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ABSTRACT 
Due to demands on higher loads, degradation, re-construction etc. 
there is a constant need for repair or strengthening of existing 
concrete structures. Many varying methods exist to strengthen 
concrete structures, one such commonly used technique utilizes 
surface epoxy bonded FRPs (Fibre Reinforced Polymers). The 
method is very efficient and has achieved world wide attention. 
However, there are some drawbacks with the use of epoxy, e.g. 
working environment, compatibility and permeability. 
Substituting the epoxy adherent with a cement based bonding 
agent will render a strengthening system with improved working 
environment and better compatibility to the base concrete 
structure. This study gives an overview of different cement based 
systems, all with very promising results for structural upgrading. 
Studied parameters are structural retrofit for bending, shear and 
confinement. It is concluded that the use of carbon FRPs provides 
the highest strengthening effect and that the fibres should be 
imbedded into a matrix for enhanced utilisation of inherent strain 
capacity. 
 
Key words: Strengthening, Concrete, FRP, CFRP, Mortar, Fabric, 
Textiles, Grids, MBC. 
 

INTRODUCTION 
 
1.1 General 
 
The use of reinforced concrete as a material for building structures is widely spread over the 
world due to its versatile applications. In general the construction industry is not known for 
development and technical innovations, at least not in comparison with industries such as the car 
and aerospace industries. Despite this, a considerably amount of research, development and 
innovations are carried out in construction and the society is highly dependent on these 
innovations. For example, systems or products that can lower the cost of maintenance and 
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prolong the structural life do not only save some of our beautiful heritage to future generations, 
but can also save a considerably amount of money.  
 
The research and development of high performance and multifunctional construction materials 
have been improved to meet up with new demands and innovations. Advanced technologies 
have recently been focused on repair or upgrading of existing structures. The anticipated design 
life of steel reinforced concrete structures is frequently shortened due to alternation of the load 
situation on structures or deterioration, e.g. steel reinforcement corrosion. Traditional upgrading 
systems can consist of widening the cross section, external pre-stressing, span shortening etc. 
An alternative method to these traditional retrofitting methods is to bond a non corrosive 
material, such as FRP (Fibre Reinforced Polymers), to the surface of the structure. FRP 
materials have significant retrofitting potential and possess three physical properties of interest; 
high tensile strength, high elastic modulus and elastic-brittle stress-strain behaviour. One of the 
critical parameters in upgrading existing structures is the choice of bonding agent between the 
FRP and concrete surface, [1]. Strengthening systems with the use of continuous carbon fibres 
in an epoxy matrix bonded to concrete structures has proven to be successful, [2]. However, 
these methods present some important disadvantages regarding the use of organic resins 
(especially epoxies) which involve a hazardous working environment for the manual worker and 
have a low permeability, diffusion tightness and poor thermal compatibility with concrete, [3]. 
Upgrading civil structures with cement based bonding agents and high performance fibre 
materials give a more compatible repair or strengthening system with the base concrete. 
Consequently the use of cementitious bonding agents should prevent some of the disadvantages 
with the organic resins mentioned above. This study gives an overview of existing strengthening 
systems that use cement based bonding agents to adhere advanced fibre materials in order to 
upgrade existing concrete structures.  
 
1.2 Materials 
 
In this section only a brief introduction to the materials used in cement based strengthening 
systems is presented. It should be addressed that it is not the individual material properties that 
characterise the cement based composite, but the materials in combination and the synergy 
between them. A rough approach divides most of the cement based strengthening systems into 
two categories, fine grade mortar (bonding agent) and fibre composites (reinforcing for high 
tensile stresses). 
 
Mortar: The bonding agents used in a cement based strengthening system are often fine grade (1 
mm maximum grain size) mortars. To enhance the properties, e.g. workability, flowability, 
mechanical properties etc, of the mortars different mixtures and additives are used. Different 
additives can be polymers, superplasticizers and reinforcing fibres. The addition of different 
polymers enhances the properties of ordinary Portland cement. There are also a number of 
chemical admixtures, such as water reducing agents, ashes, aluminosilicate, superplasticizers, 
etc., that further improve the quality of mortar. All of the above mentioned improvements can 
enhance strength, shorten setting time, decrease autogenous shrinkage, control the alkali 
aggregate reaction and improve the durability, [4]. To increase the fluidity of fresh mortar and 
concrete for pumping, increase the strength and prolong the durability of hardened mortar and 
concrete, a small quantity of superplasticizers is often added to the mortar and concrete mixture. 
However, the single application of some superplasticizers can develop complications in the form 
of excessive bleeding, segregation and early loss of workability. Using them in combination 
with latex polymers could minimize these complications [5]. Other polymeric compounds can 
be re-dispersible polymer powder, water soluble polymer or liquid polymer. 
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Another parameter that has a significant influence on the properties of the mortar is the mixture 
of ingredients. Compared with ordinary cement mortar, the properties of polymer modified 
mortar depend more on the polymer content or polymer to cement ratio (P/C) than the water to 
cement ratio (W/C) [6]. For example, three-point bending tests show that the maximum load is 
fairly constant for mortars with a P/C ratio 7.5 wt.% or lower. Increasing the P/C ratio between 
10-15 % wt.% has shown to increase the flexural strength. However, a P/C ratio higher than 15 
wt.% decreases the mechanical strength [7],[8]. 
 
Other ways to improve the performance of the mortars can be by adding reinforcing fibres. 
Especially for applications such as shotcreting, concrete upgrading and mining. The reason for 
adding fibres is primary to stabilize the micro-cracking. There are two main types of 
incorporating the fibres to the cement matrix, by the use of chopped or milled fibres or by the 
use of continuous fibres. The latter is more expensive and not easily mixed into the cement 
matrix. Chopped or milled fibres have less mechanical efficiency compared to continuous fibres 
but are more easily mixed in the mortar. Different types of fibres can be used, such as steel, 
alkali resistant glass, carbon, PP (polypropylene), PVA (polyvinyl alcohol) and natural fibres 
[9]-[13]. Drying shrinkage can be reduced by adding fibres in cement based materials. However, 
incorporating fibres in the material will generally reduce the compressive strength, thus 
increasing the permeability [14]. These insufficiencies can be bridged through the use of 
supplementary materials that will lead to a densification of the cement matrix. In the case of 
polypropylene reinforcing fibres, a suitable proportion of 2.0% is recommended; with an 
addition of 0.5% melamine formaldehyde dispersion, [15]. Adding silica fume will also improve 
the mechanical properties, such as compressive strength and flexural strength for cement 
matrices with steel and glass fibres [14]. When incorporating carbon fibres into the mortar a 
content of 0.5% of cement weight will give an optimum increase in flexural strength (general 
purpose pitch based carbon fibres), [13]. 
 
Fibre composites: The most common fibre composites consist of polymer fibres in matrices and 
additives. Different types of fibres consist of different materials, such as aramid, glass and 
carbon. The choice of material depends on the desirable properties of the composite, where 
carbon fibres have the highest strength and stiffness followed by aramid and glass fibres. The 
main function of the matrix is to transfer forces between fibres and to a lesser degree protect the 
fibres from the surrounding environment. The properties of the composite can be enhanced with 
the addition of additives, e.g. improve the bond between the composite and the strengthened 
material by a sizing compound, [16]. 
 
The fibres or fibre composites can be p laced in different directions in the composite and thus 
form a large amount of FRP geometries with different mechanical properties. If the fibres are 
oriented in one direction the FRP becomes unidirectional. The fibres can also be woven or 
bonded in many directions, thus creating a bi or multi directional FRP. Table 1 shows different 
geometries for fibre composite strengthening materials. It should also be mentioned that 3D 
geometries are available. Depending on the type of fibre used, the FRP material can be referred 
to as CRFP (Carbon Fibre Reinforced Polymer), GFRP (Glass Fibre Reinforced Polymer) and 
AFRP (Aramid Fibre Reinforced Polymer). It is also possible combine these materials into a 
composite and then tailor-make the mechanical properties to correspond to the preferred 
characteristics. 
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Table 1. Different geometries for composite materials. 
 Mono-axial Biaxial Triaxial Multi-axial 

1 Dimensions Pultruded rod - - - 

2 Dimensions 

 

  
Sheet 

 
Weave/grid 

 
Weave/grid 

 
Weave/grid 

 
 
MINERAL BASED STRENGTHENING SYSTEMS 
 
Strengthening concrete structures with continuous fibres or FRPs and cement based bonding 
agents must be done in well-defined steps. The process of optimising each and all of the 
incorporated materials into a composite with the most favourable strengthening properties are 
very complex. The components in the mineral based bonding agent as well as the materials and 
geometry of the fibres, or FRPs, play a significant role in the performance of the strengthening 
system. It is very hard to achieve a perfect penetration of the fibres or bond to FRPs in the 
mineral based matrix. Enhanced bonding of the fibre or FRP should be obtained when a non-
linear geometry is introduced into the mineral based matrix. A special geometry may provide 
mechanical anchoring to the cement based matrix. As supported by many studies, in mineral 
based composites, the matrix does not fully penetrate in the spaces surrounding the fibre or FRP 
[13],[15]. In the following sections, four different approaches when designing cement based 
strengthening systems for concrete structures are described. The first system is Textile 
Reinforced Concrete (TRC) developed at the collaborative research centre at Dresden and 
Aachen University, Germany, in 1998. This strengthening system basically consists of woven 
fabrics bonded to the concrete surface with modified cement. The second system is called Fibre 
Reinforced Cement (FRC) and is being developed at Wayne State University, USA. This 
strengthening system consists of fibres impregnated with a cement matrix that results in a thin 
composite sheet. The third evaluated strengthening system is called Textile Reinforced Mortar 
(TRM), which is similar to the TRC system because it uses fibre textiles and mortar as a 
bonding agent. TRM is developed at the University of Patras, Greece. The fourth system and 
another way to strengthen concrete structures with FRPs and cementitious bonding agents is 
called Mineral Based Composites (MBC). This system has been developed at Luleå University 
of Technology, Sweden and presented in detail in this paper. This system uses a fibre composite 
grid bonded to the surface of a concrete structure to enhance its strength, stiffness or both. 
Common for all strengthening systems is the use of a cement based bonding agent. The main 
difference lies within the design of the fibre composites the manufacturing process and 
application technique. 
 
 
2.1 Textile Reinforced Concrete (TRC) 
 
The TRC strengthening technique is comprised of a cementitious matrix as the bonding agent 
and a textile fabric as reinforcement. The TRC system is mounted with a fine-grained, high 
strength concrete as the bonding agent. This high strength concrete has a maximum aggregate 
size of 1 mm. The reinforcing fibres are predominately made of AR-glass (alkali resistant glass 
fibres) produced into to a woven fabric, the use of carbon fibres or a combination with AR-glass 
has also been utilized. There can be many designs of the textile fabrics depending on the load 
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case and positioning of the fabric. A maximum of four different fibre orientations can be 
obtained in the same multiaxial fabric; see also Figure 1. Fabrics with relatively complicated 
yarn shapes, such as short weft knit, enhance the bonding and improve the composite 
performance [18]. Figure 1 shows a multiaxial textile fabric with filament bundles and stitching 
fibres. 
 

Filament 
boundles 
Stitching 
fibres  

Figure 1. Multiaxial textile fabric used in textile reinforced concrete, tow spacing ~10 mm. 
 
Strengthening in Shear 
Shear strengthening of concrete beams with the TRC strengthening system has been performed 
at the Dresden University of Technology [19], [20]. The concrete beam specimens had a T-
section and the test set-up was three point beam bending with a support span of 200 cm, see 
Figure 2. The concrete T-beams were symmetrically strengthened with the TRC system three 
sided wrapped around the bottom of the web extending 900 mm on each side from the middle of 
the beam. The TRC strengthening system was applied layer by layer. Fine-grained cement was 
used as the bonding agent and the fabric was laminated with a spatula in the wet cement matrix. 
The application of the TRC system is shown in Figure 3. The steel shear reinforcement was 
designed to ensure the redistribution of internal forces in the state of cracking and to simulate a 
reinforced concrete beam in need of strengthening. The flexural steel reinforcement was 
designed for a higher load than the shear reinforcement to avoid bending failure in the T-beam. 
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Figure 2. Test set-up and geometry of T-beams, strengthened area situated in the middle. Units 
in cm. after [19]. 
 

  
Figure 3. Mounting of the TRC strengthening system. To the left, the fabric is laminated onto the 
side of the beam. To the right, a layer of cement matrix is sprayed on to the surface of the fabric. 
Courtesy of A. Brueckner, Dresden University of Technology. 
 
As seen in Figure 3, the fabric is wrapped around the web of the beam up to the underside of the 
flange. This strengthening methodology may cause insufficient anchorage of the TRC system, 
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since there is no anchorage in the compressive zone. A mechanical anchorage would then be 
advantageous. In [19], the mechanical anchorage was designed with a steel L-section that was 
bonded on both sides of the TRC system surface with an epoxy adhesive. Both anchored and 
unanchored strengthening was performed. Anchorage failure of a strengthened beam and 
strengthened T-beam cross sections with and without mechanical anchoring are recorded in 
Figure 4. The fabric used in these tests was a multiaxial textile with a weight per unit area of 
470 g/m2. The AR-glass fibre inclination was ±45° to the load direction with the aim to be 
aligned with the principal stresses in the web. The applied textile fabric used in the system is 
shown in Figure 1. In total five concrete beams were strengthened with the TRC system. Two 
concrete beams were strengthened with two textile layers and one with four textile layers, all 
without mechanical anchoring. Two additional beam specimens were strengthened, one with 
three layers of fabric and one specimen with four layers of fabric, both with mechanical 
anchoring. 

 

FHZ 

ZS 
ZT 

A. Without mechanical 
anchoring 

B. Anchorage failure 

 

C. With mechanical anchoring 

Adhesive joint 

Distribution of 
forces 

 
Figure 4. Strengthened T- section without mechanical anchoring. To the right, delamination 
failure of strengthening layer, from [19]. 
 
Strengthening of the T-beam cross section with TRC significantly increased the shear load 
capacity. However, when the number of textile fabric layers increases, so does the need for 
mechanical anchoring. The results indicate that the ultimate bearing capacity will roughly be the 
same for a T-beam strengthened with two layers compared to a specimen strengthened with four 
layers. The difference between two and four layers of textile fabric is in the initial stage of 
loading, where the four-layered strengthening displays higher stiffness until the propagation of 
the anchorage failure initiate. Typical anchorage failure is recorded in Figure 4 B. With 
mechanical anchoring, an increased stiffness and higher bearing capacity of the strengthened T-
beam specimens are noticed. The strengthening effect of a TRC strengthened concrete beam 
compared to the average value of three non-strengthened reference T-beam is recorded in Table 
2. The deformation rate of the loading in this study was set to 0.01 mm/sec. Table 2 shows that 
the strengthening effects are low and that debonding failure dominates if the textile is not 
anchored. However, by using anchoring a higher utilisation of the textile will be achieved and 
thus a higher strengthening effect. It should be noted that the strengthening effect is not 
drastically influenced by adding more textile layers. It should also be noted that the overall 
strengthening effect with or without anchoring is not that high (maximum 16%). The maximum 
strengthening effect was accomplished by using high amounts of fibres and mechanical 
anchorage. When using less layers of textiles and no mechanical anchorage the strengthening 
effect would be insignificant, taking into consideration the stochastic scattering of the failure 
loads. 
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It should be pointed out that the fibres were aligned in a ±45° and therefore are having a better 
utilisation of the fibres. Despite this, significant strengthening effect is absent although using 
mechanical anchorage. 
Table 2. Strengthening effect of TRC, ultimate failure load divided by the average failure load of 
the reference beams, from [19]. 

 2 textile layers 
(without 

anchoring)  

4 textile layers 
(without 

anchoring) 

6 textile layers 
(without 

anchoring) 

2 textile 
layers (with 
anchoring) 

4 textile 
layers (with 
anchoring) 

6 textile 
layers (with 
anchoring) 

Strengthening 
effect 1.01 1.01 1.07 1.06 1.09 1.16 

Failure mode Fracture Debonding Debonding Fracture Fracture Fracture 

 
Strengthening in flexure 
It is also possible to use TRC for flexural strengthening, as reported in [21]. This study contains 
flexural strengthening of pre-deformed concrete slabs. For the flexural strengthening, a biaxial 
geometry of the fabrics was used. Three different fabric designs were evaluated. All of the 
textile reinforcement was mounted in three layers. The three fabric designs were AR-glass with 
a fibre area of 143 mm2, AR-glass fibre with polymer coating and a fibre area of 143 mm2, and 
carbon fibre with polymer coating and a fibre area of 50 mm2. The biaxial geometry of the 
fabrics was longitudinal and cross directional of the strengthened concrete beam. Mounting of 
the reinforcement can be seen in Figure 5. The test set-up was four-point beam bending with an 
effective span of 1.6 m. The height of the concrete slab was 100 mm and the concrete slab had 
flexural steel reinforcement. The results on the strengthened concrete specimen show that higher 
ultimate load carrying capacity and higher stiffness can be achieved. And also that a polymer 
coating of the fabrics increases the effectiveness of the textile fabric. It is also shown that for the 
same load carrying capacity only one-third of the carbon fibre area is needed compared to the 
AR-glass fibre area. The strengthening effects of the different TRC systems are recorded in 
Table 3. Strengthening of pre-damaged concrete structures utilizes the effectiveness of the 
fabrics more than strengthening of an undamaged concrete structure. The effectiveness of the 
fibres in pre-damages cross sections is based on the nature of bridging stresses over cracks in 
damaged zones. However, the effectiveness of the fibres with polymer coating is not concurrent 
to pre-damaged cross sections but is related to the strains and slip development in the textile and 
mechanical interlocking during loading, see also the discussion in the last chapter. 
 

   
Figure 5. Mounting of the TRC strengthening system. Courtesy of A. Brueckner, Dresden 
University of Technology. 
 
Table 3. Strengthening effect of flexural strengthened concrete beam with TRC system. Ultimate 
failure load divided by failure load of unstrengthened beam, from [21]. 

 AR-glass, Af = 143 mm2. 
No coating 

AR-glass, Af = 143 mm2. 
Polymer coating 

Carbon fibre, Af = 50 
mm2. Polymer coating 

Strengthening effect 1.51 1.86 1.86 
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There are numerous references on the development of TRC and for example computational 
models can be found in [22], analytical solutions of tensile response of the TRC in [17], 
stochastic modelling in [23] and bond mechanisms in [24]. 
 
 
2.2 Fibre Reinforced Cement (FRC) 
 
This strengthening system is comprised of a fibre sheet or fabric that is impregnated with a 
cement based matrix. Combining the cement slurry and the different fibre geometries results in a 
thin composite sheet. Depending on the geometry of the fibres and the strengthening purpose, 
the composite plates can be made as thin as 2 mm, see Figure 6 C. Composites of ultra high 
performance, fibre reinforced cement plates have excellent durability and ductility properties 
during flexural tests, see Figure 6 A and B. The mounting of this strengthening system differs 
from the MBC and TRC strengthening systems. The sheet or fabric is cut into chosen 
dimensions and the fibre geometry is submerged into a cement slurry (matrix) for full 
penetration. The impregnated sheet or fabric is then removed from the slurry and immediately 
bonded to the concrete surface. The performance of this system is investigated in both 
confinement and flexural strengthening of concrete specimens [25], [26], and [27]. In the latter, 
the high tensile strength comes from the carbon fibre sheet and the ductility from multiple 
cracking of the cement based matrix, similar to the Engineered Cementitious Composites (ECC) 
[28]. The competitive product to cement based strengthening is epoxy bonded fibres; hence, 
comparing epoxy bonded products to the cement based composites would be of interest. In [26] 
and [27], both confinement and flexural strengthening were performed. The fibre material used 
in both studies was based on continuous carbon fibres without matrix. 
 

  
 

Figure 6. Composite plate with a thickness: A. 4.8 mm, B. 3.2 mm. C. Cement based composite 
plates with mono-axial fibre sheets, from bottom, 2, 3 and 4 mm of thickness. Courtesy of H.C. 
Wu. 
 
Strengthening for Confinement 
By using a carbon fibre sheet, concrete cylinders can be strengthened for confinement. The 
height of the cylinders was 203 mm with a diameter of 102 mm. The test set-up of the cylinders 
was in accordance to ASTM C39-96 (compression strength test on cylindrical specimens). The 
epoxy based strengthening system (CFRP) was wrapped around the cylinders and anchored with 
a bond length of 51 mm, the total thickness of this strengthening system was 2-3 mm. The 
cement based strengthening system (CFRC) was applied as described above with two layers of 
carbon fibre. The CFRC composite sheet was wrapped around the cylinder as with the CFRP 
strengthened specimens. However, the bond length of this system was 76 mm with an average 
thickness of 3 mm. Gaps of 38 mm were left at the bottom and top of the concrete cylinders for 
both strengthening systems, see Figure 7. The results indicate a higher compressive strength and 
higher ductility for the CFRP specimens. However, no major differences between the CFRP and 
the CFRC systems were noticed. The unconfined concrete cylinders had a compressive failure 
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of 54 MPa and a deflection of 2 mm, whereas the compressive strength for CFRC strengthened 
specimens were 105 MPa with a deflection of 8 mm. Anchorage of the fibres is improved when 
wrapped. In this comparison it is much the properties of the carbon fibres that are shown, for 
fully anchored fibres. 
 

  
Figure 7. Confinement of concrete cylinders, to the left epoxy bonded CFRP and to the right 
CFRC wrapped specimen, courtesy of H.C. Wu. 
 
Strengthening for flexure 
Concrete beams have also been strengthened for flexure with the FRC system. Here, a 
comparison with epoxy bonded carbon fibres was conducted. The flexural test set-up is three-
point bending according to ASTM C78-75 (rectangular beam specimen subjected to a three 
point load case with two shear spans and a maximum bending moment in the mid-point of the 
beam specimen). In comparison to the confinement strengthening, the fibre geometry changed 
from a sheet to a two dimensional/biaxial carbon fibre grid without any matrix. The volume 
content of fibres in the composite is 4.2% for both strengthening systems. Both CFRP and 
CFRC composites were bonded to the tensile side of the concrete beam. The test set-up for the 
CFRC beam can be seen in Figure 8. The non-reinforced and non-strengthened concrete 
reference beam displayed brittle failure due to lack of tensile reinforcement. An increase in both 
flexural strength and deflection occurred in both of the strengthening systems. However, the 
epoxy bonded strengthening system exhibited the highest increase in flexural strength. Failure of 
the beams with the epoxy bonded carbon fibres started with the formation of several cracks in 
the concrete as the load increased. The crack formulation gradually propagated to the bond zone 
between the concrete and epoxy adhesive. A typical peeling phenomenon then propagated 
through the transition zone between the base concrete and adhesive, with failure finally 
occurring as crushing of the concrete under the line load. Concrete beams strengthened with the 
CFRC system behaved differently with primarily one flexural crack and final failure due to 
rupture of the CFRP composite, see Figure 8. No bond problems were noticed in the transition 
zone between the base concrete and cement based bonding agent. The flexural strength of the 
CFRC system is inferior compared to the CFRP system, though larger than the non-strengthened 
reference beam. The strengthening effect, i.e. ultimate failure load of the strengthened specimen 
divided by the failure load of the reference beam for both confinement and flexural 
strengthening, is recorded in Table 4. It is not stated in [27], but the large difference in 
strengthening effects between the cement based and epoxy based flexural strengthening could be 
due to slippage of the fibres in the cement matrix. This better bond is also shown by one crack in 
the CFRC system and multiple cracking in the CFRP system. The fibres can be anchored by 
wrapping for the confinement strengthening. Fully anchoring the fibres will lead to similar 
strengthening effects when comparing the two strengthening systems for confinement. Slippage 
of the fibres originates from the poor bond/penetration of the cement matrix. A better bond to 
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the fibres can be achieved when using epoxy bonding agents. This shows the importance of 
anchorage of the fibres in the cement based bonding agent. However in this case another aspect 
is not dealt with and that is the peeling stresses that occur in at the cut of end of the adhered 
system. In this case the system is applied beyond the supports and peeling stresses are 
prohibited.  

  
Figure 8. To the left, three point flexural test set-up and to the right, failure of CFRC beam, 
courtesy of H.C. Wu.. 
 
Table 4. Strengthening effect of both the FRC system and similar epoxy bonded strengthening 
system, ultimate failure values from [27]. 

  Confinement/ Cement  Confinement/Epoxy Flexural/Cement Flexural/Epoxy 

Strengthening effect 1.85 1.94 2.03 4.65 

 
 
2.3 Textile Reinforced Mortar (TRM) 
 
This system is similar to the TRC strengthening system. The fibre textiles used for strengthening 
purposes are made of carbon fibre and the bonding agent is a polymer modified mortar. In this 
study, the evaluation of shear strengthened concrete beams was undertaken based on [29]. The 
base concrete beam specimens to be strengthened were 2600 mm long and with a cross section 
of 150 x 300 mm2. The base concrete specimens were reinforced with steel rebars, both flexural 
and in the shear span. The steel reinforcement scheme is recorded in Figure 9 together with the 
four point bending test set-up. In [29], both epoxy and a cementitious bonding agent were used. 
This study had three variables; bonding agent (epoxy or mortar based), number of layers of 
textile (1 or 2 layers) and the alignment of the textiles. The alignment of the textiles was vertical 
or spirally applied at an angle of 10°. 

 

Strengthened side Strengthened side 

 
Figure 9. Reinforcement scheme for the base concrete specimens after [29]. 
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The carbon fibre textile used in the strengthening system equalled the quantity of high strength 
rovings in the two orthogonal directions. Each roving is stitched together by a secondary 
polypropylene grid, similar to Figure 1. The width of the roving is 4 mm and the distance 
between them is 10 mm. The total weight of carbon fibres in the textile are 168 g/m2, elastic 
modulus 225 GPa and tensile strength 3350 MPa. 
 
Bonding agents used in the study were a structural epoxy adhesive and a polymer modified 
mortar. The two component epoxy adhesive had a tensile strength of 30 MPa and an elastic 
modulus of 3.8 GPa. The mortar consisted of a cementitious binder with the addition of 
polymers (10:1). Application of the mortar was done by a hand lay-up technique using a trowel 
to apply the mortar layers onto the base concrete surface and the textiles. The thickness of the 
mortar layers ranged from 1.5-2 mm, with the number of layers depending on the number of 
textile layers used. 
 
All of the evaluated concrete beam specimens were statically loaded until failure with a 
displacement rate of 0.01 mm/sec. One non strengthened control beam was used as a reference. 
The beam specimens evaluated in this literature study are recorded in Table 5. Note that 
specimens R2, M2, M2-s and R1 indicated that the shear failure was suppressed and the ultimate 
failure was dominated by flexure. Common for all of the previously mentioned specimens is that 
the shear resistance was increased by a factor of approximately 2. Specimen M1, a strengthened 
reinforced concrete beam using one layer of carbon fibre textile bonded with mortar, failed in 
shear similar to the reference beam, but with a strengthening effect of 1.71. This was somewhat 
lower than the strengthened specimens using epoxy bonding agents. The shear failure using 
mortar bonded carbon fibres could be detected visually, which is not possible when using epoxy 
bonded fibres. This is a desirable property as it permits onsite damage control assessment when 
strengthening real structures [29]. It should also be noted that all of the strengthened specimens 
were wrapped and thus prohibited to fail by debonding of the strengthening system. If only side 
bonded, then anchorage problems and internal bond of the fibres could be evident. Especially 
for specimens with limited heights and therefore limited anchorage lengths, see also section 2.1.  
 
Table 5. Summary of evaluated beam specimens, after [29]. 

Specimen Strengthening Bonding 
agent 

Peak force 
[kN] 

Failure 
mode 

Strengthening 
effectA 

C - - 116.5 Shear - 

R2 2 layers of textile 
vertically 
wrapped 

Epoxy 233.4 Flexure 2.00 

M2 2 layers of textile 
vertically 
wrapped 

Mortar 243.8 Flexure 2.09 

M2-s 2 layers of textile 
spirally wrapped 

Mortar 237.7 Flexure 2.04 

R1 1 layers of textile 
vertically 
wrapped 

Epoxy 261.9 Flexure 2.24 

M1 1 layers of textile 
vertically 
wrapped 

Mortar 200.1 Shear 1.71 

A Calculated as maximum peak load divided by peak load of the reference beam 
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2.3 Mineral Based Composites (MBC) 
 
The MBC system used in this research contains basically three material components – a 
cementitious binder, a CFRP grid and a concrete surface primer. To achieve a good bond 
between the base concrete and the mortar, the surface of the base concrete needs to be 
roughened, e.g. sandblasting or water jetting, in order to remove the cement laitance. The 
surface preparation method for all presented test specimens was sandblasting. In laboratory 
environment a hand lay-up method was used to apply the MBC. This method includes pre-
wetting 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 [30], 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. The hand-lay up method, after 
sandblasting, is shown in four steps in Figure 10. All of the evaluated specimens are 
strengthened with the MBC system using the hand lay-up method in laboratory conditions of 
20°C and 60% relative humidity (RH). 
 

 
A 

 
B 

 
C 

 
D 

Figure 10. Hand lay-up of the MBC strengthening system. A) surface primer, B) first layer of 
mortar, C) placement of CFRP grid and D) last layer of mortar. 
 
When strengthening large structures, the hand lay-up method might be too time consuming and 
uneconomical depending on the size of the project. Figure 11 shows the strengthening of a 
balcony for flexure. The mortar is applied by shotcreting. These balconies were strengthened on 
the bottom side of the slab. This involves mounting the MBC system vertically from below. The 
production method generally consists of the same procedure as the laboratory hand lay-up 
method. However, to prevent the CFRP grid from falling down, a number of steel studs were 
nailed to the surface of the base concrete. The grid is fastened to these studs after the first layer 
of mortar has been applied. The first mortar layer is applied by spraying and the peak of the 
studs act as a maximum distance measurement to ensure that the right mortar layer thickness is 
being obtained. After attachment of the CFRP grid, a second layer of mortar is sprayed on. Prior 
to applying the mortar the surface was roughened by sandblasting and then primed. It is also 
possible to mount the grid to the studs and then apply the mortar by spraying directly onto the 
grid in one layer, thus reducing the workmanship by one step. 
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C 

 

 
D 
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Figure 11. In-situ production method for the MBC strengthening system. A) Balconies to be 
strengthened, B) Concrete surface to be strengthened, studs applied, C) first layer of mortar is 
being sprayed, D) Mounting of the CFRP grid to the studs and E) Last layer of mortar is being 
sprayed. 
 
 
Strengthening for shear 
In this study, 8 concrete beams were evaluated for shear strengthening purposes, comprising 
unstrengthened and strengthened concrete beam specimens. The strengthening consists of using 
epoxy bonded CFRP sheets, a cementitious bonding agent only and the MBC system. Beams 
strengthened with the use of epoxy bonding agents and CFRP sheets were performed by [31]. 
Set-up for all beam specimens were four-point bending. The geometries and reinforcement 
scheme are recorded in Figure 12. The concrete beams are reinforced in such a way that shear 
failure is directed to one of the shear spans. The design of the steel reinforcement is detailed 
below. This design of the reinforcement is motivated by the fact that due to the lack of shear 
reinforcement in one span, the beams only need to be strengthened in this span. Thus, the other 
shear span is heavily reinforced with steel stirrups. Common to all of the concrete beams is that 
they are reinforced with 12 Ø16 steel bars at the bottom and 2 Ø16 at the top of the beam as 
flexural and compression reinforcement. The shear reinforcement contains Ø12 steel bars with a 
distance 50 mm at the supports and Ø12 with the distance 100 mm in the heavily reinforced 
shear span. The densification of the shear reinforcement over the supports is supposed to prevent 
crushing and peeling failures and secure the anchorage of the longitudinal reinforcement. All of 
the steel reinforcements have the characteristic yield strength of 500 MPa. For a more 
comprehensive study the reader is referred to [32]. The latter includes a vast monitoring set-up 
using strain gauges and photometric measurement. [33] and [32] also contain the interaction 
between the MBC system and steel shear reinforcement and crack propagation for different 
magnitudes of shear load. The beam specimen strengthened with the epoxy based system 
utilizes vertically applied unidirectional carbon fibre sheets (200g/m2). Beams strengthened with 
the MBC system utilize three different CFRP grids, see Table 6. One of the beam specimens 
was strengthened using only mortar. The mortar used in this study had a maximum grain size of 
1 mm, tensile strength of 5.4 MPa, modulus of elasticity 26.5 and compression strength of 45.0 
MPa. The failure mode and strengthening effect for the studied beam is reported in Table 7. 
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Four specimens were loaded by a deformation control of 0.01 mm/sec and specimens noted with 
a * which were load controlled at 10 kN/min. 
 
Table 6. Manufacturer provided properties of the fibres in vertical CFRP tows. 
CFRP grid Total fibre 

amount (g/m2) 
Transverse fibre 
amount (g/m2) 

Elastic modulus 
(MPa) 

Tensile strength 
(MPa) 

Tow distance 
(mm) 

1 66 32 589 4300 24 

2 98 51 288 3800 70 

3 154 84 284 3800 44 

 

 

 
Figure 12. Test set-up and geometry for the reference and strengthened beams. 
 
Table 7. Summary of beams strengthen for shear with MBC 

Specimen Strengthening Bonding 
agent 

Peak force 
(kN) 

Failure mode Strengthening 
effectA 

R - - 123.5 Shear - 

R* - - 126.7 Shear - 

M Only mortar Mortar 141.9 Shear 1.15 

MG3 MBC with grid 3 Mortar 244.9 Rupture of fibres 1.98 

ES Epoxy with sheet Mortar 259.9 Debonding 2.10 

MG1* MBC with grid 1 Mortar 208.1 Rupture of fibres 1.68 

MG2* MBC with grid 2 Mortar 206.4 Rupture of fibres 1.67 

MG3* MBC with grid 3 Mortar 251.9 Rupture of fibres 1.99 
A Calculated as maximum peak load divided by peak load of the reference beam 

Epoxy adhered CFRP sheets 

Mineral Based Composites 



 
 

 

147 
 

 
Using mortar only to increase the cross section will contribute to the shear capacity with 15%. 
Using a grid with a higher fibre amount will generate a higher strengthening effect. The 
geometry of the studied grid seems to have little influence of the crack formation. However, 
using a grid with small tow distance will generate a higher first crack load. This should probably 
depend on the faster redistribution of tensile stresses. There is no large variation in strengthening 
effect when comparing the MBC system to the epoxy bonded carbon fibre sheet. It should be 
noticed that the fibre amount in the epoxy bonded sheets is almost 138% higher in the vertical 
direction compared to the MBC system. However, the failure mode for the sheets was 
debonding and ultimate strength of the fibres was not fully utilized. 
 
Strengthening for flexure 
The CFRP grid used in this study is the same as grid 3 in Table 6. Six slabs were tested, one 
reference slab, one with additional steel reinforcement, one with a carbon fibre sheet and three 
with the MBC system. Three different designs regarding the CFRP grid in the MBC 
strengthening were utilized. In one of the strengthened specimens an ordinary design of the grid 
was used, see section 2.3. In another, sand was adhered to the surface of the grid to enhance the 
mechanical interlocking to the mortar. In the last specimen, two layers of grid were used to 
increase the total fibre amount. The experimental set-up for the slabs was four point beam 
bending, with a distance of 3860 mm between the supports and 1333 mm to the line loads from 
the supports. Strengthening schemes and experimental set-up are shown in Figure 13. All the 
slabs have the same dimensions (4000 x 1000 mm), though they have been strengthened by 
different methods. The slabs were flexural reinforced with 10 φ 8 Ks 500 standard steel 
reinforcement. Table 6 shows the manufacturer provided material properties of the CFRP grid 
and carbon fibre sheet together the laboratory tested quality of the steel reinforcement. 
 
Slab No 1 was a reference, steel reinforced concrete beam without any strengthening. Slab No 2 
was strengthened with 4 extra steel reinforcement bars, φ 8. Slabs No 3, 4 and 6 were 
strengthened with the MBC system. The internal tow distance of the grid was 44 x 44 mm with 
a total cross sectional area corresponding to 21 mm2/m in the tensile bending direction. Note 
slab No 3 had a sanded surface on the grid and that slab No 6 had dual layers of CFRP grid. The 
total thickness of the cementitious layer and the CFRP grid was approximately 10 mm. Slab No 
5 was strengthened with three carbon fibre sheets with a cross sectional area corresponding to 62 
mm2/m of the slab in the bending tensile direction.  
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Experimental set-up 

 
Failure mode for slab No 3, 

fibre rupture and partial 
debonding of mortar 

 
Failure mode for slab No 5, 

breakage of fibre and 
debonding of the sheet 

Figure 13. Experimental set-up of evaluated beam specimens. 
 
Table 8. Material properties for steel and composites. 

Material Tensile strength (MPa) Elastic modulus (GPa) 

Steel φ 8 483 209 

CFRP grid 3800 253 

Carbon fibre sheet 3600 228 

 
The slabs were loaded with two line loads up to failure and the loading was deformation 
controlled with a load rate of 0.03 mm/s. This rate was doubled when the steel in the slab 
reached yielding. A summary of the beam specimens is shown in Table 9, note that the slab with 
two layers of carbon fibre grid (No 6), sustained the highest load at failure. Slab No. 3 reached 
failure earlier than the other slabs due to fibre breakage, which was due to the bond between the 
sanded grid and the cementitious bonding agent probably being too high, resulting in high stress 
concentrations. As a consequence, a failure arose at a crack in the cementitious bonding 
material. In slab No. 4, debonding between the CFRP grid created a small slippage between the 
cementitious bonding materials. This provided for a higher load since the stress concentrations 
were smeared out over a short distance, i.e. discrete stress concentrations could be avoided. 
Slabs No. 2, 4 and 5 reached approximately the same failure load. The slab with extra steel 
reinforcement, No. 2, showed stiffer behaviour than slabs No. 3, 4 and 5. The right-hand side in 
Figure 13 shows a photo of failure modes for slabs No 3 and No 5. For both of these slabs, 
debonding occurred after fibre breakage. This was not the case for slabs No. 2, 4 and 6, where 
extensive cracking and large deflections preceded fibre breakage. This may also be noticed in 
Figure 13, where large deflections were obtained for all these slabs. In addition slab No 6 
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obtained the highest failure load and was also the stiffest slab of the ones tested. Also the 
cracking and steel yielding loads were considerably higher for slab No 6 compared to the other 
slabs. Here it should also be noted that slab No 6 had a lower fibre content at the cross sectional 
area in the tensile direction. For a more detailed analysis of this study the reader is referred to 
[34]. 

 
Table 9. Summary of flexural strengthened beam specimens. 

Slab Strengthening Bonding 
agent 

Peak force 
(kN) Failure mode Strengthening 

effect 

1 ---- ---- 25  - 

2 Extra steel 4 no φ 8a ---- 38 Large 
deflection/yielding 1.52 

3 MBC, sanded grid Mortar 35 Fibre rupture 1.40 

4 MBC, ordinary grid Mortar 40 
Large 

deflection/Fibre 
rupture 

1.60 

5 Epoxy bonded sheet Epoxy 41 Fibre 
rupture/debonding 1.64 

6 MBC, 2 layers of grid MBC 51 
Large 

deflection/Fibre 
rupture 

2.04 

 
 
 
 
DISCUSSION AND CONCLUSION 
 
It is not entirely reasonable to compare the different achieved strengthening effects between the 
different cement based strengthening systems. The reason for this originates in the experimental 
set-up design and size of the specimens. One major influencing parameter is the design of the 
steel reinforcement in the base concrete. But, it can clearly be stated that these strengthening 
systems all give a contribution to the load bearing capacity but with different strengthening 
effects. All evaluated tests on large scale specimens were deformation controlled and the 
deformation rate ensured similar redistribution of stresses and strains in the specimens. 
Nevertheless, a summary of flexural and shear strengthened specimens for all systems are 
shown in Table 10. The summarised specimens and strengthening system are all based on the 
best performing specimens with fibre rupture as failure mode. However, the failure mode was 
not stated for the flexural strengthened specimen using the TRC system. From Table 10 it can be 
concluded that for flexural strengthening all systems generated similar strengthening effects 
using approximately the same amount of carbon fibres in the tensile direction. However the FRC 
system was applied on small scale specimens with no steel reinforcement, for these specimens 
the size effect is not considered. Regarding the shear strengthening the TRM and MBC systems 
provided almost similar strengthening effects, for failure mode in shear, with the use of almost 
the same amount of carbon fibres. It should also be noted that the TRM system was wrapped 
around the beam and therefore prohibited to fail by debonding while the MBC system was side 
bonded. In retrofitting of existing structures fully wrapping is often not possible. For the TRC 
system in shear using glass fibres, an excessive amount of glass fibres is needed to generate a 
very small strengthening effect. 
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When using textile fabrics, there is a limitation on how many layers that can be used effectively. 
Using too many layers will create anchorage problems and generate debonding. This is 
especially apparent for shear strengthening with insufficient anchorage length in the compressed 
zone. However, using mechanical anchorage can delay and even avoid debonding. Using non 
impregnated sheets, grids or textiles will generate larger slips and inferior effective strain over 
the roving cross section. The reason for this is that total penetration of the cement based bonding 
agent in the fibre roving is difficult or even impossible to achieve. Using impregnated fibres 
(fibres imbedded in a matrix) will create a more effective strain distribution in the FRP tow. A 
better utilisation of the fibres will be achieved by stress transfer of the matrix and a mechanical 
interlocking in the mortar. Also the connection points between tows/rovings become more rigid 
which ensures less slippage and thus further enhance the mechanical interlocking. Another 
aspect of full utilisation of the fibres is the inclination of the fibres to the cracks. If the direction 
of fibre rovings or tows are applied perpendicular to the principal stress direction (crack 
inclination) a better utilisation should be achieved. This should have been the case for the shear 
strengthened TRC specimens. But in this case the choice of fabrics was the limiting parameter. 
 
By wrapping the non impregnated fibres around the beam (as the case for shear strengthening 
using the TRM system) will create an infinite anchorage for the textiles and therefore a higher 
strengthening effect. This complete wrapping of the beam may become difficult to achieve in 
retrofitting an in-situ structural beam. By comparing the use of different fibre material then it is 
clear that the use of carbon fibre has the greatest structural advantage and the total amount of 
fibres to reach the same bearing capacity will be much lower. 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. Using a semi elastic matrix, 
e.g. 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. 
 
The epoxy based systems have a slightly better performance compared to the cement based 
system, due to the superior bond between epoxy and the fibres. However, the MBC system for 
flexural strengthening needed a smaller carbon fibre area, in the tensile direction, to generate a 
higher bearing capacity compared to the epoxy bonded sheets. Increasing the bond between 
mortar and fibres by the use of sand, bonded to the surface of the CFRP grid, will cause high 
stress concentration and premature fibre rupture for flexural strengthening. 
 
It should also be mentioned that none of the mortars used in the presented cement based systems 
for shear strengthening had any chopped or milled fibres, e.g. PVA, PP, glass, carbon etc. By 
using a mortar with chopped or milled reinforcing fibres should postpone large crack openings 
by the crack bridging ability of these fibres and thus create a more durable structure in service 
limit state. If the base concrete has a large chloride penetration depth then these cement based 
bonding agents should provide a more sustainable repair or upgrading system due to their 
permeability and the chloride peak would therefore equilibrate. For fully covered concrete 
surfaces the use of impermeable epoxy based systems may create durability problems for the 
steel reinforcement. Regarding the long term behaviour for the case of using the MBC 
strengthening, commercially available mortars with proven sustainability were employed. 
CFRPs have good long term behaviour if protected against UV radiation, which is the case when 
embedded into a cement matrix. Note, that it may be difficult to achieve fully resistant glass 
fibres in an alkaline environment. Another important aspect to be considered is the bond 
between cement based bonding agent and base concrete. Here, the preparation of the surface of 
the base concrete is crucial thus removing all poor concrete to ensure ultimate bonding 
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characteristics. Complicated or poor anchoring details could also be a source of shortened 
service life of the strengthening systems. 
Cost and labour effective application techniques have to be established to be able to successfully 
implement the strengthening system for structural retrofit. One example of effective application 
techniques are shotcreting the system, which can be done for the MBC and TRC systems. No 
industrialised application techniques have been recorded for the TRM and FRC systems. 
 
Table 10. Summary of strengthening effects for evaluated systems. 
Strengthening system Strengthening Failure mode Fibre type Fibre amount  Strengthening effect 

TRC Flexural - Carbon 50 mm2 1.86 

FRC Flexural Fibre rupture Carbon 40 mm2 2.03 

MBC Flexural Fibre rupture Carbon 42 mm2 2.04 

TRC Shear Fibre rupture Glass 2820 g/m2 1.16 

TRM Shear Fibre rupture Carbon 168 g/m2 1.71 

MBC Shear Fibre rupture Carbon 154 g/m2 1.99 
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