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ABSTRACT 
 
The advantages of FRP-strengthening have been shown time and again during the last decade. All over the 
world several thousand structures retrofitted with FRPs exist. The most common way to bond the FRP 
composite to the structure is by the use of epoxy. Epoxy has many advantages; adhere well to concrete and to 
the FRP material, it has low shrinkage and has in comparison low moisture uptake when set. It is also easy to 
apply on surfaces of the adherents. However, it also contain some drawbacks; do not adhere well to wet surfaces, 
are sensitive to low temperature, in particular during curing and it cannot stand high temperatures after curing. It 
is normally not diffusion open and it might be harmful to men if not handled properly during the application 
phase. It would therefore be advantageously if the epoxy could be replaced with a more environmental friendly 
bonding material, which is diffusion open and has the possibility to be applied in wet areas and at low 
temperature and still function as a shear transfer medium. Here mineral based bonding agents might be a 
solution. A test program at Luleå University of Technology (LTU) shows that this might be possible and 
preformed tests have shown very promising results. To increase the understanding of the bonding properties a 
theoretical study to investigate the shear stress at the cut-off end of concrete beams strengthened for flexure has 
been carried out. The theoretical study will later be followed by laboratory tests – unfortunately no laboratory 
tests with MBC (Mineral Based Composite) was ready at time for this paper. In this theoretical study the shear 
stress at the cut off-end of a concrete beam strengthen in flexural with traditional CFRP plate bonding is 
calculated and compared with a beam strengthened with MBC (Mineral Based Composite) bonding. The 
parametric study reveals that the shear stress is considerably smaller for the MBC system used compared to a 
CFRP epoxy based system at the same load level and loading conditions.  
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INTRODUCTION  
 
Over the past decade, the issue of deteriorating infrastructure has become a topic of critical importance in 
Europe, and to an equal extent in North America and Japan. There are a number of reasons for this. Increasing 
traffic flows and/or loads, a large part of the existing infrastructure has reached the designed life length and 
needs to be replaced. An additional reason for upgrading and strengthening is the degradation of the 
infrastructures of today and it is important to try to solve these problems in the most cost effective way. One 
way of solving these problems might be by applying repair and strengthening methods that is environmental 
friendly, energy saving and at the same time extending the life of the structure studied. FRP (Fibre Reinforced 
Polymer) strengthening might be one such method. Strengthening systems with the use of continuous carbon 
fibres in an epoxy matrix bounded to concrete structures has proven to be successful, Fukuyama et al. (2000) 
and Nordin (2003). FRPs are today used for various applications, such as reinforcement in RC and PC structures, 
stay cables and newly built structures. However, by far the most extensive application is in repair and 
strengthening of existing structures. This strengthening technique may be defined as one in which composite 
sheets or plates of relatively small thickness are bonded with an epoxy adhesive to, in most cases, a concrete 
structure to improve its structural behaviour and strength. The sheets or plates do not require much space and 
gives a composite action between the adherents. The adhesive that is used to bond the sheet or the plate to the 
concrete surface is normally a two-component cold cured epoxy adhesive. The old structure and the newly 
adhered material create a new structural element that has a higher strength and stiffness than the original.  
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The use of epoxy as the bonding medium for the adherent has proven to give excellent force transfer. Not only 
does epoxy bond to concrete, steel, timber and composites, it has also shown to be durable and resistant to many 
different environments. However, when epoxy is used for plate bonding some drawbacks can be identified. 
Firstly, epoxy as a bonding agent may create problem in the work environment, secondly, epoxy should have a 
minimum application temperature, often above 10 °C, and thirdly, epoxy create sealed surfaces (diffusion closed) 
which may imply freeze/thaw problems for concrete structures. In addition to this, temperatures above the glass 
transition temperature might cause problems to the cold cured adhesives mostly used for CFRP strengthening. 
The existing epoxy based systems are also facing problems with poor thermal compatibility with concrete, 
Bandanoiu et al. (2003). To avoid some of these problems it is suggested that mineral based composite (MBC) 
strengthening methods are used. When introducing new strengthening systems it is of utmost importance that 
the function of the systems can be guaranteed. This means that the strengthening system should not only meet 
the short time specification but also be able to function over the structures life. There are a number of questions 
that needs to be solved before a MBC system can be used in the same extent as the epoxy based systems. There 
might be practical problems with application methods, should the material be applied by hand or for example 
sprayed to the surface. Which CFRP materials can be used, and is the strengthening effect sufficient? Another 
important issue is bond, and in particular bond between the substrates. Preliminary tests by Johansson, (2005) 
shows that the strengthening effect in shear is comparable to corresponding CFRP strengthening with epoxy 
bonded sheets. Similar results, but when tested in flexural, has been presented by Becker, (2003). Nevertheless, 
one might expect that the end-peeling effect for beams strengthened in flexural would be greater compared to 
similar epoxy plated beams. The reason for this is that the MBC normally is applied with thicker layer, 
approximately 5 times as thick. Even though the stiffness is lower, one might expect problems with end peeling. 
 
In this paper parametric studies of the effect of end peeling of a MBC strengthen concrete beam is compared 
with a similar epoxy plated beam. In the study the analytical equations by Täljsten, (1994, 1997) has been used. 
The motivation of using these equations is that they have been shown to give fairly accurate results also 
compared with other models, Yuan et al. (2004), Teng et al. (2003), Chen et al. (2001) and Gunes (2005). 
 
MINERAL BASED BONDING SYSTEMS 
 
It would be, from several points of view, very beneficial and interesting if the epoxy adhesive could be replaced 
with a mineral-based bonding agent, such as modified concrete. It would for example be possible to apply the 
cement-based bonding agent at temperatures as low as 0°C. However, these systems will most likely also have 
drawbacks. For example, laminates or dry fabrics will be complicated to bond, the laminate due to low adhesion 
to the composite and the fabric due to inferior wetting of the fibre. Research with the use of short FRP fibres 
have been going on for some time now, see for example Kesner et. al. (2003), Li (1998) and Rossi (1997). 
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 Badanoui (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 emphasised by Badanoiu and 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.  
 
RESEARCH MOTIVATION 
 
New economical and technical efficient, yet environmental, methods or systems for rehabilitation or/and 
upgrading of our deficient infrastructure are both needed and welcomed. One such method that has been 
discussed earlier in this paper is externally or internally epoxy bonded plates or sheets. However, it is the 
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authors’ belief that replacing epoxy with cementitious based material will not only increase the use of the 
method, but also create more sustainable and long life structures, without the drawback of epoxy. 
 
BOND STRENGTH 
 
One of the limiting and important parameters when applying mineral based repair and strengthening materials 
on a existing concrete structure is the bond strength. Poor bond strength will propagate according to the familiar 
“rule of the weakest link” and decrease the overall performance of the repair or strengthening system. Generally, 
bond strength problems can arise in two transition zones; Firstly, between the base (old) concrete and applied 
mortar (new) and secondly, if the structure is strengthened with additional FRP (e.g. grids, sheets etc) there is a 
problem with good bonding in the transition zone between the FRP and the mortar. Good bonding in the 
transition zone between the base concrete and the repair or strengthening material is of great importance, Mays 
(2001) and Abu-Tair et al. (1996). Adhesion forces between the hydration products of base concrete and repair 
or strengthening material are mainly of the intermolecular type (Van der Waals force). The bond strength is 
therefore strongly dependent on the specific surface between the adherents in the transition zone. There are 
several surface preparation measures for roughing the surface of the base concrete, such as sandblasting, 
chipping with jack hammers, grinding, hydro-jet blasting, needle gunning, just to mention a few. Rough 
preparation of the surface leads to better bond strength, Momayes et al. (2005). The existing mechanical 
roughening methods only increase the macro-roughness of the base concrete surface. In turn, this will limit the 
increase of specific surface of the base concrete. Etching with hydrochloric acid has shown further 
enhancements of the bond strength, Xiong et al. (2004). Other measures of ensuring good bond between the 
base concrete and repair of strengthening material is the use of different primers, Saccani et al. (1999) and 
Johansson (2005). Compatibility between the base concrete and the repair material in repair and/or 
strengthening systems is another aspect that influences the bond strength. In this case the compatibility stands 
for the combination of properties which ensures the structural integrity of the combined repair or strengthening 
system. Incompatibility in the modulus of elasticity between the base concrete and the repair or strengthening 
material can become of great concern. This is especially true if the load is applied parallel to the bond line of the 
combined system. The lower modulus material will have greater deformations and transfers the load through the 
interface to the higher modulus material, Mangat et al. (2000a). If the load bearing capacity of the material or 
the bond at the transition zone is exceeded by the transferred load, failure will occur. Recommendations for the 
modulus of elasticity of the repair or strengthening material is >30% larger than the modulus of elasticity for the 
base concrete, Mangat et al. (2000b). The compatibility of different repair mortars are compared in, Hassan et al. 
(2001). 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, Decter (1997). This differential 
movements cause tensile stresses in the repair or strengthening material and compressive stresses in the base 
concrete. Creep in this sense can be an advantage since it releases parts of these stresses. Stresses accumulate as 
the shrinkage continues and if the tensile strength or the interface bond strength is exceeded failure occurs. 
 
ANALYTICAL THEORY AND ASSUMPTIONS 
 
Let us study a beam with a ”good” arbitrary cross-section loaded with a concentrated point load as shown in 
Figure 1, see also Täljsten (1994, 1997). 
 

 
 

Figure 1 beam strengthened with outer reinforcement bonded with epoxy to its underside, 
loaded with a point load P at a distance b from the support. 

 
A differential section, dx, can be cut out from the beam. This is shown in figure 2. However, an assumption for 
resolving the problem is that the bending stiffness of the beam that is to be strengthened is much greater than the 
stiffness of the strengthening plate. Therefore the bending moment in the plate is neglected as the first step in 
the derivation, i.e. for the derivation of the shear stress, see Figure 2. This implies that the normal stress in the 
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bond zone can be neglected. To make the discussion below easier to follow we first give some useful equations, 
beginning with the compatibility expression for the shear stress in the adhesive layer: 

( ) ( ) ( )= −⎡ ⎤⎣ ⎦2 1
Gτ x u x u x
s

 (1) 

錯誤! 連結無效。 
Figure 2 Differential section, dx, of strengthened beam studied, with the assumption 

that the bending stiffness in adherent 1 is much greater than in adherent 2. 
 
and for the strain in the concrete and steel respectively the following equations can be given: 
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The next step is to differentiate equations (1) to (3) with respect to x: 
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Furthermore, equations (4) to (9) gives: 
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The solution to equation (13) and the first derivative with respect to x is given by: 
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Equations (1) to (3) with the constraints above gives: 
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which gives the following expressions for the constants 1C  and 2C : 
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In the case when lλ  is large, > 5, equation (18) can be written as follows: 
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However, equation (19) should be used only close to the end of the strengthening plate, since the error in the 
simplification becomes significant as we move towards the mid-section of the beam. The maximum shear stress 
at the short end of the strengthening plate is reached when x = 0 . It is then possible to write equation (19) as: 
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This equation can then easily be derived to two point loads, using super positioning, see Figure 3 for the four-
point loading case: 
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PARAMETRIC STUDY 
 

Geometry of the test set-up and the load case 
 
The shear stresses are evaluated on a strengthened simply supported RC beam. All of the design is symmetrical, 
the four-point load case and the strengthening system. Figure 3 illustrates the set-up of the RC beam and 
strengthening system. The strengthening system has a total length of 2l and the distance between the two 
supports are L. The distances, c and e, are from the left support the two point loads, P. The distance between the 
supports and the ends of the composite are for this design denoted a.  
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Figure 3 Strengthened RC beam in four-point 

loading 
Figure 4 Cross section of RC beam with two different 

strengthening systems, FRP plate and FRP grid 
 
Figure 4 shows a cross section two strengthening systems, one with the use of a CFRP laminate and an epoxy 
adhesive as a bonding agent. The other cross section shows the design of a strengthening system with a CFRP 
grid with a mineral based bonding agent. h is the height of the concrete beam and b is the width. d’ is the 
distance to the centre of gravity for the compressive steel reinforcement and d the distance for the tensile steel 
reinforcement. As’ and As are the corresponding steel reinforcement areas. Further, b2 is the width of the 
strengthening system and t2 is the thickness of the CFRP composite. The thickness of the bonding agent, s, is the 
distance between the CFRP composite and the base concrete. 
 
Studied parameters and maximum shear stresses 
 
First of all, the subscript notation 1 represents the base concrete and the notation 2 represents the CFRP material. 
The design of the CFRP material in the epoxy based strengthening system is a laminate with a rectangular cross 
section. The geometry of the CFRP material in the mineral based strengthening system is designed as a grid with 
tows in both the length direction and the cross direction. The properties of the base concrete are held constant 
during the parametric study of the strengthening system, table 1 shows the constant parameters of the base 
concrete and the load situation. 
 

Table 1 Parameters held constant for the base concrete and load situation 
h  

[mm] 
b 

 [mm] 
d  

[mm] 
d’  

[mm] 
As 

[mm2] 
A’s 

[mm2] 
L  

[mm] 
c  

[mm] 
e  

[mm] 
300 200 262 38 402 402 3500 1300 2300 

 
Following significant parameters are analysed by variation; a – distance from the edge of composite to supports, 
Ea – Modulus of elasticity for the bonding agent, E2 – Modulus of elasticity for the CFRP, s – thickness of the 
overlaying bond agent and A2 – Cross section area of the CFRP. Influences on the maximum shear stress by the 
variation of these parameters are recorded in Table 2 and Table 3. For the epoxy based strengthening system, the 
experimental values of the maximum shear stresses are measured in Aboudrar et al. (1998). The CFRP in the 
mineral based strengthening system have a grid design and therefore have CFRP tows in both length direction 
and cross direction. This will lead to a smaller cross section area for the CFRP tows that are in tensile when 
compared to a laminate design of the CFRP. The varied parameters for the mineral based strengthening system 
are recorded in table 3. Note, that the distance b2 is constant at 200 mm for all of the values in the mineral based 
strengthening system while the distance b2 varies between 50, 120 and 150 mm in epoxy based strengthening 
system, depending on the composite area A2. All of the properties of the CFRP and the bonding agents are 
similar to commercially available products. 
 

Table 2 Shear stresses with varied parameters for the epoxy based strengthening system 

A [mm] Ea [MPa] E2 [MPa] s [mm] A2 [mm2] P [kN] τmax [MPa]-
Theoretical 

τmax [MPa]-
Experimental 

150 12800 155000 3,1 168 75,5 5,0 4,6 
100 12800 210000 2,4 168 80,0 4,5 3,2 
100 12800 155000 2,1 168 71,5 4,0 3,6 
150 12800 155000 2 168 71,5 5,8 - 
100 12800 155000 2 168 71,5 4,1 - 
100 12800 155000 2 210 71,5 4,7 - 
100 12800 210000 2 168 71,5 5,0 - 
100 12800 210000 2 70 71,5 5,0 - 
100 7000 155000 1 168 71,5 4,2 - 
100 12800 155000 1 168 71,5 5,6 - 
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Table 3 Shear stresses with varied parameters for the MBC strengthening system 

a [mm] Ea [MPa] E2 [MPa] s [mm] A2 [mm2] P [kN] τmax [MPa]-
Theoretical 

τmax [MPa]-
Experimental 

150 20000 110000 10 40 71,5 1,4 - 
150 20000 110000 5 40 71,5 1,9 - 
100 20000 110000 10 40 71,5 1,0 - 
100 20000 110000 15 40 71,5 0,8 - 
100 11000 110000 10 40 71,5 0,6 - 
100 40000 110000 10 40 71,5 1,3 - 
100 20000 70000 10 40 71,5 0,8 - 
100 20000 260000 10 40 71,5 1,4 - 
100 20000 110000 10 80 71,5 1,3 - 
100 20000 110000 10 20 71,5 0,7 - 

 
RESULTS AND DISCUSSIONS 
 
The effect of end-peeling has been discussed over a long time. The discussion has often dealt with if end-peeling 
is a real problem that occurs at the cut-off end or if debonding starts at flexure or shear cracks or even at the 
internal reinforcement. There is no clear answer to that, and it is the authors’ belief that the failure mode largely 
depends on the dimension of the structure, the configuration of the strengthening system and the test-set up. In 
this paper only the effect of end-peeling at the cut-off end is discussed and a parametric study between 
traditional plate bonding with CFRP and mineral based strengthening systems has been carried out. The study is 
somewhat simplified and has also been adjusted to existing strengthening systems on the market. Since the cross 
section area of the two strengthening systems differ considerably, due to the form of the product, a direct 
comparison might not be fair. A more correct comparison has to be carried out within each strengthening system. 
However, from Table 2 and 3 it can clearly bee seen that it is the constant a that has the largest influence on the 
maximum shear stress. In addition to this the stiffer adhesive, Ea, the higher shear stress and this also is the case 
if the thickness of the adhesive, s, is decreased. The young modulus of the plate, E2, does also have a direct 
effect on the shear stress, where higher modulus implies a higher shear stress. In Table 2 also a comparison 
between results from tests has been carried out, Aboudrar and Johansson. (1998). It can here be seen that the 
analytical equation predict the shear maximum shear stress quite well. Since the same equation is used for the 
mineral based systems similar results are obtained. However, in this particular case the shear stresses are 
considerably smaller compared to the use of epoxy bonded plates. This depends partly on the fact that a thicker 
bond layer has been applied, partly on the lower young’s modulus of the grid. Furthermore, the mineral based 
strengthening system is applied at the entire width of the concrete beam whereas the bonding surface is smaller 
for the epoxy based system. Nevertheless, our investigation shows that it is possible to calculate the maximum 
shear stress at the cut off-end of concrete beams strengthen in flexure. For a more accurate study, in particular 
for the MBC systems, laboratory tests as well as FE-analysis will be needed. The parametric study reveals that 
the shear stress at the cut-off end is considerably smaller for the MBC system compared to the epoxy based 
CFRP system used at the same loading conditions. 
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