, or glass fibre-
reinforced polymers (CFRP, AFRP, or GFRP respectively), while some 
new FRPs with special properties, like energy absorption, or fire 
resistance have been gradually and increasingly applied in recent years 
such as polyparaphenylene benzobisoxazole (PBO) documented by (Wu, 
Iwashita et al., 2001; Wu, Wang et al., 2007).  
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Carbon fibre reinforced polymers (CFRP) is the most extensively used 
FRP, due to its high strength and high elastic modulus. PBO fibres have 
similar advantages to high strength CFRP, although their elastic modulus 
and tensile strength are higher (Ombres, 2009b). PBO shows a 
significantly better impact tolerance and energy absorption ability than 
any other fibres, high creep and fire resistance (Wu, Iwashita et al., 2001; 
Wu, Wang et al., 2007; Ombres, 2009a, 2012) coupled with excellent 
chemical compatibility with the cementitious mortar (Ombres, 2012). 

It is possible to use hybrid reinforcements, e.g., glass and carbon, in order 
to minimize costs. This is often the case in textile-reinforced concretes. 
Under certain loading conditions, if there is no significant tensional 
contribution from the transversal bundles, those can be made from lower 
modulus (and cheaper) glass (Dai, Wang et al., 2009).  

Geometry 

Table 2.1 shows different geometries for the most typically used FRP 
reinforcements. The columns refer to the number of directions in which 
the FRP is able to carry loads, while the rows (1D, 20D, 3D) refer to the 
geometrical layout of the FRP. 

Monoaxial reinforcements 

Pultruded rods (not relevant in the thesis) are unidirectional FRPs, in 
which the filaments are embedded into a polymeric matrix (most often 
epoxy), that ensures that the filaments work together. The surface of the 
rod may be sanded to ensure better bond to the binder. Contrary to rods, 
filament bundles are made from monofilaments in a way that there is no 
direct load-bearing connection among the filaments. The composite 
action is provided by the cementitious matrix penetrating between the 
fibres and hence connecting them. Unidirectional sheets, although 
looking two-dimensional, are practically filament bundles interwoven to 
form a “textile” to ease application, but they have no load carrying 
capacity in the direction perpendicular to the fibres.  
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Bi-, tri-, and multiaxial reinforcements 

Woven fabrics (textiles, weaves) are commonly made from orthogonally 
interlacing (warp- and fill-) yarns. The density of the fills and warps can 
be controlled independently in the two directions, and the higher the 
density is, the lesser its degree of penetrability by the mortar is, which 
might lead to bonding problems.  

Table 2.1: Oriented FRP reinforcements. The columns refer to the number of directions 
in which the FRP is able to carry loads, while the rows (1D, 20D, 3D) refer to the 
geometrical layout of the FRP. 
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In textile-reinforced concretes, sometimes a three-dimensional spacer 
warp knit is used. It consists of two fabrics knit simultaneously and linked 
together, with a spacing of 15 – 100 mm between them. The two fabrics 
can be produced independently, with different materials, or mesh 
patterns, see (Fall, 2011). Grids/meshes are produced from resin-
impregnated fibre bundles. Their density and fibre amount can vary in the 
different directions.  

Table 2.2 summarizes typical material property ranges for different FRP 
reinforcing materials, comparing them to reinforcing fibres used in the 
binder. The numbers in parenthesis are the average/most commonly used 
values (where available). 

Table 2.2: Typical mechanical properties of reinforcing fibres/textiles/sheets, ranges and 
average values, where available. A compilation from multiple sources ("ACI 440R-96," 
1996; Irwin and Rahman, 2002; Horikoshi, Ogawa et al., 2005; Ruredil, 2007) 

Property/ 
Material 

Tensile 
strength   
[GPa] 

Elastic 
modulus 
[GPa] 

Failure   
strain      
[%] 

Aramid 2.4 – 3.6 
70 – 180 

(120) 
2.0 – 5.0 

(2.5) 

Carbon 
2.2 – 4.1 

(2.7 – 3.8) 
230 – 380 

(240) 
0.4 – 1.6 

(1.0 – 1.2) 

Glass 2.2 – 3.6 
65 - 80 

(50) 
2.0 – 4.5 

(2.1) 

PBO 5.8 270 2.5 

Steel 1.2 200 3-4 

PVA 0.88-1.6 25-40 6-10 

Nylon 0.75-0.9 3.4-4.9 13-25 

Polypropylene 0.6 5 25 

Polyethylene 0.25-0.7 1.4-2.2 10-15 
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2.3.5 Interactions between mortar and fibre phase 

The effectiveness of bond between the fibre composite and the 
mortar phase is dependent on the type of the reinforcement. For 
continuous fibres or fabrics, the matrix has to penetrate the fibres 
effectively. In contrast, direct mechanical anchorage at the grid joints 
plays is more emphasized if grid-type reinforcements are used.  

The interaction between the two phases can be significantly altered by the 
mechanism of fibre interlock, which can be observed if the mortar 
contains chopped or milled fibres. Additionally, between certain mortars 
(ECC) and FRP, chemical bond may build up, often to a degree that is 
counter-productive and has to be lessened to achieve the desired failure 
mode (Wang and Li, 2003). 

2.4 Existing mineral-based strengthening systems 

This section describes selected, externally bonded, mineral-based 
strengthening applications.  

2.4.1 Continuous dry fibres 

Continuous dry fibres come in the shape of fibre tows, or 
unidirectional sheets. Typically, carbon or glass fibres are used.  

Strengthening with dry fibres is certainly possible, but the bond between 
the fibres and the mortar phase needs to be addressed. In fine-grained 
mortars, such as most repair mortars, there is no aggregate interlock with 
the fibres due to the complete lack of coarse aggregates. The bond 
between the FRP and the mortar phase needs to be improved for an 
effective use of FRP. A study addressing bond enhancement between 
carbon fibres and cementitious matrices has been carried out by 
(Badanoiu, 2001) where dry fibre fabrics were used. It was found that a 
pre-treatment with silica fume and high amounts of polymers improved 
the bond behaviour of carbon fibre to the cement.  

(Wiberg, 2003) reports on large-scale tests of ordinary concrete beams 
strengthened with dry fibres. The strengthening composite consisted of 
polymer-modified mortar and a unidirectional sheet of continuous dry 
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carbon fibres applied with hand lay-up method. Both flexural and shear 
strengthening were tested. From the tests, it was concluded that the 
method works; however, in comparison with epoxy bonded carbon fibre 
sheets, the strengthening effect achieved with the same amount of carbon 
fibres was less than 50%. The reason for this is most likely due to the 
reduced interfacial bond strength between the mortar and the carbon fibre 
reinforcement.  

The importance of the interfacial bond strength is also emphasized by 
(Badanoiu and Holmgren, 2003), where dry carbon fibre tows were used. 
It was found that the loading capacity of the cementitious carbon fibre 
composite is influenced by the amount of penetrated fibres in the tow. If 
the cementitious matrix were able to penetrate into the interior of the 
carbon fibre tow, a higher number of filaments would be active during 
loading, leading to the increase in load carrying capacity.  

Bond tests and flexural tests on small-size beams were performed by 
(Langlois, Fiorio et al., 2005; Langlois, Fiorio et al., 2007). These studies 
addressed the behaviour of continuous alkali-resistant glass and carbon 
yarn-reinforced mortars. Significant differences were revealed in the bond 
behaviour of the glass and carbon yarns. The glass yarn samples had better 
penetration and improved bond to the mortar matrix, due to the 
structural difference of the two types of yarns. The carbon yarn is made 
up of micrometric multi-filaments held together only by the continuity of 
the yarn (frictional forces). The glass yarn is made of an assembly of much 
thicker (millimetric) strands, and each millimetric strand is made of 
micrometric continuous filaments, stuck together by sizing. When the 
glass yarn is penetrated to the same degree, more filaments work and 
more effectively, resulting in a better bond and higher load capacity, 
despite the fact that the glass fibre alone has less desirable mechanical 
properties than the carbon. 

In (Pareek, Kurata et al., 2001; Pareek, Suzuki et al., 2007) continuous, 
unidirectional carbon fibre strand sheets together with polymer-modified 
cement pastes have been tested for flexural and shear strengthening of RC 
beams. The strands had a thickness of 1.4 mm (i.e., large, compared to 
the cross section of a single dry carbon fibre), interwoven by a polyester 
thread. The authors compared plain concrete reference beams and epoxy-
bonded beams with the mortar-bonded specimens subject to four-point 
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bending. Because the cement mortar is not as effective as the epoxy in 
penetrating the FRP strengthening material, the bond was imperfect and 
resulted in the delamination of the carbon fibre sheet.  

2.4.2 Textile-reinforced concrete 

In this thesis, the textile-reinforced concrete (TRC) is discussed only 
as a strengthening material, and not as a structural material suitable for 
stand-alone applications, such as thin shells, wall panels etc.  

Materials 

TRC is made from an inorganic, cementitious matrix that is often 
polymer-modified and one or more layers of technical textiles or meshes 
as for reinforcement. It is technically a mortar, not a concrete, since it 
lacks coarse aggregates. In the literature however, it has been referred to 
as “concrete”, therefore to be consistent, in this thesis it will be referred 
to as concrete. 

Textile  

In the textile, the filaments are intentionally aligned in the direction of 
the tensile stresses leading to an increase in their effectiveness. The fabrics 
can be manufactured with a maximum number of four reinforcing 
directions depending on the load direction (Brückner, Ortlepp et al., 
2008) and can therefore be tailored. There are several designs of textile 
fabrics, suitable to different loading cases, from a plain woven weave to 
3D designs (Roye and Gries, 2005).  Most fabrics are bi- or multi-axial 
warp knits and woven fabrics. It is possible to apply textiles in more than 
one layer. 

Figure 2.4 shows a biaxial AR-glass textile with fibre bundles in two (not 
necessarily perpendicular) directions. The textile is manufactured such 
that the fibres follow the direction of the expected principal stresses in a 
particular structural element. The stitching fibres have no load carrying 
capacity; they just ensure that the textile holds its shape. 
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Figure 2.4: Biaxial textile reinforcement (Brückner et al., 2008). 

Usually, high-modulus FRP such as alkali-resistant glass (AR-glass) or 
carbon is used for reinforcement. However, textile-reinforced 
cementitious composites show a strain-hardening behaviour even when 
the reinforcing yarns have a low modulus of elasticity such as 
polyethylene (Colombo, Colombo et al., 2012).  

Mortar 

The most commonly used cementititous matrix is a very fine grained 
mortar (dmax<2mm) without coarse aggregates, providing high strength 
and flowable consistencies, and is able to penetrate the textiles (ed. 
Brameshuber, 2006; Hinzen and Brameshuber, 2006). To increase first 
cracking strength and improve ductility, as well as to optimize crack 
development, chopped short fibres can be used in the mortar phase 
(Hinzen and Brameshuber, 2006, 2009), e.g., glass fibres to enhance the 
tensile strength and the first cracking strength (Butler, Hempel et al., 
2006; Silva, Butler et al., 2011), or hybrid glass/carbon, aramid-carbon 
fibres (Hinzen and Brameshuber, 2006).  

The most optimal mortar phase is a very fine-grained, optimized matrix 
(Brockmann and Brameshuber, 2005) which offers chemical compatibility 
with the textile materials as well as a suitable consistency, rapid hardening 
and high early strength. Mix designs that introduce fly ash and/or silica 
fume by partly replacing the cement, result in higher bond strength 
between yarns and matrix because of the densified grain structure 
(Mobasher, Peled et al., 2004). 
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Recently, there has been an increasing interest in using ultra-high 
strength fibre nets, such as polyparaphenylene-benzobisoxazole (PBO) 
nets (Ombres, 2009b). Although the developers of the Ruredil X-Mesh 
system do not call it a TRC, technically, it is, and therefore it will be 
detailed here. Up to date, there are only a few test results on PBO-TRC, 
showing evidence of good performance both in terms of strength, and 
ductility (Di Tomasso, Focacci et al., 2007; Di Tomasso, Focacci et al., 
2008; Ombres, 2009b, 2011, 2012).  

The patented system uses a PBO mesh in combination with a 
cementitious micro-mortar (Figure 2.5). The exact mortar composition is 
patented, and hence not known. According to the product flier, both the 
mesh and the matrix are engineered in a way that a chemical bond builds 
up between them, creating a perfect adhesion “without an interface, as in 
ordinary FRPs”, according to the reference. The reference does not detail 
how this perfect bond is achieved. Perfect adhesion means that there is no 
slippage between the PBO mesh and the mortar. In a recent article 
however, contradicting the above, the authors claim that in the tested 
PBO system, the failure always happened on the PBO-mortar interface, 
after a considerable slippage; never between the mortar and the base 
concrete (D’Ambrisi, Feo et al., 2013). 

 

Figure 2.5: Unbalanced PBO textile used in the Ruredil X-Mesh Gold strengthening 
system 
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The Ruredil system is applied very similarly to the conventional TRC, 
with hand lay-up method (Figure 2.6). More than one layer of mesh can 
be applied if necessary. On the concrete substrate (1), alternating layers of 
mortar and mesh are applied (layers 2 through 6). The outermost layer is 
always mortar. The mesh, because of its flexibility, it is well suited for 
jacketing columns or bridge pillars. 

 

Figure 2.6: Hand lay-up method, with two layers of PBO-mesh (Ruredil, 2008) 

Strengthening examples of textile reinforced concrete 

Research findings show that TRC composites significantly improve 
tensile strength, ductility, and energy absorption capacity of a TRC-
reinforced member. The effectiveness of the TRC strengthening on slabs 
(Jesse, Weiland et al., 2005; Bösche, Jesse et al., 2007), or flexural- and 
shear reinforced concrete beams is well documented by (Triantafillou, 
2004; Brückner, Ortlepp et al., 2006; Triantafillou and Papanicolaou, 
2006; Bösche, Jesse et al., 2007). Tests have also been carried out on 
confined elements by e. g. (Al-Jamous, Ortlepp et al., 2006; Triantafillou, 
Papanicolaou et al., 2006; Ombres, 2007).  

A recent conference paper, (Triantafillou, 2010) reports on TRC used for 
confinement strengthening, shear- and flexural beams, two-way slabs 
strengthened with TRC overlays, and TRC jacketing/seismic retrofitting 
of unreinforced masonry (URM) walls. The author compared the results 
directly with equivalent epoxy-bonded FRP strengthening, and found 
that in all cases, the strengthening effect was nearly as effective. In 
addition to that, during cyclic loading of the URM walls TRC has 
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significantly enhanced the deformation capacity, much more than the 
epoxy-bonded FRP strengthening. The increase in deformation capacity 
over FRP strengthening was 15 – 350 %, depending on the type of the 
wall. 

On the material side, (Colombo, Colombo et al., 2012) compared glass, 
carbon and polyethylene textiles under static and dynamic loading. For 
static loading, carbon fibre textiles performed best, closely followed by the 
glass textile, while the polyethylene textile proved to be the weakest. For 
dynamic loads however, it exhibited the highest energy absorption capacity. 
The authors emphasize the potential of polyethylene TRC for dynamic 
loads.  

Difficulties in strengthening with TRC 

Degree of penetration 

Similarly to strengthening with dry fibres (Chapter 2.4.1), textile 
reinforced concretes are sensitive to the degree of penetration by the 
matrix. There is no load-bearing connection between the inner (core) 
and outer (penetrated) rovings.  

Because most textiles are not impregnated by epoxy or liquid polymers, 
the core filaments can slip with little to no friction (Reinhardt, Bentur et 
al., 2006). Therefore, only a fraction of the rovings will actively take 
forces and the strength of the TRC depends on the surface in contact 
with cement (Hegger, Will et al., 2006; Raupach, Orlowsky et al., 2006; 
Keil and Raupach, 2007; Contamine, Si Larbi et al., 2010).  

The correlation between the strength/stiffness of the TRC and the ratio 
of the useful fibres (those in direction of the load) is linear (Contamine, Si 
Larbi et al., 2010). Figure 2.7 illustrates that the cementitious matrix 
penetrates the fibres only partially. The innermost fibres in the rovings are 
not active because they are not penetrated by the mortar. 
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Figure 2.7: (left)  SEM-image of a partially penetrated roving in a cementitious matrix 
(Schleser, Walk-Lauffer et al., 2006), (right) Multi-filament AR-glass roving in fine-
grained concrete,  = filament with matrix contact (Häußler-Combe and Hartig, 2007). 

The load capacity can be improved if the textile is previously penetrated 
with liquid polymers (Schleser, Walk-Lauffer et al., 2006; Keil and 
Raupach, 2007) or epoxy resins  (Hegger, Will et al., 2006; Schleser, 
Walk-Lauffer et al., 2006). However, in an impregnated textile there is a 
risk that a higher number of activated filaments would lead to abrupt 
failure of all filaments when the tensile strength of those is exceeded 
(Schleser, Walk-Lauffer et al., 2006). 
 
Need of additional mechanical anchorage 

Another difficulty with TRC strengthening presented itself in T-beams 
strengthened for shear. The issue arises because in a beam strengthened 
for shear, the forces are anchored on a relatively short length compared to 
flexural strengthening, i.e., only behind the last shear crack (Brückner, 
Ortlepp et al., 2008).  
 
It was found that it is often necessary to add mechanical anchorage to the 
strengthening layer to anchor forces into the compressive zone. The more 
layers of textile are applied, the greater the risk of the entire strengthening 
layer peeling off the web (Figure 2.8). One possible solution that provides 
the necessary anchorage via tensile bars anchored into the flange is shown 
in Figure 2.9. 
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Figure 2.8:  Delamination failure in the web a strengthened T-beam with TRC 
(Brückner, Ortlepp et al., 2005). 

 

Figure 2.9: Strengthening layer anchored into the flange via tensile bars  (Brückner, 
Ortlepp et al., 2008). 

  



 

34 

2.4.3 Mineral-based composites 

Mineral-based composite (MBC) is defined as a system in which an 
epoxy-coated FRP grid is grouted onto the surface of the structure to be 
strengthened by means of a cement-based mortar. The grid is in the mid-
plane of two thin layers of mortar (Figure 2.10).  

 

Figure 2.10: Assembly of the mineral based composite strengthening system (Blanksvärd, 
Täljsten et al., 2009).  

The grid shape ensures excellent mechanical anchorage due to the joints 
even in fine-grain mortars. It also ensures that all fibres will work 
together, since they are penetrated with the epoxy resin. 

The reliability of the system strongly depends on the bond on two 
interfaces; between the base concrete and the first layer or mortar, and 
between the grid and the mortar (Blanksvärd, 2007). 

Application of the MBC 

First, the concrete surface is sandblasted or otherwise roughened, in order 
to remove the cement laitance. Then a primer (bond coating) is applied 
to prevent moisture transport from the wet mortar to the base concrete 
(Blanksvärd, 2009). The first layer of mortar is immediately applied to the 
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primed surface. The CFRP grid is placed on the first layer, and covered 
by a second layer of mortar on top.  

The thickness of the mortar depends on the maximum grain size. Under 
laboratory conditions, the application can be hand lay-up (Figure 2.11). It 
is also possible to apply the mortar by shotcreting, when the volume 
and/or type of the structure justify it. In that case, the grid is mounted on 
studs that are nailed to the base concrete, before applying the first layer of 
mortar. 

 

Figure 2.11: Hand lay-up of the MBC strengthening system. A) Application of the 
surface primer, B) first layer of mortar, C) placement of CFRP grid, and D) second layer 
of mortar (Blanksvärd, 2007) 

Materials 

The FRP in MBC applications is a rigid, two-dimensional, epoxy-coated 
CFRP grid. For binder, typically pre-mixed, commercially available, 
polymer-modified, quasi-brittle mortars are chosen.  

MBC inherits the properties and behaviour of its constituents, e.g. 
brittleness or tension softening behaviour when the linear elastic fibre 
material is used together with quasi-brittle cementitious binders. 
However, the behaviour can significantly be changed/altered and the 
material can be enforced to exhibit more ductility, multiple cracking or 
strain hardening in tension in a modified MBC where the mortar is a 
polyvinyl-alcohol fibre reinforced engineered cementitious composite 
(Täljsten, Orosz et al., 2007; Orosz and Täljsten, 2008).  
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Strengthening with mineral-based composites 

A detailed shear beam strengthening experiment can be found in 
(Blanksvärd, 2007, 2009) while an extract of these tests is also presented 
in Paper Two. 

The strengthening effect of the MBC in terms of load bearing capacity 
has proven to be excellent. The tests have revealed that it is possible to 
achieve a near-perfect bond between the grid and the cementitious matrix 
so that the composite material will fail with FRP rupture. The 
compatibility between base concrete and bonding agent has shown to be 
excellent (in terms of thermal compatibility, bond, or shrinkage 
characteristics). 

One known issue with MBC strengthening is the spalling of the quasi-
brittle mortar observed by (Blanksvärd, 2007), shown in Figure 2.12. 

 

Figure 2.12: Spalling of mortar cover in MBC-strengthened beams (Blanksvärd, 2007). 

2.4.4 Aramid fibre reinforced polymer grids and PVA-
reinforced shotcrete 

A Japanese research group reports on repairing and strengthening 
shear beams  (Taguchi, Kurihashi et al., 2007) and slabs (Taguchi, 
Kurihashi et al., 2008) with aramid grids and polyvinyl-alcohol fibre-
reinforced shotcrete. Two different nominal strength grids were used (40 
and 60mm spacing, 50 and 100 kN/m nominal tensile strengths). One of 
the grids had a similar geometry and grid spacing (40mm) to the 
medium–sized grid (42 x 43mm) that has been used in MBC tests. 
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The beams had a similar geometry and aspect ratio (260 x 430, 200 x 450 
mm cross-section) to those used in road bridges. The beams were cast 
either with or without steel stirrups, all of them designed with under-
dimensioned shear reinforcement and a great amount of flexural 
reinforcement (Figure 2.13). Test setup was four-point bending.  

 

Figure 2.13: Dimensions and rebar arrangements of RC beams (Taguchi, Kurihashi et 
al., 2007) 

Different reinforcement configurations were applied from un-
strengthened reference beams through beams shotcreted only to beams 
strengthened with a combination of aramid grid and shotcrete. First, the 
grid was affixed to the underside and to the sides of the beam, and then 
covered with a 30mm thick shotcrete layer. 

All strengthened beams reached ULS with shear failure, regardless of 
beam type or nominal tensile strength of AFRP mesh. The AFRP-
strengthened ones failed with fibre rupture, which means full composite 
action. The greatest shear strengthening effect achieved by the method 
was found to be roughly in accordance with that of calculated by the 
authors for FRP sheet jacketing (with epoxy). It was also found that the 
greater the nominal strength of the AFRP grid, the greater the strength 
increase was. 
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The main advantage of the AFRP grid here appeared to be the reduction 
of shear crack propagation speed. The grid allowed the diagonal shear 
cracks to widen gradually, making the failure more predictable. 

The same strengthening material combination increased the punching 
shear strength of the tested slabs significantly. In addition to that, the 
AFRP grid prevented the shotcrete from spalling even at reaching 
ultimate limit state (Taguchi, Kurihashi et al., 2008).  

2.4.5 FRP-reinforced engineered cementitious composites 

Engineered cementitious composites can be used together with an 
FRP component. These combine the advantages of ECC and textile-
reinforced concrete into one system (Xu and Li, 2007). 

ECC combined with grids 

In (Wenyong, Xiaobing et al., 2010), ECC has been used together with 
NEFMAC (new fibre composite material for reinforcing concrete) grids 
for strengthening shear beams. The authors combined the grid with both 
a (quasi-brittle) polymeric mortar (with dispersed short glass fibres) and 
ECC. They found that the quasi-brittle combination failed at about 20% 
of the strain capacity of the grid, while the ECC at around 30%.  

Another NEFMAC experiment is presented in (Ding, Xiaobing et al., 
2010), where flexural beams were strengthened with NEFMAC grid and 
quasi-brittle, polymeric mortars, or ECC. The authors compared the 
behaviour of the strengthened beams to that of carbon fibre sheets. 
Neither the NEFMAC grid, nor the carbon fibre sheets reached their 
nominal strain capacity at failure, only 27% (sheet) and 40% 
(NEFMAC+ECC).  

In both test series, the authors attribute the low values to the fact that the 
beams failed with debonding of the strengthening layer, and conclude 
with suggesting that the interfacial bond needs to be improved, and – 
possibly – additional anchorage is needed. 
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ECC combined with textiles 

A recent conference paper represents an exhaustive, comparative report 
on RC beams reinforced with a hybrid carbon-glass textile (with a spacing of 
10 mm), ECC, and other cementitious overlays (Dai, Wang et al., 2009).  
The researchers applied the TR-ECC (textile-reinforced engineered 
cementitious composite) with 1, 2 and 3 layers of textile. Together with 
the TR-ECC, they also strengthened and tested beams with SFRC (steel 
fibre-reinforced concrete), plain ECC, and TRM (textile-reinforced 
mortar). The test set-up was four-point bending. Hybrid reinforcement 
was used to save on the costs of the FRP. Because the textiles in the 
transverse direction do not contribute significantly to the tensile stiffness 
of the strengthening overlay, those bundles were made from glass.  

The resulting TR-ECC showed an excellent bond to the concrete, as 
there was no debonding observed, contrary to the two above-mentioned 
ECC-NEFMAC grid test series. The flexural strengthening enhancement 
was 21% for SFRC, and 52%, for plain ECC. TRM increased the flexural 
capacity by 82%, while TR-ECC by 119%, 160%, or 238%, depending 
on the number of the textile layers. There is a 37% difference in strengthening 
effect just by replacing the conventional mortar with ECC.  

The increase in stiffness provided by SFRC and ECC was similar. 
However, even though the thickness of the TRM and TR-ECC (with 
one layer of textile) overlays was the same, the application of TR-ECC 
resulted in even greater increase in stiffness (load at the yielding of the 
steel reinforcement was 61% vs. 33%). 

Different crack patterns were observed with the different overlays. SFRC 
produced one single crack, TRM had one localised crack; the ECC 
overlay had uniformly distributed cracks, while the TR-ECC had 
uniformly distributed, fine cracks. There was no drop in load carrying 
capacity after the initial rupture of fibres. The observed “ductile” failure 
mode was attributed to two mechanisms. First, the textile ruptured 
gradually because the ECC mortar ensured a more uniform stress 
distribution among the fibres. In addition to that, the loss of strength due 
to fracture of the fibres was partially compensated by the strain-hardening 
(and additional load-carrying capacity) of the ECC (Dai, Wang et al., 
2009).  
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2.5 Summary and comparison of existing mineral-based 
systems 

 
Table 2.3, based on (Matsumoto and Mihashi, 2003) for ECC, and 

expanded by me for more strengthening materials aims to summarize the 
application concepts of cementitious materials in tension, with regard to 
structural response/durability. For each aspect of the desired outcome (in 
structural response or durability), the most suitable materials are assigned. 

Table 2.4 is my compilation of the comparable features of the 
cementitious strengthening systems detailed in the state-of-the-art section. 
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Table 2.3: Application concepts of cementitious strengthening materials in terms of 
material properties in tension, and structural response/durability; based on (Matsumoto 
and Mihashi, 2003). The “material” column has been added by me, based on the 
synthesis of the information presented stat-of-the-art review.  

material; 
property 

structural response structural 
durability 

material 

small and 
controlled 

crack 
width 

damage reduction 

- protection of 
steel 

reinforcement 
or RC substrate 

- self-healing 

any repair with 
ECC 

multiple 
cracks non-localized yielding  

any repair with 
ECC 

high 
fracture 

toughness 
spalling resistance durable repair 

any repair with 
ECC 

high strain 
capacity 

- damage tolerance 
- structural ductility 

- deformations compatible 
with steel 

- reduction or elimination 
of shear reinforcements 
- possible use together 

with FRP 

minimize repair 
needs of 

structures after 
severe loading 

any repair with 
ECC, although the 
strain capacity of 
the FRP vs. ECC 
(3-5%) might limit 

usability 
(see Table 2.2) 

strain 
hardening 

- property robustness 
- safety margin in design 

can be decreased 
 

ECC; 
TR-ECC; 
FRP grid 

reinforced ECC 

high 
”strength” light structures  

MBC 
PBO-TRC 

 

impact 
tolerance damage reduction  

PBO-TRC; 
TRC (with 

chopped 
polyethylene in 
mortar or PE 

textile); 
ECC 

high 
fatigue 
strength 

 
long life under 
repeated loads ECC 



Table 2. : Cementitious strengthening systems and their features 

material 
 

property 

application 
method 

typical FRP 
component 

cementitious 
phase 

enhance  
ductility 

Can 
multiple 
layers of 
FRP be 
applied? 

bond mechanisms
within the 
composite 

 

continuous dry 
fibre tows, or 

sheets in 
cementitious 

matrix 

hand lay-up 
uncoated 
carbon, 

sometimes glass 

ordinary, or 
polymer-
modified 
(PMM) 

no 

no FRP, 
only discrete 
fibres, fibre 
bundles, or 

sheets 

 interfacial: 
bond strength 

affected by degree of 
penetration! 

 

TRC  hand lay-up 

glass or carbon 
textile; 

sometimes 
polyethylene 

fine-grained 
(dmax<2mm) 

polymer-
modified mortar 

yes 
(jacketing) 

1-4 

interfacial: 
bond strength 

affected by degree of 
penetration! 

 

MBC  
with  

PMM 

hand lay-up; 
shotcreting 

carbon grid 
fine-grained 

mortar 

yes  
(if grid not 
sanded)* 

no (total 
thickness is  
a limiting 

factor) 

 mechanical interlock 
on transversal tows 

and joints, interfacial 
bond of longitudinal 

grid tows 

 

PBO-TRC 
(Ruredil X-

Mesh) 
hand lay-up 

polypara-
phenylene-

benzobisoxazole 
(PBO) grid 

patented mortar 
composition, 

no information 
available 

no 
information 

1-3 

 mechanical interlock 
and interfacial bond; 

chemical  
(mortar & PBO) 

 

AFRP grid 
with PVA-
reinforced 
shotcrete  

shotcreting aramid grid 

PVA (polyvinyl-
alcohol)-
reinforced 
shotcrete 

yes (even in 
shear- and 
punching 
failure!) 

no 
information 

 mechanical interlock 
and interfacial bond

 

TR-ECC 
(textile-
reinforced  
ECC) 

hand lay-up 
glass, carbon, or 

glass/carbon 
hybrid textile 

PVA-ECC yes 1-3 

interfacial bond + 
fibre interlock 

between mortar-
textile; 

chemical (hydrogen 
bond) within mortar 
phase itself (PVA & 

cement) 

 

FRP grid 
reinforced 

ECC 
hand lay-up 

carbon grid, 
NEFMAC grid 

(carbon) 
PVA-ECC yes 

no 
information 

mechanical interlock 
on transversal tows 

and joints; interfacial 
bond + fibre 

interlock between 
mortar-textile; 

chemical (hydrogen 
bond) within mortar 

phase itself  

 

*”false ductility”: ductility provided by uncontrollable bond failure (slippage) between the (un-sanded) grid and the 
mortar. If the grid is sanded, no slippage occurs. 

 

 

 



Table 2.

most appealing features 
major limitations, 

weaknesses 
has been 

combined with

has the potential 
to be combined 

with 

- thin 

- easy to apply on curved surfaces 
(confinement) 

- weak bond to carbon 
fibres (can be improved by 

PMMs) 

- dry fibres: difficult to 
handle/cast  

hybrid fibres  

(glass-carbon) 

fibre-reinforced 
mortars 

 

- thin 

- strain-hardens even with low E-mod. fibres 

- can be blast-and impact-resistant (with 
chopped polyethylene in mortar, or PE textile) 

- rapid hardening, high early strength (fly 
ash/silica fume  dense microstructure) 

- suitable for jacketing (confinement) 

- sensitive to degree of 
penetration of the textile 

by the matrix 

- sensitive to 
debonding/peeling (shear) 

 might need mechanical 
anchorage 

ECC TR-ECC (textile-reinforced 
PVA-ECC) 

chopped polyethylene in mortar 

- easy to apply 

- readily available components (all commercial) 

- spalling (shear) 

- brittle (shear) 
deformations in grid joints 

 premature failure of 
grid 

none 
ECC  

 RQ3 

- exceptional impact tolerance and energy 
absorption capacity 

- suitable for jacketing (confinement) 

- fire-, and heat resistance 

no information 
none  

(patented, protected system) 

- reduced shear crack propagation speed  
predictable failure 

- fibres in shotcrete prevent spalling even at 
ULS 

no information none (complete system) 

- extreme ductility 

- tight crack widths  durability 

- spalling resistance 

- suitable for jacketing (confinement) 

- can accommodate large deformations 

- compatible deformation of the ECC matrix 
and steel in RC structure 

- max. crack density of ECC is material 
property  no scaling effect in large structures 

- consistency of ECC 
(sprayable mixes exist) 

- shrinkage (low-shrinkage 
ECCs already exist, and are 

being researched) 

none (complete system) 

-  ductility 

- compatible deformation of ECC matrix and 
steel in RC structure 

- max. crack density of ECC is material 
property  no scaling effect in large structures 

- debonding of 
strengthening layer (mech. 

anchorage might be 
needed) 

none (complete system) 
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2.6 Load transfer mechanisms in mineral-based composites 

2.6.1 Introduction 

The structural integrity of a strengthened element is relying on several 
factors. The bond strength is one of the important and therefore limiting 
parameters in strengthening existing concrete structures with repair 
materials. As there are three different materials that should work together 
in the mineral based strengthening systems (old concrete, mortar and 
FRP), the problems can appear in two zones; in the interface between the 
old concrete and the mortar, and in the transition zone between the FRP 
and the mortar (often, in the mid-plane of the strengthening layer). 
Figure 2.14 shows a typical bond failure in the transition zone between 
old base concrete and the polymer modified mortar (Blanksvärd, 2007). 

 

Figure 2.14: Interfacial bond failure between structure and strengthening layer 
(Blanksvärd, 2007) 

The success of the strengthening procedure highly relies on the long-term 
bond strength exhibited along these interfaces. The load transfer along 
these interfaces is influenced by multiple factors. Adhesion on the 
interface is important regardless of materials used. Aggregate interlock is 
often negligible in the fine-grain mortars. Friction between the FRP 
anchored in the mortar is significant if grid-type reinforcement is used. In 
certain matrices (ECC), the (PVA) fibre pullout mechanism also 
influences the load transfer. Fibre interlock may be significant in ECC or 
other fibre-reinforced mortars, where the mortar contains chopped fibres, 
and the FRP is a grid. With certain kinds of reinforcements (PBO and 
PVA), there is a possible chemical bond between the fibres and the 
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mortar. Finally, time-dependent factors, such as shrinkage can have an 
effect on the long-term behaviour of the strengthening system. 

These mechanisms and their role in the load transfer process are detailed. 

2.6.2 Strength vs. ductility – “real” structural strength 

In traditional reinforced concrete structural design, the most 
emphasized material parameter of a concrete-like material has been its 
compressive strength. For this reason, structural strength (and more 
generally, structural performance) is often perceived to be governed by the 
compressive strength. This implies that using a material with higher 
compressive strength is expected to lead to higher structural strength of 
the strengthened structure.  

As (Li, 2002) emphasizes, the above concept is often erroneous because 
the failure mode is not always governed by the material strength property. 
If fracture failure occurs, a high strength material does not necessarily 
translate into higher structural strength, or performance. “Rather, a 
material with high toughness, or a ductile material like an ECC, can lead to 
a higher structural strength” (Li, 2002). 

To support this statement, the author lists several standalone structural 
applications in which toughness and ductility (of the ECC) have 
contributed to a better structural performance. For example, precast in-fill 
wall panels for seismic retrofitting of buildings have been studied 
experimentally and numerically by (Kesner and Billington, 2002). Fully 
reversed cyclic shear load tests confirmed that a R/ECC panel with ECC 
material of 41 MPa compressive strength achieved a structural strength of 
56 kN (+36%), while a similar panel made with a concrete of higher 
compressive strength (50 MPa) reached a structural strength of 38 kN, 
despite the material being “stronger”. The 36% structural strength gain in 
the R/ECC panel can be attributed to the material ductility of the ECC 
that maintained integrity of the panel to a larger drift level (Li, 2002).  

Similarly, in an earthquake-resistant frame, the FRP-strengthened first 
story ECC column withstands the loads through its energy dissipation 
ability (Fischer and Li, 2002) and therefore prevents the formation of 
plastic hinges, which would potentially lead to collapse of the structure. 
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Here, the ductility and toughness of the material seem to ensure structural 
integrity. 

2.6.3 Shear-sensitive structures 

Structural engineers have been very sceptical about “new” materials, 
especially in shear-sensitive structures. Often, shear failure can be 
catastrophic and sudden. Examples of shear failure in structural 
engineering are shear beams, short cantilever beams, punching failure of 
bridge decks or slabs, anchor bolts embedded in concrete, corbels, shear 
keys of segmental bridges, beam-column joints in earthquake-resistant 
frames, and shear walls.  

The typical diagonal crack pattern in a structure failed in shear suggests 
that the structural shear load induces local tensile failure of the material, 
leading to a conclusion that the shear capacity of a concrete structure is 
limited by the tensile capacity of the material. Therefore, for structures 
subjected to intensive shear loads, a more suitable material would exhibit 
improved strength properties, large deformation capacity, and fracture 
energy. Several, more conventional materials can match one or two of the 
above features, but not all three. High-strength concrete has the required 
improved tensile and compressive strength, but it still has low strain 
capacity and fracture energy. Steel fibre-reinforced concrete (SFRC) does 
have the required fracture energy, but falls short in terms of improved 
tensile strength, or strain capacity.  

Strain-hardening mortars perform well under intensive shear loads. ECC-
reinforced beams reported in (Kanda, Watanabe et al., 1998) behaved in a 
ductile manner even without transverse shear reinforcement and remained 
ductile even for short span shear elements which typically fail in a brittle 
manner with regular concretes. 
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2.7 Tensile behaviour of constituents 

2.7.1 Classification of cementititous materials based on their 
tensile response 

The performance of a cementitious matrix composite when tensile 
stresses arise, is determined by the tensile strength, the uncracked stiffness, 
the strain hardening capacity (or the lack thereof), the post-cracking 
stiffness, and the crack widths (Remy and Wastiels, 2008). Cement-based 
composites can be conveniently classified according to their tensile 
response (Naaman and Reinhardt, 1995). Based on the existing literature, 
a detailed comparison between quasi-brittle and strain-hardening mortars 
and textile-reinforced concrete is presented in Paper Two.  

Figure 2.15 presents a synthesis of the tensile response of different 
cementitious materials, from several sources, compiled by me. The stages 
have been named so that they represent the same behaviour in the load-
deformation response regardless of material. Not necessarily all stages exist 
for all materials, but when they do, they mean the same. For example, a 
plain ECC mortar, without some kind of steel or FRP reinforcement has 
no “yielding of reinforcement” (Stage III) part. The same is valid for 
TRC, in which the FRP textile never “yields”. 

All cementitious materials behave similarly up to first cracking (Figure 
2.15a – d, Stage I), although not necessarily with the same initial stiffness. 
After first cracking, their behaviour differs significantly. 

Brittle and quasi-brittle materials (plain mortars, concrete) 

These lose their tensile capacity after first cracking (Figure 2.15a).  

Engineered cementitious composite 

During the formation of multiple, evenly distributed, closely spaced, small 
cracks the ECC mortar shows an overall strain-hardening behaviour 
(Figure 2.15b, Stage II), without definitely distinctive parts in the curve 
from cc to pc. After localization, there is a gradually decreasing, 
softening range due to the fibre pullout mechanism (Stage V). 
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Figure 2.15: Comparative load-deformation behaviour for (a) conventional mortar and 
concrete, (b) strain-hardening cementitious composites, (c) steel vs. reinforced concrete vs. 
steel-reinforced engineered cementitious composite, (d) textile-reinforced concretes. Based on 
(Li and Fischer, 2002; Hegger and Voss, 2004; Naaman, 2007; Hinzen and 
Brameshuber, 2009)  
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ECC works well with regular steel reinforcement (Li and Fischer, 2002). 
The hardening part of the load-deformation curve of the steel reinforced 
ECC (R-ECC) is not as uniform as in plain ECC (Figure 2.15b, Stage II) 
but has a steeper (Figure 2.15c, Stage II) and a gradually rising part (Stage 
III), in accordance with the elastic stage/yielding of the steel. In the 
inelastic deformation regime, where both components are yielding, 
cracking of the ECC and yielding of the reinforcement are uniformly 
distributed over the length of the specimen, until the rupture of the steel 
(Stage IV).  

Textile-reinforced concrete 

In TRC, the FRP is linear elastic up to failure and the mortar (typically) 
is quasi-brittle. The hardening part can be divided in two distinct parts as 
shown in Figure 2.15d (Hegger and Voss, 2004). After first crack 
formation, the load-deformation curve shows a small increase in loading 
capacity due to the formation of additional transverse cracking. The 
member is softened by the formation of additional crack(s) (Stage IIa). 
The load increase per deformation increment is decreasing with each 
crack, until the stabilized crack pattern (Stage IIb) is reached, which is 
nearly linear.  

Since the FRP reinforcement has no inelastic deformation capacity, 
failure of a TRC is characterized either by slippage in the fibre tows or by 
linear elastic deformations until the FRP ruptures in a brittle manner 
upon reaching its tensile failure strain (Stage IV) (Brameshuber, 2006). In 
practice, final failure normally is a combination of both fibre slippage and 
rupture (Hegger and Voss, 2004). 

If the TRC matrix contains short fibres, the hardening part after first 
cracking becomes uniform, similar in nature to that of the ECC/R-ECC 
(Hinzen and Brameshuber, 2009). 

2.7.2 Tensile contribution of a strain-hardening matrix 

The response of the reinforced cementitious composite is compared 
to that of the bare strengthening material (steel or FRP) and the 
difference in load capacity is attributed to the tensile load carried by the 
cementitious matrix between transverse cracks. The hatched area in 
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Figure 2.15c represents the contribution of the pseudo-ductile matrix 
compared to RC, while in Figure 2.15d, the contribution of the TRC 
matrix, compared to the bare textile is illustrated. 

2.7.3 Fibre bridging 

Since the described overall hardening behaviour in a strain-hardening 
matrix highly relies on fibre bridging, it is important to know how high 
bridging stresses arise in the fibres. (This would also limit and determine 
which materials are usable as reinforcing fibres.) 

The fibre bridging analysis is about relating the single fibre bridging stress 
to the crack opening which is a function of fibre and interface properties 
and mode of failure (Li, 1993). Fibre properties may include the fibre 
modulus, ultimate tensile strength, fibre length, diameter, shape, and the 
interface properties, the cohesive strength or fracture properties and 
frictional properties. 

In a composite, the embedded fibres in the mortar would often bridge a 
crack in an angle. Inclined fibre pull-out would depend on a greater 
number of parameters, involving the inclination angle of the fibre to the 
matrix crack plane, local fibre/matrix interaction properties and possible 
aging effects (Li, 1997). 

2.7.4 Compatible deformations between reinforcement and 
cementitious matrix 

It is well known that the deformations between the steel 
reinforcement and the concrete are incompatible. After cracks appear in 
the concrete, it unloads, yet the steel bar reinforcement crossing those 
macro-cracks is still loaded, leading to bond splitting/spalling of concrete. 

Contrary to RC, in R-ECC the strain-hardening behaviour of both 
components (steel and ECC) prevents localization of deformation at a 
particular section and the compatible deformations are maintained. Cracking of 
ECC as well as yielding of the steel reinforcement is uniformly distributed 
along the length (Li and Fischer, 2002). It also means that there is no 
spalling or bond splitting in such a member. 
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Compatible deformations are also possible in TRC under some specific 
loading conditions (thermal loading from, e.g., hydration heat or 
significant exterior temperature changes) if the reinforcement is an AR-
glass textile, because the thermal expansion coefficients of the AR-glass 
and the mortar are similar.  

2.8 Bond 

2.8.1 Bond to the old concrete 

The most urgent need in concrete repair system is long-term 
durability. When strengthening with any kind of externally bonded 
system, be it epoxy-based or mineral-based, the bond to the concrete to 
be repaired is crucial for the long-term behaviour. Incompatibility 
between the base concrete and the repair material can ruin the 
strengthening system, resulting in debonding or spalling the strengthening 
layer, especially if the load is acting parallel to the bond line (concrete 
surface).  

When an existing RC element is to be strengthened, the tensile 
stresses developed in the strengthening layer must be introduced into the 
original concrete of the member by bond forces. Failure can initiate from 
an interfacial defect causing delamination of the entire strengthening 
layer. In the case of a “weak” bond, delamination of the strengthening 
layer can occur. If the bond is too “strong”, the strengthening layer is 
prone to spalling (Li, 1998).  

Determination of the bond strength can be intricate. Several different 
“bond tests” are recommended to obtain a numerical value for “bond 
strength” between the substrate concrete and the repair material. Results 
which indicate a “strong bond” in the laboratory, do not always imply a 
durable repair performance in the field (Li, 1998). The difficulties in 
directly translating experiments laboratory experiments into 
“performance” are, according to the author: 

The author also warns that “if the failure of the repaired system 
(delamination or spalling) is governed by a fracture process, then the 
characterization of the interface by “bond strength” is questionable and a 
strong size effect on the measured bond can be expected. The test 
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specimen size, geometry, and loading configuration are normally different 
from those in the field” (Li, 1998).  

Sensitivity to bond strength 

How sensitive a structure is to bond strength depends highly on the 
kind of load it is subjected to. When strengthening for flexure, the force 
transmission into the original concrete occurs over a relatively large 
length (surface). In contrary, the force transmission via shear 
strengthening takes place only in the range behind the last shear crack 
(Brückner, Ortlepp et al., 2008). As a result, significantly longer 
anchorage lengths and “better bond” and if necessary, additional 
mechanical anchoring, are required for shear strengthening. This has been 
mentioned as a problem area in , strengthening with textile-
reinforced concrete. 

Parameters that influence the interfacial bond 

Tensile load capacity 

When the adhesive tensile load bearing capacity is exceeded in the 
interface between the base concrete and the strengthening layer, the 
strengthening would peel off the structure. To prevent debonding, it is 
usual to prescribe a minimum adhesive tensile strength of the original 
concrete substrate. In German codes it is 1.5 MPa (Brückner, Ortlepp et 
al., 2008), while the EN1504 recommends 1.0 MPa. If the surface is 
roughened adequately, by means of removing the deteriorated parts and 
cement laitance by sandblasting, good bond can be guaranteed. 

Elastic moduli 

If there is an incompatibility in the elastic moduli of the base concrete and 
the mortar to be applied on, it will result in the incompatibility of the 
deformations on the interface as the ”weaker” material will have larger 
deformations (Mangat and O'Flaherty, 2000). If the load bearing capacity 
of the material or the bond at the transition zone is exceeded by the 
transferred load, failure will occur. Recommendations for the modulus of 
elasticity of the repair or strengthening material suggest a modulus at least 
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30% larger than the modulus of elasticity for the base concrete (Mangat 
and O'Flaherty, 2000).  

Shrinkage 

In overlay composite systems, as the newly cast repair or strengthening 
layer has a tendency to shrink, the base concrete acts as a rigid foundation 
that restrains these movements. These differential movements cause 
tensile stresses in the repair or strengthening material and compressive 
stresses in the base concrete (Figure 2.16). The repair layer can crack.  

If stresses accumulate as the shrinkage continues and the tensile strength 
or the interfacial bond strength is exceeded, interface delamination 
between the repair material and the base concrete occurs. 

Generally speaking, shrinkage incompatibility is more associated with 
cement based mortars, while the polymer modified mortars show better 
compatibility, and epoxy resin mortars (that consist of a resin, a hardener, 
and aggregates) have shown to have the best shrinkage compatibility with 
the base concrete (Hassan, Brooks et al., 2001). This sounds reasonable, as 
shrinkage occurs in the cement phase. 

 

Figure 2.16: Critical effects of shrinkage for bonded overlays, inducing cracks and edge-
lifting (Blanksvärd, 2009) 

Shrinkage is divided into three groups, depending on the age of the 
(newly cast) strengthening layer: plastic-, autogenous-, and drying 
shrinkage. 
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Plastic shrinkage 

Plastic shrinkage occurs at early age, during the very few hours after 
casting, while the concrete (or mortar) is still in plastic state. It is highly 
dependent on the evaporation rate. At this age, the concrete has the 
lowest strain capacity and tensile strength, therefore it is the most prone 
to cracking when subjected to internal stresses. 

Plastic shrinkage cracks are typically observed in thin elements with a 
high surface-to-volume ratio (Zhen, Z. et al., 2004). Plastic shrinkage 
cracking does not initially affect structural integrity, but it can lead to the 
corrosion of the reinforcement later. Another problem that excessive 
plastic shrinkage cracking may induce is that there will be a lack of water 
to hydrate the cement during the hardening stage. This may result in a 
concrete/mortar that has lower final strength and durability. 

Plastic shrinkage can easily be prevented by simply keeping the surface 
wet (not saturated). Furthermore, plastic shrinkage can be controlled by 
adding superplasticizers, shrinkage reducing agents (SRAs), or fibres to 
the mortar, see e.g. (Bentz, Geiker et al., 2001; Al-Amoudi, Abiola et al., 
2006; Banthia and Gupta, 2006). 

When it comes to new materials, high-early-strength ECCs (HES-ECC) 
can relieve shrinkage-induced stresses due to their increased tensile strain 
capacity (several hundred times that of normal concrete). The HES-ECC 
employed in a recently published study by (Li and Li, 2011) had a very 
high early-age strength (compressive strength 47 MPa, and tensile 
strength 5.6 MPa at seven days).  

The shrinkage strain of HES-ECC was below 0.3%, significantly lower 
than its tensile strain capacity (3-6%). This means that the HES-ECC can 
accommodate shrinkage deformation by forming multiple cracks during 
its strain-hardening stage without localized failure. The authors also 
suggest that in repair materials engineering, repair material ductility, and not 
compressive strength, should be given the most significance. The 
reasoning is that minimizing the repair layer surface cracking (which is 
achieved by the increased ductility) would result in no interfacial 
delamination, which in turn could suppress the concrete deterioration 
process. 
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Autogenous shrinkage 

Autogenous shrinkage by definition is a macroscopic volume change with 
no moisture transfer to the surrounding environment. It is merely a 
consequence of internal chemical reactions (cement hydration).  

Autogenous shrinkage cannot be controlled by casting, or “proper” 
curing. The autogenous shrinkage depends mainly on the composition of 
the concrete/mortar (Holt, 2001) and can be estimated from the mineral 
composition of the cement (Tazawa and Miyazawa, 1995). Certain 
mineral admixtures that refine the grain structure, such as silica fume will 
increase the autogenous shrinkage because of the increased water 
consumption, while aggregates decrease it. The aggregates are rigid that 
do not shrink; the shrinkage occurs in the cement paste, of which there is 
less in a mix with more aggregates. 

Autogenous shrinkage has generally been regarded as “insignificant” 
because in ordinary concretes the drying shrinkage plays the dominant 
role. However, it can be a concern in high-strength, or high-performance  
concretes with a relatively low water-to-cement ratio (Holt, 2001). In 
recent years, high performance concretes have become increasingly used. 
These concretes and mortars typically have lower w/c ratios, which in 
turn makes them more prone to autogenous shrinkage, and the 
autogenous shrinkage makes up a larger part of the total shrinkage.  

Drying shrinkage 

Drying shrinkage makes up the “bulk” of the total shrinkage, in normal 
(w/c, and -strength) concretes, and mortars. Drying shrinkage depends on 
the age at the beginning of drying, the relative humidity, and specimen 
size. In structural members, drying shrinkage may continue for years, 
although about 80% of the laboratory-measured shrinkage usually occurs 
within 3 months (Holt, 2001). 

Drying shrinkage can be prevented by keeping the surface wet from early 
age. Shrinkage-reducing admixtures reduce plastic shrinkage and drying 
shrinkage too. The water retention of the concrete can be increased by 
adding self-curing agents to it. Finally, a curing compound can be applied 
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on the surface of the fresh concrete or mortar that forms an impenetrable 
film, preventing the evaporation of moisture. 

On the material side, the large tensile capacity of ECC has proven to 
reduce its cracking under restrained drying conditions. (Li and Li, 2006) 
suggest that an ECC repair layer ensures a more durable repair, because it 
could relieve shrinkage induces stresses and prevent delamination 
(debonding off the surface of the concrete).  

In China, low shrinkage ECCs are currently being researched. In a newly 
developed ECC mix, the measured drying shrinkage strain at 28 days was 
only 0.11-0.24% with a tensile strain capacity of 2.5%, while in traditional 
ECCs the 28-day drying shrinkage is around 1.2% (Zhang, Gong et al., 
2009). The low-shrinkage ECC still exhibited high tensile strain capacity, 
strain hardening, and the characteristic multiple cracking, but at much 
tighter crack widths. For this mix, a special low-shrinkage composite 
cement was used. The exact composition can be found in the paper. 

2.8.2 Bond between mortar and fibrous component 

The quality of bond is essential in the behaviour of a composite 
material, determining the strength and the ductility. If bond is weak, a 
ductile material could be gained, while strong bond can result in 
“strong”, but brittle materials (Reinhardt, Bentur et al., 2006). 

Physical bond 

In most mineral-based strengthening systems, the bond between the 
mortar phase and the FRP needs to be improved, because there is no 
chemical bond, and the FRP is only partially penetrated by the matrix. 
This is the case when using continuous fibres or sheets, and in most cases 
involving textile reinforced concrete overlays. Multiple references are 
given on how to improve the physical bond in the state-of-the-art part. 
The two approaches are improving the penetration of the FRP by the 
mortar, and forcing the filaments in the FRP to better work together by 
impregnating the FRP itself. 

In strengthening systems that employ grids, there is a more effective 
physical bond. It originates from direct mechanical anchorage (the joints 
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and the transversal tows of the grid), frictional forces on the interface, 
aggregate-, or fibre interlock (when the mortar phase has chopped fibres 
in it).  

Chemical bond 

Chemical bond can be observed in PVA-ECC mortars and in the Ruredil 
X-Mesh PBO system. The high chemical bond strength is due to the 
strong hydrogen intermolecular bond between the PVA and the 
cementitious matrix (Suwannakarn, 2009). 

In PVA-ECC, the PVA fibre has a strong chemical bond, but a low 
tensile strength; therefore, it reaches its peak load at small pullout lengths. 
As a result, it does not completely pull out of the matrix but ruptures 
instead. In order to increase the opening of the individual cracks and 
enhance the composite stress-strain behaviour, the chemical and frictional 
bond of the PVA fibre is to be decreased. The bond can be optimized by 
means of particular surface treatment or by modification of the 
fibre/matrix interface transition zone (Li and Fischer, 2002). 

Parameters that influence the bond 

Bond characteristics influence the load transfer between the FRP 
reinforcement and concrete/mortar, and therefore control the concrete 
(or mortar) crack spacing, crack width, required concrete cover to the 
reinforcement, and the reinforcement development length.  

The bond of ordinary steel reinforcement in concrete is a complex 
phenomenon, in and itself. Influencing parameters are the geometry of a 
concrete member, the pull-out resistance, the placement of the bar in the 
member cross section, the cover splitting, the formation of the crack 
pattern of ultimate failure, the bond-stress distribution along the 
anchorage length, and the confinement caused by concrete and the 
surrounding reinforcement (Tamužs, Apinis et al., 2001). 

The bond of FRP reinforcement (FRP bars) depends on even more 
parameters than above (Tepfers and De Lorenzis, 2003). There are many 
types of FRP bars with different interfaces for bonding to concrete. The 
surface of FRP bars is weaker than that of steel ones and may fracture by 
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bond forces. The performance of the bars is also different, since the 
surface of FRP bars are softer and do not create as high local stress 
concentrations in contact points to concrete as the harder steel bars do. 
This may not be the case for the grids, which are used in MBC. The tests 
carried out in the framework of this thesis have shown that high local 
stress concentrations develop in the grid joints, causing premature failure. 
This effect can be lessened by using  grids together with ductile mortars, 
which prevent these local stress concentrations by redistributing them 
among grid tows (Dai, Wang et al., 2009).  

Very little literature is found on the bond of FRP grids, which is more 
complex than that of a rebar, because of the geometry of the grid and the 
anisotropy of the grid intersections. However, knowledge about bond of 
FRP in general would possibly lead to a better understanding of bond 
between grids and cementitious mortars.  

Anchorage of grid-type reinforcements in cementitious matrices 

Few publications are available on the anchorage of grid in cementitious 
matrices. A Japanese paper, (Mochizuki and Udagawa, 2005), describes 
the bond and anchorage properties of a 2D NEFMAC grid in (ordinary) 
concrete. The test setup was a standard pullout test with multiple 
variables, such as the kind of fibre (carbon or hybrid glass/carbon), the 
number of longitudinal bars (1, 3), the number of transverse bars (0, 1, 2, 
3) and the anchorage length. 

The test results revealed a significant dependence of the bond and 
anchorage on the resistance of the transverse bars at the grid intersections. 
For glass/carbon hybrid grids, only two transversal bars were required to 
obtain enough anchorage against concrete, while in the case of the carbon 
grid, three transversal bars were necessary. The carbon fibre is more brittle 
than the glass, and allows for less shear deformation at the grid joints.  

Bond stress vs. slip relationships 

The bond properties between fabrics/textiles and concrete may differ 
significantly from those between conventional steel reinforcement and 
concrete (Xu, Krüger et al., 2004). The shape of a textile roving 
embedded in the concrete can vary, contrary to a steel bar that is well 
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defined. Furthermore, the filaments are not equally penetrated and voids 
exist among them. Because of these factors, it is difficult to characterize 
bond stress vs. slip (BSR) relationships for textiles (Xu and Li, 2006).  

The adhesional and frictitional bond of an ideal (perfectly embedded) 
filament was investigated by (Brameshuber and Banholzer, 2003). They 
pulled single filaments out of a fine-grained concrete matrix and 
calculated bond stress vs. slip relationships for various types of filaments, 
based on Cox’s shear lag theory (Cox, 1952).  

Bond-slip relationships for fibre-reinforced cement composites or high 
performance fibre-reinforced cement materials (including ECC) are still 
unknown (Fantilli, Mihashi et al., 2007).  
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3 EXTENDED SUMMARY OF APPENDED PAPERS 

An extended summary of the conference- and/or journal papers is 
presented here. The papers can be found in Appendix 1 through 5. 

 

Paper One  

 

“Strengthening of concrete beams in shear with mineral based composites 
– Laboratory tests and theory” 

Authors: Björn Täljsten, Katalin Orosz and Thomas Blanksvärd 

Presented at the Third International Conference on FRP Composites in Civil 
Engineering (CICE2006) – Best Paper Award 

December 13-15, 2006, Miami, Florida, USA 

Summary: The paper was the result of a collaborative project between 
Luleå University of Technology, Technical University of Denmark, and 
Norut Technology Ltd. in Narvik, Norway.  

The paper presents a pilot study of reinforced concrete beams 
strengthened in shear with mineral-based composites and tested in four-
point bending. Five beams of the same geometry, concrete quality, and 
steel reinforcement were tested; four strengthened with different 
configurations of MBC, and one unstrengthened reference beam. The 
(steel) flexural reinforcement ensured that the beams would not fail in 
bending; however, the beams had (steel) shear reinforcement only on one 
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side of the span. The MBC was applied on the end of the beam that 
lacked internal shear reinforcement. 

After a brief introduction into the field of epoxy-based and mineral-based 
strengthening, a simple model (truss model) is presented to calculate the 
shear contribution of the MBC strengthening.   

All five beams failed in shear. The results presented show that in terms of 
effectiveness, the MBC strengthening produces comparable results to 
epoxy-bonded systems. The increase in load capacity for the strengthened 
beams was approximately 40-100% compared to the reference beam. The 
largest increase was achieved with a grid with the densest fibre area per 
beam cross-section and with the mortar that contained chopped glass 
fibres.  

The truss model gave a reasonable estimation of the strengthening effect, 
but with a large scatter, therefore it was concluded that more analytical 
and numerical analysis is needed to improve the design model. 

 

Paper Two 

 

“From material level to structural use of mineral based composites – an 
overview”  

Authors: Katalin Orosz, Thomas Blanksvärd, Björn Täljsten, and Gregor 
Fischer 

Published in Advances in Civil Engineering, Vol. 2010, Article ID 985843 

Summary:  

Mapping of materials for mineral-based strengthening 

The paper surveys different material combinations and applications in the 
field of mineral based strengthening of concrete structures, focusing on 
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the mechanical behaviour on material-, component-, and structural levels 
in cementitious composites.  

The intention was the systematic mapping of the applicable materials and 
material combinations for mineral based strengthening. It is exhaustive 
regarding the state-of-the-art in mineral-based strengthening. In addition 
to the material review part, the paper details the tensile behaviour of 
mineral-based composites.  

Experimental work 

The review part is followed by selected tests carried out both at Luleå 
University of Technology and at Technical University of Denmark. The 
tests range from determining the composite material properties (uniaxial 
tensile tests and wedge-splitting tests) to testing structural elements (slabs 
strengthened in flexure and beams strengthened in shear). Only the first 
two test series have been performed by the author. The beam and slab 
tests had been performed by Thomas Blanksvärd (Blanksvärd, 2007).  

The beam and slabs tests focused on the use of commercially available, 
quasi-brittle mortars, while in the material testing part both quasi-brittle 
(PMM) and pseudo-ductile, strain-hardening mortars have been used. 

Conclusions 

As a general conclusion, the test results have proven that the use of the 
mineral-based strengthening system is effective to increase the load 
bearing capacity of the strengthened structure, or structural element. 
Strain-hardening mortars have shown to work effectively together with 
the FRP grid.  

The uniaxial tensile tests (performed on the bare strengthening material) 
revealed that the use of the strain-hardening mortar (an engineered 
cementitious composite - ECC for short) has a positive effect on the 
interaction with the FRP through the fibre bridging effect. The ECC 
appears to prevent premature failure of the FRP grid, which was observed 
in specimens with quasi-brittle mortars.  
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The wedge-splitting tests performed on MBC-strengthened concrete 
specimens provided the additional information that compared to a PMM 
the ECC was also capable to prevent sudden drops in load capacity and 
enhanced the calculated fracture energy.  
 
The main advantages of the ECC combined with the FRP grid are that it 
accommodates larger deformations than the FRP and therefore it will not 
represent a weak link in strengthening; it enforces the failure mode to be 
more ductile, it prevents and reduces brittle deformations, and is spalling-
resistant. 

In the slab tests, it was found that trying to improve the bond between 
the FRP and the mortar has negative effects on the ultimate load capacity, 
at least in the case of PMMs. No experiments have been performed with 
ductile mortars, as the slab- and the shear beam tests had been carried out 
earlier by Thomas Blanksvärd, see (Blanksvärd, 2007). The shear beam 
tests suggested (although this was outside of the scope of the investigation, 
and therefore not detailed in the paper) that the amount of fibre in the 
FRP grid can be increased only up to a certain level without inducing 
local failure in the transition zone between the binder and the FRP. The 
MBC strengthening has also showed to be useful for reducing strains in 
the steel reinforcement even at low load levels. This suggests that the 
MBC strengthening can reduce crack widths in service limit state. 

The paper concludes with suggestions on further development in the field 
of mineral based strengthening. The suggestions span from material 
development to production methods. Only a few ideas are mentioned 
here. It is suggested that strain-hardening mortars be tested further with 
grid-type reinforcement especially in shear-sensitive structures because of 
their ability to yield a more ductile and predictable failure mode. 
Different kinds of FRP could be tested, such as bi- or triaxial grids, and 
grids with more flexible joints, potentially allowing larger deformations. 
Further research addressing the bond between both the base concrete and 
the MBC along with the transition zone between the mortar and the grid 
are encouraged to study further.  
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Paper Three and Paper Four 

Paper Three 

 

“Crack development in CFRP reinforced mortar – An experimental 
study” 

Authors: Björn Täljsten, Katalin Orosz and Gregor Fischer 

Conference paper presented at the Asia-Pacific Conference on FRP in 
Structures (APFIS 2007) 

December 12-14, 2007, Hong Kong, China 

 

Paper Four  

 

“Crack development and deformation behavior of CFRP reinforced 
mortars”  

Authors: Katalin Orosz, Thomas Blanksvärd, Björn Täljsten, and Gregor 
Fischer 

Journal paper submitted to the Journal of Nordic Concrete Research in May 
2013 

Paper Three is a relatively short conference paper reporting on the 
uniaxial tensile (dogbone) tests, while Paper Four is a longer, more 
detailed journal paper version of the same. I included Paper Three in the 
thesis because it is a complete, published paper, which contains the most 
important findings in a compact format. Paper Four adds more details that 
were not possible to include in the conference paper because of length 
constraints. 
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Summary: On the dogbone-shaped specimens, one interface 
traditionally present in externally bonded strengthening systems has been 
eliminated. Normally, the MBC is applied on the structure to be 
strengthened (base concrete), which is a possible failure zone. Here, the 
bare strengthening material was tested only. The parameters were varying 
mortar compositions (two kinds of PMM and one ECC mix), the FRP 
grid spacing (“small” grid and “medium” grid), and the orientation of the 
grid (0°, 90° and 15° rotated, in relation to the applied tensile load). Load 
bearing capacity, crack formation, crack development and the interaction 
between the grid and the mortar phase have been monitored, 
investigated, and evaluated.  

First a suitable test specimen and loading devices were developed. Based 
on existing literature, the ideal shape of the dogbone specimen was 
investigated first, and an “upscaled” specimen, a large-size dogbone has 
been developed. One of the innovations of the test set-up was the self-
centring anchor clamps custom-made for this experiment. The anchor 
clamp is the fixating mechanism between the machine and the test 
specimen. It has two joints (hinges) in both planes parallel to the tensile 
force applied, in order to avoid any shear forces in the specimen. 

The test set-up with the upscaled specimens and the anchor clamps has 
shown to be successful for testing MBC under tensile load. Compared to 
the rest of the specimens that were cast with quasi-brittle mortars (PMM), 
it was shown that the use of ECC resulted in an improved overall 
performance. Consistent and well-pronounced strain hardening could be 
shown compared to the bare grid (whose tensile properties had been 
determined previously by (Blanksvärd, 2006), and the PMM samples, 
which showed moderate to no hardening,  depending on the exact 
material composition. In case of the small grid, after first cracking the load 
capacity did not increase with PMM, while there is an increase in the 
ECC-based specimens (matrix strain hardening). 

The use of the strain-hardening mortar (an engineered cementitious 
composite - ECC for short) was proven to have a positive effect on the 
interaction with the FRP through the fibre bridging effect. The ECC 
appears to lessen premature failure of the FRP grid, which was prevalent 
in specimens with quasi-brittle mortars. Furthermore, the ECC reduced 
crack widths significantly. The polyvinyl-alcohol fibre present in the 
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ECC mortar did not allow the cracks to open fully, compared to the 
PMM samples.  

In addition to the journal paper, Appendix 7 provides results from the 
3D optical strain monitoring tool ARAMIS that was used to monitor 
crack development and crack widths.  

 

Paper Five  

 

“Development of a new test method for mineral-based composites – 
Wedge-splitting tests”  

Authors: Katalin Orosz and Björn Täljsten 

Conference paper presented at the International Conference on Concrete 
Repair, Rehabilitation and Retrofitting (ICCRRR 2008)  

November 24-26, 2008, Cape Town, South Africa 

Summary: The well-established test method, the wedge-splitting test 
(WST) was adapted to testing MBC-reinforced specimens under splitting 
load. The uniaxial tests, while possible, are very sensitive for brittle or 
quasi-brittle materials as an uncontrolled deformation at cracking occur 
despite the displacement control. Contrary to a direct tensile test, the 
wedge-splitting test setup ensures post-cracking stability, because the 
descending wedges cause a well-controlled lateral opening displacement, 
inducing stable crack growth in the specimen. The WST is not a direct 
tensile test; however, it can provide valuable data on the tensile behaviour. 
In addition, it provides information on the post-peak behaviour 
(softening part of the load-displacement curve), and the fracture 
properties, such as the energy absorption capacity of the MBC. On the 
other hand, it does not ensure a uniform tensile stress field since there is 
bending in the specimen, and therefore it is not (directly) comparable to 
the results obtained from a uniaxial tensile test.  
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Both quasi-brittle and pseudo-ductile (ECC) matrices were used, 
combined with a carbon fibre-grid, to strengthen the square concrete 
specimens. The specimens had a starter slit at the top to enforce the 
governing crack be vertical. Crack development, crack patterns, splitting 
load versus crack opening displacement (COD), and fracture energy were 
investigated and evaluated.  

The adaptation of the test setup proved to be successful. The bond 
provided by both mortars was excellent leading to CFRP rupture. The 
test results revealed improved performance, significantly higher fracture 
energy, distinct multiple cracking characteristic to strain-hardening 
mortars, and enhanced ductility in the specimens cast with ECC. The 
improved overall performance is attributed in great part to the crack 
bridging effect of the polyvinyl-alcohol fibres in the ECC that work 
against the crack opening and provide a direct mechanical interlock with 
the grid.  

Since no journal paper has been published on the wedge-splitting tests 
and the conference paper had its length limitations, the tests are presented 
more in detail in a separate appendix (Appendix 6).  
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4 DISCUSSION AND CONCLUSIONS 

4.1 Introduction 

This research project aimed to acquire a general understanding in the 
field of mineral-based strengthening. One of the goals was to map the 
possible materials that can be used in a mineral-based strengthening 
system, and expand said system with “ductile” mortars that have proven 
to work in standalone applications, or as part of other strengthening 
systems. The first major unit of the thesis, the state-of-the-art review has 
been compiled with a definite goal in mind. The goal was not only to 
summarize the existing mineral-based strengthening methods, and 
experimental work done up to date, but also to map the possible materials 
used in such systems. For fields of application where enhanced 
deformation capacity or a more ductile failure mode is favourable, new 
material combinations have been suggested.  

The focus of the experimental part of the thesis has been to investigate 
the tensile behaviour of the bare mineral-based composite strengthening 
material and/or MBC-strengthened specimens. Here the concept of 
MBC has been widened and a significant part of the experimental work 
aimed at improving the tensile performance by employing pseudo-ductile 
(strain-hardening) mortars as binder. Uniaxial tensile tests, and wedge- 
splitting tests were performed on the “enhanced” MBC.  

Additionally, the goal has been to analyze the potential of different test 
methods that could serve to study the effects of the MBC strengthening. 
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4.2 Addressing research questions 

In the beginning of the thesis, the following research questions have 
been formulated, that are being answered here. 

RQ1. Which material combinations are promising for future mineral-
based strengthening applications? 

Answer: Based on the state-of-the-art review, my understanding is 
that strain-hardening mortars have a great potential when used in 
combination with some type of FRP reinforcement. Because of their 
high tensile strain capacity, these mortars are able to reduce local stress 
concentrations in the FRP, and redistribute stresses among the grid tows, 
which is in line with the literature (Dai, Wang et al., 2009). 

The strain-hardening mortar could be an engineered cementitious 
composite, containing chopped polyvinyl-alcohol fibres. ECCs are 
designed to resist large tensile and shear forces, while remaining 
compatible with ordinary concrete - the structure to be strengthened - in 
terms of thermal properties, and compressive strength (Li, 2002). ECCs 
also excel in durability in harsh environments (Lepech and Li, 2006).  

The FRP reinforcement could be a technical textile, such as the TR-
ECC (textile-reinforced ECC) studied by (Dai, Wang et al., 2009), or a 
grid-type reinforcement, such as a NEFMAC grid – ECC strengthening 
system described by (Wenyong, Xiaobing et al., 2010). In the thesis, the 
grids were the same type of commercially available grids that had been 
used in earlier MBC tests by (Blanksvärd, 2009).   

RQ2. How can the tensile capacity of the MBC strengthening system 
be conveniently tested? 

Answer: The uniaxial tensile test, on upscaled dogbone specimens 
proved to be successful and provided valuable information on the tensile 
behaviour of the bare MBC. However, the test setup has shown to be 
very sensitive to the slightest imperfections in geometry, and the de-
moulding/handling of the (very fragile) specimens had to be very careful. 
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The wedge-splitting test (WST) proved to be much more robust. The 
specimens were significantly easier to cast and de-mould without damage, 
but because of the bulkiness of the specimens, testing became difficult. In 
the very beginning of the testing, precise positioning of both the 
specimens and the loading devices is essential. Some plain concrete 
reference specimens (that have very low tensile strength) have failed 
abruptly due to improper positioning. On the strengthened specimens, 
once the load was evenly transferred to the specimen, the test was stable 
all the way up to complete failure. 

In terms of results, both tests provided valuable data on the tensile 
behaviour. However, compared to a uniaxial tensile test, the WST 
provided additional information on the softening part of the load-
deformation behaviour after peak load. It is not possible to compare the 
test results directly, as the WST does not yield the tensile strength, but 
rather the splitting tensile strength.   

RQ3. Can the overall performance of the MBC system be improved 
by applying pseudo-ductile mortars, instead of quasi-brittle? 

More specifically,  

Is it possible to modify the MBC in a way that it reduces brittle 
failure in a strengthened structural element?  

Can the strain capacity of the MBC be improved?  

Answer: In all tests, the ECC specimens outperformed the quasi-
brittle ones in terms of load capacity, deformation capacity, and fracture 
energy (where determined – in the wedge-splitting tests). 

The use of ECC has improved the behaviour of the modified MBC 
significantly. In the WST test series involving ECC, after first cracking, 
ECC prevented sudden drops of load capacity. It appears to enforce the 
failure mode be more ductile. It is believed that the ECC has the ability 
to prevent sudden and brittle shear deformations in the grid joints, by 
preventing local stress concentrations, and redistributing stresses between 
the neighbouring grid tows. Since it has short PVA fibres in it, it provides 
additional fibre interlock with the grid. In addition to that, it has a refined 
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grain structure due to large amounts of fly ash, and therefore it can, 
according to the my opinion, pack itself very densely around the grids, 
resulting in excellent composite action. 

Furthermore, in all test series, finer and more numerous cracks were 
observed in the ECC specimens. ECC also prevented spalling of the 
mortar, in line with the existing literature, by e.g. (Lim and Li, 1997; 
Kanda, Saito et al., 2003), in specimens where with the same grid 
orientation and size, spalling of the quasi-brittle mortar was observed (see 
WST test results). 

RQ4. Can the expected strain-hardening behaviour of the ECC be 
confirmed by tests? 

Answer: Strain hardening could be shown in both tests. In the 
uniaxial tests, there was little improvement in the first cracking strength, 
regardless of the strengthening material composition. However, after first 
cracking, a significant strain hardening effect could be shown, in case of 
the ECC mortars, while moderate to no hardening (depending on the 
exact mortar – grid combination) in the PMM specimens.  

In the wedge-splitting tests, it can be observed that the samples with 
0 -grid orientation show a strain-hardening behaviour; the peak load 
being higher than the first cracking load, regardless of whether the binder 
is quasi-brittle or semi-ductile. The hardening effect (i.e., the reserve in 
load capacity) is more significant with ECCs than with PMMs. With the 
45 -grids, very little to no hardening was observed with either mortar.  
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4.3 Contributions 

4.3.1 State-of-the-Art 

The review part has provided a thorough overview in the field of 
mineral-based strengthening, as well as the systematic mapping of the 
potential of different material combinations that are expected to result in 
better mineral-based strengthening systems.  

4.3.2 Uniaxial test 

The “upscaling” of the test has been successful. Without much data 
from earlier literature, it was guesswork to figure out the ideal specimen 
sizes, and geometry. The geometry certainly needs some fine-tuning, but 
in general it can be concluded that the test setup has worked for testing 
the bare MBC in tension.  

One of the innovations of the test setup is the custom-made self-centring 
anchoring clamps to avoid bending in the web.  

4.3.3 Wedge-splitting test 

The WST has also been upscaled with even less available data from 
existing literature, at least on specimens this large. Because the specimens 
are strengthened with MBC, the large size was necessary to provide 
enough anchorage length for the grid in the mortar, and to ensure that 
there is good bond between the base concrete and the first layer of 
mortar. 

The upscaling has been successful, and it has been shown that the WST 
setup is suitable for testing both quasi-brittle (FRP with PMM) and more 
ductile (FRP with ECC) material combinations. 
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4.4 Concluding remarks 

The first important conclusion after completing the review part was 
that the use of engineered cementitious composites has a great potential 
when used together with FRP grids for strengthening purposes. 

From the experimental testing program presented, it has been found that 
concrete structures can effectively be strengthened by the use of mineral-
based composites, both with conventional (quasi-brittle) and ECC 
mortars. Both the dogbone and the wedge splitting tests resulted in 
specimens failing with FRP rupture in accordance with earlier results 
from (Blanksvärd, 2007), indicating that there is a good bond within the 
system, both on the concrete-composite interface and within the mortar 
and the grid component. Furthermore, the strain-hardening mortar has 
been found to enhance both the load bearing-, and the in particular, the 
deformation capacity. It has also been shown that the ECC mortar is 
capable to shift the overall behaviour from brittle towards a more ductile 
failure.  
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5 FUTURE RESEARCH 

5.1 Materials research  

5.1.1 Strain-hardening mortars 

Due to its pseudo strain hardening and fibre bridging properties, and 
because of the additional mechanical anchorage that the ECC provides for 
the FRP grid, it shall be tested further as a bonding agent for mineral 
based strengthening.  

More kinds of ECCs or other kinds of “ductile” mortars could be tested 
together with a grid or mesh component. One of the strengths of ECC is 
that it can be tailored to suit particular (structural, environmental or 
application-related) needs. I have seen such tailoring only in standalone 
ECC applications so far, but never as part of a mineral-based 
strengthening system. There exist sprayable ECC mixes; it would be 
worthwhile to try one of those together with a CFRP grid for 
strengthening purposes. One promising application field would be tunnel 
linings instead of steel fibre reinforced shotcrete. 

When using ECC, further investigation is needed as to what exactly 
causes the improvement in load capacity. Is it due to a direct tensile 
contribution from the ECC, or its ability to retain the grid joints from fast 
and brittle deformations? 

In order to ensure a durable strengthening system, it is important to study 
the long-term behaviour. Creep and thermal dilation properties, the 
behaviour under freeze-thaw cycles compared with the old structure are 
important. The restrained shrinkage cracking of the binder, in particular 
when using ECC, because of its high fly ash content should be 
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investigated (with the possible exception of the low-shrinkage ECC 
mixes described in Chapter 2.8.1).  

The sustainability of the built environment is gaining increasing 
importance today. To address this, issues regarding environmental impact 
are also of interest today and surely in the future; CO2 footprint, use of 
natural resources etc. In the current research of ECC, material “greening” 
with an overall goal of improving sustainability is being investigated. 
Several publications exist on tailoring specific mixes, e.g. with small 
fractions of industrial waste materials mixed in (fly ash, green foundry 
sand, blast furnace slag, to name a few). These require careful re-
engineering of the matrix interface. In my opinion, it is worth to keep an 
eye on this aspect of the ongoing ECC research. 

ECC is known to exhibit exceptional fatigue behaviour. To my 
knowledge, no large-scale tests have been carried out on ECC-
strengthened, let alone ECC and FRP-strengthened structures subjected 
to fatigue loading. Blast- and impact resistance are also of interest to 
study, in particular for mining applications, as these are some of the well-
known strengths of the ECC. 

5.1.2 FRP reinforcing materials 

It has been found that the strain hardening behaviour has a strong 
dependence on the mortar type and the grid orientation. Just by applying 
strain-hardening mortars, a general hardening behaviour could not always 
be shown.  

In addition to that, the particular type of grid used in the tests, do not 
“follow” the manufacturer-given data, or even the data measured by 
(Blanksvärd, 2006) in all tests. Blanksvärd’s measurements justify a 
difference of about 30% in the longitudinal direction over the transversal, 
but a much more substantial difference in performance was observed with 
transversally placed grids (about 70%), and in the supposedly “weaker” 
direction. 

 The different geometry (and inherent rigidity, or flexibility) of the 
grid joints in the two perpendicular directions could be further 
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investigated, as this may have caused the significant over-performance of 
the medium grid in transversal direction.  

5.1.3 New tests 

The test matrices should be filled up, with the missing combinations 
tested; in particular, the transversally placed medium grid needs to be 
investigated further.  

Based on the dogbone tests, the mechanical interlock between mortar and 
grid, due to the unevenness of the surface (residual epoxy), is significantly 
altering the behaviour. A future test matrix should include series of quartz 
sand coated grids, since the improved interfacial bond on the grid tows 
with no residual epoxy could enhance the tensile capacity, although in 
earlier slab tests (exclusively with quasi-brittle matrix) they proved to have 
a negative effect on the load capacity (Blanksvärd, 2007; Orosz, 
Blanksvärd et al., 2010).  

Studying the bond could lead to a separate study into bond and anchorage 
of bi- or maybe triaxial grids with emphasis on the stress distribution 
between the interfacial bond of longitudinal tows and the mechanical 
interlock of transversal tows.  

5.2 Modelling 

As mentioned in the state-of-the-art, (generalized) bond-slip 
relationships for fibre-reinforced cement composites or high performance 
fibre-reinforced cement materials (including ECC) are still unknown 
(Fantilli, Mihashi et al., 2007). Local bond stress-slip suggestions already 
exist/are being researched for, e.g., steel rebars and tendons anchored in 
strain-hardening mortars, GFRP rebars in ECC, and textile-type 
reinforcement in TRC, but no model has been found in the literature 
covering any kind of grid-type reinforcement in strain-hardening mortars. 
Developing proper bond models is paramount to the successful numerical 
modelling of MBC-strengthened structures.  

Finite element modelling of the grid joints could be useful to understand 
why the grid behaves stiffer or more ductile when placed in different 
directions.  
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5.3 Guidelines 

The prerequisite for implementing the mineral-based systems for the 
use in real structures is that there exist engineering design methods for 
calculating the load bearing capacity. Up to date, no general and 
commonly accepted guidelines exist for mineral-based strengthening.  

These guidelines should be established on a sound basis considering both 
the favourable aspects of the service limit state (crack bridging and crack 
reducing/tightening effects) together with the increase in load bearing 
capacity in ultimate limit state.  

One promising feature of employing strain-hardening mortars is that if a 
ductile behaviour can be shown reliably and consistently, the safety factors 
may be lowered for ULS design, as the failure is not sudden, but 
more predictable. 

5.4 Field implementations 

My opinion is that there is a definite potential in the application of 
ductile matrix MBCs for tunnel linings or other rock supporting system, 
e.g. in mining applications instead of using steel fibre reinforced shotcrete.  

Quasi-ductile mortars with FRP grids should be further tested especially 
in shear beams and other shear-sensitive structures where it might yield a 
more predictable and ductile failure mode. 
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ABSTRACT 
A large part of the infrastructure in the world are deficient and in need of repair or 
strengthening. There may be numerous reasons for this; increased traffic flows, 
existing design codes or standards do not consider the life cycle perspective, many 
structures have reach their design life and construction and design errors can have 
been made. There are many different repair and strengthening methods that might 
be used to upgrade a concrete structure. One such method involves CFRP (Carbon 
Fibre Reinforced Polymer) bonding. This method has proven to be usable for many 
different types of retrofitting applications. Even so, there are some disadvantages 
while using epoxy resins as a bonding agent, i.e. diffusion closeness, thermal 
compatibility, working environment and the minimum temperature of assemble. It 
is therefore of interest to replace the epoxy adhesive with a mineral based bonding 
agent, e.g. polymer modified mortars with similar properties as the base concrete 
that also is more working environmental friendly. A combination between the 
polymer modified mortar and fibre reinforced polymers (FRP) can be used for 
repair and strengthening of civil structures.  
 
This paper presents a pilot study of RC beams strengthened in shear with mineral 
based bonding agents and CFRP grids. The project is a collaboration project 
between Luleå University of Technology, Norut Teknologi AS and Denmark 
Technical University and is also a part of the European funded project “Sustainable 
Bridges”. The results so far show that comparable strengthening results as for 
epoxy bonded systems can be achieved with MBC strengthen systems. The 
theoretical model describes the load carrying capacity fairly well. 
 
KEYWORDS: CFRP grids, strengthening, shear, laboratory tests, MBC, mineral 

ased trengthening, carbon fibre 
 



 

 
 

1. INTRODUCTION  
 
Research with the use of short FRP fibres and cement based materials has been 
going on for some time now, see for example (Kesner et. al., 2003). However, 
research with the use of long FRP fibres is limited. Research studying cement 
overlays with textiles of carbon fabrics embedded in cement based matrix to 
strengthen masonry walls has been carried out by (Kolsch, 1998). The 
strengthening system prevents partial or complete collapse of masonry walls in the 
critical out-of-plane direction during a seismic event. A study to improve the bond 
between carbon fibres and cementitious matrices has been carried out by 
(Badanoiu, 2001), where dry fibre fabrics were used. It was found that a pre-
treatment with silica fume and high amounts of polymers improved the bond 
behaviour of carbon fibre to the cement. However, it was also stressed that more 
research is needed in this field. A very interesting pioneering work has been carried 
out by (Wiberg, 2003). Large-scale tests of ordinary concrete beams strengthened 
with a cementitious fibre composite were reported. The composite used was made 
of polymer-modified mortar and a unidirectional sheet of continuous dry carbon 
fibres applied by hand. Both flexural and shear strengthening were tested. From the 
tests it was concluded that the method works, and that considerable strengthening 
effects can be achieved. In comparison with epoxy bonded carbon fibre sheets, the 
amount of carbon fibre needed to reach the same strengthening effect for the 
cementitious strengthening system was more than double. The reason for this is 
mainly due to problems with wetting the carbon fibre. This is also emphasized by 
(Badanoiu & Holmgren, 2003), where it was found that the load capacity of the 
cementitious carbon fibre composite is influenced by the amount of fibres in the 
tow. If the cementitious matrix can penetrate into the interior of the carbon fibre 
tow, a higher number of filaments will be active during loading, and this will lead 
to the increase in load carrying capacity. To overcome this problem use of CFRP 
grids and a cementitious matrix might be used. In this paper a brief presentation of 
tests carried out at Technical University of Denmark is presented. 
 
2. TEST SET-UP 
 
The test set up for the beam test is shown in Fig. 1. Five beams with the same 
geometry, concrete quality (average compressive strength 38 MPa),  and steel 
reinforcement (average tensile strength 517 for the rebars and 530 for the stirrups) 
were tested, four of them strengthened with CFRP grids, while the first beam 
served as reference beam without CFRP strengthening. The load was applied by 
two cylinders standing on the floor. Each of the cylinders provided a load of 
maximum 500 kN. The load was increased by approximately 10 kN/min/cylinder 
and the tests were load control. The pressure was translated into voltage by the 
data-logger and the optical measuring equipment. The measuring equipment 
comprised of transducers, strain gauges (on DTU2 and DTU5) and phogrammetric 
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strain measuring equipment to measure the strains and crack propagation on the 
strengthened surfaces of each test beam. At failure, both data-logger and photo 
equipment were stopped, and the failure load was recorded. Numerous pictures 
were taken with a digital camera to keep track on the crack development during 
loading. However, due to limited space this is not presented in this paper. A great 
amount of longitudinal steel reinforcement ensured that the beams would not fail in 
bending. All the beams had a steel reinforcement for shear only in one side. The 
CFRP grids were applied using two types of mortars in two layers with a thickness 
of 10 mm on both sides of the beams. The CFRP grid was placed between the two 
layers of the mortar. Before applying the first layer of mortar a primer was applied 
to the sandblasted concrete surface to optimize the bond between concrete and 
mortar. In Fig. 1 the material properties for the mortar and CFRP grid used are 
presented. 
 

 

 
 

 
MBC Strengthening materials:  
 

Mortar modulus of elasticity: 
Cement I.  E1=26.5 Gpa 
Cement II. E2=18 Gpa 

 
CFRP Grid spacing:  

Grid I. 70x72 mm; 230 g/m2 
Grid 2. 24x25 mm; 150 g/m2 
Grid 3. 42x43 mm; 390 g/m2 

 
 

Beam CFRP Mortar 
DTU1 
Ref. 

- - 

DTU2 Grid 3 Cement I  2x10 
mm 

DTU3 Grid 2 Cement I  
2x10mm 

DTU4 Grid 1 Cement II 2x10 
mm 

DTU5 Grid 1 Cement I  2x10 
mm 

Figure 1. Test set-up 
 



 

 
 

3. EVALUATION 
 
3.1. Theory 
 
Studies on the shear strengthening of a RC beam by bonding FRP composites have 
been carried out since the early 1990’s (Chen and Teng, 2003). In the early studies 
the shear capacity of the FRP strengthening was based on a very simplified stress 
distribution. In recent years a more advanced theory has been developed (Carolin 
and Täljsten, 2005). The theory provides a more detailed specification of the strain 
distribution in the bonded FRP. This is, of course, a decisive factor in the study 
since the strains in the CFRP material are proportional to the stresses. A well 
adopted approach for shear design is to use the truss or strut and tie model: 
 

n c s f
Concrete Steel FRP

V V V V                     (1) 

 
The derivation of Vc and Vc refers often on national codes or standards. For the 
term Vf the same approach as for the truss analogy may be used, with special 
consideration to the compatibility relationships for the studied  FRP system. In this 
paper a simplified theory is presented for the contribution of the CFRP grid. A 
CFRP grid consists usually of a vertical and a horizontal tow. Both these tows 
contribute to the load carrying capacity, which in this paper is presented as a result 
vector, see Fig. 2. 
 

 
Figure 2. Relation between vertical and horizontal tow - left.  

The truss model - right 
 
The direction and strength properties of the grid resultant are depending on the 
properties of each tow direction. This is expressed in equation (2)-(5). 
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Based on these considerations some of the existing design models can be used to 
determine the contribution from the CFRP grid, (Täljsten and Carolin, 2005).  
This equation is rewritten with the properties of the resulting tow, using  = 0.4 as 
the modification factor due to the parabolic for of the strain contribution over the 
section: 
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3.2 Results from tests 
 
The load deflection curves from the tests are shown in figure 3 together with the 
calculated and experimental values, the calculation is carried out at a strain level of 
10 ‰.  
 

 

Beam 
Experi
mental 
[kN] 

Calcul
ated 
[kN] 

exp caV V

 

DTU2 54 58 0.93 

DTU3 54 42 1.29 

DTU4 58 67 0.87 

DTU5 54 45 1.20 

Figure 3a. Load-deflection curves Figure 3b. Experimental 
and calculated values 

 
4. SUMMARY AND CONCLUSIONS 
 
All five beams failed in shear. The strengthening effect was significant, the 
increase in load carrying capacity for the strengthened beams was approximately 
40-100 % compared to the reference beam. The largest increase was achieved 
using the grid with the densest fibre area per cross-section and the mortar with 



 

short glass fibres. The theoretical approach gave a reasonable estimation of the 
shear strengthening effect, however it was difficult to exactly measure the strain in 
the tows and the scattering was large, therefore the theoretical evaluation is 
imperfect and further laboratory research together with more detailed analytical 
and numerical analysis is needed to improve the design model. Furthermore, a 
large test series is now ongoing at Luleå University of Technology in collaboration 
with Technical University of Denmark and Norut Technology A/S in Norway. 
Here we are not only investigating the structural behaviour of the strengthening 
system but also the effect of shrinkage and temperature. 
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This paper surveys different material combinations and applications in the field of mineral-based strengthening of concrete
structures. Focus is placed on mechanical behaviour on material and component levels in different cementitious composites;
with the intention of systematically maping the applicable materials and material combinations for mineral-based strengthening.
A comprehensive description of a particular strengthening system developed in Sweden and Denmark, denominated as Mineral-
based Composites (MBCs), together with tests from composite material properties to structural elements is given. From tests and
survey it can be concluded that the use of mineral-based strengthening system can be effectively used to increase the load bearing
capacity of the strengthened structure. The paper concludes with suggestions on further development in the field of mineral-based
strengthening.

1. Introduction

The existing civil engineering infrastructure is a very impo-
rtant element of the economical potential of a majority of
the countries worldwide. A large number of today’s bui-
ldings, transportation systems, and utility facilities are built
with reinforced concrete and many of these systems are
currently reaching the end of their expected service life.
Additionally, increased loads and traffic flows, reuse, and
ongoing deterioration even affect the durability of structures
that are less than 20 years old.

There exist several repair and strengthening methods that
can be applied to existing concrete structures for this pur-
pose, such as cross section enlargement of critical elements,
span shortening with additional supports, external/internal
post tensioning, and steel plate bonding or strengthening
with fibre-reinforced polymer (FRP) composites. Since the
end of the 1980s, the use of FRP has been researched and
applied increasingly for the rehabilitation of existing concrete
structures. Externally epoxy-bonded FRP systems have been
proven to be an effective strengthening method in repairing
or strengthening structures and a large amount of literature

is published on this topic; see, for example, [1–7]. FRP
reinforcements can be used in numerous ways to strengthen
a structure, For example, by bonding plates or sheets with a
high-quality epoxy to the surface of concrete, timber, or even
steel structures. There are also methods to wrap columns
for enhanced ductility and strengthening systems where FRP
rods are embedded in the concrete surface. Systems replacing
the epoxy with polymer-modified mortars have been recently
developed. For example, continuous fibre sheets can be
embedded in a layer of mortar to provide, for example,
confinement to a column; however, lately these sheets have
been replaced by textiles due to bond issues related to
difficulties with penetration as described in [8]. Biaxial or
multidimensional FRP textiles are used in Textile-Reinforced
concrete (TRC) [9, 10] systems or Textile-Reinforced mortar
(TRM) jacketing, see; for example, [11].

In this paper a state-of-the-art report using mineral-
based FRP strengthening systems is presented together
with information about recent research at Luleå University
of Technology (LTU), Sweden, and Technical University
of Denmark (DTU). The literature survey is selective to
published applications in which a fibre component has been



2 Advances in Civil Engineering

Material

Component

Pull out Dog bone

Fibres

Mortar ECC

Strain, deformation

Te
n

si
le

st
re

ss

WST

Confinement

Shear

Structural
Flexure

Figure 1: From material to structural level.

used together with a cementitious bonding agent, referred
to as “mineral-based strengthening” in general. The authors
also involved research and results from the field of ductile
cementitious mortars which could be used together with an
FRP component resulting in a high-performance strength-
ening material. The research significance within this paper
is the mapping of possible design of different mineral-based
strengthening systems. In addition, a systematic mapping
of the novel strengthening system named mineral-based
composites (MBCs), developed at LTU and DTU, going from
material science to composite behaviour and some outlines
for applications to existing structures are presented.

2. Definition and Development of
Mineral-Based Strengthening Systems

“Mineral-based strengthening” in a broader perspective
may be referred to any kind of a strengthening system in
which a fibre component is embedded into a mineral-based
binder to repair or strengthen existing concrete structures.
Mineral-based strengthening in this context would include
applications as surveyed in Section 3 from textile-reinforced
mortar/concrete through fibre-reinforced cement to FRP
grid applications.

Mineral-based strengthening systems are originally
derived from other externally bonded FRP systems. The
most commonly used adhesive to bond the FRP element to
the surface of the structure (mainly concrete) is the epoxy
adhesive. The use of epoxy has proven to give excellent
force transfer. It bonds to the majority of surfaces (concrete,
steel, timber, etc.) and shows to be durable and resistant to
many different environments. However, some drawbacks can
be identified. Firstly, epoxy as a bonding agent may create
problem in the working environment, secondly, epoxy is
recommended to have a minimum application temperature,
often above 10◦C, and thirdly, epoxy creates diffusion-closed
(sealed) surfaces which may imply moisture and freeze/thaw
problems for concrete structures. There might also be bond
problems applying epoxy to wet or humid surfaces. To avoid
some of these problems alternative strengthening systems
have been researched and are currently being developed.

In mineral-based strengthening systems, the traditional
epoxy bonding agent to adhere the FRP to the concrete
surface is being replaced by cementitious matrices to bond
the fibre material to the concrete surface. Mineral-based
strengthening systems are made by replacing part of the
cement hydrate binder of conventional mortar with poly-
mers which, with the addition of fibre composites, become a
high-performance external strengthening system for existing
concrete structures.

3. Concept of Mineral-Based Strengthening

Mineral-based strengthening systems are dealt within three
different levels. At the material level, the raw materials
used in a mineral-based composite system such as binders
(different quasibrittle or strain hardening mortars), FRP
reinforcement (dry fibres, textiles, grids) and the most
important properties of those are defined (Figure 1). At the
component level, larger strengthened elements are discussed,
for example, beams strengthened in flexure and shear. At
the level of structural behaviour, field applications can be
mentioned.

The intersection between material and component level
would contain the different interactions between con-
stituents and the effects of those on the structural behaviour
(bond transfer mechanisms, fibre bridging and strain hard-
ening).

3.1. Materials for Mineral-Based Strengthening. A list of
requirements is proposed in [11] which should be met for
a successful and efficient mineral-based strengthening. The
mortar phase should have very low shrinkage deformations,
high workability (application should be possible using a
trowel, or shotcreted), high viscosity (application should
not be problematic on vertical or overhead surfaces), low
rate of workability loss (application of each mortar layer
should be possible while the previous one is still in a
fresh state), and sufficient shear (hence tensile) strength,
in order to avoid premature debonding. In case E-glass
fibre textiles are used, the mortar-based matrix should be
of low alkalinity. Li [12], also adds a few requirements on
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Figure 2: Overview of the constituents and possible interaction in
mineral-based strengthening systems.

the “future concrete” which the authors feel relevant for a
concrete-like repair and strengthening material as well: the
“concrete” should be highly ductile with the ability of “yield”
like a metal when overloaded to prevent unpredictable and
sudden failure, highly durable and sustainable. These justify
involving ductile mortars into the MBC system.

Mapping of the materials that have been or are promising
to be used in mineral-based strengthening systems is shown
in Figure 2. The integrated materials in the mineral-based
strengthening systems can be divided in two main groups,
binders and fibre composites. The components used in
practical applications are detailed in the following.

3.1.1. Binders. Binders in practical applications are either
quasibrittle, conventional polymer-modified or more duc-
tile, strain hardening mortars.

Quasibrittle Mortars. Polymer-modified mortar (PMM) is
the most widely used [13], suitable mortar in a mineral-
based strengthening system. Polymeric admixture, or cement
modifier, is defined as an admixture which consists of a
polymeric compound that acts as a main ingredient when
modifying or improving the properties such as strength,
deformation, bond strength, or durability of mortars and
concretes. The polymer-modified mortars or concretes
therefore contain two types of binder, the hydraulic cement
and the polymeric admixture. Polymeric admixtures can be
latexes, powdered emulsions, water soluble polymers and
liquid resins. Adding polymeric compounds to the fine-
grained mortar phase is also common to enhance mechanical
properties of Textile-Reinforced concrete (TRC) or mortar.
In [14], improved interfacial bond is achieved by a secondary
polymeric cohesive matrix within the mortar phase. In
general, the properties of a polymer-modified mortar (or
concrete) depend significantly on the polymer content or
polymer-cement (P/C) ratio rather than the water-cement
ratio compared with ordinary cement mortar [15].

Increasing the P/C ratio to about 10%–15% by weight
has shown to increase the flexural strength. A P/C ratio

higher than 15% by weight decreases the mechanical strength
[15, 16]. Another source, [17] states that an addition of
polymeric dispersion up to even 20% by weight results in a
higher tensile strength of the (Textile-Reinforced) concrete.

To further enhance the properties of a PMM, for
example, workability, flowability, mechanical properties, and
so forth, of the mortars, superplasticizers, silica fume, fly ash
and reinforcing fibres can be used.

Fibres in the matrix can be chopped or milled fibres.
The fibres must be easily dispersed in the mixture, must
have suitable mechanical properties, and must be durable
in the highly alkaline cement matrix. They are randomly
(in a good mix, uniformly) distributed throughout the
mortar/concrete. Continuous fibres are more effective in
increasing strength in a certain direction compared to
randomly distributed short fibres, but they are not easily
mixed into the cement matrix and their high cost does not
allow them to be widely used. Different types of fibres are
currently used such as steel, glass, carbon, polyvinyl-alcohol
(PVA), polypropylene, nylon and natural fibres depending
on the structural needs. Using a small percentage of carbon
fibre addition (∼0.5%), a considerable increase in flexural
strength is achieved relative to unreinforced mortar [18].
Other researchers have investigated new type of fibres, such
as ceramic fibres [19]. The results show that the flexural
strength of mortar can be increased and also the durability
of this ceramic fibre-reinforced mortar is much better than
that of alkali-resistant (AR) glass fibre. The use of steel
fibres is the most common solution to enhance toughness
of a steel fibre-reinforced concrete (conventional FRC). For
enhanced ductility, first cracking strength or ultimate tensile
strength, other types of fibres may be more suitable. The
addition of small volume fractions of synthetic fibres (up
to 2%) to the mortar can improve the toughness of the
mortar [20]. Among these fibres, the polypropylene fibres
are very popular in concrete and the nylon fibres are recently
becoming more widely used [21]. The propylene fibres
reinforce the concrete performance under flexure, tension,
impact blows and plastic shrinkage cracking. On the other
hand, the nylon fibres improve the performance after the
presence of cracks and sustained high stresses. In [22], both
types of fibres were compared and the results showed a better
improvement of the properties when using the nylon fibres
than the polypropylene fibres. Other researches [23, 24] are
focusing on the use of recycled PET (polyethylene tereph-
thalate). PET fibres made from beverage bottles were used
successfully up to 3% in (normal) concrete [23]. Another
study on the durability in aggressive environments of a PET-
reinforced concrete [24] emphasizes the sustainability and
environmentally friendliness of such concretes since the PET
fibre has a long decomposition time (over 100 years to
completely degrade).

Some supplementary materials should be used for coun-
teracting the insufficiencies brought about by the addition of
fibres, such as increase in porosity or decrease in compressive
strength. For example, substituting a part of the cement
(20%) by silica fume increases the compressive strength of
the resulting mortar and provides a reduction of porosity,
which leads to an increase of the flexural strength. Adding
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silica fume in concretes also increase the interfacial bond
strength and interfacial fracture energy by about 100% due
to its smaller particle size and thereby the ability to increase
the density of the microstructure of a mix [25, 26].

In concrete prepared with ordinary Portland cement,
the interfaces between the hydrated cement matrix and the
aggregates are the weakest link [27]. The incorporation
of industrial by-products such as fly ash in concretes can
significantly enhance basic properties in both the fresh and
hardened states [28, 29]. It is well known that blending
cement with fly ash or other supplementary cementing mate-
rials improves the rheological properties of the fresh concrete
and the engineering properties of hardened concrete [30–
32]. Fly ash in Textile-Reinforced concrete is widely used
to densify the grain structure [33] resulting in an improved
bond between textile and concrete. Superplasticizers can also
be used to improve consistency and workability.

Strain Hardening Mortars. Engineered Cementitious Com-
posites (ECCs) are another type of binder which can be
used together with an FRP component [34]. Both in the
case of repair and strengthening, the failure mechanisms
that lead to the need for repair/retrofit of a structure often
involve fracture. This can be overcome by materials with
improved toughness, ultimate tensile strength and ductility,
which justifies involving ECC into the FRP strengthening.
This micromechanically designed material invented in the
early 1990s represents a particular class of HPFRCC (High-
Performance Fibre-reinforced Cementitious Composites),
exhibiting strain hardening behaviour and multiple crack-
ing during the inelastic deformation process [35]. Since
its introduction, ECC has undergone major evolution in
both material development and the range of applications.
Recently, it is often referred to as SHCC (strain hardening
cementitious composites) due to its tensile (pseudo) strain
hardening effect of (steel reinforced) ECC, see more in detail
later, which has been previously documented by Fischer and
Li [36].

Besides common ingredients of cementitious composites
such as cement, sand, fly ash, water and additives, ECC
utilizes short, randomly oriented polymeric fibres (e.g.,
polyethylene, polyvinyl alcohol) at moderate volume frac-
tions (1.5%–2%). In contrast to some other types of fibres,
there is a strong chemical bond between PVA and mortar
which needs to be reduced [37]. This is done by a chemical
coating applied on the fibre surface and additional fly ash in
the mix in order to prevent premature PVA fibre rupture and
thus achieve a more ductile failure mode, characterized by
pull-out from the cement matrix.

The tensile strain capacity of ECC is several hundred
times that of normal concrete [12] and the fracture tough-
ness of ECC is similar to that of aluminium alloys [38].
Furthermore, the material remains ductile even when subject
to high shear stresses [39]. The compressive strength of ECC
ranges from 40 to 80 MPa depending on mix composition,
the high end similar to that of high strength concrete. ECC
has typically an ultimate tensile strength of 5–8 MPa and a
strain capacity ranging from 3% to 5%.

There are a number of characteristics of ECC that make
it attractive as a repair material. According to Li [40],
the unique feature of ECC is its ultra high ductility. This
implies that structural failure by fracture is less likely in
comparison to normal concrete or steel fibre-reinforced
concrete (FRCs). As a consequence, ECC has been used
in a wide range of applications where ductility and/or
energy absorption performance or damage tolerance of the
material is an important criterion (seismic and nonseismic
structural applications, see, e.g., [41–45]. In contrast to
quasibrittle repair materials, ECC can eliminate premature
delamination of the strengthening layer or surface spalling
in an ECC/concrete repaired system [46]. Spall resistance
of ECC in the surroundings of a corroded rebar in slabs
has been investigated by Kanda et al. [47], where ECC
accommodated the expansion by a “plastic yielding” process
through radial microcracking [12]. Interface defects can be
absorbed into the ECC layer and arrested without forming
spalls, thus extending the service life [38]. Suthiwarapirak
et al. [48] showed that ECC has significantly higher fatigue
resistance than that of commonly used repair materials
such as polymer mortars. It also has a good freeze-thaw
resistance and restrained shrinkage crack control [41].
ECC-reinforced shear beams behaved in a ductile manner
even without additional (steel) shear reinforcement and
remained ductile even for short span shear elements which
typically fail in a brittle manner with normal concrete [49].
Under shear, ECC develops multiple cracking with cracks
aligned normal to the principal tensile direction. Because
the tensile behaviour of ECC is ductile, the shear response
is correspondingly ductile. ECC as a strengthening material
also offers excellent crack control. When an ECC structural
element is loaded in flexure or shear beyond the elastic range,
the inelastic deformation is associated with microcracking
with continued load carrying capacity across these cracks
[40]. The microcrack width is dependent on the type of
fibre and interface properties (generally less than 100 micron
when PVA fibre is used). The tight crack width in ECC
has advantageous implications on structural durability [12].
When used as strengthening or repair material, fine cracks
also prevent penetration of substances [50]. The spacing
between multiple cracks in a typical ECC is on the order of
several mm, while the crack widths are limited to the order of
200 μm. In standalone applications, maximum crack width
in ECC is a material property independent of the embedded
reinforcement, unlike in RC or conventional FRC in which
cracks widths are influenced by the steel reinforcement [12].
However, crack distribution of ECC as repair material is
more concentrated adjacent to an existing crack in the base
substrate [12].

“Flowability” or “self-compactability” of ECC refers to
the ability of the material that it can flow under its own
weight and fill the formwork properly. Despite the presence
of (short, chopped, randomly oriented, typically PVA or
PE) fibres, a self-compacting ECC is able to fill in each
corner of the formwork without external vibration required
[51]. This would also ensure a good bond to the embedded
reinforcement (such as steel or FRP).
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3.1.2. Fibre Composites. Commonly used FRP reinforce-
ments are shown in Figure 3. FRP rods are typically used
as internal reinforcement or for near-surface mounted
reinforcement (NSMR). Other pultruded profiles used are
thin composite plates with a typical cross section of 1.4 ×
80 mm; however none of these systems will be detailed
within this paper. Uniaxial fibres or fibre sheets, textiles and
grids used together with mineral-based bonding agents are
other types of FRP reinforcement systems, these systems are
described more in detail below.

Fabrics and Textiles (Knitted, Woven, or Unwoven). Differ-
ent kinds of fibres used as FRP reinforcement and their
mechanical properties are detailed, for example, in [52, 53].
There exist a few continuous long fibre applications, where
nonimpregnated unidirectional fibres may be embedded in a
mortar phase [21], but the impregnation of continuous fibre
sheets with mortars is very difficult resulting in a poor bond
between fibre and mortar [8]. Fibres used in most mineral-
based strengthening systems usually come in the form of a
textile or fabric (woven or knitted) or grid (with rigid joints),
where the latter is impregnated and held together by an epoxy
resin which also shapes the composite.

Fabrics are unidirectional or multidirectional FRP com-
posites. They are widely used in Textile-Reinforced concrete
systems. The most commonly used textiles are the bidirec-
tional woven fabrics, in which the yarns are woven together
crossing them orthogonally, having a width of 300–600 mm,
in large spools cut at the workplace. The density of the
yarns directly affects the penetrability of the adhesive into
the fabric, higher density leads to lower penetrability as
the mechanical interlock acts through the fabric openings
[11]. Woven fabrics are easy to adapt to any surface which
makes them very suitable for wrapping (U-warp or full
wrap) or confinement. The flexible shape also represents
some disadvantages. The reinforcing efficiency is lower
than that in straight yarns due to the crimped geometry
of the woven fibres; however, this crimped geometry is
advantageous in providing mechanical anchoring between
the woven fabric and the cement matrix in a polymer-
modified mortar. Fabrics having relatively complicated yarn

shapes may enhance the bonding and improve the composite
performance [11]. However, very complex textile geometries
may cause premature failure of some of the yarns resulting in
lower strength than the nominal strength of the fibrous phase
would be, as reported in [54].

Bi- and Triaxial Grids with Rigid Joints. An FRP grid is
a multidirectional prefabricated composite. For externally
bonded reinforcement, grids are made of continuous fibres
alternating in two directions and impregnated with a resin
to form a 2D-cross laminate grid structure with rigid joints.
The resin is usually epoxy and its role is to hold the fibres
together and shaping the composite. The fibre amount and
grid spacing often vary in the two perpendicular directions.
FRP grids are typically produced in large rolls and then
cut into the required dimensions. Compared to woven
fabrics, FRP grids have improved mechanical properties
and in general, have more rigid connection points. The
improved performance is due to the aligned fibres in a certain
(predefined) direction and that there are no unpenetrated
fibres or fibre bundles with would prematurely fail (further
discussed in Section 4.2 under TRC). Thinner grids are
flexible and can be adapted to curved surfaces.

4. Existing Mineral-Based
Strengthening Systems

4.1. Continuous Dry Fibres. The use of continuous dry fibres
is published in [55] where a pretreatment with silica fume
and high amounts of polymers improved the bond between
carbon fibres and cementitious matrices. It was found that
a pretreatment with silica fume and relatively high amounts
of polymers improved the bond behaviour of carbon fibre
to the cement. Another report [56] has been published on
large-scale tests of ordinary concrete beams strengthened
with a cementitious fibre composite where the strengthening
composite consisted of a unidirectional sheet of continuous
dry carbon fibres and a polymer-modified mortar, applied by
hand lay-up method. Both flexural and shear strengthening
were investigated. From the tests it was concluded that the
method works and that considerable strengthening effects
can be achieved. However, in comparison with epoxy-
bonded carbon fibre sheets using the same amount of
carbon fibre, the strengthening effect for the mineral-based
composite strengthening system was approximately half. The
reason for this is most likely due to the reduced interfacial
bond strength between the mortar and the carbon fibre-
reinforcement. This is also emphasized by [57], where it was
found that the loading capacity of the cementitious carbon
fibre composite is influenced by the amount of fibres in the
tow. If the cementitious matrix penetrated into the interior of
the carbon fibre tow, a higher number of filaments would be
active during loading, leading to the increase in load carrying
capacity.

Another way of using continuous dry fibres, usually in
the form of sheets is the fibre-reinforced composites (FRCs)
strengthening system (which may also use dry fabrics), as
described by, for example, [58]. Depending on the geometry
of the fibres and the strengthening purpose, the composite



6 Advances in Civil Engineering

plates can be made as thin as 2 mm. The sheet or fabric is cut
into chosen dimensions and the fibre geometry is submerged
into cement slurry (matrix) for a better penetration. The
impregnated sheet or fabric is then removed from the
slurry and immediately bonded to the concrete surface. An
improved penetration of the matrix into the fibres can be
achieved by using multiple layers of continuous carbon fibres
where all single layers were impregnated in cementitious
slurry before bonded to the concrete surface. This procedure
was also suggested in [51]; however not executed.

4.2. Textile-Reinforced Mortar (TRM) or Textile-Reinforced
Concrete (TRC). Textile-Reinforced Concrete (TRC) is made
from a cementitious matrix and layers of oriented, contin-
uous fibres (technical textiles) as for reinforcement. Here
TRC is only discussed as a strengthening material and
not as a material also suitable for stand-alone applications
such as thin shells. The most commonly used bonding
agent for applying the textile on the structure is the fine
grained concrete or mineral-based mortar which has a grain
size of less than 1 mm and provides high strength and
flowable consistencies. Less than 2 mm of concrete or mortar
thickness is needed between textile layers due to the small
maximum aggregate size of the concrete mix [9]. Alkali-
resistant glass (AR-glass) or carbon is used most often as the
fibrous material. The fibres can be in the form of a woven
textile or be unidirectional and held together by a yarn in
the perpendicular direction in order to make the material
easier to work with. The fabrics can be manufactured with a
maximum number of four reinforcing directions depending
on the load direction [9] and can therefore be tailored (the
filaments are intentionally aligned in the direction of the
tensile stresses leading to an increase in their effectiveness).
There are several designs of textile fabrics depending on the
load case and the positioning of the fabrics. Most fabrics are
bi- or multiaxial warp knits and woven fabrics since they
offer a great flexibility of properties and are suited for many
cases.

In a TRC strengthening system, the transfer of the bond
forces from one layer to another through the bonding joint
must be guaranteed to ensure a full composite action. The
bond behaviour of TRC is a complex property that depends
on both the textile and the matrix. Due to the reinforcement
geometry, only the outer filaments are directly in contact
with the concrete, hence the load bearing capacity of a TRC
depends mainly on the proportion of the outer to the inner
filaments, and just a certain part of the tensile strength of
the concrete can be activated due to the limited contact
surface [14, 59]. Significant improvement in load capacity
can be achieved if the textile is previously penetrated with
liquid polymers [17, 59] or epoxy- resins [17]. However,
there is a risk that in an impregnated textile, a higher number
of activated filaments would lead to abrupt failure of all
filaments when the tensile strength of those is exceeded [17].
The same study also highlights that the tensile strength of a
TRC (dogbone) specimen can be increased most effectively
by both impregnating the textiles with polymers and adding
polymer modifiers to the concrete.

TRC systems exhibiting mechanisms of distributed
cracking and strain hardening behaviour (see Section 5) have
been used for stand-alone structural applications such as
extremely thin and slender structures [60], or for repair
and strengthening of existing structural members [9, 10].
Confinement strengthening of short columns both with
epoxy and cement-based mortars has been investigated by
[8]. Effectiveness of the TRM jacketing compared to the
epoxy-impregnated counterparts resulted in a reduced effec-
tiveness (80% for strength and 50% for ultimate strain). The
strengthening effect increased with the number of confining
layers and was highly dependent on the tensile strength of
the applied cement mortar. Failure was more ductile in case
of the TRM jacketing than in the epoxy-bonded jackets due
to the slowly progressing fracture of individual fibre bundles.
Shear strengthening of concrete beams has been examined
in [61] on six identical RC beams with different bonding
agents (epoxy and cement matrix), one or two layers of
textile in different arrangements (conventional wrapping and
spirally applied textiles). Two layers of mortar-impregnated
Textile-Reinforcement in the form of either conventional
jackets or spirally applied strips were sufficient to increase
the shear capacity of the beams tested more than 100% over
the unstrengthened beam, preventing sudden shear failures
and allowing activation of flexural yielding (as was the case
with the resin-based jacket). The TRM system; however,
was found to be about 50% less effective than the FRP-
strengthened beam. Other experiments [9, 10, 62] have been
carried out on T-beams which were designed with minimum
shear reinforcement but a great amount of longitudinal
flexural reinforcement in order to prevent flexural failure.
The strengthening fabric was a multiaxial textile applied
as a U-wrap in an angle of 45◦ to the load direction,
aligned with the principal stresses in the web of the T-beam
to be strengthened. Varying parameters were the number
of textile layers (2–6) placed with or without mechanical
anchorage in the compression zone. The adhesive tensile
load carrying capacity is crucial in the performance of the
system—this determines how many layers can be anchored to
the web without any additional mechanical anchorage. Tests
revealed the importance of mechanically anchoring of the
reinforcement. A load increase could be achieved with a few
layers of textile even without anchorage to the compressive
zone; however, when the adhesive tensile bond between the
web and the reinforcement was exceeded, the TRC layers
peeled away and therefore the reinforcement fails.

4.3. Mineral-Based Composites (MBCs). MBCs (mineral-
based composites) are defined as a system in which a
FRP grid is applied onto the surface of the structure to
be strengthened with a cement-based mortar as bonding
matrix. MBC “inherits” the properties and behaviour of its
constituents, for example, brittleness or tension softening
behaviour when the linear elastic fibre material is used
together with quasibrittle cementitious binders. However,
its behaviour can significantly be changed/altered and the
material can be enforced to exhibit more ductility, multiple
cracking or strain hardening in tension in a modified



Advances in Civil Engineering 7

MBC where the mortar is a PVA-reinforced engineered
cementitious composite (ECC) [63, 64]. In the recent devel-
opment of MBC, two strengthening approaches meet and
result in a high-performance hybrid strengthening material.
One is finding the most suitable combinations of a FRP
reinforcement and an existing mortar (which, depending
on the application may be ordinary or polymer-modified
mortar), and the other one is to strengthen/develop the
mortar itself with different short fibres (in practice, mostly
PVA) or involve existing, ductile mortars in order to improve
the interaction between grid and mortar, tensile properties of
the composite, crack spacing and crack widths, ductility and
also if possible, fracture energy.

The FRP in MBC applications is normally a two-
dimensional carbon fibre grid. As matrix, polymer-modified
quasibrittle mortars (PMMs) are typically used. Between the
two components little or no chemical bond exists. Therefore
the bond strongly relies on mechanical bond, contrary
to epoxy-based FRP systems. The precut CFRP grid with
varying grid spacing and thickness is embedded between two
relatively thin layers of mortar.

To achieve a good bond between the base concrete and
the mortar, the surface of the base concrete needs to be
roughened, for example, by sandblasting or water jetting, in
order to remove the cement laitance. The surface preparation
method normally is sandblasting. The strengthening layers
can be applied by hand (hand lay-up) or shotcreting
when strengthening large surfaces. The hand lay-up method
includes prewetting the base concrete with water for 1–3
days depending on the conditions of the base concrete and
the surrounding climate. The moisture conditions in the
transition zone between the base concrete and mortar are
further discussed in [65], where it is found that the best bond
is obtained when the base concrete has just dried back from
a saturated surface. Prior to mounting the MBC system the
base concrete surface has to be primed using a silt-up product
(primer) to prevent moisture transport from the wet mortar
to the base concrete. A first layer of mortar is immediately
applied to the primed surface. Next, the CFRP grid is placed
on the first layer of mortar followed by an additional layer of
mortar being applied on top of the grid. The thickness of the
mortar depends on the maximum grain size in the mortar.

Reliability of the system highly depends on the bond
in two interface layers, between the concrete substrate and
the first layer of mortar and in the between the grid in the
mortar; see [66].

5. Mineral-Based Strengthening at
Material Level

On the interface between the base concrete and the strength-
ening layer interface, such as between the fibre composite
and the mortar, bond is crucial for the performance of
the strengthening system. In a TRC or MBC system, bond
between FRP and mortar relies mostly on mechanical
interlocking (physical bond). If the mortar contains PVA
fibres, a chemical bond is also being built up within the
mortar phase. Good (but not overly strong) bond together
with the deformation compatibility of the mortar and

PVA fibres, results in fibre bridging and as a consequence,
multiple cracking and overall strain hardening, resulting in a
“stronger” and more ductile mortar. These mechanisms are
detailed below.

5.1. Bond between Base Concrete and Strengthening Layer.
When an existing RC element is to be strengthened, the
tensile force developed in the strengthening layer must be
introduced into the original concrete of the member by bond
forces. Failure can initiate from an interfacial defect causing
delamination of the whole strengthening layer in the case of
a “weak” bond and spalling in the case of an overly “strong”
bond [35].

Bond strength in a mineral-based system generally
depends on the adhesion in the interface, friction, aggregate
interlocking and possibly, time-dependent factors [52].

The sensitivity of a structure to bond strength depends
highly on what kind of load it is subjected to. The force
transmission into the original concrete when strengthening
for flexure occurs over a relatively large length (surface). In
contrast, the force transmission via shear strengthening takes
place only in the range behind the last shear crack [9]. As
a result, significantly shorter anchorage lengths and “better
bond”, and in some cases, additional anchoring is required
for shear strengthening. An example is a TRC-reinforced T-
beam strengthened for shear [9] where if the U-wrap around
its web is not anchored into the slab via an L-shaped steel
section the TRC reinforcement has a tendency to peel away
from the web.

Incompatibility between the base concrete and the repair
material in repair and/or strengthening systems can lead to
the same bond problem and render the system ineffective
resulting in debonding or spalling of the strengthening layer
especially if the load is applied parallel to the bond line of the
combined system. If there is an incompatibility in the elastic
modulus of the base concrete and the mortar, it will result in
the incompatibility of the deformations on the interface as
the “weaker” material will have larger deformations [67]. If
the load bearing capacity of the material or the bond at the
transition zone is exceeded by the transferred load, failure
will occur. Recommendations for the modulus of elasticity
of the repair or strengthening material suggest a modulus
at least 30% larger than the modulus of elasticity for the
base concrete [68]. When the bonding agent tensile load
bearing capacity is exceeded in the interface between the
base concrete and the strengthening layer, the strengthening
would peel off the structure. To prevent debonding, it is
usual to prescribe a minimum adhesive tensile strength
of the original concrete substrate which, for example, in
German codes is 1.5 N/mm2 [9]. If the surface is roughened
adequately, by means of removing the deteriorated parts
and sandblasting, a good bond can be guaranteed. Another
parameter that influences the compatibility of the combined
repair or strengthening system is the drying shrinkage. As
the fresh repair or strengthening material has a tendency
to shrink, the more or less older base concrete acts as
a rigid foundation that restrains these movements. These
differential movements cause tensile stresses in the repair or
strengthening material and compressive stresses in the base
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Figure 4: (a) Strain hardening and strain softening mortars. (b) Tensile behaviour of TRC.

concrete. Creep in this context can be an advantage since
it releases parts of these stresses. Shrinkage incompatibility
is more associated with cement-based mortars while the
polymer-modified mortars (PMC) show better shrinkage
compatibility and epoxy mortars proved to have the best
shrinkage compatibility [68].

5.2. Bond of FRP in a Mortar. The mineral-based strength-
ening systems are strongly dependent on the bond between
fibre composite and mineral-based binder. Using a non-
impregnated textile fabric with a high density (high fibre
filament amount) will make it hard for the mineral-based
binder to penetrate. This type of inferior bond or penetration
of textile fabrics has been the focus for researchers developing
the TRC system [8, 11, 14]. Using an epoxy-impregnated
CFRP grid, as in the MBC system, relies on physical bond
between CFRP and mortar. This physical bond can originate
from direct mechanical anchorage (joints in the grid,
transversal tows of the grid), frictional forces on the interface,
aggregate or fibre interlock (if the mortar contains longer
fibres) but there is no chemical bond between the FRP and
the mortar as in an epoxy-bonded system there would be.

When using strain hardening mortars, there is a chemical
bond between the mortar fine-grain aggregates and the
PVA fibres which affects bonding of the embedded FRP
reinforcement in the mortar. PVA has a high chemical
bond and reaches its peak load at relatively small pullout
length. During the extraction process, it has a tendency to
break instead of pulling out from the mortar. In order to
increase the opening of an individual crack and enhance the
composite stress-strain behaviour of PVA-ECC, the chemical
and frictional bond of the PVA fibre is to be decreased, for
example, by means of particular surface treatment (coating)
[38] or by modification of the fibre/matrix interface transi-
tion zone. Bond can be lessened, for example, by adding fly
ash to the mix.

Bond characteristics influence the mechanism of load
transfer between reinforcement and concrete, and therefore
control the concrete (or mortar) crack spacing, crack width,
required concrete cover to the reinforcement, and the rein-
forcement development length. The behaviour of strength-
ened concrete structures thus depends on the integrity of
the bond. Most literature to date has been published about
bond of FRP bars in concrete or other cementitious matrices.
Very little literature is found on the bond of FRP grids to a
cementitious material which is more complex because of the
geometry of the grid, including the formation of the joints.

5.3. Multiple Cracking—Crack Control through Strain harden-
ing Materials. The deformation behaviour of cementitious
composites (concrete, fibre-reinforced concrete) and high
performance fibre-reinforced cement composites (HPFR-
CCs) is typically distinguished according to their tensile
stress-strain characteristics and postcracking response [69].
In [70], it is shown that brittle matrices, such as plain mortar
and concrete, lose their tensile load-carrying capacity almost
immediately after formation of the first crack as illustrated in
Figure 4.

The addition of fibres in conventional fibre-reinforced
concrete (FRCs) can increase the toughness of cementitious
matrices significantly; however, their tensile strength and
especially strain capacity and ductility beyond first cracking
are not enhanced [71]. FRC is therefore considered to be a
quasibrittle material with tension softening behaviour, that
is, a decaying load and immediate localization of composite
deformation at first cracking in the FRC matrix. In contrast,
strain hardening fibre-reinforced cementitious composites
(SHCCs), which is a particular class of HPFRCC (high
performance fibre-reinforced cementitious composites), are
defined by an ultimate strength higher than their first
cracking strength and the formation of multiple cracking
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during the inelastic deformation process. Under tension,
it initially exhibits multiple cracking with associated overall
hardening, which later changes to softening as fracture local-
izes [72]. The crack continues to open, and the embedded
fibres are pulled out of the matrix (or break, depending on
what matrix/fibre composition is used), which still generates
some resistance against crack opening within the tensile
softening regime. When all fibres are completely pulled out
(or broken), no resistance is left, that is, the tensile stress is
equal to zero.

The contribution of a cementitious matrix to the load-
deformation response of reinforced concrete or ECC is the
so-called “strain hardening” or “plastic hardening”. Tensile
softening versus tensile hardening behaviour is illustrated
in Figure 4(a). Textile-Reinforced concrete exhibits a similar
hardening behaviour [73, 74]; however the cracking process
is clearly not as uniform as in an ECC (Figure 4(b)). In
the precracking regime (Stage I), the stresses are distributed
until the first cracking strength of the concrete is reached.
First cracking occurs at the point where the ultimate
tensile strength of the concrete is reached and the FRP
reinforcement will carry the entire applied load in the
vicinity of the transverse crack location. The load carried
by the concrete in the uncracked segments is transferred to
the FRP reinforcement at the crack location via interfacial
bond. After first crack formation (Stage IIa, “cracking
formation”), the load-deformation curve shows a small
increase in loading capacity as compared to that in Stage
I due to the formation of additional transverse cracking.
The member is softened by the formation of additional
crack(s) and the load increase per deformation increment is
decreasing with each crack until Stage IIb when a stabilized
crack pattern is reached (postcracking regime). When the
final crack pattern is being formed, the slope of the stress
strain relationship becomes steeper again, which mainly
results from the Young’s modulus of the fibre-reinforcement.
Crack widths are also governed by the FRP reinforcement
and the bond characteristics to the surrounding concrete
matrix. At this stage of a stabilized crack pattern (Stage III)
no further cracking occurs. Here, mainly the FRPs determine
the stiffness of the member. Stage III is characterized either
by slippage in the fibre tows instead of yielding of steel
reinforcement, or by linear elastic deformations until the
FRP ruptures in a brittle manner upon reaching its tensile
failure strain, as detailed in [75]. In practice, final failure
normally is a combination of fibre slippage and rupture [73].

Due to the more homogeneous nature (as a consequence
of randomly distributed, well mixed short fibres) of ECC,
there is a gradually increasing part of the curve smoother
than for TRC because of the fibre bridging characteristics
of the PVA fibres compared to those of a textile mesh. In
ECC, there is no definite distinction between stages IIa and
IIb (crack saturation) [36]. The (pseudo)strain-hardening
behaviour in ECC is achieved by sequential development of
matrix multiple cracking [76]. “Multiple cracking” means
that under tension, cracks are consecutively formed after first
cracking, and become evenly and closely spaced. Deforma-
tion then is often expressed in terms of strain instead of
crack opening displacement. Multiple cracking results in the

improvement in “ductility, toughness, fracture energy, strain
hardening, strain capacity and deformation capacity under
tension, compression or bending” [77].

The strain hardening ensures that a structural element
made of such a composite material will maintain its stability
also after cracking. This is a significant difference between
all conventional FRC and SHCC materials as shown in
Figure 4. Deformation of ECC is uniform on a macroscale
and considered as pseudostrain, which is a material property
[36], in contrast to other reinforced concrete-like materials
such as conventional FRC. As a consequence of the strain
hardening, the tensile strain capacity and ultimate strength
in the cracked state of ECC are much higher than that of
conventional (steel) fibre-reinforced concrete.

5.4. Fibre Bridging. Since the overall hardening behaviour
highly relies on fibre bridging, it is important to know
how high bridging stresses arise in the fibres. This would
also limit and determine which materials are usable as
reinforcing fibres. For very flexible fibres which have a high
strain capacity (polymeric fibres), a snubbing effect (fibre
dowel action arising when a fibre is not loaded in the
direction of the initial straight fibre) may occur reducing
the fibre critical length leading to premature failure. For
elastoplastic fibres (steel), local yielding can happen, as for
elastic-brittle fibres (carbon, glass) fibre failure may happen
due to bending of fibres [39]. The fibre bridging analysis
is about relating the single fibre bridging stress to the
crack opening which is a function of fibre and interface
properties and mode of failure [78]. Fibre properties may
include the fibre modulus, ultimate tensile strength, fibre
length, diameter, and the interface properties are the cohesive
strength, fracture properties and frictional properties. The
micromechanics of fibre bridging is described more in detail
by [79]. In a composite, the embedded fibres in the mortar
would often bridge a crack at an angle. Inclined fibre pullout
would depend on a greater number of parameters, involving
the inclination angle of the fibre to the matrix crack plane,
local fibre/matrix interaction properties and possible aging
effects (interfacial properties and fibre/matrix interaction
changing with time) [79].

Fibre bridging after first cracking of the cement matrix is
well detectable in PVA-reinforced mortars. For MBC systems,
the mechanism is important because with adequately chosen
mortars, a MBC system can be altered/improved resulting
in a more efficient strengthening material under tension or
shear.

6. Testing MBC Systems

As previously shown in Figure 1, the three (material, com-
ponent and structural) levels of mineral-based strengthening
must be linked together. It is not within the scope of
this paper to generalize about all existing mineral-based
strengthening systems; however linking can be done and is
presented for mineral-based composites through experimen-
tal investigations carried out at LTU and DTU.

Mineral-based composites are, as defined earlier, a
particular instance of mineral-based strengthening in which
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Figure 5: Experimental tests for tensile and fracture behaviour: (a) uniaxial tensile test on dogbones. (b) wedge-splitting test, (c) flexural
beams, and (d) shear beams.

FRP grids are adhered to the concrete substrate by means
of (quasibrittle or strain hardening) mortars. By using
ECC as the mortar phase in MBC, different force transfer
mechanisms come into play which did not exist in the initial
phase of MBC research where the mortar was a quasibrittle
PMM. In addition to that, MBC research has mostly focused
on beams strengthened in flexure and shear, and much less
attention has been paid to repairing structural members in
which significant tensile forces may emerge. Before applying
the MBC as a strengthening material in conditions where the
structural member is subject to tensional or splitting forces
(or bending combined with axial forces), it is necessary to
properly characterize the tensile behaviour. Knowledge of
related parameters such as the tensile strain-crack opening
curve makes possible estimations, for example, about brittle-
ness in compression and tension or shear capacity. Suitable
test methods are being searched, which quantify the tensile
properties of MBC directly (dogbone tests) or indirectly
(WST, giving the splitting tensile strength).

This section will give insight in the MBC behaviour
for tension, flexure and shear. Tests have been performed
on the tensile behaviour of the MBC system, dogbone and
wedge splitting tests (WST), along with flexural and shear
strengthening, see Figure 5 where all tests are shown.

6.1. Experimental Set-Up. A summary of tests conducted
at LTU and DTU is shown in Figure 5. Uniaxial tensile
and wedge-splitting tests aim to characterize the tensile
and fracture properties of the strengthening material. Shear

and flexural strengthening (Figure 8) involving MBC lead
towards the structural level and applications as outlined in
Figure 1. Short descriptions of each test are summarized
below, and further references are given to a more detailed
description of each.

6.2. Material Properties. All the material properties for the
materials used in the four different tests are summarized in
Table 1 for the CFRP grids and Table 2 for the binders.

6.3. Linking Material and Component Levels

6.3.1. Uniaxial Tensile Tests. New test method and test spec-
imens have been developed for testing MBC under uniaxial
tension in [64]. The bare strengthening material was tested,
without considering the interaction with a real structure
to be strengthened. Quasibrittle polymer-modified mortars
and ECC have been investigated together with an embedded
CFRP grid in the mid-plane of the dogbone-shaped speci-
mens, focusing on crack development and the influence of
the applied mortar’s ductility on the behaviour in tension.

Dimensions of the dogbone-shaped test specimens were
160 × 160 × 980 mm, with a representative test section
of 400 × 160 × 20 mm. Two different grids with different
grid spacings and three chosen grid orientations (0◦—
longitudinally placed grid, 90◦—transversally placed grid,
15◦—rotated grid) were tested in different combinations,
more in detail presented in [64]. The number of the CFRP
tows in the representative test section, tensile direction, were
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Table 1: Mechanical properties for the fibres in each tow of the CFRP grids used in experimental tests [53].

Material Direction
Tow spacing Tensile strength E modulus Failure strain

[mm] [MPa] [GPa] [‰]

Grid S Transverse 25 5214 366 14.0

Grid S Longitudinal 24 3546 278 12.5

Grid M Transverse 43 4620 389 11.9

Grid M Longitudinal 42 4219 404 10.5

Grid L Transverse 72 3772 423 8.6

Grid L Longitudinal 70 3877 320 12.8

Table 2: Material properties for binders used in experimental tests.

Material Description
Tensile strength Compressive strength

[MPa] [MPa]

PMM Polymer-modified mortar 2.4 53.2

ECC Engineered cementitious composite 3.0 60.0

7 (small grid) and 4 (medium grid). The specimens were
fixed in self-centering, custom-made clamps.

In Figure 6(a), quasibrittle and ductile mortars are
compared and related to the linear elastic behaviour of the
pure CFRP grid. Behaviour of all specimens was nearly
identical up to first cracking irrespective of which mortar is
used. After first cracking, ECC specimens show a significant
strain hardening behaviour with both small (S) and medium
(M) grids which is represented as the contribution of the
mortar compared to the shifted lines of the pure grid. The
ECC specimens, after the first crack, show a further load
increase until the peak load. These curves are smooth due
to the fibre-bridging characteristics of the cracks in ECC.
Curves of quasibrittle mortars are more jagged and have a
significant drop in load carrying capacity right after the first
crack (and after further crack formation). This fact shows
that the increased ductility of the ECC mortar has a positive
effect on the interaction with the CFRP through the fibre
bridging effect. It seems to prevent premature failure of the
CFRP grid which was observed in the specimens with brittle
mortars, with significantly reduced axial tensile strength.

Figure 6(b) illustrates the effect of the grid orientation.
The apparent better performance of the grid when rotated
transversally may be due to an epoxy surplus on the
transversal tows resulting in improved mechanical anchorage
or, more likely, due to the joint shape (between longitudinal
and transversal tows of the grid) and associated deformation
capacity of the grid joints when loaded in a certain direction.

6.3.2. Wedge Splitting Tests. Brittleness of concrete-like mate-
rials is usually evaluated by means of the post failure
behaviour in tension governed by the stress versus crack
width relation (σ-w), the so-called softening behaviour
which is a basic property of a (conventional) concrete
described by the tensile strength, the maximum crack width
and the fracture energy, which corresponds to the area under
the stress versus crack width curve. WST (wedge splitting
test), originally introduced by [80] and further improved

by [81] is a suitable method, traditionally used for brittle
materials, for obtaining the splitting tensile strength along
with the postpeak behaviour, and an estimation on the
fracture energy.

WST is an extension of the uniaxial test because the
MBC-strengthening is applied on a concrete surface. In a
recently published study [63], behaviour of a CFRP grid
reinforcement in two different directions (0◦ and 45◦, resp.)
together with quasibrittle and ductile mortars has been
investigated and evaluated through recording and comparing
crack widths, crack patterns, splitting load versus crack
opening displacement curves and fracture energy values
for the MBC-strengthened concrete specimens. External
dimensions of the plain concrete test specimen were 500 ×
500 × 100 mm, after strengthening with a representative test
section of 400 × 420 × 140 mm where 140 mm is the total
thickness after strengthening on both sides. The length of
the starter notch together with the groove is 50 mm. The
bottom groove served to ease proper vertical positioning and
acted as a line support for the heavy specimens. The CFRP
grid was applied on both sides (ten tows bridging the crack
on both sides, in the nonrotated position), placed between
two 10 mm thick layers of mortar, applied on the concrete
surface roughened with sandblasting and treated with a
primer to enhance bond on the concrete-mortar interface.
Tests were run deformation-controlled, that is, through the
crack opening displacement kept constant at 0.3 mm/min,
by a clip gauge mounted at the tip of the notch in the
midplane of the specimen. During the test, vertical load and
crack opening displacement (COD) are recorded, hence the
splitting load can be calculated.

The resulting splitting force versus crack opening dis-
placement plots show that the splitting tensile strength
of concrete can be significantly improved with MBC-
strengthening, resulting in an increase of 30–110% in peak
splitting load compared to the unstrengthened reference
specimen (Figure 7). ECC has given significantly higher
failure loads and similarly to the uniaxial tests, it prevented
pronounced drops in load capacity. Ductility is significantly
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Figure 7: Splitting force versus COD curves for specimens with highest peak load per series, against reference specimen (plain concrete).

enhanced by all grid-mortar combinations resulting in
an extreme increase of fracture energy which is directly
proportional to the area under the curves.

Bond provided by both mortars was excellent leading to
CFRP rupture. By applying PVA-reinforced ductile ECC as
bonding agent, improved performance, significantly higher
fracture energy, multiple cracking and enhanced ductility
were observed, caused by improved bond between grid and
mortar due to the refined grain structure, the bridging effect
of the embedded fibres working against crack opening and
via direct mechanical interlock with the grid.

Compared to a uniaxial tensile test, WST also has
provided information on the softening part of the curve after
peak load, revealing tendencies in how fast or how gradually
load capacity decreases until all crack bridging fibre tows

and embedded fibres in the mortar are broken. The slopes
of the Fs versus COD curves reveal that the tensile ductility
(recorded peak load and its tendency to decrease to zero)
depends more on the grid orientation than on the mortar
quality, unlike the increase in the energy absorption/fracture
energy which seems to be “mortar-dependent” and is
significantly higher for the ECC specimens.

6.4. Linking Component and Structural Levels

6.4.1. Slabs Strengthened in Flexure. The test set-up and
geometry for the slab specimens is shown in Figure 5 and
a more detailed overview and results are also published in
[82, 83]. Three of the slabs were strengthened using the MBC
system, one specimen with one CFRP grid, one specimens
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with a sanded CFRP for better mechanical anchorage and
one specimen with double CFRP grid. In addition one
specimen was strengthened using epoxy-bonded carbon
fibre sheets and yet one specimen containing four extra
flexural steel reinforcement bars, the extra reinforcement was
calculated to correspond to the strengthening. Thus, all of
the specimens were designed to have similar failure loads,
except the specimen with dual CFRP grid. The thickness
of the strengthening layer was approximately 10 mm and
a quasibrittle mortar was used as binder. In all MBC-
strengthened specimens the CFRP grid had a fibre content of
159 g/m2 (Grid M). For the epoxy-based strengthening, the
carbon fibre sheets had a fibre content of 200 g/m2. The total
carbon fibre amount in the tensile direction of the specimens
corresponded to 20 mm2/m (CFRP grid) and 62 mm2/m
(carbon fibre sheet) respectively.

All of the strengthened slabs increased the ultimate
bearing capacity in comparison to the nonstrengthened
reference beam. Strengthened specimens using one layer of
CFRP grid failed at a total load of 35 kN and specimen
with epoxy-bonded sheet failed at 41 kN while showing
a stiffer behaviour compared to the latter. The specimen
containing four extra flexural bars failed at a load of 38 kN,
similar loads to the specimens with only one grid. However,
the specimen with extra steel reinforcement showed stiffer
response compared to both the specimens strengthened with
sheets and one CFRP grid. It is also noted that sanding the
surface of the grid (specimen No. 3) led to premature rupture
of the CFRP grid. Strengthening the specimen with dual
layer of CFRP grid will have a positive effect on the load
bearing capacity. Thus this specimen (No. 6) had the highest
ultimate load capacity of 51 kN. All of the specimens with the

MBC system failed by fibre rupture while the epoxy-based
strengthening system failed by a mix mode of debonding
and fibre rupture. Comparative load-displacement curves are
plotted in Figure 8.

6.4.2. Beams Strengthened in Shear. Beams strengthened in
shear had a rectangular cross section and were 4.5 m long and
had a height of 0.5 m. Again, these results are described in
more detail in [53, 66]. Note, in Figure 8, that the beams were
heavily shear reinforced in one shear span and had inferior to
no shear reinforcement in the other shear span. Thus, only
the shear span containing no or little shear reinforcement
was strengthened. In these experiments, the influence of
different grids and internal steel shear reinforcement ratios
were studied. In all test the quasibrittle PMM was used as
a binder of the strengthening system. The PMM was also
used in the dogbone and WST tensile test. For testing the
influence of different CFRP grids, the carbon fibre amount
was varied from 66, 98, to 159 g/m2 (Grid S, L, and M). All
of these specimens had no internal shear reinforcement in
the strengthened shear span. For specimens with different
internal shear reinforcement the different distances was s =
350 mm and s = 250 mm, see also Figure 5. The internal
shear reinforcement was monitored by six strain gauges
mounted on both two stirrups closest to the load, see
Figure 5. In addition, six strain gauges were mounted on the
vertical CFRP tows in the grid at the same locations as the
strain gauges mounted on the stirrups.

All of the specimens with no internal shear reinforcement
and strengthened with the MBC system failed by fibre
rupture of the vertical tows. For strengthened specimens
with different internal reinforcement amounts the failure
mode changed from a brittle shear failure to a more ductile
compressive/crushing failure. The ultimate loads for all
specimens are summed in Table 3 together with compressive-
and tensile strength of the concrete, and failure modes
(S-shear failure and C-compression/crushing). From the
results of the specimens strengthened with different grids
it was clear that the specimens with highest carbon fibre
amount had the highest load bearing capacity. Since the
specimens containing internal shear reinforcement were
heavily monitored by strain gauges, the shear behaviour
and strain development from initial load stages could be
measured. Here, the strain development in the stirrups was
reduced for beams strengthened with the MBC system. The
strains monitored in the CFRP grid indicated that high strain
concentrations were apparent in the vicinity of cracks.

Typical strain readings from internal shear reinforcement
and CFRP grid are shown in Figure 9 for specimens with
and without strengthening corresponding to specimens with
concrete compressive strength of 47–52 MPa and internal
stirrup distance of 350 mm (Specimens C35s3 and C35s3-
Grid M in Table 3). Figures 9(a) and 9(b) shows that strains
in the (steel) stirrups are reduced in all MBC-strengthened
beams even at relatively low load levels (100–200 kN) when
compared to the nonstrengthened ones. As the shear load
increases, the favourable strain reduction of the MBC system
is more pronounced for a strengthened specimen compared
to a non strengthened specimen.
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Table 3: Ultimate shear loads and failure modes, along with description of tested shear beams.

Beam Binder CFRP
Stirrup distance Failure load

Failure mode
Compressive strength Tensile strength

[mm] [kN] [MPa] [MPa]

C40s0 — — — 123.5 S 44.8 2.9

C40s0∗ — — — 126.7 S 36.3 2.5

C40s0-M PMM — — 141.9 S 53.6 2.8

C40s0-Grid M PMM Grid M — 244.9 S 53.6 2.8

C40s0-Grid M PMM Grid M — 241.9 S 53.6 2.8

C40s0-Grid S∗ PMM Grid S — 208.1 S 32.5 2.7

C40s0-Grid M∗ PMM Grid M — 251.9 S 35.1 3.0

C40s0-Grid L∗ PMM Grid L — 206.4 S 44.8 2.5

C35s0 — — — 130.6 S 47.0 2.7

C35s3 — — 350 346.0 C+S 47.6 3.1

C35s3-Grid M PMM Grid M 350 336.9 C 52.4 3.0
∗

Tests were run not deformation-controlled but load-controlled at 10 kN/sec.

In the vertical CFRP tows, a significantly uneven strain
distribution is visible, with locally high strains in the vicinity
of forming shear cracks. These strains are increasing rapidly
as the shear crack is opening.

6.5. Field Implementations. The MBC-strengthening system
should be able to be implemented in various field strength-
ening applications such as, harbour structures (less sensi-
tive to moisture compared to epoxy-bonded strengthening
systems), large structures that requires higher compatibility
of the strengthening system to the base concrete structure,
low temperature applications, applications that demand dif-
fusion openness and for concrete applications that excludes
the use of epoxies. In addition, the MBC system can be used
in tunnelling or mining applications instead of using steel
fibre-reinforced shotcrete. In the latter, the combination of
using ECC as a binder should further improve the ductility
and crack bridging ability of the MBC system. Pilot studies
for in-situ production techniques of the MBC system using
quasibrittle mortars as binders have been investigated in
[82]. The results from this study clearly show that spraying
the MBC system can be made in an easy and efficient manner.
The application technique is done by mounting the CFRP
grid on preattached studs and then the binder is being
sprayed. The thickness of the MBC system is controlled by
the chosen length of the studs.

6.6. Discussion and Conclusions. Uniaxial tests have revealed
that the most commonly used grid (medium-sized, M-grid)
performs better when placed in transversal direction. This
leads to the need of studying the effect of grid joint forma-
tions (i.e., the grid is “woven” out of two perpendicular tows
of CFRP and the grid joint looks differently depending on
the direction). The uneven distribution of the residual epoxy
on the grid surface in the two perpendicular directions could
also contribute to the direction-dependent performance.

Flexural specimens strengthened with MBC had higher
ultimate load compared to the epoxy-bonded sheets of com-
paring the fibre amount in the tensile direction. However, the

failure mode for the MBC was fibre rupture while the epoxy-
bonded carbon fibres failed by a mix mode of debonding and
fibre rupture. However, trying to improve the bond between
the mineral-based binder and the CFRP grid by the use
of sand-coated grids has negative effects on ultimate load
bearing capacity. It appears that sanding the surface creates
discrete increases in strain and leading to premature failure,
this was however not monitored. But as shown in the shear
strengthening in Figure 9(b), by the use of monitoring strains
in the grid, discrete high strains occur in the vicinity of
cracks.

All MBC-strengthened shear beams, which had no
internal shear reinforcement, failed by rupture of the vertical
tows in the grid. From this series of specimens it was
concluded that increasing the fibre amount will also increase
the ultimate failure load, to what extent is not within the
scope of this paper. But increasing the fibre to a certain
level should imply failure in the intermediate transition zone
between binder and fibre composite. For beams withinternal
reinforcement the failure mode changed from a brittle
shear failure to a more ductile compressive failure. For
the specimens withinternal reinforcement it could be seen
from strain gauge monitoring that the MBC-strengthening
system reduced strains in the steel reinforcement even for low
shear loads. Thus, this indicates that the MBC-strengthening
system can be used for crack width reduction in the service
limit state.

MBC tests have shown that strain hardening mortars
can be successfully used together with embedded FRP
reinforcement and the fibre bridging behaviour of ECC
“compensates” for the brittleness of the grid and prevents
premature failure of it by retaining fast and rigid deforma-
tions in the grid joints. This may enable a better utilization
of the grid.

To the authors’ knowledge, ECC has been implemented
into the MBC system for the first time. Due to its fibre
bridging mechanisms and strain hardening behaviour, ECC
shall further be tested as a bonding agent for mineral-based
strengthening systems. Preliminary results from pullout tests
carried out by the authors have shown that if the application
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Figure 9: Strain development at different shear loads. (a) in stirrups without MBC and (b) in stirrups with MBC and (c) strains in vertical
CFRP tows.

method is correct and the mix is properly compacted around
the CFRP grid, there is a nearly perfect bond on the interface
even at short embedment lengths (45 mm) using both
polymer-modified quasibrittle mortars and ECC. Therefore
in a real structural element, the failure mode is expected to
be fibre rupture.

Traditionally, ECC has been used up to its maximum
strain or deformation capacity (especially where energy
dissipation is the major concern). In an ECC-based MBC, the
FRP component is fully used up to its maximum potential;
however the ECC is not because the FRP reinforcement
fails prior to that the ECC would reach its maximum strain
capacity. In a structural member made from pure ECC, the
maximum strain capacity would be characterized by the
highest yet sustainable crack density with evenly distributed
fine cracks.

Despite the fact that when combined with FRP, the
maximum strain capacity of the ECC is not fully utilized,

ECC improves the MBC system significantly. Its main
advantages are that it accommodates larger elongations than
FRP therefore it will not be the weak link in strengthening,
it enforces the failure mode to be more ductile [49]
and prevents or reduces sudden brittle deformations. Its
documented spalling resistance [46, 47] is also very attractive
when designing externally bonded strengthening systems.

6.7. Future Research for MBC

6.7.1. Materials. Strain hardening mortars together with
FRP grids should be further tested especially in shear beams
or other shear sensitive structures where it should yield a
more predictable and ductile failure mode.

Tri- or other multiaxial grids could also be effectively
used, in particular for shear strengthening. More flexible
grids, in which the joints are not rigid using a more
elastic matrix for impregnating the fibres, would most likely
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accommodate larger deformability of the grids for the use of,
for example, wrapping. Also investigations of incorporating
higher fibre amount in the CFRP grid should be made for
further increasing the load bearing capacity.

When using ECC as binder, further investigation is
needed on whether (and to what extent) the large improve-
ment in load capacity is due to a direct tensile contribution
from the ECC or the fact that it is capable to retain grid joints
from fast and brittle deformations breaking the grid or to
slow down this process, hence preventing premature failure
in the grid.

6.7.2. Structural Behaviour and Future Applications. Influ-
ences on the bond in the transition zone between fibre com-
posite and binder should be investigated when increasing the
fibre amount in the FRP grids. The investigations done so
far on the MBC system has shown no problems concerning
the bond to the base concrete structure, future applications
involving enhancing the load bearing capacity should be
followed by an experimental program involving the bond to
the base concrete.

For field applications the influence of shrinkage should
also be investigated, especially when incorporating ECC as a
binder. However, traditional precautions can be taken when
commercially available PMM is used as binders.

Regarding future applications, stay-in-place formwork
could be one new approach, especially for the combination
of using concrete with low-quality as a core material and
then using high-quality binders together with a FRP grid as a
protective outer layer of remaining formwork.

To incorporate the MBC system for the use in civil engi-
neering structures design guidelines should be developed for
estimating the load bearing capacity.

7. Discussion and General Conclusions in
Mineral-Based Strengthening

7.1. Guidelines. One of the most important aspects for
implementing these mineral-based systems for the use in
real structures is that there exist engineering design methods
for calculating the load bearing capacity. To the authors’
knowledge, there exists no general and commonly accepted
design for the mineral-based system. These guidelines should
be made on a sound physical basis dealing with both the
favourable aspects at the service limit state (crack bridging
and crack reducing effects) together with the load bearing
increase in the ultimate limit state.

7.2. Production Methods and Procedures. For strengthening
larger surfaces, sprayed ECC together with FRP grid rein-
forcement may be a solution. Although this paper has not
dealt with sprayable ECC there has been publications about
the topic, see, for example, [84]. As the tensile strength of
the pure ECC is not significantly different from that of a
concrete, combining it with FRP would be useful when the
tensile stresses significantly exceed the upper load bearing
capacity of an additional pure ECC strengthening layer.

7.3. Suitable Materials. Perhaps it is an advantage to
strengthen a structure using a textile for increasing the

ductility at ultimate failure load due to the relatively poor
bond between binder and fibre composite. However, for
service limit state a full utilization of interfacial bond
between FRP and mortar is desirable to maintain economy.
This justifies the applicability of grid-type reinforcement if
the shape of the cross-section allows a grid to be used. It is
important to emphasize that epoxy coating, compared to the
textiles used in TRC, significantly improves the interaction
between mortar and FRP because of the difficulties of the
mortar to penetrate dry fibre bundles.

An alternative to TRC when ductility is an issue is strain-
hardening mortars together with grids as published in [63,
64]. Strain-hardening mortars also offer the advantage of a
more ductile and predictable failure mode which would be
beneficial for strengthening shear sensitive structures.

It is assumed that ECC, when combined with grids,
would be able to ensure a more even stress distribution
among the grid tows along a crack line because of its fibre
bridging effect. Then the peak strains in the adjacent grid
tows (as shown, e.g., in Figure 9(b)) would be reduced and
redistributed to the neighbouring tows hence making the
failure more predictable.

New matrices could also be introduced for impregnating
the FRP component. A common method for strengthening
columns or beams is wrapping with textiles or continuous
sheets/dry fibres. However, wrapping is not possible when
using an epoxy-impregnated carbon fibre grid due to
the rigidness and brittleness of the matrix. Using textiles
makes wrapping around corners much easier [83]. Using
a semielastic matrix, for example, latex, which still ensures
rigid connection points but allows wrapping around corners,
could be a beneficial solution for ensuring rigidity, anchorage
and effectiveness of the fibres.

7.4. Interactions. Further research should be directed to the
influence of bonding, both between base concrete and binder
along with the transition zone and between binder and
fibre composite. In MBC, having perfect bond between fibre
composite and quasibrittle binder could lead to premature
failure in the FRP. In TRC, bond between textile and mortar
is significantly weaker and there is a limitation of how many
layers of textile can be used effectively without anchorage
problems (if there is no additional mechanical anchorage)
and debonding. This also limits the maximum fibre amount
applicable in a certain direction and therefore the maximum
strengthening effect achievable by a TRC system.

Penetration of the FRP component has been a problem-
atic issue with several existing systems (e.g., dry fibres/sheets,
TRC). Using nonimpregnated sheets, grids or textiles will
generate larger slips and inferior effective strain over the
roving cross section with possibly overloaded yarns. Using
impregnated fibres (fibres imbedded in an epoxy matrix) will
create a more effective strain distribution in the FRP tow such
as in case of FRP grids.

7.5. Other Issues. Further research should also be directed to
the durability and fatigue aspects of mineral-based strength-
ening. In seismic regions, ductility and energy dissipation
capacity is of importance, in this regard ECC-based systems
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which use additional fibre composites as reinforcement could
be further developed and investigated.

Acknowledgments

The research work presented in this paper was performed at
the Technical University of Denmark and Luleå University
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CRACK DEVELOPMENT IN CFRP REINFORCED MORTAR – AN 
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ABSTRACT 

This paper reports from a research study, aiming to investigate the crack development of a CFRP grid-reinforced 
mortar member tested in uniaxial tension. This composition of CFRP together with the mortar forms the MBC 
(Mineral Based Composite) strengthening material and its application for strengthening concrete structures is 
being researched at the Technical University of Denmark (DTU). For the strengthening material, tendencies in 
behaviour with changing geometrical parameters and mortar compositions are detailed. 

The actual tests described contribute to a larger ongoing project on Mineral Based Composites (MBC), which is 
a newly developed strengthening materials and system for existing concrete structures, where FRPs, mainly 
CFRP grids are externally bonded to the concrete surface by means of cementitious bonding agents, i.e. polymer-
modified mortars. Here only the strengthening system itself has been tested, the FRP material and the bonding 
agent together under uniaxial tension. Crack formation, crack development in CFRP reinforced concrete and the 
interaction between CFRP reinforcement and mortars are documented and evaluated and different mortars and 
grids are compared. 
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Concrete, FRP Grid, Mortar, Engineered Cementitious Composites (ECC), Dog bone, Bond, Tensile Test 

INTRODUCTION

The use of concrete has been widely spread over the world as it is one of the most important construction 
materials (if not the most) for structures. Now, many of those have reached the end of their planned service life. 
Thus, there is an increasing need to restore or strengthen civil engineering structures worldwide, in particular 
related to transportation because of ageing, deterioration, and misuse of facilities, lack of regular maintenance 
and repair, and the use of inappropriate materials, construction techniques or both. Increased or changing loads 
may also lead to a need of upgrading. This situation leads to the development of new structural solutions with 
improved durability and higher properties and speeds of construction. Upgrading or rehabilitating structural 
integrity by the addition of reinforcing materials is an economic option to new construction. On the material side, 
several investigations have been carried out with different strengthening materials. There exist several repair and 
strengthening methods that are applied on existing concrete structures for this purpose, such as increase of the 
cross section of critical elements, span shortening with additional supports, external/internal post tensioning, 
steel plates bonding or fiber reinforced polymer composites.  

Externally bonded FRP (Fibre Reinforced Polymer) systems have been proven to be an effective strengthening 
method in repairing or strengthening structures. Since the end of the 1980-ties, the use of Fibre Reinforced 
Polymers (FRP) is being researched and applied increasingly for the rehabilitation of existing concrete structures. 
FRP composite materials have a number of advantages when compared to traditional construction materials such 
as steel, wood and concrete. FRPs offer excellent corrosion resistance to environmental agents as well as high 
tensile strength, light weight, and high modulus of elasticity. The use of FRP strengthening systems for 
rehabilitation of concrete structures must be considered successful. Nevertheless, the epoxy bonded systems 
exhibit some disadvantages. For example the diffusion closeness, poor thermal compatibility with base concrete, 
sensitive to moisture on the adherents at time for bonding, hazardous working environment for the manual 
worker and the problem of minimum temperature of assemble in cold climates. It is therefore of interest to 
replace the epoxy adhesive with a mineral based bonding agent, e.g. polymer modified mortar, with similar 
properties to those of the base concrete applicable in a more environmentally friendly way. In a recently 
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developed innovative strengthening system, the traditional epoxy bonding agent is being replaced by 
cementitious matrices to bond the FRP material to the concrete surface. 

Several tests have been carried out on MBC-systems, focusing on flexural strengthening (Wiberg, 2003) and 
(Becker, 2003) and, more recently, shear strengthening (Christiansen, and Jürgensen,, 2006), (Blanksvärd, 2007). 
Mineral Based Composites (MBC) is a combination of polymer modified mortar (PMM) or an engineering 
cementitious composite (ECC) and FRP, a composite material which is made by replacing part or all of the 
cement hydrate binder of conventional mortar with polymers which, by strengthening the cement hydrate binder 
with polymers, and with the addition of conventional FRP becomes a high performance external strengthening 
system for existing concrete structures. For a better understanding of the behaviour of the strengthening material 
itself used in the MBC system, and to identify the most successful material combinations for further 
investigation, as a simplification, a pure tensional test, dog-bone tests, has been performed with the MBC 
materials in different combinations and geometries. As bonding agent for the FRP, both pre-mixed polymer-
modified mortars and ECCs have been used. 

TENSIONAL BEHAVIOUR OF CONSTITUENTS 

Consider a steel reinforced concrete specimen submitted to uniaxial loading, the stresses will be distributed 
respectively between the matrix and the steel reinforcement, in proportion to their stiffness and bond between the 
matrix and the reinforcement. The bond is depending on the pre-crack stress distribution. When the stresses in 
the matrix reach the ultimate tensile strength of the concrete, cracks will occur. At the time the first crack occur 
tension-stiffening will prompt the energy in the bond between the matrix and the reinforcement relocates and the 
stresses will be distributed to the nearby reinforcement without cracking and at certain energy a new crack will 
appear. Three main states can be identified until the stress reaches the yield stress of the steel reinforcement: 
State I. uncracked state, State II. Cracking, and State III. Steel-yielding. In a similar way to the steel reinforced 
specimens, a concrete specimen reinforced with a FRP follows the same loading behaviour. However, the ductile 
deformation area, State III, cannot be expected because of the carbon fibre reinforcement has no plastic capacity. 
Thus the composite fails or slip when reaching the tensile failure strain of the reinforcement, (Hegger and Voss, 
2004). From (Fischer an Li, 2006) it is shown that brittle matrices, such as plain mortar and concrete, lose their 
tensile load-carrying capacity almost immediately after formation of the first crack, see Figure 2. 

Figure 1. The tensioning stiffening, from (Hegger and 
Voss, 2004) 

Figure 2. Stress-strain diagrams for FRC and ECC 
(HPFRCC) materials, from (Fischer and Li, 2006) 

The addition of fibres in conventional fibres reinforced concrete (FRC) can increase the toughness of 
cementitious matrices significantly. However, their tensile strength and especially strain capacity beyond first 
cracking are not enhanced. FRC is therefore considered to be a quasi-brittle material with tension softening 
behaviour, i.e. a decaying load and immediate localization of composite deformation at first cracking in the FRC 
matrix. In contrary, HPFRCC (High-Performance Fibre-Reinforced Cementitious Composites) are defined by an 
ultimate strength higher than their first cracking strength and the formation of multiple cracking during the 
inelastic deformation process. In (Fischer and Li, 2006) it is described that the contribution of the cementitious 
matrix to the load–deformation response of reinforced concrete or ECC in uniaxial tension is generally described 
as tension-stiffening effect. Under axial loading, ECC materials tend to develop multiple cracking, in opposition 
to the regular brittle concrete. This is discussed more in detail below. 

AIM AND SCOPE 

The aim of the presented study was to investigate and document crack development behaviour in a CFRP-grid 
reinforced cementitious matrix, and the interaction between the CFRP-grid reinforcement and the mortar by 
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comparing the test values of the specimens, fracture loads, crack loads, deflections and ultimate tensile strength, 
with different mortar mixes, CFRP-grids and grid orientations. For the test, a special dog bone specimen set-up 
has been developed. The presented test results will form a base for future studies in the field. 

TESTING

In the tests two different CFRP grid types and three different mortars have been used. The direction-dependent 
material properties for the grids and the mortars used are listed in Table 1 and Table 2. In table 1, tested values 
for the composite grid are shown together with material properties for the fibre given by the manufacturer. The 
G1 grid is referred to as the small grid and the G2 grid is in this paper referred to as the medium grid. Both grids 
are epoxy-coated, and the amount of the epoxy was quite extensive for the grids. This is also the reason why the 
material properties for the composite are so much lower than the pure fibres. A quick calculation give a volume 
percentage of 20 – 25 % fibre, the rest is epoxy matrix. Mortars used were two different pre-mixed mortars, M1 
and M2 and one more ductile mortar ECC. The premixed mortars are high strength, quasi-brittle mortars. The 
ECC mortar contains long PVA-fibres embedded to improve ductility and a large portion of fly ash.  

Table 1. Material properties for grids (fibres) used –, T-transverse, L-longitudinal 
Grid – composite 
Tested values 

Spacing L x T,
[mm] 

ELc
[GPa] 

ETc
[GPa] 

fLc
[MPa] 

fTc
[MPa] 

Lc
[‰] 

Tc
[‰] 

G1 24 x 25 62 39 782 533 12.5 14.0 
G2 42 x 43 55 41 593 457 11.1 11.1 
Grid – fibre 
Values from manufacturer 

Spacing L x T,
[mm] 

ELf
[GPa] 

ETf
[GPa] 

fLf
[MPa] 

fTf
[MPa] 

Lf
[‰] 

Tf
[‰] 

G1 24 x 25 262 289 3950 4300 15.0 14.9 
G2 42 x 43 284 253 3800 3800 13.4 15.0 

Table 2. Material Properties for mortar used 

Mortar Ec
[GPa] 

fcc
[MPa] 

fct
[MPa] 

M1 26.5 53.2 2.6 
M2 35.0 77.0 2.8 
ECC 19.0 60.0 3.0 

The specimen geometry used in this paper has been developed specifically to these test series, with the intention 
of developing an effective test method to test CFRP-reinforced mortar/concrete in uni-axial tension. Uni-axial 
tension test, while simple in concept, requires attention to many test details. Amongst these are specimen 
alignment, and post-crack stability. The latter concern makes testing of concrete or tension-softening FRC 
particularly challenging, and a variety of methods of stiffening the machine and load-trains have been proposed. 
The final dimensions of the test specimens have been set to 160 x 160 x 980 mm as shown in Figure 3, with a 
test field of 400 x 160 mm. The carbon fibre grid was placed in the mid-plane in three different directions, 
longitudinal (L),  transversal (T) and rotated (15°), see Figure 4. In the test self-centring anchor clamp’s were 
used. The main purpose is to hold the test sample fixed and centred, and to transfer the tensile force form the test 
machine evenly into the specimen, with as little eccentric load as possible, in order to avoid any shear forces in 
the sample. On the clamped specimens elongations were measured by means of two LVDTs (Linear Variable 
Displacement Transducers) with extension arms on both sides of the test field of the specimens. The tests were 
carried out displacement-controlled with a loading rate of 0.6mm/min. Monitored parameters were load and 
global elongation by means of LVDTs. One specimen per series were equipped with strain gauges mounted on 
the grid. This test specimen was also monitored by the optical measurement system Aramis. 

Figure 3. Test specimens used in the test 
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The Aramis system is a 3D optical measuring tool which analyzes, calculates and documents material 
deformations. It measures relative displacements within a pre-defined 3D measurement field by means of two 
high-resolution cameras.  

Figure 4. Drawings of specimens with grid a) Sideview of specimen b) Small grid 15° c) Small grid 
longitudinal–transversal d) Medium grid longitudinal-transversal e) Medium grid 15°

Test Matrix 

With three different mortars (M1, M2, ECC), two different grids (medium and small), and three possible grid 
orientations (0° - longitudinally placed grid, 90° - transversally placed grid, 15° - rotated grid), the final test 
series consists of 13 different combinations, 3 specimens per each series, in total 39 specimens and 6 plain 
mortar dummies. Test matrix is shown in Table 3. All specimens had has at least 28 days of curing before testing.  

Table 3. Test Matrix 
Test Specimen Mortar Grid Orientation Referred to as 

1 M1 --- --- M1 dummy 
2 M2 --- --- M2 dummy 
3 M1 small 90° M1-90-small 
4 M1 medium 90° M1-90-medium 
5 M1 small 0° M1-0-small 
6 M1 medium 0° M1-0-medium 
7 M1 medium 15° M1-15medium 
8 M2 small 90° M2-90-small 
9 M2 medium 0° M2-0-medium 

10 M2 small 15° M2-15 small 
11 M2 medium 15° M2-15-medium 
12 ECC small 0° ECC-0-small 
13 ECC medium 0° ECC-0-medium 

RESULTS

In order to build up a comparative analysis all M-grid specimens were placed in longitudinal direction, for the 
three different mortars (M1-0-medium vs. M2-0-medium and ECC-0-medium). Two S-grids were placed in 
longitudinal direction with a ductile and a quasi-brittle mortar (ECC-0-small vs. M1-0-small). The specimens 
have been compared in their load-deformation behaviour, illustrated with stress-strain plots, by crack widths 
documented by Aramis, and listed values for comparison. The load-deflection response of the ECC specimens is 
as expected ductile, and the amount of cracks more numerous than of the quasi-brittle mortars M1 and M2. The 
crack widths of the ECC specimens are significantly smaller, ranging from 0.2 mm to 0.4 mm of the medium 
grid and 0.1 mm to 0.6 mm for the small grid, compared to the 0.75 mm to 1.5 mm of the M2-medium, and the 
0.2 mm to 0.8 mm of the M1-small. It is furthermore observed that the cracks of the ECC specimens are not fully 
developed, as there is fibre bridging over the PVA-fibres in the matrix until fracture of the specimen occurs.  The 
initiation of the first crack starts at a slightly later load level on the ECC specimens than of the M1 and M2 
specimens. Because of the smooth transition between the uncracked and the cracked stage, it is difficult to 
determine, even from the test data, when exactly the actual cracks form. Studying the load-deflection graphs of 
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the ECC specimens, and applying tendency lines between the pre and post cracking stages, the load can be 
approximated. 
These reveal that the initial cracking of the ECC does in fact occur at a later stage than for the M1 and M2 
specimens leading to a conclusion that the tensile strength of the ECC mortar is marginally higher than the M1 
and M2 mortar. As seen in Table 4 the ultimate tensile strength of the ECC specimens is far greater than the M1 
and M2, having an load carrying capacity of approximately 60-100 %. Table 4 summarizes numerical results for 
selected series. 

Table 4. Failure loads, loads at first cracking, and mean number of cracks 
Comparative values for series, mean values, for all grid orientations 

Test Specimen Load at failure
[kN] 

Load at first crack
[kN] 

Mean no. of 
cracks

M1-0-medium 8.9 7.2 2.5 
M2-0-medium 11.9 6.8 2.3 
ECC-0-medium 15.0 8.3 10+ 
M1-0-small 8.3 7.5 2.7 
ECC-0-small 17.3 9.7 10+ 
M1-15-medium 6.5 5.7 1.3 
M2-15-medium 8.5 7.1 1.7 
M1-90-medium 15.9 6.6 4.0 
M1-90-small 8.9 7.4 4.3 
M2-90-small 9.0 5.9 6.0 

On the ECC specimens cracks were smaller and more numerous than of M1 or M2. ECC graphs show a 
characteristic ductile crack pattern as the other two mortars show typical brittle failure, see Figure 5. 

M1-90-small M2-90-small ECC-0-medium ECC-0-small 

Figure 5. Crack patterns illustrating the mean number of cracks until failure for different combinations, recorded 
by Aramis 

The load-deflection behaviour of the different mortars has been parted into the behaviour of the quasi-brittle 
mortars (M1 and M2), and the behaviour of the ductile ECC mortar. In terms of load-elongation curves, this 
behaviour is shown on Figure 6. The ECC specimens, after the first crack, show a definite raising tendency until 
the peak load, which gives the failure load. These curves are smooth which means there is no hidden crack 
formation with sudden decrease of energy. The quasi brittle mortars M1 and M2 are “jumping”and have a 
decrease in load carrying capacity right after the first crack. Compared to the theoretical stress-strain values of 
the bare CFRP-grid, (Blanksvärd, 2006), the increase in the strengthening effect is almost identical for the three 
mortars up to the point of the first crack. Loading further, after having reached the ultimate tensile strength of the 
CFRP, the load-elongation curves differ significantly depending on the mortar´s ductile or quasi brittle 
characteristics. For the ductile mortar, a significant tension-stiffening effect is recorded, resulting in a maximum 
of 100% increase in the tensile capacity, when compared to that of the quasi brittle mortars. This fact seems to 
confirm that the increased ductility of the ECC mortar has a positive effect on the interaction with the CFRP, 
hence increasing the uniaxial tensile strength of the ECC composite specimens. To our experiences, in case of 
the quasi-brittle M1 mortar, the medium grid performs about 60% better in transversal direction than in 
longitudinal direction. In contrary, in combination with the ductile ECC mortar, the S-grid has given about 15% 
higher results. Two possible reasons for the better performance of the medium grid when transversally placed are 
the anchorage and the possibility of the joint to deform and to carry load up to failure. The 15° orientated 
specimens, compared to the longitudinally placed reinforcement, do not develop as many cracks and have a 
reduced tensile strength. Cracks developing here tend to follow the grid. The numerical values are shown 
together with other grid orientations in Table 4. 



APFIS 2007 676

Figure 6a. Load-deflection curves for medium grid Figure 6b. Load-deflection curves for small grid 

DISCUSSION AND CONCLUSIONS 

Due to the bridging effect of the long PVA-fibres embedded in the ECC mortar, together with the multiple 
cracking behaviour, it seems that stresses are reduced both in the CFRP grid and in the grid-mortar interface. By 
reducing and redistributing these interfacial bond stresses, the ECC mortar “helps” the grid by preventing 
premature failure in the joints of the grid from local stress concentrations and bond slip. Multiple cracking and a 
significant tension stiffening behaviour was observed when applying a ductile, PVA-reinforced ECC as bonding 
agent. Recorded peak values in the load-elongation curves characterize a much more “balanced” behaviour for 
these M1 specimens. The same plots for the quasi brittle mortars are “jumping”, indicating a more uneven stress 
distribution and possible local failures in the grid joints. Typical brittle failure and corresponding crack patterns 
were recorded in case of the quasi brittle M1 and M2 pre-mixed mortars.  

Differences in the tensile capacity for the same material combinations but longitudinally or transversally placed 
grids are more significant in case of the medium grid. The medium grid when transversally placed “over 
performed” with 64%. The small grid performed alike in both directions. One possible reason to premature 
failure of the CFRP grid may be that the bond between mortar and grid is insufficient, so that local slippage 
occurs in the longitudinal fibre bundles causing a bond stress redistribution within the longitudinal and 
transversal fibre bundles. As a consequence, the joints are weakened by the emerging shear forces, hence 
reducing the tensile capacity of the CFRP. 
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ABSTRACT  

This paper reports on a research study investigating CFRP-reinforced 
mortars in uniaxial tension. This material combination has been widely 
tested as a strengthening material for concrete structures. The bare 
strengthening material was tested on dogbone specimens. Different CFRP 
grid and mortar combinations were tested. Crack formation, crack 
development and the interaction between the grid and the mortar phase 
with changing geometrical parameters and mortar compositions have been 
investigated and evaluated. The use of engineered cementitious composites, 
exhibiting multiple cracking and enhanced pseudo-ductility in uniaxial 
tension, was found to result in an improved overall performance.  
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1 INTRODUCTION  

Since the end of the 1980s, the use of fibre-reinforced polymers 
(FRP) is being increasingly researched and applied for 
strengthening/retrofitting of existing concrete structures. Externally 
epoxy-bonded FRP systems have been proven to be an effective 
strengthening method in repairing or strengthening structures and there 
has been a large amount of literature published on the topic; see for 
example [1-4]. 

Despite their advantages over traditional strengthening methods, the 
use of epoxy-bonded systems is not entirely problem-free. Their 
disadvantages are limited water vapour diffusivity, poor thermal 
compatibility with the concrete substrate, sensitivity to moisture on the 
adherents at the time of application, creating hazardous working 
environment, and the problem of minimum temperature for application 
(typically, 10 C or 50 F). The application temperature is of special 
relevance in cold climates as expressed by e.g. [2]. Therefore it is of 
interest to develop alternative strengthening systems where the epoxy 
bonding agent can be replaced with cementitious materials, for example a 
polymer-modified or purely cementitious mortar with similar properties 
to those of the concrete substrate and applicable in a more 
environmentally friendly and possibly also cost-effective way.  

Mortars can be combined with FRP textiles or 2D grids to form an 
effective strengthening system. This kind of strengthening system has 
already been tested by [5, 6] on flexural and shear beams.  

In the research presented, quasi-brittle and pseudo-ductile mortars 
have been combined with CFRP grids and tested in uniaxial tension, 
aiming at obtaining a better understanding of the tensional behavior of 
the FRP grid-reinforced cementitious composite. Both commercially 
available, pre-mixed, polymer-modified mortars and PVA-reinforced 
engineered cementitious composites have been used as matrix. Only the 
bare strengthening material is tested here, not considering the interaction 
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with the concrete structure to be strengthened. The main reasons for 
replacing the conventional mortar with strain-hardening mortars, in a few 
specimens, were to 1) enhance the loading capacity, 2) enhance the 
deformation capacity, and 3) prevent brittle failure in the FRP. 

2 RESEARCH SIGNIFICANCE 

By substituting the traditionally quasi-brittle mortar with a pseudo-
ductile cementitious mortar in an externally bonded strengthening system, 
the interaction between the cementitious mortar and the FRP 
reinforcement can be significantly altered and improved, potentially 
leading to a more effective use of the FRP reinforcement. Such cement-
based systems may in certain conditions, replace the conventional epoxy-
based systems. It is also shown how the behavior of pseudo-ductile 
cementitious mortar can improve the mechanical properties of a mineral 
based strengthening system. 

3 RESEARCH QUESTIONS 

The study aimed to answer the following questions: 

1. Which is the best material combination/orientation leading to the 
optimal utilization of the FRP? 

2. How do the failure modes and the load- and deformation capacity 
compare, depending on the mortar type? Can a strain-hardening 
effect be shown in specimens cast with tensile strain-hardening 
mortars? 

3. Can the brittle and/or premature failure of the FRP grid be 
prevented by applying a quasi-ductile matrix? 

4. Prove whether the dogbone test setup is a suitable test method for 
testing MBC in tension. 

4 STRENGTHENING WITH CEMENTITIOUS 
COMPOSITES 

The mechanics and design of different FRP reinforcements together 
with cementitious bonding agents have been extensively researched. The 
short overview here is selective to applications, which have led to 
strengthening with grid-reinforced mortars. A more detailed “state-of-
the-art” can be found in [7]. 
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Continuous (dry) fibres, fibre reinforced cementitious mortars, 
textile-reinforced mortar (TRM), or textile-reinforced concrete (TRC) 
make use of the tensile strength of the FRP reinforcement which is 
significantly higher than that of the mortar phase. The FRP component 
in these applications is intentionally aligned accordingly to the principal 
stresses expected during the lifespan of the structure. In TRC, the load 
capacity is heavily dependent on the proper penetration of the textile by 
the mortar, as emphasized by e.g. [8]. If instead of a textile, the FRP is a 
grid, it offers the advantage of an improved mechanical anchorage due to 
the rigid joints of FRP in fine-grain mortars and it ensures that all fibre 
filaments will work together. The pre-cut grid, available with different 
grid spacing and thickness, can be embedded between two layers of 
polymer-modified mortar, resulting in a strengthening layer of about 
20mm of total thickness [5].  

In a cementitious strengthening system, the bond between base 
concrete (structure to be strengthened) and first layer of polymeric mortar 
is enhanced by a primer. Several tests have been carried out with grid-
reinforced mortars, mainly focusing on flexural strengthening [5, 9], and 
more recently, shear strengthening [5, 10]. These tests have shown that 
that it is possible to achieve a near-perfect bond between the grid and the 
cementitious matrix so that the composite material will fail with FRP 
rupture. However, failure of the grid is often premature because of local 
stress concentrations.  

In the mortar phase, mix designs that introduce fly ash and/or silica 
fume partly replacing the cement in order to densify the microstructure 
result in higher bond strength between FRP (textiles) and matrix [11]. 
Mortars can also contain chopped or milled fibres of different kinds. If 
such a mortar is used together with an embedded reinforcement, the 
bond is improved because of the fibre interlock mechanism.  

In recent years, micromechanically designed strain-hardening 
materials have been developed, in which a tensile stress-strain behaviour 
analogous to that of metals has been achieved. Engineered cementitious 
composites (ECC) represent a particular class of SHCC (strain-hardening 
cementitious composites), which are defined by an ultimate strength 
higher than their first cracking strength and the formation of multiple 
cracking during the inelastic deformation process [12]. However, unlike 
the dislocation micromechanics in the plastic deformation regime of 
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metals, the inelastic deformation behaviour of ECC is based on the 
formation of multiple cracking while undergoing pseudo strain-hardening 
[13]. ECC utilizes short, randomly oriented polymeric fibres (e.g. 
polyethylene, polyvinyl alcohol) at volume fractions typically less than 2% 
[13, 14] . ECC has been used in standalone and strengthening applications 
where ductility is an important criterion. The pseudo strain-hardening 
behaviour of ECC has been utilized as a mechanism to redistribute 
concentrated loading and thus prevent sudden failure at critical structural 
connections where steel and concrete come into contact, i.e., shear studs, 
fasteners or joints, where a steel beam meets an RC column in a hybrid 
structure [15]. The high damage tolerance of ECC is valuable to the 
performance of a structure in terms of collapse resistance, extension of 
service life, and minimization of repair after an extreme event [15], or for 
strengthening purposes.  

5 LOAD-DEFORMATION RESPONSE OF 
CEMENTITIOUS COMPOSITES 

Tensile response of cementitious materials 

Cement-based composites can be conveniently classified according to 
their tensile response [12]. The authors have compared the tensile 
behaviour of steel fibre reinforced concrete, textile reinforced concrete 
(TRC), engineered cementitious composites (ECC), and steel-reinforced 
ECC more in detail, based on the existing literature. Only a comparative 
figure is being presented here (Figure 1) with brief explanations. The 
different stages are named in a way that they mean the same for the 
different materials, so not all stages exist for all materials. 

Quasi-brittle and ECC mortars used in the tests behave identical to 
the mortar components shown in Figures 1a and 1 , respectively. During 
the formation of multiple, evenly distributed, closely spaced, small cracks 
(Figure 1 ), the SHCC (ECC) matrix shows an overall strain-hardening 
behaviour, without definitely distinctive parts in the curve from cc to 

pc. After localization, there is a gradually decreasing, softening range due 
to the fibre pullout mechanism. 

ECC works well together with regular steel reinforcement [16]. The 
hardening part of the load-deformation curve of the steel reinforced ECC 
(R/ECC) is not as uniform as in plain ECC but has a steeper and a 
gradually raising part, in accordance with the elastic stage/yielding of the 
steel. In the inelastic deformation regime, where both components are 
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yielding, cracking of the ECC and yielding of the reinforcement are 
uniformly distributed over the length of the specimen, until rupture of 
the steel. The hatched area in Figure 1  represents the contribution of the 
pseudo-ductile matrix compared to steel. 

 
Figure 1. Tensile response of cementitious materials, based on [12], [17], [13], 
and [18] 
(a) conventional mortar and concrete, (b) strain-hardening cementitious composites, (c) steel 
vs. reinforced concrete vs. steel-reinforced engineered cementitious composite, (d) textile-
reinforced concrete 
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Finally, in TRC [19] where the FRP is linear elastic up to failure and 
the mortar (typically) is quasi-brittle, the hardening part can be divided in 
two distinct parts as shown in Figure 1 . After first crack formation, the 
load-deformation curve shows a small increase in loading capacity due to 
the formation of additional transverse cracking. The member is softened 
by the formation of additional crack(s) and the load increase per 
deformation increment is decreasing with each crack until the stabilized 
crack pattern (II/b) is reached which is nearly linear.  

Crack widths here are governed by the FRP reinforcement and the 
bond characteristics to the surrounding concrete matrix, and mainly the 
FRP determines the stiffness of the member. However, the uncracked 
segments between the cracks still increase the stiffness of the member, as 
long as they are not debonded from the FRP reinforcement. Since the 
FRP reinforcement since has no inelastic deformation capacity, failure of 
a TRC is characterized either by slippage in the fibre tows or by linear 
elastic deformations until the FRP ruptures in a brittle manner upon 
reaching its tensile failure strain [19]. In practice, final failure normally is a 
combination of both fibre slippage and rupture [17].  

If the TRC matrix contains short fibres, after first cracking the 
hardening part becomes uniform, similar to that observed in ECC [18]. 

Tension stiffening effect 

The contribution of a cementitious matrix to the load–deformation 
response in uniaxial tension is generally described as tension-stiffening 
effect [20]. The response of the reinforced cementitious composite is 
compared to that of the bare strengthening material (steel or FRP) and 
the difference in load capacity is attributed to the tensile load carried by 
the cementitious matrix between transverse cracks. The matrix 
contribution is most emphasized in steel reinforced ECC (Figure 1 ), but 
also significant in textile reinforced concretes (Figure 1 ). 
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6 EXPERIMENTAL PROGRAM 

6.1 Materials 

In the experimental program, two different CFRP grids and three 
types of mortars were used. Material properties are listed in Table 1 
(grids), Table 2 (mortars), and Table 3 (primer). 

Table 1. Material properties of the grids used 

FRP  
tested 
values 

Spacing 
L x T 
[mm] 

ELt 

[GPa] 
ETt 

[GPa] 
fLt 

[GPa] 
fTt 

[MPa] 
Lt  

[‰] 
Tt  

[‰] 

small 24 x 25 79 51 988 740 12.5 14.0 
medium 42 x 43 85.4 45 944 500 11.1 11.1 

FRP 
supplier 

data 

Spacing 
L x T 
[mm] 

ELm 

[GPa] 
ETm 

[GPa] 
fLm 

[GPa] 
fTm 

[MPa] 
Lt  

[‰] 
Tt  

[‰] 

small 24 x 25 262 289 4300 3950 15.0 14.9 
medium 42 x 43 284 253 3800 3800 13.4 15.0 

 

Table 2. Material properties of the mortars used 

Material Ec [GPa] fcc [MPa] fct [MPa] w/c notes 
M1 (from 
supplier) 

26.5 53.2 9 0.16 - 

M2 (from 
supplier) 

35 77 2.8  - 

ECC (from 
earlier tests) 

19 60 3 0.88 

Fly ash 45 
mass %; 

PVA 0.01 
mass % 

 

The utilized grids are the C3000 A X1 grid (referred to as “medium 
grid”) and the C5500 A X1 grid (“small grid”) from Chomarat, U.S. 
Both grids are epoxy-coated with a fibre volume percentage of 20-25%. 
We used two pre-mixed, commercially available mortars; StoCrete GM1 
(M1) and StoCrete TS100 (M2), from Sto Scandinavia AB. These mortars 
are one-component, high-strength, polymer-modified, quasi-brittle 
mortars with compressive strengths of 53.2 MPa (M1) and 77.0 MPa 
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(M2). M1 also has low fibre reinforcement content. The exact mortar 
compositions, or information on the fibrous component are not provided 
by the manufacturer.  

The used primer is a one-component, cement-based and polymer-
reinforced powder mixed with water. It is used as a silt-up product on the 
roughened (sandblasted) concrete surface. Its function is to enhance the 
bond in the transition zone. Material properties are recorded in Table 3. 

Table 3. Material properties and mixing ratio for the primer 

 density [g/cm3] dmax [mm] 
mixing ratio 
primer:water 

Primer 2.020 2 1:0.22 
 

The third mortar tested is an ECC mix (“DTU ECO-3 M9 Melflux”) 
containing PVA fibres (1% by weight, or 2% by volume) and a large 
portion (44% by weight) fly ash. Its tensile strength is 60 MPa. The exact 
mix composition is given in Table 4. 

Table 4. Mix composition of the ECC used 

Material 
fraction 
[mass %] 

Cement (basic Portland) 22 
Fly ash 44 
Sand (<0.15mm) 8 
Quartz powder 100/22 8 
Water 18 
Superplasticizer (Melflux) 0.02 
PVA fibre (oiled) 1 

6.2 Test matrix 

With the three different mortars (M1, M2, ECC), two different grids 
(medium and small) and three chosen grid orientations (0°, 90°, and 15° 
with respect to the applied tensile force), the final test matrix consists of 
13 different combinations, 3 specimens per each series, in total 44 
specimens (Table 5).  
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The first five are dummies (2 x M1 without reinforcement, 2 x M1 with 
medium mesh longitudinal direction, and 1 x ECC medium mesh 
longitudinal direction). Because of the large number of possible 
combinations, the test matrix is not full. Based on the experiences here, we 
plan to test further combinations (e.g., 45°) in the future. 

Table 5. Test matrix 

Series 
nr. 

Mortar 
Grid 

spacing 
Grid 

config. 
Test specimen 

 
No. of 

specimens 

1 M1 --- --- Dummy 2 
2 M1 medium 0° Dummy 2 
3 ECC medium 0° Dummy 1 

4 M1 --- --- M1 reference 3 
5 M2 --- --- M2 reference 3 

6 M1 medium 0° M1-0-M 3 
7 M1 small 0° M1-0-S 3 
8 ECC medium 0° ECC-0-M 3 
9 ECC small 0° ECC-0-S 3 
10 M2 medium 0° M2-0-M 3 

11 M1 medium 15° M1-15-M 3 
12 M2 medium 15° M2-15-M 3 
13 M2 small 15° M2-15-S 3 

14 M1 medium 90° M1-90-M 3 
15 M1 small 90° M1-90-S 3 
16 M2 small 90° M2-90-S 3 

 

6.3 Specimens 

Earlier “dogbone” tests with textile reinforced concrete and a large-scale 
experiment were described by [21], on 900 x 100 x 60 mm specimens 
with a 10mm thick web. Based on those sizes, but considering that a 
typical MBC strengthening layer consists of two 10 mm thick layers and a 
grid, new specimens were designed, as illustrated in Figure 2. 

The uniaxial tests are very sensitive for brittle or quasi-brittle materials as 
an uncontrolled deformation at cracking occur despite the displacement 
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control. In addition to that, the dogbone geometry is very sensitive to 
cracks initiating towards the ends of the test field, where the thin web 
meets the bulk end of the specimen. To prevent cracking in these areas, 
the optimal solution would be a concave slant surface (a) or a specimen 
with 2-step slant surface (b) to minimize this risk. Due to resources, 
simpler dogbone geometry was decided upon (c and d), with a total 
length of 980 mm, and a web thickness of 20 mm.  

Figure 2.Test specimen and reinforcement configuration 

The length of the test field was set to the longest possible so that it has a 
high crack potential; yet short enough to be able to de-mould and handle 
the specimens without breaking them apart. The final dimensions were 
set to 160 x 160 x 980 mm in order to meet the geometry of the existing 
moulds, with a representative test section of 400 x 160 x 20 mm. The 
CFRP grid was placed in the mid-plane of the specimen (Figure 2b) into 
the slits at the ends. Figure 2e through Figure 2h shows the different 
reinforcement orientations. The 30 x 30 mm wedged slits at the end of 
each bulk can be used to glue some additional CFRP material to the 
reinforcement with epoxy as extra anchorage in the case that bond 
slippage occurs prematurely. The end slits were wedged, to ease the de-
molding process. All specimens were de-molded after 24 hours except for 
the unreinforced reference specimens and the ECC specimens, which 
were de-molded after 48 hours. All specimens were water cured for at 
least 28 days prior to testing. 
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6.4 Anchor clamp 

The uniaxial test requires special devices for loading. The anchor 
clamp is the fixating mechanism between the test machine and the test 
specimen. Its main purpose is to hold the specimen fixed and centred, and 
to transfer the tensile force form the test machine evenly into the 
specimen. It has joints in both planes parallel to the tensile force, to avoid 
any shear forces in the specimens.  

The clamps were designed based on [22], shown in Figure 3. A 
combination of (b) and (d) has been chosen and custom-welded for this 
experiment. From (b), the concept of two cross-bars, transferring the 
force through a slant surface, and from (d), the double joints were taken, 
in order to nullify any shear forces in the web. However, in order to save 
space, the custom device had both joints working in the same plane.  

 

Figure 3. Various tensile clamps for direct tensile testing [22] 

The anchor clamps are shown in Figure 4. The clamp is self-centring, since 
the cross-bars are rotate-able and automatically wedge the specimen into the 
right position. The side plates are also rotate-able for easy mounting and 
demounting of the specimens. Between the cross-bars and the specimen, 
neoprene was used to distribute the forces evenly. The main bulk of the 
specimen is in compression at all times during testing, which means that the 
connection between the clamp and the specimen is less vulnerable to 
fracture. 
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Figure 4. Custom-welded self-centring anchor clamps 

6.5 Measurements and monitoring 

The dogbone tests were run under displacement control at a rate of 
0.6 mm/s. The load-deformation behaviour was monitored within the 
representative test section, and recorded by a data logger connected to the 
test machine. The optical imaging system Aramis was also used to 
monitor deformations in the test field. Aramis is a 3D optical measuring 
tool, which analyzes, calculates, and documents material deformations by 
means of recording and calculating relative displacements on a patterned 
surface. The Aramis measurements were conducted primarily to monitor 
and analyze crack development and crack widths. In addition, strain 
overlay photos were taken for illustrating crack development within the 
test field. 

7 EXPERIMENTAL RESULTS 

7.1 Evaluation and presentation of test data 

The specimens were compared by their load-deformation behaviour, 
first cracking strength, failure load, mean number of cracks developed 
within the test field and average crack width. The Aramis documentation 
consists of plots illustrating crack development (crack widths, crack 
density) and elongations within the test field.  



 
 

14 

 

7.2 Load-deformation response 

The un-strengthened mortar specimens failed in a brittle manner as 
expected for plain mortar. Average failure loads were 8.7 kN and 8.3 kN 
for M1 and M2, respectively. 

Three quasi-brittle specimens had small cracks on them close to the 
end of the test field after de-molding; these are excluded from the results. 
For the remaining specimens, the tensile response is plotted in Figures. 5-
15. Here we did not include the plain mortar specimens to save space (the 
response was, obviously; linear elastic). Additionally, we plotted all the 
relevant curves against the bare mesh on Figures 5, 7, and 9 [23], which is 
the shifted dashed line starting at first cracking. 

 

Figure 5:  M1-0-M  Figure 6:  M1-0-S 

 

Figure 7: ECC-0-M  Figure 8: ECC-0-S 
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Figure 9: M2-0-M  Figure 10: M1-15-M 

 

Figure 11: M2-15-M  Figure 12: M2-15-S 

 

Figure 13: M1-90-M  Figure 14: M1-90-S 
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Figure 15: M2-90-S   

Parallel to the plots, Table 6 summarizes first cracking and failure 
loads, also including the plain mortar specimens. 

Table 6. Results 

Test specimen 
 

Failure 
load [kN] 

First 
cracking 

load 
[kN] 

Mean 
nr. 
of 

cracks 

Average 
crack 
width 
[mm] 

Min. 
expected load 
capacity (grid 
only) [kN] 
theoretical/ 
measured 

M1 reference 8.7 8.7 1 N/A N/A 
M2 reference 8.3 8.3 1 N/A N/A 

M1-0-M 9.2 7.2 2.3 N/A 14/22 
M1-0-S 8.3 7.5 2.7 0.7 7.2/8.8 

ECC-0-M 15.0 8.3 6.7 0.3 14/22 
ECC-0-S 17.3 9.7 7.0 0.2 7.2/8.8 
M2-0-M 11.9 6.8 2.3 0.7 14/22 

M1-15-M 7.7 5.7 1.3 N/A N/A 
M2-15-M 8.5 7.1 1.7 N/A N/A 
M2-15-S 6.6 N/A N/A N/A N/A 

M1-90-M 15.9 6.6 4.0 N/A 14/22 
M1-90-S 8.9 7.4 4.3 0.6 9.9/8.1 
M2-90-S 9.0 5.9 6.0 N/A 9.9/8.1 
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As a general remark, we can conclude that the there is a significant 
difference in the behaviour of the quasi-brittle and “ductile” specimens 
after first cracking. Curves of quasi-brittle mortars M1 and M2 are jagged 
and have a significant drop in load carrying capacity right after the first 
crack (and after every further crack developing). Contrary to the quasi-
brittle ones, the ECC specimens after the first crack show a further load 
increase until the peak load. These curves are smooth due to the fibre-
bridging characteristics of the ECC. However, it has to be noted that 
only a total number of six ECC specimens were tested, so our results are 
not conclusive.  

First cracking strengths are slightly higher in the ECC specimens 
(8.3-9.7 kN) compared to the quasi-brittle specimens (5.7-7.5 kN). In 
case of the ECC, it was difficult to determine, even from the test data, 
when exactly the actual cracks form, because of the smooth transition 
between the un-cracked and the cracked stage. Studying the load-
deformation graphs of the ECC specimens and applying tendency lines 
between the pre- and post-cracking stages, we approximated the first 
cracking loads. It revealed that the initial cracking of the ECC does in fact 
occur at a later stage than for the M1 and M2 specimens.  

The most consistent behaviour we could observe in the M1-90-
medium and M1-90-small specimens. Interestingly, in both of the ECC 
series, we had one specimen behaving very differently both in terms of 
first cracking load and stiffness (see discussion). 

7.3 Comparative load-deformation plots 

Specimens with similar grid size, and/or orientation have been paired 
and plotted in Figures. 16-19. Figure 16 shows all medium grids when 
placed longitudinally vs. Figure 17 (the same grid when placed 
transversally). Figure 18 shows the small grid placed longitudinally. 
Finally, Figure 19 illustrates the effects of the (medium) grid orientation 
from 0° to 90° for one quasi-brittle mortar (M1).  

From Figures 16-19 along with the individual plots against the bare 
grid (Figures 5-9) it can be concluded that a significant and consistent 
tension-stiffening effect can only be shown for the ECC, while there is 
only a slight to moderate increase in load capacity with the quasi-brittle 
mortars. First cracking in ECC happens slightly later than in M1 and M2. 
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Figure 16: Medium grid 0° Figure 17: Medium grid 90° 

 

Figure 18: Small grid 0°  Figure 19:  Medium grid 0°-15°-90° 

In case of the small grid (Figure 18), after first cracking, the load 
capacity does not increase significantly if we use quasi-brittle mortars, 
while it does in the ECC-based specimens.  

All 90  grids are plotted in Figure 17. The M1 mortar gave the most 
concise results, highest failure loads, and largest deformations, while the 
most brittle mortar, M2 yielded the most jagged and least concise results 
allowing very little deformations compared to any other combinations.  

Finally, Figure 19 illustrates the changes in stiffness and load capacity 
with the grid orientation for the medium grid with the M1 mortar. 
Unexpectedly (and against the material data given in Table 1), the 
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transversally rotated grid showed to be the strongest, while the 15  grid 
the weakest. In addition, the 90  medium grid combinations 
accommodated the largest elongations.  

7.4 Crack widths, crack patterns 

Figure 20-21 show two Aramis plots for the specimens M1-90-small 
and ECC-0-small.  

 

Figure 20: Crack widths recorded by ARAMIS, M1-90-small 

 

Figure 21: Crack widths recorded by ARAMIS, ECC-0-small  

The crack widths of the ECC specimens are very small, ranging from 0.20 
mm to 0.40 mm of the medium grid, and 0.08 mm to 0.50 mm for the small 
grid and they are not fully developed. In addition to that, the cracks are 
more evenly distributed in the ECC. In contrast, the crack widths 
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determined by Aramis are ranging from 0.20 mm to 0.80 mm of the M1-90-
small (Figure 20) and between 0.75mm and 1 mm for the M2-0-medium. 
“Average crack widths”, defined as the sum of crack widths divided by the 
number of the cracks within the test field, are also given in Table 6, where 
available. 

7.5 Aramis “strain images” 

The crack development was monitored by Aramis. The strain overlay 
images taken at the moment of failure confirm the characteristic ductile 
behaviour of the ECC as it shows more numerous, finer and more evenly 
distributed crack patterns compared to the quasi-brittle (M1 and M2) 
mortars. Where no strain images were available (Figure 22a, 22f, 22g and 
22h), failure photos are given. The cracks in all specimens are in line with 
the reinforcement tows.  

 

Figure 22: Crack development as documented by ARAMIS  
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8 DISCUSSION  

We can compare the behaviour of the composite with the bare mesh. 
The specimens with the medium or small grid have 4 or 7 tows in the test 
section, respectively. The load capacity of the bare mesh can be calculated 
based on manufacturer data. For the medium grid, it is 4.5 kN/tow in 
both directions, while for the small grid it is 1.4 kN/tow and 1.0 kN/tow 
in longitudinal and transversal direction, respectively. Test data from 
Blanksvärd presented much higher values [23]. Compared to these, the 
failure loads of the composite should be naturally higher. If we examine 
the failure loads, we can conclude that 1) with quasi-brittle mortars, we 
get significantly lower values in all cases except for the transversally placed 
medium grid, 2) the ECC specimens yield about the manufacturer-given 
failure loads of the bare grid, but still fall behind the tested values that can 
be found in [23], suggesting premature failure of the grid.  

The most concise, and homogenous test series were M1-90-medium 
and M1-90-small, with quasi-brittle, but fibre-reinforced mortars while 
the most scattered ones are the M2-series. The significant differences 
within the same test series (in particular, M2-15-small and M2-90-small) 
are attributed to micro-cracks developing during the de-molding process, 
due to the very fragile geometry.  

In case of the ECC, there is one specimen in both series showing a 
very different behaviour. One possible explanation to this could be the 
way we mixed the mortars. At once, we could only mix a very small 
quantity because we used a dedicated mortar mixed with a limited 
capacity. It is possible that there were some very slight changes in the 
fibre content (2 vol. %) and/or water-to-cement ratios in the two separate 
mixes. Based on the known behaviour of ECC (Figure 1), we believe that 
these “peaky” specimens, ECC-0-medium (3) and ECC-0-small (3) 
should be cancelled out of the results. The remaining two in both series 
show a good agreement in terms of first cracking strength and stiffness. 

It was observed that the medium grid performs very differently 
depending on its orientation. Two possible reasons for the “over-
performance” of the medium grid when transversally placed are (1) that 
the joints can deform more without fibre breakage in that direction. The 
grid joints look and behave differently depending on the grid orientation; 
this is due to the “woven” nature of the grid. (2) Another very conditional 
explanation is the additional anchorage provided by the epoxy surplus, 
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which for some reason is only present on the transversal fibre tows. In 
earlier tests by [5] however it was shown that sanding the grid (giving 
increased bond) creates stress concentrations and premature rupture, 
therefore it cannot be stated that the additional anchorage equals to 
increased load capacity. Further research is needed in this regard.  

The 15° orientated specimens, compared to the longitudinally placed 
reinforcement, do not develop as many cracks, and have a slightly 
reduced tensile strength. Cracks developing here tend to follow the grid 
tows. The reduced tensile strength is likely due to the anisotropic nature 
of the CFRP bundles, that have lower (shear) strength in cross-direction 
than in fibre direction. The fibres are loaded in an angle compared to the 
strongest direction (0°).  

Some specimens initiated cracks near the ends of the test field. We 
attributed this to the fact that the dogbone geometry is prone to initiating 
cracks near sharp changes in cross section because of possible local stress 
concentrations. Using improved (curved) dogbone geometry, however, 
would have made the testing procedure far more time consuming and 
expensive. In one word, the test setup showed to be particularly sensitive 
to de-moulding, handling, and testing because of the very thin test field. 

In addition to the possibly too low curing time before de-molding, 
there is an initial curvature in the grid strips because of the factory shape 
(roll). The grids were tensioned in the slits at both ends before casting in 
order to reduce the curvature. Yet in such a thin cross-section, the effect 
of the slightest curvature may be significant, and it might result in reduced 
performance. This effect has not been investigated more in detail. 

9 CONCLUSIONS 

The goals of the experimental program have been fulfilled in great 
part. A wide scale of material combinations has been tested, yet not all 
possible combinations. Adaptation of the dogbone geometry to testing 
large MBC-specimens has been successful with some limitations. Most of 
the specimens have been able to initiate cracks within the pre-defined test 
field, but an improved geometry would yield results that are more 
concise. 

Multiple cracking and a significant tension stiffening behaviour were 
observed when applying a ductile, PVA-reinforced ECC as bonding 
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agent, which, based on the two only test series, has proven to be superior 
to quasi-brittle mortars. ECC has given significantly higher failure loads 
and prevented pronounced drops in load capacity by its increased 
ductility. Recorded peak values in the load-displacement curves show a 
more balanced behaviour for the ECC specimens. The same plots for the 
quasi-brittle mortars are jagged indicating a more uneven stress 
distribution and possible local failures in the grid joints. Typical brittle 
failure and corresponding crack patterns were recorded in case of the 
quasi-brittle M1 and M2 pre-mixed mortars.  

10 FURTHER RESEARCH 

Quasi-brittle mortars rely on high bond strength between CFRP 
reinforcement and the mortar, to accommodate the high internal stresses. 
Therefore, bond slip or local high stress concentrations may result in 
failure of the grid joints. Using a mortar with improved ductile 
deformation capabilities, where the CFRP reinforcement and the 
cementitious matrix deform close to identically, results in a composite 
material where apparently high mechanical bond stresses in local areas, as 
the grid intersections between the longitudinal and transversal tows are 
significantly reduced, thereby preventing bond slip damage to the CFRP-
reinforcement. 

High fly-ash content of ECC results in a refined and densified grain 
structure. This may improve the bond strength between the grid and the 
mortar as confirmed by [11] for yarns/textiles embedded in cementitious 
matrices. The apparently better bond characteristics of ECC are also due 
to the compatible deformation behaviour between FRP reinforcement 
and ECC, which makes ECC very attractive for further investigation in 
combination with FRP grids.  

Due to its pseudo strain hardening and fibre bridging properties, and 
for the additional mechanical anchorage it provides for the FRP grid, 
ECC will be tested further as a bonding agent for mineral based 
strengthening. The different geometry (and associated rigidity/flexibility) 
of the grid joints in the two perpendicular directions could also be further 
investigated as this may have caused the significant “over-performance” of 
the medium grid in transversal direction.  

Finite element modelling of the interaction between grid and mortar 
would give a better understanding of structural applications where 
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mineral based strengthening systems are subject to tensional/splitting 
forces or axial forces combined with bending.  
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1.1 Strengthening with composites 
The use of concrete has been widely spread over the 
world and is the most used construction materials for 
structures. Nowadays, there is an increasing need to 
restore or strengthen civil engineering structures 
worldwide, in particular related to transportation be-
cause of ageing, deterioration, and misuse of facili-
ties, lack of regular maintenance and repair, and the 
use of inappropriate materials, construction tech-
niques or both. Increased or changing loads may al-
so lead to a need of upgrading. There exist several 
repair and strengthening methods that are applied on 
existing concrete structures for this purpose, such as 
increase of the cross section of critical elements, 
span shortening with additional supports, exter-
nal/internal post tensioning, steel plates bonding or 
fibre reinforced polymer composites.  

Externally bonded FRP (Fibre Reinforced Poly-
mer) systems have been proven an effective 
strengthening method in repairing or strengthening 
structures. Since the end of the 1980s, the use of 
FRP is being researched and applied increasingly for 
the rehabilitation of existing concrete structures. 
FRPs have a number of advantages when compared 
to traditional construction materials such as steel, 
wood and concrete. FRPs offer excellent corrosion 
resistance to environmental agents as well as high 

tensile strength, lightweight, and high modulus of 
elasticity. However, the epoxy-bonded systems ex-
hibit some disadvantages. Diffusion closeness, poor 
thermal compatibility with base concrete, sensitivity 
to moisture at the time of application, hazardous 
working environment for the manual worker and the 
problem of minimum temperature of assemble in 
cold climates represent the major problems. It is 
therefore of interest to replace the epoxy adhesive 
with a mineral based bonding agent, e.g. polymer 
modified mortar, with similar properties to those of 
the base concrete applicable in a more environmen-
tally friendly way.  

1.2 The MBC system 
In this recently developed innovative strengthening 
system, the traditional epoxy bonding agent is being 
replaced by cementitious matrices to bond the FRP 
material to the concrete surface. Mineral Based 
Composites (MBC) is a composite material made by 
replacing part of the cement hydrate binder of con-
ventional mortar with polymers, which with the ad-
dition of conventional FRP becomes a high-
performance external strengthening system for exist-
ing concrete structures. The FRP in MBC applica-
tions normally is a two-dimensional grid. As matrix, 
pre-mixed, commercially available, polymer-
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ABSTRACT: The well-known wedge splitting test, often used for characterizing brittle materials has been 
modified and adapted to testing MBC-reinforced concrete under splitting load. MBC (Mineral Based Compo-
sites) is a newly developed strengthening system for existing concrete structures where FRPs, mainly CFRP 
grids are externally bonded to the concrete surface by means of cementitious bonding agents. Crack develop-
ment, crack patterns, crack opening displacement (COD) versus splitting load and fracture energy are investi-
gated and evaluated. Development of a suitable test specimen and test setup has been accomplished. Bond 
provided by both mortars was excellent leading to CFRP rupture. By applying PVA-reinforced ductile ECC 
as bonding agent, improved performance, significantly higher fracture energy, multiple cracking and en-
hanced ductility were observed, caused by improved bond between grid and mortar due to the refined grain 
structure, the bridging effect of the embedded fibres working against crack opening and via direct mechanical 
interlock with the grid.  
 



modified quasibrittle mortars are typically used. In 
the tests presented here the authors have also inves-
tigated the possibility of using long PVA-fibre rein-
forced, ductile ECC materials as bonding agent. 

Several tests have been carried out on MBC-
systems, focusing on flexural strengthening (Wiberg, 
2003) and (Becker, 2003) and, more recently, shear 
strengthening (Christiansen and Jürgensen, 2006), 
(Blanksvärd, 2007). To the authors´ knowledge, at 
the present time there is no literature published on 
tensional behaviour of MBC except for uniaxial tests 
carried out on MBC dogbones by (Andersen and 
Jespersen, 2006).  

1.3 Research significance 
Concrete-like materials are relatively weak and 

brittle under tension, and develop macro-cracks 
when significant tensile or splitting stress is induced 
in the structural member. The brittleness of concrete 
is usually evaluated by means of the post failure be-
haviour in tension governed by the stress versus 
crack width relation ( -w), the so-called softening 
behaviour which is a basic property of a concrete 
described by the tensile strength, the maximum 
crack width and the fracture energy, which corre-
sponds to the area under the stress versus crack 
width curve. Knowledge of these parameters makes 
possible estimations for instance about shear capaci-
ty and brittleness in compression and tension.  

WST (Wedge Splitting Test), originally intro-
duced by (Tschegg and Linsbauer, 1986) and im-
proved by (Brühwiler and Wittmann, 1990) is a suit-
able method for obtaining both splitting tensile 
strength which is directly related to the tensile 
strength and an estimation on the fracture energy en-
suring post-cracking stability in different concretes, 
traditionally used for brittle materials.  

 

 
Figure 1. Typical splitting force vs. displacement relationship 
of a brittle concrete (Faust and Voigt, 1999) 

 
The method has proved to be reliable for the de-

termination of fracture properties of ordinary con-
crete, at early ages (Østergaard, 2003), (Abdalla and 
Karihaloo, 2003), and (Karihaloo et al., 2004), for 
polymer cement concrete (Harmuth, 1995), for ultra 
high strength concrete (Xiao et al., 2004), or high-
performance concrete (Østergaard et al., 2004), 
lightweight-aggregate concrete (Faust and Voigt, 
1999), polypropylene fibre reinforced concrete 

(Elser et al., 1996), and for steel fiber reinforced 
concrete (e.g. Löfgren, 2005), among others.  

Both components of the traditional MBC system 
are brittle, i.e. a carbon fibre grid “glued” up onto 
the concrete surface with a quasibrittle polymer-
modified mortar. Tests presented here also involve a 
more ductile “mortar” exhibiting strain-hardening, 
ECC (Engineered Cementitious Composite) as for 
the bonding agent and its interaction with the CFRP 
grid reinforcement is investigated and presented.  

2 TENSIONAL BEHAVIOUR OF 
CONSTITUENTS 

2.1 Mortars (bonding agents in the MBC system) 
Brittle matrices, such as plain mortar and concrete, 
lose their tensile load-carrying capacity almost im-
mediately after formation of the first crack. Poly-
mer-modified quasibrittle mortars used in this test 
behave in a similar way. The addition of fibres in 
conventional fibre reinforced concrete (FRC) can in-
crease the toughness of cementitious matrices signif-
icantly; however, their tensile strength and especial-
ly strain capacity and ductility beyond first cracking 
are not enhanced. FRC is therefore considered to be 
a quasi-brittle material with tension softening behav-
iour, i.e. a decaying load and immediate localization 
of composite deformation at first cracking in the 
FRC matrix. 
 

 

Figure 2. Stress-strain diagrams for FRC and ECC (HPFRCC) 
materials (Naaman and Reinhardt, 1995) 
 

In contrary, HPFRCC (High-Performance Fibre-
Reinforced Cementitious Composites) are defined 
by an ultimate strength higher than their first crack-
ing strength and the formation of multiple cracking 
during the inelastic deformation process. In a struc-
tural member subjected to tensile or splitting forces, 
after the first macro-cracks have appeared, the ten-
sile load still continues to increase. The contribution 
of a cementitious matrix to the load-deformation re-
sponse of reinforced concrete or ECC is the so-
called “strain hardening” or “plastic hardening” 
(Naaman and Reinhardt, 1995).  



The strain hardening guarantees that a structural 
element made of such a high-performance material 
will maintain its stability also after cracking. This is 
a significant difference between all conventional 
(FRC), and high-performance fibre reinforced ce-
mentitious materials (HPFRCC), illustrated in Fig-
ure 2.  As a consequence of the strain hardening, the 
tensile strength of ECC is much higher than that of 
conventional (steel) fibre reinforced concrete. After 
the tensile strength has been reached, the tensile load 
starts to decrease. The crack continues to open, and 
the fibres are being pulled out of the matrix, which 
still generates some resistance against crack open-
ing. This is the so-called “tensile softening”. When 
all fibres are completely pulled out or broken, no re-
sistance has left, i.e. the tensile stress is equal to ze-
ro.  

 

2.2 FRP reinforcement (CFRP grid) 
Behaviour of CFRP is linear elastic up to failure 

with no plastic reserve. In tension, failure is charac-
terized either by slippage in the fibre tows instead of 
yielding of those, or by linear elastic deformations 
until FRP ruptures in a brittle manner when reaching 
the tensile failure strain of the reinforcement 
(Brameshuber, 2006). In practice, for an FRP textile-
reinforced concrete member subjected to uniaxial 
tension, final failure normally is a combination of fi-
bre slippage and breakage (Hegger and Voss, 2004). 

3 TESTING 

3.1 Materials 
One CFRP grid and two different mortars have been 
used to strengthen the base concrete. The grid is 
epoxy-coated with a fibre volume percentage of 20-
25%, the rest is epoxy matrix; this fact explains the 
differences shown in table 1 between tested values 
for the grid and manufacturer data, which refers to 
the pure carbon fibres. Mortars used were a pre-
mixed mortar, referred to as M1 and one more duc-
tile mortar (ECC) mixed in situ. The premixed mor-
tar is a high strength, quasi-brittle mortar while the 
ECC mortar contains long embedded PVA-fibres to 
improve ductility and a large portion of fly ash 
hence giving a more refined grain structure.  

The direction-dependent material properties for 
the grids (Table 1) and the mortar properties (Table 
2) are listed below. 
 
Table 1. Material properties for grids (fibres) used, 
T-transverse, L-longitudinal 
Grid 
(composite) 
 

Spacing  
L x T, 
[mm] 

ELc  
[GPa] 

ETc 
[GPa] 

fLc  
[MPa] 

fTc  
[MPa] 

Lc
[‰]

Tc
[‰]

Composite 
(tested by 
Blanksvärd, 
2006) 

42 x 43 55 41 593 457 11.1 11.1

Pure fibre 
(given by 
manufacturer)

42 x 43 284 253 3800 3800 13.4 15.0

Table 2. Material properties for base concrete and mortars used 
Concrete/ Mortar Ec

[GPa]
fcc 
[MPa] 

fct 
[MPa] 

Base concrete N/A 55 7.9 
M1 26.5 45 9.0 
ECC 19.0 50 4.0 
 

3.2 Adjusting test setup to MBC 
According to existing literature, the WST setup is 
used for relatively small rectangular, often cubic 
specimens with a starter notch. No recommendations 
were found for specimens with larger dimensions. 
Dimensions here were chosen in order to ensure 
proper anchorage of the CFRP in the mortar and 
with an area “large enough”, covered by the 
strengthening layer of MBC not to debond off base 
concrete.  
 

 
Figure 3. Principle of WST (left) and specimen being split 
(right) 
 
Principle of WST is sketched in Figure 3, left. By 
pressing a steel wedge downwards a vertical line 
load is applied, being converted into horizontal split-
ting forces by means of two pairs of roller or needle 
bearings in order to split the specimen into two 
halves. Figure 3, right shows the actual specimen 
supported by a custom-made steel plate providing 
line support perpendicular to the reinforcement 
plane. Tests were run deformation controlled, i.e. 
through the crack opening displacement kept con-
stant at 0.3 mm/min. by a clip gauge mounted at the 
tip of the starter notch at the top of the specimen. 
Vertical load and COD are recorded. On one speci-
men per series, strain gauges were mounted on the 
grids before casting, both on horizontal and vertical 
fibre tows, evenly distributed along the expected, 
nearly vertical governing crack to be developed.   

3.3 Test specimens 
Dimensions of the test specimens have been set to 

500 x 500 x 100 mm. Length of the starter notch at 
the top is 50 mm. The bottom groove served to ease 



proper vertical positioning and acted as a line sup-
port for the heavy specimens. CFRP grid was grout-
ed onto both sides, placed between two 10 mm thick 
layers of mortar, applied on the concrete surface 
roughened with sandblasting and treated with a pri-
mer to enhance bond on the concrete-mortar inter-
face. 

 
 
Figure 4. Sketch of test specimens with 0  and 45  grids 

3.4 Test matrix 
With two different mortars, two different grid orien-
tations the final “full” test matrix consists of 4 dif-
ferent combinations, 3 specimens per each series and 
3 plain concrete dummies (Table 3). All specimens 
had has at least 28 days of curing before testing. 
 
Table 3. Test matrix 
Specimen Grid Angle (º) Mortar No. of 

specimens
WST Ref. - - - 3
WST1 42 x 43 0 M1 3
WST2 42 x 43 ±45 M1 3
WST3 42 x 43 0 ECC 3
WST4 42 x 43 ±45 ECC 3

4 RESULTS 

4.1 Load-deformation response 
Vertical load has been converted into horizontal 
splitting forces. Loads at first crack, peak loads, 
COD at the top of the starter notch at the highest 
splitting load, and average fracture energy values are 
listed in Table 4.  

In case of the quasibrittle mortar, shown in Figure 
5, for 0 -grid, and Figure 6, 45 -grid, increase in 
load carrying capacity compared to plain concrete 
dummies is about 30-47%. For similar specimens 
with ECC, increase is about 80-110%, respectively 
(Figure 7, ECC with 0 -grid and Figure 8, ECC with 
45 -grid). Among all combinations, ECC strength-
ened with 0 -grid gives the highest failure loads and 
all three numerical values show the best agreement 
among all series with a scatter of about 10%. 
 

 
 
 
 

 

Table 4. Comparative values  
Speci- 
men 

COD 
at 

peak 
load 
[mm] 

Average 
COD per 

series 
[mm] 

Peak 
splitting 

load 
[kN] 

Average
peak load
per series 

[kN] 

Ave-
rage 

fractu
re 

energ
y 

[N/m] 
Ref.a 1.1  28.7 31.5 

1.00** 
510 
1.00 

Ref.b N/A 0.9 34.0 
Ref.c 0.6  32.0 
WST1a* N/A  N/A 46.6 

1.48 
6966 
13.66 

WST1b 3.1 3.6 46.9 
WST1c 4.0  46.3 
WST2a 2.5  46.3 41.6 

1.32 
7009 
13.74 

WST2b 1.7 1.7 43.4 
WST2c 0.8  35.2 
WST3a 4.4  70.6 66.0 

2.10 
10480 
20.55 

WST3b 3.9 3.9 64.4 
WST3c 3.5  63.1 
WST4a 1.0  59.7 57.4 

1.82 
11436 
22.42 

WST4b 1.3 1.2 51.3 
WST4c 1.4  61.2 
*specimen failed due to wrong test setup; not evaluated 
**in bold: increase, compared to ref. 

4.2 Load-deformation response (splitting load vs. 
COD)  

Curves show a good agreement, including WST1a 
which, due to a mistake in the test setup, was tested 
in two cycles as test had to be stopped and resumed, 
then the already halfway-cracked specimen was fur-
ther tested until completely split in an adjusted test 
setup. Similar initial stiffness can be observed for all 
quasibrittle specimens listed, with slightly different 
starting points, which may be due to adjusting the 
loading device in the beginning of the test to get an 
initial solid contact between the bearings and the top 
groove in order to avoid uncontrolled, explosion-like 
failure of the specimens. 
 

 
Figure 5. COD vs. splitting force curves for WST1 specimens 
 
 



 
Figure 6.  COD vs. splitting force curves for WST2 specimens 
 

WST1 samples, after first cracking, through a 
pronounced drop of about 10kN, have a further re-
serve in load capacity. For WST2, drop is about 
double and load at first crack gives the peak load. 

When combining FRP with ECC (Figure 7. 0 -
grid, and Figure 8. 45 -grid), initial stiffness match-
es better including starting points for all curves. No 
significant drop after first crack is present. 
 

 
Figure 7. COD vs. splitting force curves for WST3 specimens 
 

 
Figure 8. COD vs. splitting force curves for WST4 specimen 
 

WST3, which gave the highest failure load, with 
an increase of about 110% compared to the base 
concrete, right after first crack (practically with no 

drop) has a further reserve in capacity of about 15-
20 kN until peak load. WST4 after the first crack 
gradually decreases to zero stiffness. WST3b had 
bond failure on one side between the concrete and 
the mortar after having reached the peak load and 
the test was automatically stopped due to the deviat-
ed position of that specimen. 

4.3 Influence of grid orientation 
Splitting force vs. crack opening displacement 
curves have been plotted for all four strengthened 
series against the unstrengthened reference speci-
mens below in one single graph, shown in Figure 9. 
 

 
Figure 9. COD vs. splitting force curves for specimens with 
highest peak load per series, compared to the unstrengthened 
reference specimens 
 
In all grid-mortar combinations, ECC-based speci-
mens gave the highest failure loads and fracture en-
ergy, see also Table 4 for numerical values. Each 
drop in load after the first crack represents rupture of 
one bridging grid tow or joint failure in the grid.  

The two lower curves, WST1 and WST2, speci-
mens with quasibrittle mortar show a pronounced 
drop in load right after the first crack in contrary to 
the ECC-based samples. In case of rotated grid 
WST2 and WST4, load at first crack gives the peak 
load. When the same grid is placed in 0 , with a 
drop after first crack (WST1, quasibrittle) or without 
(WST3, ductile), but there is a further increase in 
load carrying capacity until peak load is reached.  

Both 45 -grid series have a more gradual de-
scending tendency compared to the 0 -ones, indicat-
ing a more “balanced” behaviour. 

4.4 Crack widths, crack pattern 
All M1-specimens have a typical brittle failure with 
one single governing crack running though the spec-
imen vertically with a maximum deviation of about 
25  initiated from the starter notch. ECC specimens 
develop more numerous, smaller macrocracks until 
one of them becomes wider and along that one the 
specimen is split indicating a more ductile behav-
iour. Maximum crack opening at the top of the start-



er notch has a stronger dependence on the grid ori-
entation than on the mortar quality: independently 
from which mortar was used, average COD is 3.6-
3.9 mm for 0 -specimens and 1.2-1.7 mm, just ex-
ceeding that of the plain concrete dummies (0.9 
mm), when the grid is positioned in 45  (Table 4). 
 

4.5 Fracture energy 
Fracture energy (Table 4) was calculated by dividing 
the area under the COD-splitting load curve by the 
projected fracture area, taking into account that not 
all specimens were completely split. With regard to 
the plain concrete reference specimens, fracture en-
ergy of the M1 specimens is almost 14 times, and 
that of the ECC ones is 21-22 times larger, being di-
rectly proportional to the area under the curves (Fig-
ure 9). 

5 DISCUSSION AND CONCLUSIONS 

Adaptation of the WST setup for mineral based 
composites has been successful in the sense of that 
the expected failure mode happened, dimensions of 
the specimen – except for one sample – were enough 
to prevent debonding of the strengthening layer and 
provide proper anchorage to the FRP. Splitting ten-
sile strength of concrete can be significantly im-
proved with MBC strengthening, resulting in an in-
crease of 30-110% in peak splitting load.  

Compared to a uniaxial tensile test, WST also 
provides information on the softening part of the 
curve after peak load revealing tendencies in how 
fast or how gradually load capacity decreases until 
all crack bridging fibre tows and embedded fibres in 
the mortar are broken. 

ECC has given significantly higher failure loads 
and prevented pronounced drops in load capacity by 
its increased ductility. However, ductility is signifi-
cantly enhanced by both grid-mortar combinations 
resulting in an extreme increase of fracture energy. 

High fly-ash content of ECC ensuring a refined 
grain structure may enhance the ability of the mortar 
to “pack itself” around the grid and the direct bridg-
ing effect of the embedded PVA fibres contribute to 
better overall performance. The apparently better 
bond characteristics of ECC are due to the compati-
ble deformation behaviour between FRP reinforce-
ment and ECC.  

Further investigation is needed whether the ex-
treme improvement in load capacity is due to a di-
rect tensile contribution from the ECC or it is capa-
ble to retain grid joints from fast and brittle 
deformations breaking the grid or to slow down this 
process, hence preventing premature failure in the 
grid. 
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1 INTRODUCTION 

The tests presented here aim to investigate the tensile behaviour of the 
mineral-based composite. Mineral-based composites (MBC) are, as 
defined earlier, a particular instance of mineral-based strengthening 
(MBS), in which FRP grids are adhered to the concrete substrate by 
cementitious binders (mortars). Typically, the binder is a commercially 
available, quasi-brittle mortar.  

From earlier MBC-strengthened shear beam tests carried out by 
(Blanksvärd, 2007) it was concluded that the CFRP grid has a tendency 
to fail prematurely due to local stress concentrations (and deformations) in 
the grid joints, when the binder is a PMM. It is therefore of interest to 
see whether it is possible to improve the MBC towards a more ductile 
composite that can accommodate larger deformations, and possibly result 
in a more effective (and economical) use of the FRP component. For this 
reason, part of the test specimens was strengthened with a quasi-ductile 
cementitious mortar referred to as engineered cementitious composites 
(ECC) instead of standard polymer-modified binders, based on the 
findings presented in the state-of-the-art part of the thesis.  

1.1 Why the wedge-splitting test? 

The idea of the test set-up was based on trying to represent the MBC-
strengthened area of a shear beam (Blanksvärd, 2007) where the shear 
crack occurs, and investigating the tensile behaviour of the MBC in that 
particular (rectangular) area, as shown in Figure 1a. We were looking for 
a test method that produces one single crack, so that we could evaluate 
the crack bridging effect of the MBC material perpendicular to that crack. 

One possible test method, the diagonal compression test, often used for 
testing wall panels and masonry (Figure 1b) we found too complicated to 
perform. The specimens would have been too large to handle, there was 
no available test equipment for testing such large specimens, and there 
was a risk of crushing the concrete at the corners while applying the 
compressive load. 
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Instead, we looked into another test set-up on a conveniently “rotated” 
specimen, with dimensions large enough to have satisfactory anchorage of 
the grid in the mortar, and a large enough concrete surface to bond the 
MBC on. The chosen wedge-splitting test (Figure 1c), while not being an 
exact representation of either test (shear beams, or diagonal compression 
tests), it does produce one single crack in the middle of the specimen. By 
having the crack in the middle, in a forced way – by notching the WST 
specimen – proper anchorage (large enough surfaces) can be ensured on 
both sides of the crack, as an additional benefit. 

 

Figure 1: Schematic testing program. (a) shear beams, (b) diagonal compression 
test (not performed), (c) wedge-splitting test, and (d) uniaxial tensile (dogbone) 
tests 

Perpendicular to the crack, the tensile resistance of the material could be 
evaluated by means of another test series, the uniaxial tensile (dogbone) 
tests (Figure 1d), which were described in Papers 3 and 4. 



 

3 

 

1.2 Background to tensile testing 

The toughness of concrete is usually evaluated by means of the post-
failure behaviour in tension, governed by the stress versus crack width 
relation (  - w), the tension softening behaviour. It is a basic property of the 
concrete described by the (a) tensile strength, (b) the shape of the 
softening curve, and (c) the fracture energy, which corresponds to the 
area under the stress versus crack width curve. (Hillerborg, Modéer et al., 
1976). Knowledge of these parameters enables estimations of shear 
capacity, and brittleness in compression and tension.  

The uniaxial tests, while providing information on the tensile strength 
(but not the other two, important parameters of the post-peak behaviour) 
are very sensitive for brittle or quasi-brittle materials. It is difficult to 
ensure that cracking will happen in the prescribed (and monitored) test 
field, preferably in the middle of the web of a dogbone specimen. There 
is a high risk of cracks initiating where the web meets the bulk end of the 
specimen. Research by (Reinhardt and Naaman, 1992) has indicated that 
this risk exists even if the transition between the test field and the bulk end 
is gradual (a concave arch). 

While the WST is not a direct tensile test, it can provide valuable data on 
the tensile and fracture behaviour. The WST, originally introduced by 
(Linsbauer and Tschegg, 1986), and improved by (Brühwiler and H., 
1990) is a fracture mechanics test method, that has proven to be suitable 
for obtaining both splitting tensile strength and an estimation of the 
fracture energy. The most prevalent advantage it offers over uniaxial 
tensile tests is its stability; it always results in stable crack propagation 
(Østergaard, Stang et al., 2002). This is due to the low amount of elastic 
energy stored in the specimen compared with the energy consumed by 
crack propagation (Østergaard, Stang et al., 2002).  

The method has proven to be reliable for the determination of fracture 
properties of ordinary concrete, at early ages and later by (Abdalla and 
Karihaloo, 2003), (Østergaard, 2003), ultra high-strength concrete by 
(Xiao, Schneider et al., 2004), high-performance concrete by (Østergaard, 
Lange et al., 2004), lightweight-aggregate concrete by (Faust and Voigt, 
1999), polypropylene fibre-reinforced concrete by (Elser, Tschegg et al., 
1996), and for steel fibre-reinforced concrete by (Löfgren, Stang et al., 
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2004), among others. To date, no study has been published on using the 
test set-up on strengthened specimens.  

1.3 Limitations of the WST set-up 

The test setup has certain limitations. Contrary to uniaxial tensile tests, it 
does not create a uniform tensile field, since the specimen undergoes 
bending because of the way the load is applied. In addition to that, the 
WST does not directly characterize the tensile properties of the concrete, 
unless an inverse analysis is performed. Without inverse analysis, the test 
can still be used to determine the fracture energy, as this is directly 
proportional with the area under the load-deformation curve. 

2 MATERIALS AND MECHANICAL PROPERTIES 

2.1 Base concrete 

The base concrete in the wedge-splitting tests was a normal strength 
concrete that had hardened for 12-15 days prior to the application of the 
MBC, after which, the specimens were left to cure for 28 days to reach 
full strength. Its measured properties are listed in Table 1 along with the 
mortar (below). 

2.2 Binders (mortars) 

Material properties are listed in Table 1.  

Table 1: Material properties for concrete and mortar used 

material 
Ec 

[GPa] 
fcc [MPa] fct [MPa] w/c notes 

base concrete 
(tested) 

N/A 55 7.9 0.43 - 

M1 (supplier data) 26.5 45 9 0.16 - 

ECC (properties 
from earlier tests) 

19 60 3 0.88 

fly ash 45 
mass %; 

PVA 0.01 
mass % 
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The first mortar referred to as M1 is StoCrete GM1, a commercial 
cement-based polymer-modified mortar (PMM) manufactured by Sto 
Sweden is a one-component, high-strength, polymer-modified, 
(polypropylene) fibre-reinforced, yet quasi-brittle mortar.  

Table 2: Mix composition of ECC 

Material 
fraction 
[mass %] 

Cement (basic Portland) 22 
Fly ash 44 
Sand (<0.15mm) 8 
Quartz powder 100/22 8 
Water 18 
Superplasticizer (Melflux) 0.02 
PVA fiber (oiled) 1 

 

The second mortar, referred to as ECC, is a custom-engineered 
cementitious composite with a high w/c ratio and fly ash content (45%), 
and short, chopped, surface-treated PVA fibres (1% by weight, or 2% by 
volume) mixed in evenly. Its recipe is found in Table 2. 

2.3 Primer 

The used primer is a one-component, cement-based and polymer-
reinforced powder mixed with water. It is used as a silt-up product on the 
roughened (sandblasted) concrete surface. Its function is to enhance the 
bond in the transition zone. Material properties are recorded in Table 3.  

Table 3: Material properties and mixing ratio for the primer 

 density [g/cm3] dmax [mm] 
mixing ratio 
primer:water 

Primer 2.020 2 1:0.22 
 

2.4 CFRP grid 

The carbon fibre grid was a two-dimensional, epoxy-coated grid supplied 
by Sto Scandinavia (C5500 A X1), see Table 4. It is common for this type 
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of grid to have different properties in the two orthogonal directions. 
Since the grids are delivered on a roll, the “length” (L) direction is 
defined as the rolled direction, and the “transversal” direction (T) 
perpendicular to the rolled direction.  

Table 4: Manufacturer given and tested properties for the grids 

FRP  
tested 
values 

Spacing 
L x T 
[mm] 

ELt 

[GPa] 
ETt 

[GPa] 
fLt 

[GPa] 
fTt 

[MPa] 
Lt  

[‰] 
Tt  

[‰] 

medium 42 x 43 85.4 45 944 500 11.1 11.1 
FRP 

supplier 
data 

Spacing 
L x T 
[mm] 

ELm 

[GPa] 
ETm 

[GPa] 
fLm 

[GPa] 
fTm 

[MPa] 
Lt  

[‰] 
Tt  

[‰] 

medium 42 x 43 284 253 3800 3800 13.4 15.0 
 

3 ADJUSTING THE TEST SET-UP 

3.1 The WST setup 

The typical WST specimen is small, rectangular, and often cubic 
with a starter slit at the top of the specimen, with or without a groove on 
the sides to force vertical, straight crack propagation. The test setup and 
specimen geometry are flexible, and can easily be adapted to smaller and 
larger specimen sizes. During testing, a splitting load is applied to the 
specimen through a rigid wedge and bearing plates with low-friction 
rollers. Post-cracking stability is ensured because the descending wedges 
cause a well-controlled lateral opening displacement, inducing stable 
crack growth in the specimen.  

The WST directly yields the relationship between the splitting force (Fs) 
and the crack opening displacement (COD) measured at the top of the 
starter slit (Figure 2).  
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Figure 2: Typical splitting load-crack opening displacement relationship of 
concrete, from (Faust and Voigt, 1999) 

The principle of WST is sketched in Figure 3. A rigid steel wedge is 
being pressed downwards. The load is applied through two pairs of low-
friction roller or needle bearings, placed at the mouth of the starter slit.  

 

Figure 3: (left) Principle of WST, (right) the actual specimen being split. 

The splitting force, Fs can be calculated through Equation 1, if the wedge 
angle (  and the frictional coefficient of the bearings ( ) are known. The 
frictional coefficient normally varies between 0.1 and 0.5 %.  

1 tan( ) 1.866
2 tan( ) 1 cot( )

v
s v

FF F                     (Eq. 1) 
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3.2 Development of the WST specimens 

According to existing literature, the WST setup is mainly used for 
small, rectangular, often cubic specimens with an initial notch. A few 
exceptions can be found though. In (Xiao, Schneider et al., 2004) for 
testing ultra high-strength concrete, the specimen size was set to 300 x 
300 x 100 mm with a top slit of 50 x 40 mm and a notch length of 95 
mm. 

To our knowledge, there have been no studies published specifically of 
strengthened specimens up to date. Therefore, no recommendations, or 
standards were available to determine the ideal size of such specimens. 
We chose the dimensions (500 x 500 x 100 mm) to provide a sufficiently 
large surface for bond transfer between the base concrete and the 
strengthening layer, based on earlier shear and flexural beam tests carried 
out by (Täljsten, Orosz et al., 2006), or (Blanksvärd, 2007).  

A WST specimen often has grooves on its sides, from the top slit to the 
bottom slit, in order to force the propagation of a vertical crack. The 
specimens presented here had no side grooves, because of the nature of 
the strengthening material (only 1 cm layer of mortar covering the grid), 
but had both a starter slit at the top of the specimen, and a bottom slit, 
through which a linear support could be applied during loading. The 
representative test section was 500 x 420 mm, where the MBC system 
was applied. Figure 4 depicts the geometry and the reinforcement 
configurations.  

 
Figure 4: WST specimens with 0  and 45  grids 
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3.3 Test matrix 

15 specimens were tested; three of which were unreinforced references, 
and 4 x 3 strengthened with MBC (Table 5).  

Table 5: Test matrix 

Specimen Grid Angle (º) Mortar No. of specimens 

WST Ref. - - - 3 
WST1 medium 0 M1 (PMM) 3 
WST2 medium ±45 M1 (PMM) 3 
WST3 medium 0 ECC 3 
WST4 medium ±45 ECC 3 

3.4 Application of the MBC strengthening 

We sandblasted the base concrete specimens to optimize the bond 
between the concrete and the MBC strengthening later.  

Due to the small amount of primer, we mixed it by hand, using a spoon. 
The first layer of mortar was applied by using a trowel, without letting 
the primer dry. 

The (commercial) M1 mortar was mixed in two batches, with slightly 
different w/c ratios, since the overall thickness of the strengthening layer 
is very thin (2x1cm), and we wanted to avoid the second layer of mortar 
to press down the CFRP grid into the first layer as we compacted it. 
Therefore we mixed the mortar for the second layer just a little thinner 
(w/c = 0.14 for the first and 0.15 for the second layer).  

The ECC however was mixed with the same w/c ratio since it has a 
flowable consistency, so it was not necessary to “help” the second to bind 
properly to the first layer and to the grid. 

The MBC strengthening was applied two days later on the other side of 
the specimen. Finally, we covered the specimen with plastic film to avoid 
surface cracking of the mortar.  
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3.5 Loading 

The testing was conducted using an Instron 8502 250kN hydraulic 
tester with a stiff frame. Figure 5 shows the complete test set-up. The 
loading device (loading plates and the wedge) are affixed on the top of the 
specimen, in the starter slit. The bottom linear support, affixed to the 
lower plate of the testing machine is pictured in Figure 6. A protective 
frame of wood was manufactured to prevent the split specimens from 
falling down.  

 

Figure 5: Test set-up 
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Figure 6: Linear support at the bottom of the specimen 

3.6 Measurements and monitoring 

Tests were controlled by means of a clip gauge (Figure 7a) at the 
mouth of the starter slit on extension arms (Figure 7b) mounted on the 
loading plates. This might have introduced minimal measurement errors, 
since with the crack opening up, the (initially parallel) position of the 
extension arms changes. Therefore, the measured crack opening, through 
which the tests are controlled, is measured in a slightly a deviated 
position. The larger the crack opening, the more significant the angular 
distortion becomes. Looking at a typical softening curve, we can observe 
that the decrease in load capacity is substantial early in the test (right after 
peak load). Therefore, introducing a minor imperfection in the test setup 
where the load-deformation curves are already changing little seemed an 
acceptable compromise in order to be able to control the tests up to 
25mm crack opening (the maximum capacity of the gauge) via the 
extension arms. 

All specimens were loaded until the capacity of the clip gauge, after 
which the tests were auto-stopped by the machine. The crack opening 
displacement was kept constant at a rate of 0.4 mm/s, in order to ensure 
proper stress-strain distribution. During the test, vertical load (Fv) and 
COD are recorded by the Instron tester. 
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Figure 7: Clip gauge mounted on extension arms at the mouth of the crack 
opening. 

The 3D optical measurement tool ARAMIS was used in the WST tests 
too, on one specimen per series. Unfortunately, after evaluation the 
ARAMIS results proved to be unreliable, as the software was not able to 
calculate the strain properly in some areas. 

4 TEST RESULTS AND EVALUATION 

4.1 Load-deformation response 

Most of the strengthened samples have not split completely due to 
limitations in the test setup. The clip gauge had a maximum opening of 
25 mm, so tests stopped automatically when the COD reached that level 
of deformation. From an engineering standpoint however, this is not a 
mistake, since a crack opening of 25 mm is never allowed to occur in a 
real structure. 

4.1.1 Unreinforced reference specimens 

Two specimens out of three are omitted because of measurement errors. 
In the very beginning of the testing, the test setup is sensitive to the 
precise positioning of both the specimens and the loading devices. Once 
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the load was evenly transferred to the specimen, the test was stable all the 
way up to complete failure. 

The load-deformation relationship for the remaining WST Refc is plotted 
in Figure 8. The typical quasi-brittle behaviour can be identified, as 
explained in the state-of-the-art chapter of the thesis, in Figure 2.2 (B). 

 

Figure 8: Load-deformation response of the plain concrete reference specimens 

In Figure 9, the development of the governing crack is shown. The 
failure is typical brittle failure, with one single governing crack running 
through the sample, initiating from the top slit. 

 

Figure 9: Development of the governing crack of the reference specimens 
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4.1.2 WST1 samples (PMM, 0º grid) 

The initial test set-up consisted of weak ball bearings and plates. The 
loading device broke while testing WST1. WST1a1 shows the results up 
to failure of the loading device. Since it did not split completely, it was 
re-tested with the new, stronger loading device that employed solid steel 
rings instead of the weak roller bearings. WST1a2 shows the response of 
the re-tested, already partly split specimen with a significantly lower initial 
stiffness.  

In Figure 10, all three WST1 samples are plotted against each other for 
comparison. All three samples show a good agreement in terms of first 
cracking strength and even peak load, despite the fact that WST1 
(WST1a1) exhibits a slightly lower initial stiffness. All specimens came 
from the same (base concrete and mortar) mix and were treated (cast, 
stored and cured) exactly the same way. One possible explanation for the 
different stiffness is simply the hand lay-up method (with which it is 
difficult to apply the strengthening layers with the exact same thickness 
across all specimens) and the consistency of the first layer of mortar that 
was a bit too dense, and difficult to work with. Presumably, the same 
applies to the other quasi-brittle series (WST2) too. 

 

Figure 10: Load-deformation response of the WST1 samples 

All of the WST1 samples show a pronounced drop of about 10 kN right 
after first crack. They have a further reserve in load capacity after first 
cracking, resulting in a peak load higher (by about 5 kN) compared to 



 

15 

 

first cracking strength. After that, every drop in the load capacity 
represents unloading due to the rupture of the grid tows. We have not 
seen this, the grid being covered by the mortar, but during the tests, the 
rupture of the grid tows could be heard.  

In Figure 11, the crack pattern near failure is depicted. Spalling of the 
mortar was observed near the starter slit. The grid failure occurred near 
the grid joints in the transversal tows.  

 

Figure 11: Governing crack and spalling of the mortar in the WST1 samples 

With the exception of the first specimen (tested in two cycles), WST1b 
and WST1c both failed with one single nearly straight vertical crack 
initiating from the top slit. 

4.1.3 WST2 samples (PMM, 45º grid) 

The load-deformation response of all three WST2 samples is plotted in 
Figure 12. In all three cases, the first cracking strength gives the peak 
load. The average drop in load capacity is close to double compared to 
WST1. Some further stiffening can be observed right after the drop, until 
the grid starts to work. From then on, we assume that every drop in the 
load capacity corresponds to the progressive failure of the grid (we have 
not seen this, but it could be heard as the tows ruptured). 
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Figure 12: Load-deformation response of the WST2 samples  

All three specimens failed with one single governing crack initiating from 
the starter slit on the top of the specimens. Spalling of the mortar was also 
observed (Figure 13). The grid showed significant shear deformations near 
the grid joints. 

 

Figure 13: Governing crack, shear deformation of the grid, and spalling of the 
mortar in the WST2 samples 

4.1.4 WST3 samples (ECC, 0º grid) 

When combining ECC with the CFRP grid, the initial stiffnesses show a 
good agreement within the same test series, with less scatter from zero to 
first cracking load, compared to the PMM specimens (Figure 14).  
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Overall, the WST3 series shows the most consistent results within the 
same series, exhibiting nearly the same first cracking strength, and the best 
agreement in the post-peak behaviour for all three specimens. 

 

Figure 14: Load-deformation response of the WST3 samples 

The initial part of the load-deformation response, up to peak load, is bi-
linear for all three samples. After first cracking, there is no sudden drop in 
load capacity, and a significant strain-hardening effect (13-15 kN; about 
twice as much as in WST1) can be shown up to peak load. The peak 
splitting load for this series is the highest among all strengthened series. 

One sample, the WST3b had bond failure right after reaching peak load. 
The debonding occurred between the base concrete and the 
strengthening layer on one side of the specimen (Figure 15). The test was 
automatically stopped due to the deviated position of the loading device 
when the debonding occurred.  

 

Figure 15: Debonding of the MBC layer on WST3b 
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The WST3 samples exhibited fine, multiple, vertical cracks, as shown in 
Figure 16. With the increase of the load, while still more and more fine 
cracks kept appearing, one of these widened and became the governing 
crack. The grid remained unexposed, as there was no spalling of the 
mortar, therefore we could not see how the grid failed (where it 
ruptured, near the joints like WST1 or not).  

 

Figure 16: Multiple cracking observed in the WST3 samples 

4.1.5 WST4 samples (ECC, 45º grid) 

The WST4 samples with the ECC matrix show a nearly identical initial 
stiffness, and also nearly the same first cracking strength, which also 
corresponds to the peak load (Figure 17), there is no further hardening. 
The first cracking strength is the highest among all series, followed by a 
~5 kN drop. After that, the decrease in load capacity is gradual and 
balanced. 
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Figure 17: Load-deformation response of the WST4 samples 

Similar to the WST3 series, multiple cracking was observed, with a 
gradual widening of the fine cracks, until one of them became the 
governing crack. No spalling was observed (Figure 18). 

 

Figure 18: Multiple cracking observed in the WST4 samples 
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4.2 Comparative analysis 

In Figure 19, the load-deformation response of one specimen out of each 
series, the one exhibiting the highest peak load is plotted against the plain 
concrete reference. In Table 6, first cracking loads, peak loads, CODs at 
peak load, and calculated fracture energy (until COD=23mm) are listed 
and compared, per specimen and per series.  

 

Figure 19: Load-deformation response of the samples reaching the highest peak 
load per series, against the plain concrete reference specimen
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Table 6: Comparative test results 

Sample COD 
at peak 

load 
[mm]  

Average 
COD per 
series, at 
peak load 

[mm] 

First 
cracking 

load   
[kN] 

Peak 
splitting 

load  
[kN]  

Reserve 
in load 
capacity 

[%] 

Average 
peak load 
per series 

[kN]** 

Streng-
thening 
effect, 

0  vs. 45  

Streng-
thening 
effect, 

ECC vs. 
PMM 

Average 
fracture 
energy 

[N/m]** 

WSTRe N/A   28.7 N/A N/A 
31.5 
1.00 

N/A  
510  
2.00 

WSTRe N/A 0.6  34.0 N/A N/A 
WSTRe 0.6  32.0 N/A N/A 

WST1a* N/A  38.6 N/A N/A 
46.6  
1.48 

112% 

 
6966  
13.66 

WST1b 3.1  3.6 41.3 46.9  13% 
WST1c 4.0   38.0 46.3  22% 

WST2a 2.5   46.3 46.3  0% 
41.6  
1.32  

7009  
13.74 

WST2b 1.7  1.7 43.4 43.4  0% 
WST2c 0.8   35.2 35.2  0% 

WST3a 4.4   55.0 70.6  28% 
66.0 
2.10 

115% 

142% 
10480  
20.55 

WST3b 3.9  3.9  52.3 64.4  23% 
WST3c 3.5   50.0 63.1  26% 

WST4a 1.0   59.7 59.7  0% 
57.4  
1.82 

138% 11436  
22.42 

WST4b 1.3  1.2 51.3 51.3  0% 
WST4c 1.4   61.2 61.2  0% 

*sample failed due to wrong test setup; not evaluated 
**in bold: strengthening effect, compared to ref. (1.00) 

 

From Figure 19 it can be concluded that all of the initial stiffnesses, 
regardless of the material composition are nearly identical, after some 
initial deviation. This is most likely due to adjusting the loading device of 
the beginning of each test, in order to get a solid contact between the 
loading device and the top slit. For WST1, there is a difference in the 
initial stiffness for one specimen; this might be due to the uneven 
thickness of the layer (because of the hand lay-up method), and/or that 
we manually compacted the mortar layers with a trowel; probably 
unevenly.  

4.2.1 First cracking strength 

The first cracking strength is higher for the 45  grids with both mortars 
than for the 0  specimens. Furthermore, it is significantly higher for the 
ECC than for the PMM.  
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4.2.2 Strain hardening 

The samples with 0  grid orientation exhibit a strain-hardening behavior, 
the peak load being higher than the first cracking load, regardless of 
whether the binder is quasi-brittle or semi-ductile. With (quasi-brittle) 
PMM, there is a drop in load capacity after first cracking, followed by the 
hardening. With the ECC, there is no drop, and the hardening effect is 
about twice as pronounced. With rotated grids, no hardening was 
observed.  

4.2.3 Failure load 

In terms of failure load, and overall strengthening effect, both ECC series 
outperformed the PMM series. In addition to that, the 0  samples 
outperformed the 45  ones by 12-15%. Among all combinations, WST3 
(ECC with 0 -grid) samples gave the highest failure loads, more than 
twice that of the base concrete. This series also showed the lowest scatter 
of about 10% among all series. Coincidentally, this is the only 
combination, which exhibits no drop in load capacity right after first 
cracking. For the other series, this drop is more pronounced with the 45  
rotated grids, and quasi-brittle mortars. The “ductility” of the binder has 
an effect on whether and how large the drop after first cracking is. The 
ECC has the ability to redistribute stresses among the grid tows better, 
which is in line with the literature (Dai, Wang et al., 2009). While the 
ECC cannot prevent the drop when the grid is rotated, the drop is 
negligible, compared to the quasi-brittle samples.  

4.2.4 Fracture energy 

The fracture energy values were calculated by dividing the area under the 
COD vs. splitting load curve by the projected fracture area. We took into 
account that the strengthened samples were not completely split, so the 
un-split bottom part was deducted from the fracture area. Therefore, 
except for the un-strengthened reference samples, the fracture energy was 
calculated until the COD of 23 mm for all strengthened samples.  

The calculated fracture energy is strongly mortar-dependent and 
significantly higher for the ECC specimens. With regard to the plain 
concrete reference samples, the calculated fracture energy of the M1 
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samples is almost 14 times, and that of the ECC ones is 21-22 times 
larger.  

4.3 Sources of errors 

4.3.1 Materials 

The quasi-brittle mortar was easy to mix, but the first layer was 
complicated to apply because of its w/c ratio (denser). In order to 
compact it, it had to be pressed down with a trowel, however, without 
deforming the grid by pressing it down into the first layer of mortar. The 
ECC was difficult to mix properly, but easier to apply since it required 
little to no manual compacting between the two layers.  

The mixing of the ECC was a challenge in and itself. The fibres are 
added last to the mortar mixer, but they kept sticking on the wall of the 
mixer. The mixer had to be stopped and the fibres scraped off, and 
thrown back into the mix. It is questionable how precisely we were able 
to control the exact fibre amount in the mortar (some fibres certainly 
ended up stuck on the mortar mixer). 

Since the grid comes in a roll, it is natural that it has an initial curvature. 
While applying the strengthening, the grid had to be pulled straight to 
keep it as stretched out as possible; however, a better solution might have 
been to put the grids in a stiff frame before casting. It was particularly 
difficult to keep the 45  grids stretched out. 

4.3.2 Testing 

Test setup 

The test setup was very sensitive to the initial positioning of the loading 
plates. It was difficult to establish a solid initial contact on all surfaces, 
with the load evenly distributed.  

Measurements 

It is important to note that the clip gauge by which the tests were 
controlled was mounted on extension arms, on the top of the specimen. 
Ideally, the COD should be measured (here, controlled) at the mount of 
the starter notch. Here it was measured (and controlled) over the top of 
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the specimen, with an offset. This was the only way to mount the clip 
gauge because of its size. 

Furthermore, as the crack opens, the extension arms deviate from parallel, 
meaning that the measured (projected) COD is longer than the “real” 
COD. The larger the angular deformation (the COD), the larger the 
measurement error in the COD. The results have not been corrected for 
this effect. 

5 CONCLUSIONS 

It has been shown that a significant strengthening effect can be achieved, 
ranging from 32% to 110%, with the application of the MBC. The bond 
strength between the base concrete and the strengthening layer was 
excellent, leading to FRP breakage, with the exception of one specimen 
in the WST3 series, which failed with the strengthening layer debonding 
off the base concrete on one side of the specimen. This might be due to 
mistakes in the application of the primer on the surface of the base 
concrete, and/or of the ECC layer. The flowable consistency of the ECC 
made the application more difficult. It is possible that the hand application 
on one side of the specimen was imperfect to ensure consistent bond 
strength throughout the series.  

It has been substantiated that the ECC-CFRP combination reduces crack 
widths (unfortunately, only by manually taken photos, since the 
ARAMIS measurements were not successful) compared to the PMM-
CFRP, both at peak load and at failure. In the ECC series fine, multiple 
cracking was observed, while in the conventional PMM series, one single, 
wider governing crack developed. The PMM specimens failed with the 
mortar spalling off, revealing that the grid failed next to the grid joints, 
and with significant angular (shear) deformations (for the 45  specimens). 
The ECC prevented spalling. 

The most notable difference between the PMM and ECC mortars, in 
addition to their better strengthening effect (38-42% more effective than 
the same grid with PMM) is the calculated fracture energy.  
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APPENDIX 7 

 

ARAMIS 
 

Complimentary documentation 
for the uniaxial tensile tests 

 
 





 
ARAMIS measurements 
 
 
ARAMIS Aramis is a 3D optical measuring tool, which analyzes, calculates, 
and documents material deformations by means of recording and calculating 
relative displacements on a patterned surface. The Aramis measurements 
were conducted primarily to monitor and analyze crack development and 
crack widths.  
 
In addition, strain overlay photos were taken for illustrating crack 
development within the test field. These strain images correspond to certain 
load levels when each crack arises. It is not a mistake that the values are 
jumping, e.g., Crack#4 corresponds to a lower load level than Crack#3. If 
viewed together with the linked load-deformation plots in Paper 4, it can be 
seen that the load-deformation curves are jumping, as the grid fails 
progressively. The peaks on the load-deformation plots are recorded as [the 
load that causes] Crack#X in the strain overlay photos.  
 
Not all combinations have been monitored with ARAMIS – only one 
specimen in selected series (ECC-0-M, ECC-0-S, M1-0-S, M1-90-S, M2-
0-M, M2-90-S). 
 
The strain overlay images taken at the moment of failure confirm the 
characteristic ductile behavior with a larger number of visible cracks with 
tighter crack widths for ECC, compared to the other two quasi-brittle 
mortars (which show typical brittle failure). 
 
In the crack witdh diagrams, some of the measured values are negative, 
suggesting that the specimen is in compression. No explanation has been 
found yet. We suspect that it is a local coordinate systme-related issue in the 
software, and that the values are in fact positive.  



 
ECC-0-M [Paper 4. Figure 7, ECC-0-M (3)] 

 

 
 

Crack#1 9.30kN; Crack#2 11.57kN;  Crack#3 14.77kN; Crack#4 14.97kN; Fracture 14.61kN 

 
 



 
ECC-0-S [see Paper 4. Figure 8, ECC-0-S (3)] 

 

 
 
 
 
 
 
 
 
 
 
 
 



 
ECC-0-S cont. 
 
     Crack#1 13.77kN; Crack#2 15.22kN; Crack#3 15.29kN; Crack#4 14.63kN; Crack#5 15.23kN; 

 
 

   Crack#6 14.77kN; Crack#7 14.77kN; Crack#8 14.77kN;  Crack#9 15.36kN; Fracture 17.95kN 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
M1-90-S [see Paper 4. Figure 14, M1-90-S (3)] 

 

 
 
 
 
 
 
 
 
 
 
 
 



 
M1-90-S cont. 
 
      Crack#1 7.36kN;    Crack#2 7.80kN;    Crack#3 7.39kN;     Crack#4 6.63kN; 

 
 

                   Crack#5 6.92kN;      Crack#6 7.01kN;       Fracture 8.00kN 

 
 
 
 
 
 
  



 
M1-0-S [see Paper 4. Figure 6, M1-0-S (3)] 

 

 
 
   Crack#1 8.30kN;       Fracture 8.35kN 

 



 
M2-90-S [see Paper 4. Figure 15, M1-90-S (1)] 

 

 
  
 Crack#1 5.10kN;    Crack#2 11.15kN;    Fracture 10.80kN 

 



 
M2-0-M [see Paper 4. Figure 9, M2-0-M (3)] 

 

 
 
Crack#1 6.12kN; Crack#2 12.15kN; Fracture 13.50kN 

 
 








