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 25 

Abstract  26 

Despite the extensive research that has been conducted on the debonding behaviour of FRP 27 

strengthening systems, no standard methodology has been yet established on its experimental 28 

characterization. In this context, to assess the performance and reliability of small scale testing 29 
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on NSM (near surface mounted) FRP strengthening systems, an experimental program was 30 

carried out on a series of nine NSM FRP strengthening systems, in the framework of an 31 

international Round Robin Testing (RRT). Eleven laboratories and seven manufacturers and 32 

suppliers participated in this extensive international exercise, which regarded both NSM and 33 

EBR FRP strengthening systems. Test results obtained for the NSM systems by the 34 

participating laboratories are discussed and compared in this paper to investigate the feasibility 35 

of the adopted single/double pulling shear test method, to investigate the mechanism of bond 36 

between NSM FRP reinforcement and concrete, and to investigate the level of variability 37 

obtained between the participating laboratories testing the same material batches. 38 

It is concluded that the tested variants in the adopted single/double shear pulling test have a 39 

significant influence, stressing the importance of the level of detail of standardized test 40 

protocols for bond verification. On overall, given the variants included in this study, the 41 

obtained variation in bond stress-slip behaviour between the laboratories remained fairly 42 

limited. 43 

 44 

Keywords: Near Surface Mounted technique, FRP materials, Bond test, Round Robin 45 

Testing, Bond behaviour, Debonding. 46 

 47 

Introduction 48 

In recent years, strengthening technologies for reinforced concrete structures using FRP 49 

composites have been gaining widespread interest and growing acceptance in the civil 50 

engineering industry. The EBR (external bonded reinforcement) and the NSM (near surface 51 

mounted) are the most common strengthening techniques. The EBR consists of bonding, with 52 

a high strength adhesive, a laminate/textile onto the surface of the concrete element, while the 53 

NSM consists of placing FRP reinforcing bars into grooves pre-cut on the concrete members 54 
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and embedding them with a high strength adhesive. The main property governing the design of 55 

a FRP strengthening application is the debonding of the FRP, which is generally initiated before 56 

the tensile strength of the FRP reinforcement is reached. For this reason, some of the first 57 

investigations on the topic have specifically addressed the issue of bond using different test 58 

methods (De Lorenzis et al. 2002, Blaschko 2003, Hassan and Rizkalla 2003, De Lorenzis 59 

et al. 2004, Kotyinia 2005, Seracino et al. 2007) both for EBR and NSM techniques, but usually 60 

aiming to simulate the pull-out of the FRP material. The different types of pull-out tests can be 61 

grouped in the following general categories (Chen et al. 2001): single/double-shear pushing 62 

test, single/double-shear pulling test, and beam bending test (see Figure 1). In order to produce 63 

representative small scale testing procedures, it is necessary to understand the mechanisms that 64 

trigger the pull-out of the FRP. For that purpose, Figure 2 exemplifies the effective stress state 65 

installed in a flexural and shear FRP strengthening, as well as in the surrounding steel 66 

reinforcement (Costa and Barros 2013). In fact, it is perceptible that the FRP pull-out 67 

mechanism typically occurs in a zone where the concrete is loaded in tension and the local pull-68 

out is initiated due to crack opening. Taking as example the detail of the flexural crack, not only 69 

the concrete is loaded in tension, but also the adjacent steel reinforcement. The same occurs for 70 

the case of the shear strengthening, since all intervening materials experience tension. 71 

Regarding the loading configurations commonly applied (in Figure 1), none of them is able of 72 

reproducing accurately the real behaviour of the composite reinforcement when applied to a 73 

real structural member (in Figure 2).  74 

Of all the configurations given in Figure 1 (Ueda and Dai, 2005; De Lorenzis and Nanni, 2001; 75 

Horiguchi and Saeki, 1997), the shear pulling test are the ones that more resemble the real stress 76 

conditions of the different reinforcement systems. In fact, the applied forces in the external FRP 77 

reinforcement and the internal steel bars to pull the specimen, have opposite directions. As a 78 

result the concrete is subjected to tension, which does not provide unrealistic favourable 79 

confinement to the FRP. 80 
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On the one hand, shear pushing tests can introduce a compressive stress field in the concrete 81 

surrounding the bond length, which can promote a confinement action to the FRP. In case the 82 

compressive stress field is limited and is quite distant from the FRP reinforcement-concrete 83 

interface, this effect becomes negligible. On the other hand, beam bending tests may introduce 84 

large flexural effects in the FRP reinforcement, given the curvature in the cross-section of these 85 

specimens. These flexural effects tend to be higher than observed in FRP-flexural strengthened 86 

RC beams. 87 

However, the objective of these relatively small scale models is not only the determination of 88 

bond behaviour in terms of failure load, strain distribution and slip values, but also the 89 

possibility to assess the relative efficiency of various FRP strengthening systems. In the specific 90 

case of this RRT, it is also used to verify possible differences when tests are carried out in 91 

different laboratories. 92 

The bond performance of NSM FRP, however, has yet to be fully addressed, and is a key area 93 

requiring further research. In this scope, a round robin testing (RRT) initiative was conducted 94 

to investigate: (1) the bond mechanism between the NSM FRP reinforcement and the concrete, 95 

comparative for different material systems; (2) the influence of different variants of the adopted 96 

single/double-shear pulling test; (3) possible differences when a test protocol is carried out in 97 

different laboratories on the same material batch; and (4) the influence of variations in concrete 98 

strength following differences in constituent materials between countries in applying a 99 

prescribed mix. 100 

To this aim eleven laboratories and seven manufacturers and suppliers participated in this 101 

extensive international exercise, which regarded the characterization of both mechanical 102 

properties and bond behaviour of NSM and EBR FRP systems and was carried out within the 103 

framework of the European funded Marie Curie Research Training Network, EN-CORE, with 104 

the support of Task Group 9.3 of the International Federation for Structural Concrete (fib). Four 105 

laboratories participated in the RRT on the bond behaviour of NSM FRP strengthening system 106 
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(see Table 1). The proposed bond test methods are analysed and discussed along the paper, 107 

evidencing their positive and negative aspects. Some of the factors expected to affect the bond 108 

performance are addressed, namely the type of FRP material, FRP cross section, shape and 109 

surface configuration of the FRP bar/strip. The test results obtained by the participating 110 

laboratories are discussed and compared in this paper in terms of both global (failure modes 111 

and loads) and local behaviour (distribution of axial strain along the FRP reinforcement and 112 

shear stress along the interfaces). 113 

 114 

Experimental investigation  115 

Test Specimen and Parameters 116 

The experimental program has been carried out using 9 different NSM FRP strengthening 117 

systems for a total of 94 tests, with a minimum of 2 tests per strengthening system at each 118 

laboratory, even if generally 3 tests were performed for each type of NSM system. As such, 119 

suppliers were asked to ship testing materials from the same production batch to the different 120 

testing laboratories. Two different test setup methodologies, namely a double bond shear-121 

pulling test (DB), and a single bond shear-pulling test (SB) have been adopted by the 122 

participating laboratories as shown in Figure 3. In both schemes the concrete is loaded in 123 

tension by means of steel bars embedded in the concrete block, so that both the steel bars and 124 

the concrete block are loaded in tension. All tests were carried out using universal testing 125 

machines. 126 

In all schemes the FRP bars/strips were bonded to the concrete prism for a length of 300 mm 127 

(Lb), whilst a 50 mm long region was left unbonded at the loaded end to prevent the 128 

development of high shear stresses and avoid premature local damage on the concrete. This 129 

bond length has been chosen on the basis of experimental data in literature (among which Sena-130 

Cruz et al., 2004; and Seracino et al., 2007) and in due consideration that the total specimen 131 
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length should comply clearance in tensile testing machines. Grooves were saw-cut in the 132 

hardened concrete specimens and application of FRP reinforcements was done as specified by 133 

the manufacturers 134 

The DB specimens were composed of two concrete blocks (400×150×150mm3) connected only 135 

by means of two identical FRP bars, bonded in opposite faces of the concrete blocks. Each of 136 

the concrete blocks had two 16 mm steel bars with an embedment length of 380 mm (only one 137 

bar with diameter 22 mm in the case of Budapest laboratory), responsible for ensuring the load 138 

transference from the concrete blocks to the FRP bars, and the necessary anchorage to the 139 

universal testing machine.  140 

To prevent debonding in the not instrumented half of the specimen, the bond length is taken 141 

somewhat longer than 300 mm and optionally an extra clamp has been provided (in Ghent, see 142 

Figure 3a; and in Minho, see Figure 3c). Given concerns of concrete splitting cracks along the 143 

plane formed by the internal steel bars, at Minho an extra clamp was provided at the extremity 144 

of the test region (Fig. 3c). The shaped clamp had no contact with the FRP strengthening zone 145 

and had minimal torque, so to not significantly disturb the strain/stress field in the bond region. 146 

The bond tests according to the SB setup were carried out on one concrete prism 147 

(400×200×160mm3) in a servo-hydraulic testing machine (Figure 3d). Steel pipes or tabs were 148 

installed at the end of the FRP reinforcement in order to ensure adequate clamping in the grips 149 

of the testing machine. The specimen was blocked at the lower base of the testing machine by 150 

means of two steel bars (diameter 20 mm) embedded in the concrete prism, and bolted to a 151 

system of steel plates fixed in the lower grips. The NSM reinforcement was applied on both 152 

sides of each concrete block, but each side was tested separately, so that the test was a single 153 

shear test. 154 

Strain gauges (SGs) were applied on the NSM reinforcement to measure strain, and one or two 155 

LVDTs were used to measure the relative displacement between the reinforcement and the 156 

concrete. In particular, in the DB tests carried out at Ghent and Budapest laboratories 5 SGs at 157 
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a distance of 10 mm, 80 mm, 150 mm, 220 mm and 290 mm from the beginning of the bonded 158 

zone were glued on the reinforcements of both monitored sides (see Figure 3a and 3b). 159 

Analogously, in the SB test of Naples/Sannio laboratory 5 SGs were applied according to the 160 

same configuration on the FRP reinforcement. 161 

In the DB tests of Minho laboratory, only 3 SGs at a distance of 10 mm, 80 mm, and 220 mm 162 

from the beginning of the bonded zone were glued on only one side of the NSM FRP 163 

reinforcement (see Figure 3c).  164 

In all cases, for installing the SG, the surface of the FRP was scraped/sanded to expose the core 165 

zone. Strain gauges have been adhered to the FRP surface and where covered with a protective 166 

layer, so to guarantee that no interaction between the strain gauge and surrounding fresh and 167 

hardened epoxy would occur. 168 

All tests were conducted under displacement control with displacement rates of 0.1 mm/min to 169 

0.5 mm/min. The recommended loading rate of 0.1 mm/min deviated between laboratories 170 

given the available equipment, but remained in the same order of magnitude. The loading rates 171 

were  sufficiently low to be considered of limited influence on the failure aspect and bond 172 

failure loads, as could be observed from the obtained test results. Table 1 summarizes the main 173 

procedural differences between testing laboratories.  174 

The influence of the FRP reinforcement shape (bars versus strips), the type of fibres, as well as 175 

the type of surface treatment were evaluated in the RRT. An overview of the different types of 176 

NSM FRP reinforcements is given in Table 2. The FRP reinforcements are listed using the 177 

following designation: the first letter C, B, or G indicates Carbon, Basalt or Glass fibres, 178 

respectively; the second notation indicates the surface treatment, SC = Sand Coating, RB = 179 

Ribbed Bars, S = Smooth bars or strips, and SW = Spirally Wounded bars (see Figure 4); finally, 180 

the third notation indicates the dimension of the bar/strip reinforcement (diameter for the bars 181 

or thickness and width for the strips). Three specimens were tested for each type of NSM 182 

reinforcement system. 183 
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 184 

Materials 185 

A target concrete strength of 30 MPa, with a predefined reference concrete mix (gravel 4/14: 186 

1250 kg/m³, coarse Sand: 665 kg/m³, CEM I 42,5: 300 kg/m³, water: 170 kg/m³) was applied 187 

for the RRT. Given different constituent materials available in the participating countries 188 

(Belgium, Italy, Portugal, Hungary), a variation in compressive cylinder strength has been 189 

observed as indicated in Table 1. Given this observation, the concrete strength variability was 190 

considered as an additional variable as part of this RRT initiative. 191 

The average values of the mean compressive cylinder (diameter of 150 mm and a height of 300 192 

mm) and cubic strength (side length of 150 mm), fcm,cyl, and fcm,cub, the mean tensile strength 193 

obtained by bending tests (150 mm×150mm×600mm with a span length of 50 mm), fctm,flex, and 194 

the secant Young's modulus, Ec, are summarized in Table 1. All results were obtained by 195 

experimental tests on at least three specimens tested 28 days from casting and, in some cases, 196 

also at the time of the bond tests. The average value of Ec was obtained in the cylinder 197 

specimens used for the compressive strength. Moreover, from Brazilian tests with 3 cylinder 198 

specimens of 150 mm diameter × 300 mm height, the Naples/Sannio laboratory obtained an 199 

average indirect tensile strength of 2.5 MPa at the age of testing. 200 

The tensile properties of the NSM FRP reinforcement were obtained by different laboratories 201 

on three to five specimens. In Table 3, the average values of tensile strength, ff, modulus of 202 

elasticity, Ef, computed in relation to stresses in the range of 20-50% (ISO TC 71/SC 6 N) by 203 

Ghent laboratory or of 20-60% (ACI 440.3R) by Naples/Sannio and Minho laboratories, and 204 

ultimate failure strain, fu, are listed for each participating laboratory. The nominal cross-205 

sectional area of the FRP furnished by the producers has been used for calculating the 206 

experimental values of tensile strength and modulus of elasticity. 207 
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Finally, Table 4 reports the average tensile strength and modulus of elasticity considering all 208 

the tests, along with the correspondent CoV values, cross sectional area, Af, and axial stiffness, 209 

Ef∙Af.  210 

As very similar testing protocols have been used for FRP tensile testing by the laboratories 211 

(following ISO 527-5/ASTM D3039), it is interesting to note the obtained CoV’s. In terms of 212 

modulus of elasticity limited variation is obtained, with a CoV in the range 1 to 11%. In terms 213 

of tensile strength however, much larger variation is obtained with a CoV between 5 to 36%. 214 

Also, looking to the CoV of the individual laboratories, much higher variations are observed 215 

for tensile strength than for modulus of elasticity. These results can also be noted from the 216 

ratio’s (fu,exp/fu,nom) and (Ef,exp/Ef,nom) in Table 4, and confirm the sensitivity of FRP tensile 217 

testing in terms of strength to the anchorage detailing, as also stated by the test standards. 218 

The higher variability of the tensile strength is evident also in the results of the single 219 

laboratory: the CoV of average tensile strength is, indeed, always higher than the CoV of 220 

Young’s modulus. The CoV further increases when the average values are calculated 221 

considering the results of different laboratories. The worst result is represented by the carbon 222 

strip C_S_2.5x15, where the high stiffness and the shape have probably contributed to make not 223 

perfect the anchorage of the coupons in the grips. It is worth to note the results obtained by the 224 

Naples/Sannio laboratory are characterized by the lowest scatter both in terms of Young’s 225 

modulus and tensile strength. 226 

All the NSM FRP reinforcements were embedded into the grooves by means of the appropriate 227 

epoxy resin suggested by the manufacturers. Tests on adhesive samples were also carried out 228 

by the Minho laboratory and the obtained results, in terms of tensile strength, fa, and elastic 229 

modulus, Ea, are given in Table 5. 230 

 231 



Page 10 of 46 

 

Experimental results and discussion 232 

Failure modes and ultimate loads 233 

The pull-out behaviour of a NSM system is assumed as a successive balance of strength 234 

between concrete fracture, debonding and rupture of the NSM system. Often, during the pull-235 

out tests, a sequence of different failure modes was visible. In particular, when the debonding 236 

pull-out force is higher than the concrete fracture resistance, concrete fracture propagation is 237 

initially the dominant failure mode. However, the successive cracking of concrete along the 238 

interface results in a decrease of the bonded length. After this occurrence, the typical debonding 239 

failure mode takes over, and the fracture of a small volume of concrete surrounding the NSM 240 

system is generally observed. To simplify the analysis of the results, the experimentally 241 

observed failure aspects (FA) were categorized as follows, and the dominant failure mode was 242 

assigned to each specimens (see Tables 6 and 7): 243 

• Debonding at the FRP-adhesive interface (DB-FRP/A) 244 

• Debonding at the concrete-adhesive interface, with various degrees of concrete damage 245 

(DB-C/A) 246 

• Adhesive splitting failure (SP-A) 247 

• Tensile failure of the FRP (T-FRP) 248 

• Splitting failure of the concrete along the plane of the internal steel bars (SP-C) 249 

In the pull-out tests executed, several of these types of failure modes were observed. The most 250 

frequently observed resulted from the debonding at the concrete/epoxy interface (DB-C/A), 251 

with varying degrees of concrete damage (see Figure 5b) or a cohesive failure in the adhesive 252 

(epoxy splitting, SP-A, see Figure 5c). Only in few cases (bar C_S_8 tested by Ghent 253 

Laboratory and bar G_SW_8 tested by Naples/Sannio laboratory), a failure at the 254 

reinforcement/epoxy interfaces occurred with slipping of the bars respect to the surrounding 255 

concrete (DB-FRP/A, see Figure 5a). 256 
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Other types of failure, not related to debonding phenomena, but to the concrete strength were 257 

also observed: in particular, for a small percentage of the specimens the stress development 258 

along the embedded steel bars in addition to the stresses into the concrete (induced by the FRP 259 

reinforcement bars) have caused a premature failure of the concrete specimen by splitting (SP-260 

C, see Figure 5d) or extensive concrete fracture. Finally, for the strip C-S-1.4x10 a tensile 261 

rupture of the fibres (T-FRP, see Figure 5e) was observed in the tests at Naples/Sannio 262 

laboratory. 263 

Since the first three failure modes are all caused by the ‘debonding’ phenomena, in Tables 6 264 

and 7 only the results of the specimens failed for debonding (DB-FRP/A, DB-C/A, SP-A) are 265 

reported. 266 

The average values of the debonding load considering the results of all laboratories and the 267 

corresponding CoV are also listed in Table 8. The results achieved in the Naples/Sannio and 268 

Budapest laboratory are very low scattered (maximum CoV of about 10%), followed by the 269 

ones obtained at the laboratories of Minho and Ghent University, which in some cases attained 270 

CoV of about 15%. This higher scatter can be due to the double shear test configuration, which 271 

is sensitive to proper alignment of the internal steel rebars as well as the NSM reinforcement. 272 

Furthermore, some inherent eccentricities during testing cannot be avoided given small material 273 

variations between the two simultaneous tested bond interfaces. 274 

Looking to the values of CoV referring to the average maximum loads calculated considering 275 

the results of all laboratories (see Table 8), it can be observed that they vary in the range 6-276 

16%. Considering the variability of concrete strength (23 MPa for SB and 32-42 MPa for DB) 277 

and the differences in applied testing details between the laboratories, this obtained range of 278 

CoV can be regarded acceptable. 279 

On the other hand, results of Budapest are generally lower than the other laboratories, despite 280 

their higher concrete strength (fcm,cub = 42 MPa). To verify this aspect and to isolate the 281 

influence of the differences in test procedure, considering the variants in concrete strength, in 282 
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Figure 6 the average failure loads obtained by each laboratory are normalized with respect to 283 

the square root of the compressive strength as usually considered in  debonding models for EBR 284 

systemsr. Therefore the parameter 
cylcm

avu

f

F

,

,
  is defined and plotted in Figure 6a. Note that 285 

a lower exponent is expected for NSM systems (Seracino et al., 2007), but further bond tests 286 

are needed to assess in detail the effect of concrete strength on the failure loads and modes. The 287 

reduced effect of the concrete was also evidenced  in an regression analyses carried out by 288 

Bilotta et al. (2014) on the results of the RRT initiative and on other results of bond tests 289 

collected in the technical literature. 290 

From Figure 6 the following is observed. The lowest results are obtained by Budapest, who 291 

used a DST with a single rebar to tension the concrete. Comparable results are obtained between 292 

Gent and Minho, since they had almost identical test configuration and similar concrete 293 

strength. Some differences in results between these 2 labs remain however. This means that the 294 

procedure to realize a DST is less stable to warrant the same results in different laboratories. 295 

The highest results are obtained by Naples/Sannio who adopted a single shear test-up version 296 

and had the lowest concrete strength. 297 

Table 9 lists the results of specimens that failed due to concrete splitting or concrete fracture 298 

(SP-C), while Table 10 reports the tests where the tensile rupture of the fibres occurred (T-299 

FRP). 300 

It is worth to notice that for the square carbon bar C_S_10x10, failure was often due to concrete 301 

splitting along the internal rebars (SP-C). This undesired specimen failure indicates that the test 302 

configuration appeared not functional for the complete range of tested FRP material systems 303 

and bond failure at the internal rebars was predominant over that of the C_S_10x10. 304 

For the carbon strip C_S_1.4x10 the tensile rupture of the fibres (T-FRP) was achieved in all 305 

tests carried out at Naples/Sannio laboratory at an average value of 32.9 kN (that corresponds 306 

to an average tensile stress of 2350 MPa), while at laboratory of Minho a debonding failure 307 
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(DB-C/A) was achieved at higher loads (39.1 kN, that corresponds to a tensile stress of 2793 308 

MPa) and at Ghent and Budapest laboratories a concrete failure occurred at lower loads (about 309 

25 kN). However, it is worth to mention that according to Table 3, the experimental average 310 

tensile strength of the strip C_S_1.4x10 was 2221 MPa for the Naples/Sannio laboratory and 311 

3047 MPa for the Minho laboratory. Such a difference in the tensile strength might be a 312 

reasonable explanation also for the difference of the failure loads and modes attained in the 313 

pull-out tests by these two laboratories. 314 

Also for one specimen strengthened with B_SC_6 bar a tensile rupture of the bar occurred in 315 

the test carried out by Naples/Sannio laboratory; the maximum tensile stress achieved for such 316 

a bar (1215 MPa) was, indeed, comparable with its tensile strength (see Table 3). 317 

In Figure 7a, the average values of the maximum strain,  max .u f fε F A E , are plotted versus 318 

the axial stiffness of the FRP NSM reinforcements. This figure shows that the maximum strain 319 

decreases with the axial stiffness of the FRP reinforcement according to a decreasing trend that 320 

is typically observed also in EBR systems. The graph shows that the maximum strain was about 321 

2% in the case of 6 mm basalt bars, but most bars and strips attained maximum strains in the 322 

range 0.6-1.5%, and the lowest strain was about 0.35%. Note that for EBR plates the maximum 323 

strain at debonding is usually about 0.2% (Bilotta et al. 2011, Guadagnini et al. 2012).  324 

In Figure 7b the average values of failure loads in case of debonding failure are plotted versus 325 

the axial stiffness of the reinforcement. This graph shows a tendency for the failure load to 326 

increase with the axial stiffness, especially for values of the axial stiffness lower than 7 106 327 

MPa mm2. The carbon bar C_SC_6 represents a singular result, since, despite its relevant 328 

stiffness (EfAf = 5.21 106 MPa mm2), the maximum load achieved is rather lower than the trend 329 

observable in the graph. This is likely due to the surface texture of this bar (sand coated). Indeed, 330 

differences in FRP surface texture can be expected to influence the observed trend between 331 

failure load and axial stiffness). 332 
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These results seem to confirm again that the concrete strength has no evident influence on the 333 

maximum strain or the maximum load, but that a meaningful parameter is the axial stiffness of 334 

the FRP NSM reinforcement. This statement is supported by Ceroni et al. (2012), where a larger 335 

database of bond tests on different types of NSM systems was collected in terms of maximum 336 

load and, thus, maximum strain at failure. According to these authors, no clear influence of the 337 

concrete strength was individuated. On the contrary, the effect of the surface treatment can be 338 

observed looking to the results of bars B_SC_8, G_RB_8, G_SW_8 characterized by the same 339 

diameter (8 mm) and similar elastic modulus (in the range 49-61 GPa), but different surface 340 

treatment. In particular, the glass bar with ribbed surface failed for the highest load (46 kN), 341 

followed by the spirally wound glass bar (42 kN) and the sand-coated basalt bar (34 kN). 342 

Moreover, the shape of the NSM system can have influence on the bond strength, since the 343 

specimens strengthened with the smaller strip C_S_1.4x10, despite having axial stiffness in the 344 

same range of the value of bars B_SC_8 and G_SW_8, nevertheless the smooth surface, 345 

attained a load comparable with the ribbed bar G_SW_8 (39.1 vs. 41.6 kN). 346 

To investigate more in detail the effect of the shape factor of the FRP, which can be defined as 347 

the ratio between the perimeter and the cross sectional area of the FRP, in Figure 7c the 348 

maximum tensile stress is plotted versus the shape factor. It can be observed that this stress is 349 

directly proportional to the shape factor and that, in particular, the carbon strips, characterized 350 

by larger shape factor, attained higher tensile stresses at failure. This result is applicable as long 351 

as an adequate bond quality and bond length are provided, meaning that for very small bond 352 

lengths this might not be valid. 353 

 354 

Load-displacement curves  355 

The load versus loaded end slip, P-s, of the different NSM systems tested by the four 356 

laboratories is compared in Figure 8. Such P-s relationships were obtained as the average 357 

curves of the three tests carried out by each laboratory on equal specimens.  358 
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The slip between the FRP reinforcement and the concrete, s, was obtained by integrating the 359 

strain along the bonded length. The displacement measurements recorded by the LVDTs were 360 

not capable of providing directly this slip for the reasons exposed in Costa and Barros (2013). 361 

Assuming that the slip at the unloaded end can be considered negligible before debonding, and 362 

neglecting strain in the concrete, the slip was calculated through the following equation: 363 

 

 (1) 364 

where k and k+1 are the strains measured by SGs k and k+1, n is the number of strain 365 

measurements along the bond length, xk is the distance between two consecutive SGs (xk=70 366 

mm or 140 mm). 367 

In spite of the fact that the tests have been carried out by different laboratories, using concrete 368 

of different strength class, where equal testing conditions are almost impossible to assure, the 369 

results presented in Figure 8 evidence that the average P-s curves obtained by the laboratories 370 

were, in general, very similar, except for single outliers in for example Figure 8(d) and 8(f), 371 

and which can be attributed to some testing difficulties experienced by the laboratories. It is 372 

also remarkable that in case of Minho, the loaded end slip was similar to the one obtained by 373 

the other laboratories, even though it was obtained using the strain values recorded in three 374 

SGs, while in the other laboratories five SGs were used. 375 

 376 

Local behaviour  377 

Distribution of strain 378 

In order to compare the strain field in the bond length, the strain distributions are compared in 379 

Figure 9 for all the NSM systems tested at two load levels corresponding to about 20-30% and 380 

60-70% of the average maximum load. In all cases, the strain at z = 0 was calculated based on 381 

the magnitude of the applied load divided to the average values of the axial stiffness of the 382 

examined NSM system (see Table 4).  383 
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In general, for the different selected load levels, the strain distribution along the bond length 384 

was comparable between laboratories. It is worth mentioning that in the case of B_SC_8, the 385 

specimens tested at Minho exhibited a higher strain profile at 25 kN, as already Figure 8b had 386 

suggested, when a progressive loss of stiffness was initiated at about 15 kN. 387 

Additionally, regarding C_S_1.4x10, it is interesting to observe that the strain profile of the 388 

specimens tested at Budapest, at 25 kN, clearly show that debonding is on the verge of 389 

occurring. Note that according to Table 9, the average failure load of these specimens was 390 

25.1 kN. 391 

 392 

Bond stress – slip relationship 393 

Bond stresses were determined by utilizing experimentally recorded strains along the FRP. 394 

Referring to two consecutive SGs, spaced of xi= 70 mm (or 70 mm and 140 mm in the case 395 

of the specimens tested in Minho laboratory), and assuming uniform distribution of the bond 396 

stress in this interval, bond stresses are obtained from the following equilibrium equation: 397 

 . .
f i

x f

f i

A ε
τ E

p x


Δ

Δ
  (2) 398 

where i and xi are the strain difference and the distance between the two considered SGs. 399 

The other parameters of equation (2) were already defined. 400 

The bond stress-slip (s) relationship is obtained considering Eq. (1) for calculating the slip 401 

and the measurements of the first two strain gauges for calculating the shear stress close to the 402 

loaded end of the reinforcement.  403 

The bond stress-slip relationships of the tested specimens are given in Figure 10. For each 404 

laboratory, such curves are the average ones of the tested specimens strengthened with the same 405 

NSM system, as already done for the P-s curves. From Figure 10, the repeatability of the test 406 

results among the participating laboratories is notorious for similar types of failure mode, 407 

despite the different test setups. Note that, since the shear stress has been evaluated by using 408 
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the measures of the first two bonded strain gauges, the bond law is always completely 409 

developed for whatever failure modes. 410 

On overall a more or less bilinear behaviour is observed, with some degree of plateau in the 411 

region of maximum bond stress. This plateau is less pronounced than sometimes suggested in 412 

literature (eg. De Lorenzis and Teng, 2007). Indeed, the post-peak branch of the experimental 413 

bond stress-slip behaviour is sensitive to higher uncertainty, since the cracking of the bonded 414 

surface is in an advanced status and the strain gauges can give anomalous measures due to local 415 

damages. For this reason, experimental observations on the shape of the bond law can be further 416 

complemented by numerical analysis (Ceroni et al., 2013). 417 

Note that the results reported by Minho for the strip C_S_1.4x10 (Fig. 10f) show a higher bond 418 

strength compared with  the remaining laboratories, since a real debonding failure occurred in 419 

the tests of Minho (Figure 5b), while in the others laboratories a tensile failure of the strip or 420 

concrete splitting occurred at lower loads, as previously discussed.  421 

In Figure 11, a comparison of the experimental -s curves obtained for all the tested NSM 422 

systems is reported. For each NSM system an average curve has been plotted considering the 423 

results of all the laboratories that have tested the considered NSM system. Since the graph 424 

shows that the local bond stress slip relationship can be reasonably approximated by a bilinear 425 

diagram identified by the following parameters: peak shear stress, max, corresponding slip, sel, 426 

and ultimate slip, su, that can be assessed by extrapolating the post peak softening branch of the 427 

experimental -s curves However, it is worth to note the after-peak branch is affected by more 428 

uncertainness since the cracking of the bonded surface is in an advanced status and the strain 429 

gauges can give anomalous measures due to local damages. Therefore, as in most cases the 430 

brittle behavior of concrete governs failure, it is not possible to witness the potential plateau 431 

that some authors in literature refer (De Lorenzis and Teng, 2007). An attempt to better assess 432 

the shape of the bond law and, i.e., verify the presence of a residual shear stress, have been done 433 

by means of numerical analyses in (Ceroni et al., 2013). 434 
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The above mentioned parameters of the experimental bond law are different as the axial 435 

stiffness and the shape of the NSM reinforcement change. In particular, the 8 mm diameter 436 

ribbed glass bars (G_RB_8) and the 6 mm diameter sand coated basalt bars (B_SC_6) reach 437 

the highest values of the peak shear stress and also of the ultimate slip. The ribbed configuration 438 

of the surface of the glass bars and the sand coating of the basalt ones should indicate that the 439 

ultimate slip can increase with the roughness of the surface of the FRP reinforcements, resulting 440 

in an increase of the energy absorption capacity. Even so, it is worth to note that this result is 441 

also influenced by the lower axial stiffness of these bars compared to the other reinforcements. 442 

Lower values of both shear stress and ultimate slip are, indeed, attained by the 8 mm sand 443 

coated basalt bars (B_SC_8) and the thinner carbons strips (C_S_1.4x10), even if the slope of 444 

the softening branch is similar. On the contrary, for the other CFRP reinforcements, the values 445 

of the peak shear stress and of the ultimate slip are lower and the slope of the softening branch 446 

is larger, evidencing, thus, a more pronounced post-peak bond stress decay. The average 447 

experimental curves reported in Figure 11 evidence that both the peak shear stress and the 448 

ultimate slip increase with the decrease of the axial stiffness of the NSM reinforcement and the 449 

elastic stiffness of the bond law increases as the axial stiffness is greater. These outcomes have 450 

been already highlighted in the numerical analysis developed on the results obtained by 451 

Naples/Sannio and Minho laboratories (Ceroni et al. 2012, Ceroni et al. 2013). 452 

The effect of the axial stiffness is also visible looking only to the behavior of the carbon NSM 453 

systems, even if the strips seem to be lightly disadvantageous in terms of maximum shear stress 454 

compared with the round bars with similar axial stiffness (i.e. see the bond slip of C_S_2.5x15 455 

and of C_S_8). 456 

The effect of the surface texture is not always clearly identifiable based on the results of the 457 

tests carried out within this RRT initiative, since it is mixed with the effect of the different axial 458 

stiffness of the tested NSM systems. The influence of the surface texture can for example be 459 

observed, when comparing diameter 8 mm specimens G_RB_8 and B_SC_8 in Figure 11. The 460 
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G_RB_8 specimens obtained larger values of  τmax, and su, despite their 20% higher axial 461 

stiffness (in contradiction to the observed inversed proportionality between the peak bond stress 462 

point and the axial stiffness for most of the specimens). This is likely due to the distinct 463 

difference in surface texture between this ribbed GFRP bar and sand coated BFRP bar. 464 

The different surface treatment is expected to be reflected also on the post-peak behaviour since 465 

it is, in general, more brittle in case of a smooth surface when compared to a ribbed one, due to 466 

the rapid decay of bond since the interlocking phenomena are less pronounced. Both basalt and 467 

glass bars show, indeed, sensibly higher ultimate slip and lower slope of the softening branch 468 

compared to the smooth carbon NSM systems. 469 

Conclusions 470 

A Round Robin Testing (RRT) initiative was conducted to investigate the feasibility of the 471 

adopted single/double pulling shear test method, to investigate the mechanism of bond between 472 

NSM FRP reinforcement and concrete, and to investigate the level of variability obtained 473 

between the participating laboratories testing the same material batches. Different laboratories 474 

and seven manufacturers and suppliers participated in this extensive international exercise, 475 

which was initiated within the framework of the European funded Marie Curie Research 476 

Training Network, EN-CORE, with the support of Task Group 9.3 of the International 477 

Federation for Structural Concrete (fib).  478 

Two test setup variants, an asymmetrical pull-pull setup (single bond test, SB) and a 479 

symmetrical pull-pull setup (double bond test, DB) were adopted with concrete specimens of 480 

target compressive strength of 30 MPa. Variations in constituent materials of the concrete (with 481 

prescribed composition) in the different countries resulted in variations in the concrete strength 482 

between 23 and 49 MPa, which contributed to the obtained variations in the test results. Though 483 

the influence of the concrete strength was demonstrated to be limited, it could not be completely 484 
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neglected and bond strength results were normalized with respect to the square root of the 485 

compressive strength. 486 

Internal steel bars were used to transfer the tensile load to the DB specimens, which in some 487 

cases promoted the occurrence of premature specimen failure due to concrete splitting. 488 

Moreover, the detailing of the internal steel bars seems to have an indirect influence on the 489 

obtained bond strength results and requires precise test descriptions to be followed. These are 490 

negative aspects of this pulling shear test configuration, despite its strait forwardness as a 491 

possible standard test method. 492 

Comparing the SB and DB variants, the latter yielded systematically bond strength values 493 

which were slightly lower (about NN%). Though the test description aimed in minimizing 494 

eccentricities, parasitic flexural effects of the DB configuration remained significant when 495 

considering the obtained coefficients of variations. Nevertheless, a comparison in terms of bond 496 

stress-slip curves seems to give a good agreement between the participating laboratories and 497 

different test setups for similar  failure aspect. The maximum failure load and the bond strength 498 

varied with the type of reinforcement. However, debonding at the concrete/epoxy interface, 499 

with varying degrees of concrete damage, was the predominant observed failure aspect. 500 

Observed influence of the concrete strength or test setup on the bond behaviour remained 501 

limited to small, whereas obtained results were mainly dependent on the axial stiffness and the 502 

surface texture of the NSM systems. In particular, for the tested FRP NSM reinforcements, it 503 

was observed that the failure load increases: 1) as the axial stiffness increases until a certain 504 

value (about 7 106 MPa mm2), and 2) for NSM systems characterized by similar axial stiffness,  505 

the ribbed surface allowed to transfer higher loads compared to sand-coating. 506 

As already observed in the tests with EBR systems, the maximum strain in the NSM 507 

reinforcement that fail by debonding decreases with the increase of the axial stiffness of the 508 

FRP system. Moreover, it was observed that the maximum applicable tensile stress to a given 509 
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FRP system is related to the FRP perimeter to area ratio, with best results attained by the carbon 510 

strips since they were characterized by the highest values of this shape factor. 511 

The local bond slip relationship for the NSM systems can be approximated by a bilinear 512 

diagram, where the shear strength and ultimate slip increases as the axial stiffness of the NSM 513 

system is lower and further influenced by the surface texture of the FRP. The elastic stiffness 514 

increases as the axial stiffness of the NSM system is greater. 515 

Further numerical investigation is needed in order to assess design formulations for the main 516 

parameters of the bond law based on the experimental results collected in the presented RRT 517 

and further available in the technical literature.  518 
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Table 1. Summary of main procedural differences between testing laboratories. 585 

Lab. Test 

Loading 

rate 

[mm/min] 

Embedded 

bars 

n°/diam. 

[mm] 

Concrete properties at 28d 
Concrete properties at age of 

testing 

fcm,cyl fcm,cub fctm,flex Ec fcm,cyl fcm,cub fctm,flex Ec 

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

Ghent DB 0.10 2/16 29.7 34.2 3.8 27.6 - - - - 

Minho DB 0.50 2/16 26.4 - 3.31 24.4 35.1 - 3.7 25.8 

Naples/Sannio SB 0.18 2/20 19.6 - - 18.6 - 23.1 - - 

Budapest DB 0.10 1/22 - 49.3 3.9 - - 51.9 4.0 - 

 586 

Table 2. Test matrix. 587 

Specimens Fibers Surface 
Dimension1 

[mm] 

Groove dimensions [mm] 

Naples 

Sannio 
Ghent Minho Budapest 

C_SC_6 Carbon 
Sand coated 

bar 
6 - 12x12 10x12 12x12 

B_SC_6 Basalt 
Sand Coated 

bar 
6 10x10 12x12 9.5x10 12x12 

B_SC_8 Basalt 
Sand Coated 

bar 
8 14x14 14x14 12x12 14x14 

C_S_1.4x10 Carbon Smooth strip 1.4x10 5x15 5x15 5x15 5x15 

G_RB_8 Glass Ribbed bar 10 14x14 14x14 12x12 14x14 

C_S_2.5x15 Carbon Smooth strip 2.5x15 8x25 8x25 8x24 8x25 

C_S_8 Carbon Smooth bar 8 14x14 14x14 13x13 14x14 

C_S_10x10 Carbon 
Smooth square 

bar 
10x10 15x15 15x15 15x16 15x15 

G_SW_8 Glass 
Spirally 

wounded bar 
8 14x14 14x14 - 14x14 

1 The bar diameter and strip dimensions are nominal 588 

  589 
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Table 3. NSM FRP properties obtained by each laboratory 590 

Specimens 

Naples & 

Sannio 
Ghent Minho 

fu 

[MPa] 

Ef 

[GPa] 

fu 

[MPa] 

Ef 

[GPa] 

fu 

[MPa] 

Ef 

[GPa] 

C_SC_6 - - 
2885 

(9%) 

162 

(2%) 

3536 

(6%) 

187 

(2%) 

B_SC_6 
1282 

(8%) 

46 

(3%) 

1413 

(8%) 

52 

(4%) 

1715 

(4%) 

54 

(1%) 

B_SC_8 
1272 

(7%) 

46 

(3%) 

1208 

(13%) 

48 

(9%) 

1493 

(5%) 

53 

(1%) 

C_S_1.4x10 
2221 

(9%) 

177 

(3%) 

2756 

(7%) 

171 

(1%) 

3047 

(2%) 

175 

(1%) 

G_RB_8 
1333 

(4%) 

59 

(7%) 

1230 

(21%) 

59 

(4%) 

1776 

(3%) 

65 

(3%) 

C_S_2.5x15 
2863 

(5%) 

182 

(1%) 

1558 

(13%) 

178 

(5%) 

1813 

(11%) 

171 

(1%) 

C_S_8 
2495 

(3%) 

155 

(1%) 
- - - 

157 

(5%) 

C_S_10x10 
1397 

(7%) 

159 

(6%) 

1360 

(4%) 

180 

(11%) 

1505 

(17%) 

179 

(2%) 

G_SW_8 
1250 

(5%) 

51 

(5%) 

1352 

(7%) 

53 

(5%) 
- - 

 591 

Table 4. Average NSM FRP Properties  592 

Specimens 

Exp. Average 

values& COV 

Manufacturer’s 

data  

fu,exp/fu,nom 

 

Ef,exp/Ef,nom 

Af
1
 

[mm2] 

Ef Af 

[MN] fu,exp 

[MPa] 

Ef,exp 

[GPa] 

fu,nom 

[MPa] 

Ef,nom 

[GPa] 

C_SC_6 3211(14%) 175(10%) 2068 124 1.55 1.41 29.9 5218 

B_SC_6 1470(15%) 51(8%) - 50 - 1.02 29.9 1515 

B_SC_8 1324(11%) 49(7%) - 50 - 0.98 50.2 2460 

C_S_1.4x10 2675(16%) 174(2%) 1850 165 1.45 1.05 14.0 2441 

G_RB_8 1443(20%) 61(6%) 1500 60 0.96 1.02 50.0 3050 

C_S_2.5x15 2078(33%) 177(3%) 3100 165 0.67 1.07 37.5 6638 

C_S_8 2495(3%) 156(1%) 2800 155 0.89 1.00 50.2 7831 

C_S_10x10 1421(5%) 173(7%) 2000 155 0.71 1.12 100.0 17300 

G_SW_8 1301(6%) 52(3%) - - - - 50.2 2610 
1 the cross-sectional area is nominal 593 

 594 

  595 
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Table 5. Properties of the adhesive 596 

Adhesive Type Samples 
Manufacturer Ea fa 

Ea [GPa]  fa [MPa] [GPa] [MPa] 

Fortresin CFL 6 - 50 8.87 (0.38) {4%} 21.7 (6.8) {31%} 

Sikadur-30 6 12.8 30 10.7 (0.3) {3%} 33.7 (0.9) {3%} 

StoPox SK 41 6  - 7.61 (0.66) {9%} 20.3 (1.8) {9%} 

Average (Standard deviation) {Coefficient of variation} 597 

  598 
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Table 6. Failure load for the NSM reinforcements in the case of debonding failure 599 

 Gent Minho 

 
Fu 

[kN] 

Fu 

[kN] 

Fu 

[kN] 

Fu,av 

[kN] 

CoV 

[%] 
FA 

Fu 

[kN] 

Fu 

[kN] 

Fu 

[kN] 

Fu,av 

[kN] 

CoV 

[%] 
FA 

C_SC_6 31.5 30.6 36.8 33.0 10 2 38.7 33.0 38.3 36.7 9 3 

B_SC_6 26.7 30.8 27.7 28.4 8 3 23.0 25.1 31.4 26.5 16 2 

B_SC_8 46.1 37.6 35.8 39.8 14 3 31.0 37.1 32.3 33.5 10 2 

C_S_1.4x10 - - - - - - 36.6 39.4 41.4 39.1 6 2 

G_RB_8 55.6 56.3 43.3 51.7 14 3 38.6 38.6 43.8 40.3 7 2 

C_S_2.5x15 - - - - - - 49.6 48.3 48.0 48.6 2 2 

C_S_8 56.8 51.4 62.5 56.9 14 1 47.5 49.0 45.8 47.4 3 2 

C_S_10x10 65.1 59.6 - 62.4 6 2 - - - - - - 

G_SW_8 43.3 43.2 44.6 47.7 2 2 - - - - - - 

Failure aspects: 600 
1. Debonding at the FRP-adhesive interface (DB-FRP/A) 601 
2. Debonding at the concrete-adhesive interface, with various degrees of concrete damage (DB-C/A) 602 
3. Adhesive splitting failure (SP-A) 603 

 604 

Table 7. Failure load for the NSM reinforcements in the case of debonding failure 605 

 Naples/Sannio Budapest 

 
Fu 

[kN] 

Fu 

[kN] 

Fu 

[kN] 

Fu,av 

[kN] 

CoV 

[%] 
FA 

Fu 

[kN] 

Fu 

[kN] 

Fu 

[kN] 

Fu,av 

[kN] 

CoV 

[%] 
FA 

C_SC_6 - - - - -  33.2 34.5 - 33.9 3 3 

B_SC_6 33.9 28.8 - 31.4 11 2       

B_SC_8 31.6 33.1 30.2 31.6 5 2 28.5 32.7 - 30.6 10 2 

C_S_1.4x10 - - - - - -       

G_RB_8 46.7 45.3 50.9 47.6 6 2 45.8 43.5 - 44.7 4 3 

C_S_2.5x15 53.0 56.0 46.3 51.8 10 2 39.7 41.0 40.6 40.4 2 2 

C_S_8 48.5 55.3 45.2 49.7 10 2 40.7 41.5 42.7 41.6 2 2/3 

C_S_10x10 51.7 47.9 51.6 50.4 4 2 - - - - - - 

G_SW_8 40.8 38-0 - 39.4 5 1 - - - - - - 

Failure aspects: 606 
4. Debonding at the FRP-adhesive interface (DB-FRP/A) 607 
5. Debonding at the concrete-adhesive interface, with various degrees of concrete damage (DB-C/A) 608 
6. Adhesive splitting failure (SP-A) 609 
 610 

Table 8. Average failure loads and stresses for the NSM reinforcements in the case of 611 

debonding failure 612 

Specimens 

Average values 

Fu,av 

[kN] 

CoV 

[%] 
av 

[MPa] 

max 

[MPa] 

C_SC_6 34.5 6 6.1 1154 

B_SC_6 28.8 9 5.1 962 

B_SC_8 33.9 12 4.5 675 

C_S_1.4x10 39.1 - 5.7 2795 

G_RB_8 46.1 10 6.1 922 

C_S_2.5x15 46.9 12 4.5 1252 

C_S_8 48.9 13 6.5 974 

C_S_10x10 56.4 15 4.7 564 
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G_SW_8 41.6 7 5.5 828 

 613 
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 614 

Table 9. Failure load for the NSM reinforcements in the case of concrete failure (SP-C) 615 

Specim

en 

Ghent Minho Budapest 
Aver

age 

Fu [kN] 

Fu,

av 

[k

N] 

Co

V 

[%

] 

Fu [kN] 

Fu,

av 

[k

N] 

Co

V 

[%

] 

Fu [kN] 

Fu,

av 

[k

N] 

Co

V 

[%

] 

Fu,av 

[kN] 

C_S_1.

4x10 

25

.0 

24

.3 
- 

24

.7 
4 - - - - - 

25

.4 

23

.9 

26

.0 
25

.1 
4 24.9 

C_S_2.

5x15 

60

.6 

60

.9 

58

.1 
59

.9 
3 - - - - - - - - - - 59.9 

C_S_1

0x10 
- - 

58

.2 
58

.2 
- 

62

.7 

59

.0 

55

.0 
58

.9 
7 

59

.7 

56

.9 
- 

58

.3 
3 58.5 

 616 

Table 10. Failure load for the NSM reinforcements in the case of tensile failure of fibres 617 

(T-FRP) 618 

Specimens 
Naples/ Sannio 

Fu  [kN] Fu,av [kN] CoV [%] 

C_S_1.4x10 31.2 33.0 34.7 32.9 5 

B_SC_6 - - 36.3 36.3 - 

 619 

  620 



Page 31 of 46 

 

 621 

Figure 1. Test setups for assessing the NSM FRP bond behaviour: (a) Single-Shear Pushing 622 

Test, (b) Single-Shear Pulling Test, (c) Double-Shear Pushing Test,(d) Double-Shear Pulling 623 

Test and (e-f) Beam Bending Test. 624 

 625 

 626 

Figure2. Conceptual representation of the stress field introduced by the reinforcements in the 627 

surrounding concrete in real FRP strengthened elements. 628 
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a1) 

 
 

a2) 

 

 

 
 

 

 

a3) 

Figure 3a. DB test set-up of Gent Laboratory: a1) specimen and instrumentation details; a2) 631 

specimen in the testing machine; a3) detail of extra mechanical anchoring system. 632 
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 b1) 

 

 

b2) 

 

 

b3) 

Figure 3b. DB test set-up of Budapest Laboratory: b1) specimen details; b2) position of strain 634 

gauges along the NSM reinforcement spaced of 70 mm; b3) specimen in the testing machine and 635 

detail of LVDT. 636 

 637 
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c1) 

 

c2) 

Figure 3c. DB test set-up of Minho Laboratory: c1) specimen and instrumentation details; c2) 638 

detail of extra mechanical anchoring system and of LVDTs. 639 

 640 

 

d1)  

 

 

d2) 

 

 

 
 

 

 

d3) 

Figure 3d. SB test set-up of Naples/Sannio Laboratory: d1) specimen details; d2) specimen in 641 

the testing machine; d3) position of strain gauges along the NSM FRP reinforcement. 642 
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 645 

Figure 4. Bar surface configuration: a, b) sand-coated basalt round bar; c) spirally wound round 646 

glass bars; d) ribbed round glass bars; e) smooth round carbon bars; f) smooth square carbon 647 

bars; g-h) smooth carbon strips. 648 

 649 

  650 
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a) 

          
b) 

  

c) 
  

d) 

 

 e) 

Figure 5. Examples of experimentally observed failure aspects: a) Debonding at the FRP-651 

adhesive interface (DB-FRP/A); b) Debonding at the concrete-adhesive interface, with various 652 

degrees of concrete damage (DB-C/A); c) Adhesive splitting failure (SP-A); d) Splitting failure 653 

of the concrete along the plane of the internal steel bars (SP-C); e) Tensile failure of the FRP (T-654 

FRP). 655 

 656 

  657 



Page 37 of 46 

 

 658 
Figure 6. Normalized average maximum load. 659 
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 662 

a) 

 b) 

 c) 

Figure 7. a) Average maximum strain versus axial stiffness, b) Maximum load versus axial 663 

stiffness and c) Maximum tensile stress vs. NSM perimeter/area ratio. 664 
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a) 

 

b) 

 

c) 

 

d) 
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e) 

 

f) 

 

g) 

 

h) 

Figure 8. Load displacement curves 665 

  666 
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 a) 667 

b) 668 

c) 669 
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d) 672 

e) 673 

f) 674 
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g) 675 

Figure 9. Strain distribution 676 
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g) 

 
h) 

 678 

Figure 10. Average bond-slip relationships. 679 

  680 
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 681 

  682 
Figure 11. Experimental average local bond-slip relationship. 683 
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