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Abstract 

The study of the bond behaviour between fibre reinforced polymer (FRP) systems and concrete is an 

issue that nowadays attracts many researchers. The scientific community dedicated to the research of 

FRP reinforcement has been conducting numerous experimental programs aiming to assess the local 

bond-slip law of the FRP-adhesive-concrete connection. This paper reports the relevant results 

obtained by the Structural Composite Research Group of Minho University in the scope of an 

international Round Robin Test. The suitability of the recommended test setup to derive a local bond 

constitutive law for modelling the bond behaviour of Near Surface Mounted reinforcement systems is 

discussed based on a deep interpretation of the results.  
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1 Introduction 

The local bond-slip law has long been defined for common steel reinforcement, and its analytical 

solution has also been well defined [1]. However, the consideration of a local bond-slip law to describe 

the behaviour of a reinforcement system is recognized to be a reductive approach that neglects several 

important aspects of the bond-slip response especially, in this case, the tri-material interaction between 

FRP, adhesive and concrete. Nonetheless, it is common practice to use this type of approach to 

characterize the FRP-adhesive-concrete system interaction by neglecting the deformability of the 

concrete substrate. The concrete deformability can be later taken into account using other numerical 

tools. The fundamentals of this local bond-slip law are summarized in Figure 1 and Eq. 1, and are 

based on the assumption that the applied axial force is purely balanced by the tangential force 

produced, considering that the concrete substrate remains undeformed. 
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where x  is the position, measured from the end of the bond length bcl , ( )s x  is the slip at the position 

x , ( )sτ  is the tangential stress in correspondence to this slip value, s. In reality, this slip corresponds 

to the displacement of the loaded-end of the bar in relation to its initial position before loading, caused 

by the deformation of the adhesive, the existent interfacial discontinuities and the stiffness degradation 

during the loading process. For simplification purposes, the geometric and material properties of the 

bonded element are aggregated in one unique term, χ , defined in Eq. 2 
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where fΣ  is the perimeter of the bar cross section, fA  is the cross-sectional area of the bar, and fE  its 

elastic modulus. 

 

Several authors have recently suggested that the same principles can be applied to FRP bars, although 

the laws presented by some authors do not consider the yielding plateau, usually assumed for steel 

materials. Two of the most simple stress-slip laws adopted to solve the differential equation of bond 

are the non-linear (Figure 2) and the bi-linear law (Figure 3) [2-3]. Both of these laws can be written in 

mathematical terms, as presented in Eqs. 3 and 4. 
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where mτ  is the maximum bond stress, evaluated at ms , α  and 'α  are the parameters defining the 

growth and decay rate of the bond stress, respectively. 
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where 0τ  is the initial shear strength due to chemical adhesion between adhesive and surrounding 

materials and cohesion within the adhesive itself, and us  is the ultimate slip. 

 

These local bond-slip laws enable the determination of the slip distribution of a given bonded length 

for both non-linear and bi-linear laws (Eqs. 3 and 4, respectively). However, in the case of the non-

linear approach, a closed-form solution of the differential equation of bond can only be derived to 

estimate the bond length corresponding to the first branch of the local bond-slip curve, bcl , i.e. the 

length mobilized until the maximum value ( );m ms τ  is reached at the loaded section. This bond length 

is of major importance in the design of FRP-NSM systems since it occurs for slip values in the interval 

of 0.2 to 0.5 mm [3, 4], and this range is compatible with the limitations imposed by the Service Limit 

State (SLS) due to maximum crack width [5]. This solution is, however, unable to provide the ultimate 

pull-out load for the bond conditions admitted since the post-peak branch of the local bond-slip law 

contributes to the final load value. For this reason, the slip function is assessed only from the first 

branch of the curves previously presented (Eq. 5). 

 

 ( ) ( )
( )

( )
1

2 1
21

2 1
m

m

s x x
s

α

α

χτ α
α

− −
=  

+  
 (5a) 

 ( ) 0 cosh 1m m

m m

s
s x x

s

τ τχ
τ

  
= −    

  
 (5b) 

 

The determination of the bond length corresponding to the first branch of the local bond-slip curve, bcl , 

is now simplified and corresponds to the position at which ( ) ms x s=  (Eq. 6). 
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The determination of the parameters necessary for using these expressions (ms , mτ , α  or 0τ ) is 

especially interesting when it is based on the data derived from an experimental program like the one 

presented in this paper, since those parameters would be affected by the respective adhesive 

deformability of each FRP-adhesive system instead of being explicitly considered in the equation, even 

though this determination is not in the scope of this paper. This determination is relatively complex 

since the local bond-slip law is only one of the parameters defining the global behaviour of the FRP-

NSM system, and the deformability of the concrete substrate or the formation of cracks may drastically 

alter the bond-slip distribution of the bonded connection. The experimental program carried out has the 

particularity of gathering data from several samples with different values of χ , i.e. specimens 

reinforced with FRP systems of different material and geometric properties, tested under the same 

conditions. 

 

 

2 Experimental Program 

2.1 Specimen and Test Configuration 

The pull-out specimens used in this experimental program are schematized in Figure 4. Each specimen 

was composed by two concrete blocks (400×150×150 mm3) connected only by means of two identical 

FRP bars, bonded in opposite faces of the concrete blocks. Each concrete block had two 16 mm steel 

rods with an embedment length of 380 mm, responsible for ensuring the load transference from the 

concrete blocks to the FRP bars. To promote debonding in a specific region, the FRP bond length 

adopted in one block was larger than in the opposing block (see Figure 4). These concrete blocks will 

be herein designated bottom and top blocks, respectively. 

 

The test was controlled by the total movement between the two blocks, which was measured by the 

internal LVDT of the testing machine, herein labelled as LVDT1. Small tabs were glued in the FRP’s 

loaded-end, making an angle of 90º with the fibres of the FRP, and creating an extension to the outside 

of the slit. A steel piece was fastened in those tabs providing the conditions for the measurement of the 

FRP loaded-end slip by LVDTs 2 and 3, supported on the concrete block, and always placed in the left 
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side of the FRP, where concrete deformation is expected to be negligible (see Figure 5). In this 

experimental program strains were also recorded along the smallest bond length (bl  = 300 mm) by 

using three strain gauges (SG) placed 10, 80 and 220 mm from the loaded-end (Figurer 4) in order to 

minimize the amount of damage in the bonded length caused by this installation. The two FRP 

reinforcements were expected to be stressed simultaneously and to fail on the smallest bond length. 

During the control tests it was verified that the existence of the steel rods was causing the formation of 

undesired longitudinal cracks and, for that reason, two passive confinements were placed near the 

extremities of the concrete blocks to avoid concrete splitting (Figure 5). 

These double-shear pull-out tests were performed in a universal testing frame of 1000 kN 

tension/compression capacity at a constant displacement ratio of 0.5 mm/min (measured by LVDT1), 

and the applied load was measured with a 1000 kN load cell.  

 

2.2 Material Properties 

2.2.1 Concrete 

The concrete used in all the specimens was a C25/30 strength class, ordered from a ready-concrete 

company. The effective compressive strength and Young’s modulus of the concrete were determined 

in cylinders of 150 mm diameter by 300 mm of height, following the recommendations of the 

appropriate Portuguese standard [6]. The tensile strength was obtained by testing beams with 

150×150×600 mm3 according to Rilem recommendations [7]. The average properties obtained at 

28 days and at the age of testing are presented in Table 1. 

 

2.2.2 FRP 

In this experimental program several types of FRP materials were tested using the setup described in 

Section 2.1, and the main characteristics of each type can be found in Table 2. The materials were 

labelled according to their main characteristics: type of fiber (Basalt – B, Carbon – C, Glass – G), 

diameter or cross section, and also aspect of the finishing (Sand Coated – SC, Ribbed – Rb, or Smooth 

– Sm). For example, the sample B-6-SC refers to a 6 mm basalt FRP bar with a sand-coated finish, 

while C-2.5×15-Sm is a smooth carbon laminate with 2.5×15 mm2 cross section. The Young’s 

modulus, fE , and tensile strength, ff , were estimated according to ISO 527-5 standard [8], even 

though the preparation of the specimens obeyed to the RRT Test Procedure recommendations [9]. 
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The values of the cross sectional area, fA , reported in Table 2, result from the effective dimensions of 

the specimens, and although they were not used in any calculation, they are presented to demonstrate 

that these values can differ significantly from the nominal dimensions. 

 

2.2.3 Adhesives 

In this experimental program, each FRP bar/laminate required a specific bonding agent and, therefore, 

four types of adhesives were used. Dumbbell-shaped specimens of adhesive were moulded at the time 

of reinforcement and kept at room temperature. These specimens were tested according to ISO 527-2 

recommendations [10] after completing the pull-out tests. The measured cross sectional area, aA , and 

the obtained tensile strength, af , and Young’s modulus in tension, aE , are presented in Table 3. 

 

2.3 Specimen Preparation 

The preparation of the specimens was performed observing the existent recommendations for the 

installation of NSM reinforcements. The slits, into which the different FRPs were bonded to the 

concrete through the adhesive, were opened respecting the recommended geometry, depicted in 

Figure 6, where fd , fw  and ft  are the diameter, the width and the thickness of the circular, square and 

rectangular cross section type bars. Since the nominal dimensions indicated by the suppliers of some 

FRPs are relatively different from the actual dimensions of these bars, especially in the case of bars 

with different surface treatment, some grooves had to be enlarged to provide an adequate adhesive 

thickness. The real dimensions of the final grooves were, therefore, measured and the average 

dimensions obtained (depth and width) are presented in Table 4, where slitd  and slitw  are the width of 

the groove for the circular and square cross section type bars, while slitΣ  is the inner perimeter of the 

groove. 

The reinforcing procedure was initiated by cleaning the grooves with compressed air, and the surface 

of the FRPs with a degreasing agent. Special care was adopted while performing the reinforcement 

task to ensure that the steel rods and FRPs were perfectly aligned, avoiding any possible eccentricities. 

The different adhesives applied were mixed according to the recommended proportions, and the 

specimens were left to cure at room temperature for at least 30 days. The real age of the FRP 

reinforcement at time of testing is indicated in Table 4, and all data is presented for each of the three 

specimens of each material. 
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3 Results 

3.1 Failure Modes 

The aspect of the specimens after testing is reported in Figure 7. In all photos the specimens are 

positioned according to Figure 5, meaning that bl  is 300 mm in the upper block, and 350 mm in the 

lower block. 

 

The majority of the specimens ruptured by “debonding” of the FRP-adhesive group, accompanied by 

substantial cracking in the surrounding concrete and a relatively small level damage in the adhesive 

layer (see Figure 7). This indicates that the bond strength of FRP-adhesive group is higher than the 

strength provided by the fracture of the surrounding concrete, having been the concrete fracture the 

governing final failure mechanism. However, in the series with the largest FRP cross section (C-

10×10-Sm), the spalling of the concrete in the plane of the steel rods was unavoidable, as illustrated in 

Figure 7i, which prevented an effective mobilization of the FRP bond length in all the three specimens. 

 

Due to the occurrence of concrete splitting in a great number of specimens, it was realized that this 

setup can lead to stress fields, conceptually reproduced in Figure 8, that do not correspond to the stress 

fields in real case applications (Figure 9).  

 

In these specimens, the steel bars introduce bond stresses of opposite direction of the bond stresses 

applied by the FRP reinforcement, which is not observed in the strengthening of RC elements, for both 

shear and flexural configurations. This effect is believed to have influenced the final deformation/slip 

of the FRP reinforcement, therefore being questionable the applicability of the bond-slip law derived 

from these tests for the modelling of the bond behaviour of FRP strengthened RC structures. 

Some authors have reported that the presence of steel reinforcement in the specimens contributes for a 

more realistic prediction of the NSM reinforcement properties [11]. According to this work [11], the 

presence of reinforcement, associated with the typically low performance of the concrete cover can be, 

in some cases, unfavourable to the global performance of the FRP-concrete bond connection. 

However, the level of damage introduced by these bond stresses should not be as unfavourable as the 

case depicted in Figure 8. In fact the opposite bond stresses applied by the steel and FRP 

reinforcements to the surrounding concrete introduces shear distortions more intense than in real cases 

(Figure 9), where the reinforcements introduce in the surrounding concrete bond stresses that are either 

parallel or convergent. Tests like pull-out bending are more suitable to assess the bond behaviour of 



8 

FRP bars for the flexural strengthening of reinforced concrete elements, while direct pull-out tests are 

recommended for deriving the local bond law to simulate the contribution of NSM bars for the shear 

strengthening [12]. 

 

3.2 Pull-out Load 

The load in each FRP was estimated to be half of the total load measured in the load cell. The stress 

level applied ranged between 20 and 90% of the ultimate resistance, revealing that in all specimens the 

resisting bond length was too short to mobilize the full resistance of the FRP connection. 

In Table 5 the following values are presented for each specimen: 

- maxF : is half of the total load measured in the machine’s load cell; 

- maxf : is the applied tensile stress, obtained by dividing maxF  by the nominal cross section of the bar, 

fA ; 

- % ff : corresponds to the percentage of stress mobilized, i.e., the maximum applied stress divided by 

the FRP’s tensile strength; 

- fΣ : is the average nominal FRP perimeter; 

- slitΣ : is the average measured slit perimeter; 

- f aτ −  and a cτ − : are the average bond stress at rupture, in the FRP-adhesive and adhesive concrete 

interface, respectively. These values are defined by Eqs. 7 and 8, and calculated considering the 

smallest bond length, bl  = 300 mm. 

 

 max
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b f
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F

l
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3.3 Strain Distribution 

The strain distribution recorded in all tests was very well captured, as it can be observed in Figure 10. 

Note that initially the strains decrease rapidly towards the free-end of the FRP. By increasing the load 

the difference of strain between consecutive strain-gauges decreases and rupture usually occurs shortly 

after. For levels of stress under 0.6maxf , the strain gauges recorded similar evolutions in specimens of 

the same FRP material. It is worth mentioning that, of the 72 strain-gauges installed, only 80SG  in 

specimen C-2.5×15-Sm-1 did not work during the test up to failure. 
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Up to 0.6 maxf .the variation of strain along the bond length has a concave configuration, but at 

0.9 maxf .becomes, in general, convex, especially in carbon systems with smooth surface. This suggests 

that the debonding process progresses faster in these FRP systems, which might be caused by the 

smooth characteristics of these elements. 

In most series the two branches that compose the strain variation along the bond length have much 

different slopes. However, this is not the case of C-10×10-Sm specimens because the expected strain 

evolution process was prematurely interrupted due to the concrete fracture caused by the relatively 

high tensile forces applied in these tests (see Figure 7i). 

The other important remark concerns G-8-Rb. In all three specimens, for a load level of 0.9maxf , the 

strain recorded in 10SG  decreases significantly. After a careful analysis of the data, it was realized that 

at about that load level, all the strain-gauges located at that position started to gradually unload. This 

fact is believed to be related to an internal sliding between the fibres and the coating since it was 

expected to record strain values in the loaded-end of approximately 3.3‰, 6.7‰ and 10‰ for 30%, 

60% and 90% of maxf , respectively. 

 

Of all the tests performed, C-1.4×10-Sm exhibited the highest effectiveness, since rupture was attained 

at approximately 90% uf  in all specimens, with no evident strain approximation between 10SG  and 

80SG  (except in the case of Specimen 1, where at 0.90maxf  the strain field was almost constant in all 

measuring points, revealing that the effective bond length had already shifted to the vicinity of the free 

end). 

 

3.4 Load-Slip Relationship 

As mentioned previously, the loaded-end slip was monitored during the tests by means of LVDTs 2 

and 3. However, the results obtained by these LVDTs proved that in some cases flexural phenomena 

were recorded during the tensioning process (see Figure 11), since they recorded slip values of 

opposite signal. For this reason, the loaded-end slip was estimated by multiplying the values recorded 

in the strain-gauges by the respective influence length (Eq. 9, where 
10SGε , 

80SGε  and 
220SGε are the 

strains in the strain gauges at 10, 80 and 220 mm from the loaded end, Figure 4). Note that this 

approximation does not intend to reconstruct with precision the load-slip curve, but to observe the 

relative differences between the tested FRP reinforcement systems. Moreover, the slip measured 

during the test is different from the local slip defined in Section 1. During the pull-out test, discrete 

cracks in the concrete induce localized strain increments that are not compatible with initial 

assumptions of local bond-slip law, i.e., that the concrete substrate is undeformable. In reality, the free-
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end slip may not be zero at time of rupture and this fact would require the addition of that value in Eq. 

9. In any case, even if the number of strain-gauges was sufficient to reconstruct the precise slip curve 

of this relatively long joint, the value of the free-end slip would probably be negligible when compared 

to the loaded-end slip. 
 

10 80 220
45 105 150i i SG SG SGs xε ε ε ε= ∆ = + +∑    [mm] (9) 

 

The results obtained by this approximation related quite well, in each test, with at least one of the 

LVDTs. When asymmetric behaviour was not too pronounced, the load-slip relationship determined 

from both approaches related fairly well in terms of shape (see Figure 11, specimen C-6-Sc-2, LVDT2 

located in the same face as the instrumented FRP). These graphs evidence that the average signal of 

the LVDT2 and LVDT3 has higher probability of assuring stable tests in the post peak sliding phase, if 

it is used to control the load to be applied under the framework of a closed-loop test controlling 

equipment. However, even in this case, the position of these LVDTs should be carefully selected in 

order do not register parasitic deformational effects, as will be highlighted later in this section. 

The position of LVDTs 2 and 3 indicated in Figures 4 and 5 was changed after analysing the results of 

the first two tested series (C-10×10-Sm and C-6-SC). The LVDT was initially placed near the border 

of the specimen (Position 1 in Figure 12), and was later moved closer to the border of the groove 

(Position 2 in Figure 12). This modification was motivated by the negative slips measured while 

testing (visible in Figure 11), caused by incontrollable rotations of the concrete block. Note that a 

rotation of one block correspondent to 1 degree, which is nearly imperceptible, can result in a parasite 

displacement (pars ) either positive or negative. In Figure 12 is illustrated the case of this parasite 

displacement in both positions of the LVDTs. Both bars and laminates have relatively small flexural 

resistance and so, the FRP bar/laminate tends to maintain a vertical alignment. On the other hand, the 

LVDT rotates jointly with the concrete block and since the LVDT is only able to measure 

perpendicular displacements, it is possible to measure a maximum pars  of approximately 1 mm in 

Position 1 or 0.4 mm in Position 2 (calculated for the special case of an 8 mm bar, inserted in a 12 mm 

groove). These values, although imperceptible to the naked eye, can cause the initial negative slips 

reported in Figure 11. Note that the initial slip values of FRP reinforcements are usually very small 

since the connection is rather stiff and, in this case, the parasite displacement can increase faster than 

the slip itself, causing extraneous readings. If this critical analysis of the setup was not done, and only 

the results from Figure 11a were presented, it could be assumed that one of the bars was initially 

compressed, and the other one tensioned, although the concrete blocks were at all times being moved 

apart and consequently, always tensioning the FRP reinforcements. In some tests, the griping of the 
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steel rods was in one rod stronger than in the other, causing this rotation to become even more 

pronounced, increasing the parasite displacement even further. However, given the number of factors 

that can cause undesired rotations, it is very unlikely that those events can be isolated and properly 

subtracted from the loaded-end slip measured. 

 

Another significant phenomena measured by the LVDTs, is related to the shifting of the resisting bond 

length. Observing the obtained results (Figure 11b), it is believed that there are two bond components 

that contribute for the bond resistance: the FRP-adhesive bond component and the adhesive-concrete 

bond component. The FRP-adhesive bond component is the first to be mobilized, and it is initially 

more active in the loaded-end zone. For high levels of stress, the damage introduced in this zone (zone 

I, see Figure 13) is likely to cause almost imperceptible free elastic deformation (es ) in the reinforcing 

bar. This causes the resisting bond length to shift successively and later, other zones will exhibit the 

same strain level as the loaded-end (Figure 13). 

 

This fact can have special significance in double-shear tests like the ones presented, since a unique 

load is being recorded and evenly divided by the two FRPs. Remember that the tests were performed 

under displacement control and, in this case, if in one side of the block the FRP is experiencing a 

larger slip (due to the elastic deformation, es ) the longitudinal stress distribution will become uneven. 

In that situation, for the same imposed deformation, the load absorbed by the FRP in the damaged face 

will be lower than half of the applied load, and the opposite FRP reinforcement, as it is still bonded to 

the surrounding concrete, will bear more than half of the load. However, as the exact stress level in 

each bar is not known, different stress-slip relationships can be observed in opposing FRPs. 

Additionally, this elastic deformation can occur in any bond length and easily decrease the longest 

bond length (bl  = 350 mm) to a shortest length, which may justify the existence of debonding in the 

largest bond lengths (see Figure 7). 

 

The evaluation of the slip based on strain distribution is recognized to be a rough process to estimate 

the slip, but given the uncertainties associated with the rotations occurred on the specimens, it is 

believed to lead to more reasonable slip results than the ones obtained by the LVDTs. Additionally, it 

is well known that the strain profile along the bond length is greatly non-linear and therefore, the 

accuracy of this slip estimation is highly dependent on the number of monitored zones. The 

relationship between the strain-based slip and the FRP axial stress in the loaded end for all the 

specimens is presented Figure 14. 
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It is visible from the results in Figure 14 that SC specimens presented a more ductile behaviour, i.e., a 

higher slip at rupture, due to the superficial characteristics of these FRP materials. On the other hand, 

C-10×10-Sm specimens presented a more fragile behaviour, due to their lower aspect ratio, f fAΣ , 

associated with the premature concrete failure, due to the relatively high applied load. 

Note that in some cases, as it happened in specimens 2 and 3 of C-2.5×15-Sm series, intermediate 

plateaus were recorded since slip increased without stress increment. This information is believed to be 

related either to the phenomena represented in Figure 13 or, to damage induced by adjustments of the 

specimens in the testing frame, causing damage in the reinforcement interface and subsequent loss of 

stiffness. 

The information provided in this chapter indicates that the post-peak sliding phase is virtually 

impossible to obtain with this test setup. Some attempts can be made to assure stable tests in this phase 

such, controlling the applied load from the signal corresponding to the average slip recorded in LVDT2 

and LVDT3. Even in this case, the slip should not include parasitic components and therefore, the 

supports of the LVDTs should be fixed in the plane formed by both FRP elements, in a zone of 

negligible deformation. 

 

 

4 Analysis of the results / Discussion 

One of the purposes of this experimental program was to obtain the parameters that define the local 

bond-slip law i.e., the values of ms , mτ  and α  or 0τ . However, this can only be performed executing 

inverse analysis with sophisticated FEM-based simulations [12], which is not in the scope of the 

present paper. To perform an appropriate model calibration these FEM-based simulations should 

consider the concrete nonlinear behaviour due to cracking. To appraise the predictive performance of a 

model, not only the loaded-end slip should be well captured, but also the strain evolution during the 

loading process. Since in this experimental program the loaded-end slip was not measured with the 

desired accuracy, the data from the three strain gauges should be carefully considered to calibrate the 

local bond-slip law. Even so, analysing the available data, three significant effects can be observed in 

this experimental program. 

The first effect is related to the maximum average bond stress (Eq. 8) that shows to be of the same 

magnitude of the concrete tensile strength (last column of Table 5). When debonding in the adhesive-

concrete interface occurs, usually accompanied by tearing of a concrete layer, it is common to observe 

average bond stress levels of this magnitude, or slightly superior, both in externally bonded 
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reinforcements [13] and NSM reinforcements [14-15]. On the other hand, when debonding occurs in 

the FRP-adhesive interface the average bond stress values reported are usually higher [4,16-17]. 

According to Bianco et al. [11], this average bond stress is expected to decrease with the bond length 

but no additional information is usually found regarding the comparison of different FRPs bonded 

using a constant bond length. 

 

These results can be intuitively observed in Figure 15 where, the individual specimen average bond 

stress in the slit, a cτ −  (Eq. 8 and Table 5), is represented. The filled circles represent the standard 

deviation produced by each group of three specimens, with centre in the average value. Note that 

nearly all results are contained in the range of the concrete tensile strength values obtained by material 

testing. In Figure 15 ,ct Lf  represents the average flexural tensile strength considering all the specimens 

tested (at 177 and 188 days), ,fct Lσ  is the correspondent standard deviation and , ,ct L minf  and , ,ct L maxf  are 

the minimum and maximum values observed. 

 

The second effect is in some way related to the first and has already been observed by other authors 

[18]. According to the results obtained, in terms of mobilized stress and for the constant bond length 

analysed, the influence of the material properties seems to be negligible. Note in Figure 16, that all 

readings suggest that the maximum tensile stress that can be applied to the FRP reinforcements 

increases almost linearly with f fAΣ  (defined in section 3.2). Eq. 8 shows that a cτ −  is proportional to 

( )f f fAσ Σ  (assuming that Σ ≅ Σf slit ). Therefore, since the last columns of Table 5 show that a cτ −  is 

almost constant, a constant value is expected for the ( )f f fAσ Σ  ratio, as Figure 16 is revealing. 

 

Bianco et al. (2009) [19] have developed a mathematical model that was based on the assumption that 

during the pullout of a NSM FRP system the following possible failure modes can affect the ultimate 

behaviour of this reinforcement: loss of bond (debonding); concrete semi-conical tensile fracture; 

mixed shallow-semi-cone-plus-debonding and FRP tensile fracture. The developed model fulfils 

equilibrium, kinematic compatibility and constitutive laws of both the intervening materials and the 

bond between them, but in the present phase its use for design purposes is still quite laborious. If the 

average bond strength applicable to a given FRP system proves to be constant and equal to the tensile 

strength of the surrounding concrete, this would simplify the estimation of the resisting bond length of 

one FRP bar. Using this approach, from Eq. 8, and assuming a cτ −  as being the flexural tensile strength 

of the concrete, ctf , 
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 f f
b

f ct

f A
l

fψ
=

Σ
 (9) 

where ψ  is a factor that takes into account the size of the slit, and is defined by the ratio between slitΣ  

and fΣ . This factor is 1.43 for round and square bars and 1.5 for laminates (see Figure 6). 

 

In terms of FRP tensile stress versus loaded end slip based on strain field, it was observed that the 

aspect ratio and Young modulus, all aggregated in the parameter χ  (defined in Eq. 2), appear to be 

related to the stiffness of the connection. This observation is depicted in Figure 17, where the FRP 

average tensile stress versus load-end slip of the three specimens tested for each series is presented, 

along with the correspondent range of values observed. Note how, in the case carbon materials, the 

specimens with higher values of χ  exhibited stiffer global behaviour. This observation is coherent 

with the formulation presented in section 1. Note that a higher value of χ , in Eq. 5, would produce a 

higher total slip, ( )s x , and consequently, a higher bond stress, ( )sτ , in Eq. 3. This means that 

imposing a given load level to a FRP-NSM system with high χ  induces a lower slip in the loaded-end, 

as observed in Figure 17. It was, however, noticed that glass and basalt bars could not be directly 

compared with the group of carbon materials. Note that B-6-Sc and B-8-Sc also reveal a stiffer 

response for higher values of χ , but reveal a considerably softer global stress-slip response, due to the 

smaller elasticity modulus of basalt bars. G-8-Rb, also represented in the right plot of Figure 17, 

exhibits a much lower value of χ  than the basalt bars, accompanied by a stiffer stress-slip response, 

suggesting that the global stiffness of the specimen is, in fact, dependent on the elastic modulus of the 

FRP reinforcement. 

 

 

5 Conclusions 

The results obtained by the Structural Composites Research Group of Minho University in the scope of 

an international Round Robin Test program were presented and discussed. Based on a deep 

interpretation of the results it was verified that the test setup utilized introduces several uncertainties 

that put in question the direct use of these results for the determination of the local bond-stress slip 

relationship for design purposes. 

Despite these uncertainties, several important conclusions were drawn. It was observed that the 

average longitudinal tensile stress is proportional to the shape factor of the FRP, which is the ratio 

between the perimeter and the cross sectional area of the FRP ( f fAΣ ). This observation is logical 

since for the same bond length it was expected an increase of the maximum pull-out load with the 

increase of surface area of the FRP in contact with the adhesive. This fact has direct effect on the 
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determination of average bond strength since this proportionality implies that the average bond 

strength is constant. 

Additionally, it was observed that the material and geometric properties of the FRP play an important 

role in the tensile stress versus loaded-end slip response of the connection, since higher values of 

( )f f fA Eχ = Σ ⋅  lead to stiffer connections. However, this is only noticeable comparing specimens 

with the same fibre type, since the larger is fE  the stiffer is the tensile stress-loaded end slip 

relationship.  

The second order effects (motivated by inherit or induced eccentricities), the use of multiple bond 

lengths per test (group testing) associated with material heterogeneity itself, among others, lead the 

authors of this work discourage the use of this test setup for the assessment of the basic local bond-slip 

law parameters. To minimize these effects, the authors suggest that when executing pull-out tests the 

LVDTs that measure the loaded-end slip should be attached to the concrete, fixed in two symmetrical 

points, with relation to the FRP. This scheme will minimize the existence of parasite displacements, 

enabling the LVDT to align with the concrete block in case of undesired rotations. 
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Table 1 – Concrete properties. 

Age Compressive strength Young’s modulus Flexural tensile strength 

[days] [MPa] [GPa] [MPa] 

28 26.4 (1.1) [4%] {5} 24.4 (1.1) [4%] {3} 3.31 (0.31) [9%] {4} 

177 34.8 (1.4) [4%] {4} NT - - - 3.92 (0.22) [6%] {3} 

188 35.4 (0.9) [2%] {4} 25.7 (0.5) [2%] {3} 3.47 (0.43) [13%] {3} 

Average (Standard deviation) [Coefficient of variation] {Number of samples} 

NT stands for Not Tested 
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Table 2 –Properties of the FRP systems. 

FRP Samples 
Cross sectional area Young’s modulus† Tensile strength 

[mm2] [GPa] [MPa] 

C-6-SC§ 5 43.0 (2.1) [5%] 177 (8) [5%] 3252 (211) [6%] 

G-8-Rb 5 57.5 (0.4) [1%] 72.3 (3) [4%] 1599 (73) [5%] 

B-6-SC 5 33.1 (0.9) [3%] 54.1 (3) [5%] 1431 (77) [5%] 

B-8-SC 5 57.0 (2.0) [4%] 51.9 (2) [3%] 1333 (79) [6%] 

C-1.4×10-Sm 6 13.2 (0.1) [0%] 172 (4) [2%] 3035 (68) [2%] 

C-2.5×15-Sm 6 37.1 (0.1) [0%] 170 (2) [1%] 1808 (201) [11%] 

C-8-Sm§ 5 51.5 (1.8) [4%] 158 (19) [12%] 1316 (452) [34%] 

C-10×10-Sm§ 5 111 (1.5) [1%] 159 (5) [3%] 1425 (260) [18%] 

Average (Standard deviation) [Coefficient of variation] 
† The Young’s modulus of all specimens was estimated between 0.5‰ and 2.5‰ (strain). 
§ Due to the anchorage slippage verified in these samples, the actual resistance of these materials is superior to the one 

reported. 
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Table 3 –Properties of the adhesives. 

Adhesive Type 
Samples Cross sectional area Young’s modulus Tensile strength 

[mm2] [GPa] [MPa] 

I 6 48.6 (1.0) [2%] 8.87 (0.38) [4%] 21.7 (6.8) [31%] 

II 6 47.0 (1.6) [3%] 10.7 (0.3) [3%] 33.7 (0.9) [3%] 

III § 2 51.4 (1.3) [3%] 7.91 (0.41) [5%] 19.1 (3.0) [16%] 

IV 6 44.6 (1.7) [4%] 7.61 (0.66) [9%] 20.3 (1.8) [9%] 

Average (Standard deviation) [Coefficient of variation] 
§ Due to some delay in the preparation of the specimens, although 6 specimens were prepared only two specimens were 

found suitable for testing. 
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Table 4 – Average depth and width of the grooves. 

Specimen Age 
Bonding 

Agent 

slitd  slitw  slitΣ  

[mm] [mm] [mm] 

C-6-SC-1 

81~82 I 

11.88 (0.56) [5%] 10.26 (0.50) [5%] 34.02 

C-6-SC-2 12.21 (0.41) [3%] 9.71 (0.56) [6%] 34.13 

C-6-SC-3 11.81 (1.10) [9%] 9.54 (0.59) [6%] 33.16 

G-8-Rb-1 

34~36 II 

13.48 (1.10) [8%] 12.57 (0.34) [3%] 39.53 

G-8-Rb-2 11.81 (1.32) [11%] 11.52 (0.30) [3%] 35.13 

G-8-Rb-3 13.46 (1.14) [8%] 13.04 (0.30) [2%] 39.96 

B-6-SC-1 

36~38 II 

10.03 (1.06) [11%] 8.78 (0.41) [5%] 28.84 

B-6-SC-2 9.11 (0.89) [10%] 8.90 (0.53) [6%] 27.12 

B-6-SC-3 11.38 (1.00) [9%] 10.48 (0.26) [2%] 33.23 

B-8-SC-1 

58~64 II 

11.10 (1.11) [10%] 12.33 (0.11) [1%] 34.52 

B-8-SC-2 11.26 (1.23) [11%] 12.35 (0.10) [1%] 34.87 

B-8-SC-3 12.05 (1.09) [9%] 12.36 (0.26) [2%] 36.45 

C-1.4×10-Sm-1 

87~88 III 

15.03 (0.87) [6%] 4.66 (0.06) [1%] 34.71 

C-1.4×10-Sm-2 15.29 (1.23) [8%] 4.64 (0.04) [1%] 35.22 

C-1.4×10-Sm-3 16.31 (1.35) [8%] 4.63 (0.05) [1%] 37.25 

C-2.5×15-Sm-1 

62~68 II 

22.67 (2.02) [9%] 7.54 (0.94) [12%] 52.88 

C-2.5×15-Sm-2 23.11 (1.75) [8%] 7.66 (1.12) [15%] 53.89 

C-2.5×15-Sm-3 24.89 (0.40) [2%] 7.74 (0.23) [3%] 57.52 

C-8-Sm-1 

35~37 II 

13.67 (1.24) [9%] 12.88 (0.46) [4%] 40.22 

C-8-Sm-2 13.22 (0.77) [6%] 12.36 (0.90) [7%] 38.79 

C-8-Sm-3 13.13 (1.10) [8%] 13.02 (0.57) [4%] 39.28 

C-10×10-Sm-1 

68~69 IV 

15.60 (0.85) [5%] 15.44 (0.62) [4%] 46.64 

C-10×10-Sm-2 15.62 (1.12) [7%] 15.34 (0.69) [4%] 46.58 

C-10×10-Sm-3 16.58 (0.89) [5%] 15.18 (0.10) [1%] 48.35 

Average (Standard deviation) [Coefficient of variation] 



41 

 

Table 5 – Pull-out load and average bond stresses. 

Specimen 
maxF  maxf  % ff  fΣ  slitΣ  f aτ −  a cτ −  

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

C-6-SC-1 38.86 1374 42 18.8 34.02 6.87 3.81 

C-6-SC-2 33.18 1174 36 18.8 34.13 5.87 3.24 

C-6-SC-3 38.49 1361 42 18.8 33.16 6.81 3.87 

G-8-Rb-1 38.67 769 48 25.1 39.53 5.13 3.26 

G-8-Rb-2 38.58 768 48 25.1 35.13 5.12 3.66 

G-8-Rb-3 43.88 873 55 25.1 39.96 5.82 3.66 

B-6-SC-1 23.09 817 57 18.8 28.84 4.08 2.67 

B-6-SC-2 25.28 894 62 18.8 27.12 4.47 3.11 

B-6-SC-3 31.42 1111 78 18.8 33.23 5.56 3.15 

B-8-SC-1 31.14 619 46 25.1 34.52 4.13 3.01 

B-8-SC-2 37.28 742 56 25.1 34.87 4.94 3.56 

B-8-SC-3 32.30 643 48 25.1 36.45 4.28 2.95 

C-1.4×10-Sm-1 36.72 2623 86 22.8 34.71 6.12 3.53 

C-1.4×10-Sm-2 39.37 2812 93 22.8 35.22 6.56 3.73 

C-1.4×10-Sm-3 41.65 2975 98 22.8 37.25 6.94 3.73 

C-2.5×15-Sm-1 49.65 1324 73 35.0 52.88 5.52 3.13 

C-2.5×15-Sm-2 48.44 1292 71 35.0 53.89 5.38 3.00 

C-2.5×15-Sm-3 48.12 1283 71 35.0 57.52 5.35 2.79 

C-8-Sm-1 47.60 947 72 25.1 40.22 6.31 3.95 

C-8-Sm-2 49.14 978 74 25.1 38.79 6.52 4.22 

C-8-Sm-3 45.79 911 69 25.1 39.28 6.07 3.89 

C-10×10-Sm-1 62.75 628 44 40.0 46.64 5.23 4.48 

C-10×10-Sm-2 59.14 591 41 40.0 46.58 4.93 4.23 

C-10×10-Sm-3 55.05 550 39 40.0 48.35 4.59 3.80 

 


