
Cruz, J.R.; Seręga, S.; Sena-Cruz, J.; Pereira, E.; Kwiecień, A.; Zając, B. (2020) “Flexural behaviour of NSM CFRP laminate strip 

systems in concrete using stiff and flexible adhesives” Composites Part B: Engineering, 195: 108042 1-18. 

1 

Flexural behaviour of NSM CFRP laminate strip systems in concrete using stiff and flexible 1 

adhesives 2 

 3 

José Ricardo Cruz1, Szymon Seręga2, José Sena-Cruz3*, Eduardo Pereira4, Arkadiusz Kwiecień5 and 4 

Bogusław Zając6 5 

Abstract: This work presents the results of an experimental and numerical investigation on the flexural 6 

behaviour of reinforced concrete (RC) slabs strengthened by carbon fibre reinforced polymers (CFRP) 7 

laminates applied according to the near surface mounted (NSM) technique, using stiff and flexible 8 

adhesives. Two study variables were analysed: i) the adhesive type and ii) the existence or not of pre-9 

cracking on the slabs. The results show a clear dependence of slab’s flexural performance on the adhesive 10 

type: the use of flexible adhesive yields to 80% of the maximum load achieved with stiff adhesives. The 11 

existence of pre-damage did not affect the structural behaviour of the slabs. CFRP rupture was observed 12 

with the use of stiff adhesives while CFRP debonding has occurred with the flexible one. Finally, a higher 13 

ductility was observed when using flexible adhesive. 14 

A numerical model was worked out and calibrated to simulate the flexural behaviour of the tested slabs. 15 

The numerical simulations showed a very good agreement with the experiments. Besides the very good 16 

predictive performance in terms of load-displacement behaviour, the numerical model also correctly 17 

reproduced the failure modes obtained in the experiments and the differences in the bonding mechanisms 18 

of slabs strengthened with the stiff and flexible adhesives. It was demonstrated that the proposed 19 

numerical model can be used in engineering practice for the analysis and design of NSM CFPR 20 

strengthening systems for existing RC structures. 21 
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1. INTRODUCTION 24 

Repair and strengthening solutions are commonly adopted in existing reinforced concrete (RC) structures 25 

as a way to preserve and rehabilitate them. The use of Fibre Reinforced Polymers (FRP) applied 26 

according to the Near Surface Mounted (NSM) technique is one of the possibilities for strengthening 27 

existing RC structures. NSM technique is based on the insertion of the reinforcing composite material in a 28 

groove cut in the concrete cover of the element to be strengthened [1-4]. Typically, stiff and hardly 29 

deformable epoxy adhesives are used to fix the FRP to concrete. This bonding agent plays a key role on 30 

the composite action of the system, because it is mainly responsible for the stress transferring between the 31 

FRP and the concrete substrate, in both service and ultimate limit states. 32 

There are very few studies intended at assessing the influence of the adhesive stiffness and deformability 33 

on the flexural behaviour of RC elements strengthened using the Carbon FRP (CFRP) laminate systems. 34 

Only two investigations were found, both about the EBR (Externally Bonded Reinforcement) and none 35 

about the NSM technique. Derkowski et al. [5] performed a research on the use of stiff and flexible 36 

adhesive layers of different stiffness (Young’s module ranging between 2 MPa and 13 000 MPa) and 37 

deformability (ultimate strains ranging between 0.2% and 150%) for bonding CFRP laminates in the 38 

flexural strengthening of RC beams. In this investigation, RC beams were strengthened with CFRP 39 

laminates using a stiff epoxy adhesive and five types of polymer adhesives of different flexibility. The 40 

beams were monotonically tested. Regarding the results, the authors reported the advantage of using 41 

highly deformable (flexible) adhesives in external bonding (EB) of CFRP laminates to RC beams as 42 

strengthening solution, such as: 43 

i) more uniform distribution of CFRP strains along its length and smallest deflection (mainly in the 44 

case of the middle hard flexible polymer); 45 

ii) protection against higher stress concentration in the CFRP due to cracking, reducing the risk of 46 

CFRP failure at cracks; 47 

iii) higher load carrying capacity of these structural elements. 48 

Kwiecień et al. [6] tested the flexural efficiency of an innovative solution for repair and strengthening of 49 

RC structures, consisting of the simultaneous use of rigid and flexible adhesive layers with CFRP 50 

laminates externally bonded at the bottom of a RC beam, previously ruptured in a fatigue test. The results 51 

indicate that this new system increases significantly the ductility of the repaired RC beam in the post-peak 52 
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behaviour and eliminates the disadvantage of brittle and rapid failure (without warning) of the composite-53 

to-concrete-joint. Moreover, the FRP composite system with stiff epoxy adhesive, when strengthening the 54 

cracked RC concrete beam, is characterised by a brittle behaviour and vulnerability to uneven 55 

deformations generating a notch effect and stress concentrations, which does not happen with this flexible 56 

alternative bonding. Kwiecień [7] studied the bond behaviour of EB systems applied in CFRP 57 

strengthening of masonry, by using stiff (an epoxy resin) and flexible (five polyurethane polymers) 58 

adhesives in single-lap shear tests. The author concluded that the tested flexible adhesive was more 59 

effective than the stiff one. Using the flexible polyurethane adhesive PS, higher ultimate forces (of about 60 

42%) and ultimate slips (of about 63%) were reached in comparison to the stiff adhesive. The loaded-end 61 

slip attained with the flexible adhesive was about 40 times higher than with the stiff adhesive. Thus, the 62 

shear stress in the adhesive layer was reduced by the adhesive flexibility and more evenly redistributed 63 

along the bonding length. The author concluded also that the flexible polymers protected the brittle 64 

substrate against the local shear stress concentrations at the loaded-end caused usually by stiff adhesives, 65 

which is responsible for the activation of the rapid detachment process. 66 

The existing guidelines do not explicitly consider the influence of the adhesive type on the provisions for 67 

estimation of the flexural capacity of RC members strengthened with NSM FRP systems. D'Antino and 68 

Pisani [8] assessed the accuracy of the models proposed in four guidelines, namely ACI 440.2R-08 [9], 69 

TR 55 [10], CSA S806-12 [11] and CNR DT 200 R1/2013 [12] for the estimation of the flexural capacity 70 

of RC beams strengthened with NSM CFRP composites. From the analysis performed the authors 71 

concluded that the procedures considered in these guidelines are based on the assumption that there is no 72 

relative slip between FRP reinforcement and concrete. Moreover, only the English TR 55 establishes the 73 

limitation of the strain in the NSM reinforcement to prevent the failure of the adhesive layer. 74 

Taking into consideration the advantages of using flexible adhesives referred by the existing literature, 75 

and the lack of experience in using these adhesives adopting the NSM technique, in the present work the 76 

following effects on the flexural behaviour of the RC slabs strengthened with the NSM CFRP technique 77 

are studied:  78 

i) the using of different types of adhesives (stiff and flexible); 79 

ii) the existence or not of cracks in concrete before applying the composite strengthening. 80 
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In the following sections, the experimental program is detailed and the main results obtained are 81 

presented and analysed. In the last part of this work, the numerical simulations carried out to simulate the 82 

experimental responses of the tested slabs are introduced and discussed. 83 

2. EXPERIMENTAL PROGRAMME 84 

2.1 Test programme 85 

The experimental program (see Table 1) consisted on the flexural testing of seven slab specimens. The 86 

investigation involved the study of three adhesive types, namely: 87 

i) adhesive 1 (ADH1); 88 

ii) adhesive 2 (ADH2); 89 

iii) adhesive 3 (ADH3). 90 

Each adhesive type was applied in two slabs: 91 

i) a slab without pre-cracking (U); 92 

ii) a slab which was pre-cracked before applying the strengthening system (C). 93 

The cross-section of CFRP laminate adopted was 1.4×20 [mm]. In this study, it was also included a 94 

control slab (without the application of the strengthening system). The generic denomination adopted for 95 

the slab specimens is SL_ADHX_Y where X represents the adhesive type (1, 2 or 3) while Y indicates 96 

the absence or presence of pre-cracking (U - Uncracked and C - Cracked). The control slab was named as 97 

SL_REF. 98 

2.2 Slab geometry and test configuration 99 

Figure 1 presents the geometry of the slab specimens, as well as the details of the strengthening system 100 

and test configuration adopted. The slabs have a total length of 2600 mm with a rectangular cross-section 101 

of 600×120 [mm]. The bottom steel reinforcement was composed of 4 steel bars of 8 mm diameter (48), 102 

which corresponds to a longitudinal reinforcement ratio, 𝜌𝑙, equal to 0.35%, while the top steel 103 

reinforcement was composed of 36. Steel stirrups of 6 mm diameter spaced of 300 mm were adopted 104 

(6@300). The concrete cover was equal to 20 mm at the slab top and both sides and to 25 mm at the 105 

bottom. The strengthening solution is composed of 2 CFRP laminates of 1.4×20 [mm] installed in the 106 

concrete cover according NSM technique. The main purpose of this strengthening solution was to double 107 

the load carrying capacity of control slab (SL_REF). The corresponding equivalent longitudinal steel 108 
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reinforcement ratio (𝜌𝑠,𝑒𝑞) is equal to 0.49%, according to Sena-Cruz et al. [2]. The grooves used for 109 

installing the CFRP laminates have a constant cross-section of 5×25 [mm]. The CFRP laminates have a 110 

total length of 2200 mm coinciding their mid length with the mid span of the slab span. The absence of 111 

CFRP reinforcements at the extremities of the slab was adopted to avoid the confinement effect provided 112 

by the supporting conditions to the reinforcing materials during the test. 113 

A four-point bending loading test configuration was adopted to perform the quasi-static monotonic tests 114 

(see Figure 1a). The distance between supports (span length) was 2400 mm, being the shear span of 115 

900 mm (i.e. 7.5 times the slab thickness). The slab’s instrumentation included the measurement of the 116 

applied load (F) using a load cell with the maximum capacity of 200 kN and a linear error of ±0.05%. For 117 

measuring the deflection along the longitudinal axis of the slab, 5 linear variable displacement transducers 118 

(LVDT1 to LVDT5) were used: 3 LVDTs in the pure bending zone (range of ±75 mm and linearity error 119 

of ±10%) and 2 LVDTs (range of ±25 mm and linearity error of ±10%), one in each side, at mid distance 120 

between the bottom supports and the line loads. The strains in the materials composing the slabs were 121 

also assessed using strain gauges glued (see Figure 1b): 122 

i) on bottom steel bars at mid-span (SG1 and SG2); 123 

ii) on concrete under compression stress state at the top fibre in mid-span (SG3); 124 

iii) on the CFRP laminates - two strain gauges were placed at mid-span (SG4 and SG5), one at the 125 

loading point (SG6) and two between the loading point and CFRP extremities (SG7 and SG8). 126 

Two different types of strain gauges were used: 127 

i) TML BFLA-5-3-3L for steel bars and CFRP laminates; 128 

ii) TML PFL-30-11-3L for concrete. 129 

The tests were conducted using a servo-controlled equipment under displacement control (controlled by 130 

the internal displacement transducer of the actuator) at a rate of 20 µm/s. During the tests the crack width 131 

evolution of 3 cracks in the pure bending zone was measured using a handheld USB microscope 132 

(VEHO VMS-004 D microscope), which has a native resolution of 640×480 pixels and magnification 133 

capacity up to 400 times. In the present study, the evolution of the crack width was monitored with a 134 

magnification factor of 20 times up to a pre-defined load in order to assure the safety of the operator. 135 
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2.3 Material characterization 136 

In this work, the mechanical properties of concrete, stiff adhesives and steel bars were experimentally 137 

assessed while the mechanical properties of both the CFRP laminate strips and the flexible adhesive were 138 

taken from other publication, since the material came from the same batch. 139 

All slabs composing the experimental program and the specimens used for the assessment of the 140 

concrete’s mechanical properties were cast from a single batch. The following characteristics were 141 

adopted for the concrete: 142 

i) strength class: C30/37; 143 

ii) exposure class: XC4; 144 

iii) maximum aggregate size: 12.5 mm; 145 

iv) slump class: S3; 146 

v) cement: CEM II/A-L 42,5R. 147 

The concrete composition included 907 kg/m3 of coarse aggregates, 915 kg/m3 of fine aggregates, 310 148 

kg/m3 of cement, 4.96 kg/m3 of admixture and a water/cement (W/C) ratio equal to 0.58. The concrete’s 149 

modulus of elasticity (Ec) and compressive strength (fc) were assessed using cylinders with diameter of 150 

150 mm and height of 300 mm, at 28 and 110 days after casting (the latter date coincides with the date of 151 

slab’s testing). The modulus of elasticity and the compressive strength were assessed according to LNEC 152 

E-397-1993:1993 [13] and NP EN 12390-3:2009 [14] recommendations, respectively. Table 2 presents 153 

the obtained results (average values). 154 

The used steel bars are of the class A400 NR SD (Eurocode 2 [15]) according to the NP EN ISO 6892–1 155 

[16] and their mechanical properties were assessed through uniaxial tensile tests. Three specimens were 156 

used for each diameter. Table 2 presents the average values obtained for the yield stress (fy) and ultimate 157 

strength (fsu). 158 

The CFRP laminate strips used for strengthening the slabs are produced by S&P® Clever Reinforcement 159 

Ibérica with the trademark CFK 150/2000. These CFRP laminates are composed of unidirectional carbon 160 

fibres agglutinated trough an epoxy vinyl ester resin matrix, presenting a smooth surface. The content in 161 

fibres relative to matrix is about 70% (in volume). As mentioned above, the mechanical properties of the 162 
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CFRP laminate strips were assessed in other publication – see in [17]. Table 2 presents the average values 163 

obtained for the modulus of elasticity (Ef), tensile strength (ffu) and ultimate strain (εfmax). 164 

The stiff adhesives ADH1 and ADH2 (epoxy resins), have commercial trademarks Sikadur-30 and S&P 165 

Resin 220, respectively. The flexible adhesive, ADH3, with the commercial trademark of Sika PS, is a 166 

polyurethane polymer. During its application, the stiff adhesives have shown high viscosity, while the 167 

flexible adhesive exhibited low viscosity and high flexibility after curing. The adhesives are provided by 168 

the supplier in the form of two components (Component A = resin and Component B = hardener), which 169 

need to be mixed before application according the supplier’s ratios A:B of 3:1, 4:1 and 9:1 for ADH1, 170 

ADH2 and ADH3, respectively. The tensile mechanical properties of ADH1 and ADH2 were obtained by 171 

performing tests according to the ISO 527-2:2012 [18], while the mechanical properties of ADH3 were 172 

previously assessed by Kwiecień [7], also according to the ISO 527-2:2012. Table 2 presents the results 173 

obtained for the elastic modulus (Ea), tensile strength (fa) and ultimate strain (εamax) for ADH1 and ADH2 174 

and the values collected for ADH3. It should be noted that both stiff adhesives have shown approximately 175 

similar mechanical properties, while adhesive ADH3 has shown significantly lower modulus of elasticity 176 

and tensile strength, but much higher ultimate strain. 177 

2.4 Specimen preparation 178 

The preparation of the strengthened slabs included several steps, namely: 179 

i) casting; 180 

ii) groove’s opening using a saw-cut machine with a diamond disk; 181 

iii) pre-cracking (series “_C” only); 182 

iv) cleaning of the grooves and CFRP laminates with compressed air and acetone, respectively; 183 

v) application of a special primer (chemically compatible) on the groove surface (for the case of slabs 184 

using ADH3), as recommended by the supplier; 185 

vi) application of the adhesive on turned upside down specimens: ADH1 and ADH2 were applied 186 

with the assistance of a spatula while the ADH3, due to its low viscosity, was applied by gravity 187 

(see Figure 2); and finally, 188 

vii) introduction of the CFRP laminate in the groove and regularization of the surface. 189 

The specimens were kept in laboratory environment for approximately one month and a half before being 190 

tested. 191 
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In the series “_C”, the pre-cracking process was performed using the same test configuration used for the 192 

tests up to failure described previously. The main difference was that the pre-cracking process was 193 

performed under force control at a rate of 0.05 kN/s up to a force of 15 kN, which corresponds 194 

approximately to 2/3 of the load carrying capacity of the control slab (SL_REF). When this load level was 195 

achieved, this value of force was kept constant for 10 minutes to mark the existing visible cracks and 196 

measure the width of the cracks. During the time while the force remained constant, there was an increase 197 

on mid-span displacement due to creep. After this period, the (total) mid-span deflection was about 198 

13 mm. Finished this task, the slabs were unloaded. Then, the slabs unstressed (but with residual 199 

deformations) were strengthened with the CFRP laminates following the procedure described at the 200 

beginning of this section. 201 

The response of the slabs “_C” was very similar to the one obtained in the control slab. During the 202 

unloading process, it could be observed the recovery of the elastic deformation, with a remaining residual 203 

mid-span deflection of about 6 mm (44% of the observed maximum displacement) and the steel residual 204 

stain of about 0.1%. 205 

3. EXPERIMENTAL RESULTS AND DISCUSSION 206 

3.1 Main results 207 

Table 3 presents the main results obtained. In this table, KI, KII and KIII represent the flexural stiffness in 208 

each of the three main representative stages, respectively: i) elastic phase, ii) cracked phase, and iii) post 209 

steel yielding phase. These parameters were determined by computing the slope of the corresponding 210 

branch using two representative points; Fcr, Fy and Fmax correspond to the force at the cracking initiation, 211 

bottom steel yielding and maximum force, respectively, and δcr, δy and δmax correspond to the mid-span 212 

displacements at Fcr, Fy and Fmax, respectively; εfmax is the maximum strain attained in the CFRP laminate 213 

at Fmax. The values between brackets represent the increase of load carrying capacity compared to the 214 

control slab. The ductility of each slab was also assessed through the parameter δmax/δy. The ratio between 215 

the residual force (at the end of the test) and the corresponding maximum force, Fr/Fmax is also included. 216 

Finally, the last column includes the observed failure modes. 217 

Figure 3 presents the applied force versus mid-span displacement relationships obtained for the tested 218 

slabs. These relationships present the typical behaviour observed in RC slabs strengthened in flexure with 219 

NSM-CFRP systems. It is observed an increase in load carrying capacity due to the strengthening 220 



Cruz, J.R.; Seręga, S.; Sena-Cruz, J.; Pereira, E.; Kwiecień, A.; Zając, B. (2020) “Flexural behaviour of NSM CFRP laminate strip 

systems in concrete using stiff and flexible adhesives” Composites Part B: Engineering, 195: 108042 1-18. 

9 

application. In the case where no pre-cracking was applied to the slabs, three main phases can be 221 

observed: 222 

i) the elastic phase (I), from the beginning of the test up to the crack initiation without significant 223 

change in stiffness when compared with SL_REF, due to the reduced amount of the CFRP 224 

reinforcement utilized; 225 

ii) the cracked phase (II), from the crack initiation up to the steel yielding, where the contribution of 226 

the CFRP reinforcement starts playing an important role; 227 

iii) the post yielding phase (III), from the steel yielding up to the maximum load carrying capacity, 228 

where the contribution of the CFRP reinforcement is responsible for carrying the additional 229 

increments of load. 230 

As expected, the elastic phase does not exist on the pre-cracked slabs since they were pre-cracked before 231 

the application of strengthening (see Figure 3b). It is also observed a decrease of the flexural stiffness 232 

along the test due to the increase of damage in the composing materials, as well as cracking and the 233 

degradation of the bond properties between materials (steel/concrete and CFRP/adhesive/concrete). 234 

As stated before, similar responses were obtained during the elastic phase for all slabs, including SL_REF 235 

due to the low amount of strengthening reinforcement applied. In the cracked phase, all the strengthened 236 

slabs exhibited very similar behaviour. However, at the yielding point important differences can be 237 

observed for the different types of adhesive used: SL_ADH1 and SL_ADH2 present a higher yielding 238 

load than the SL_ADH3, regardless of the existence or not of pre-cracking. This behaviour is due to the 239 

level of slip between the CFRP and concrete occurred at this load level. This slippage is directly 240 

controlled by the stiffness of the adhesive. After yielding, slabs SL_ADH1 and SL_ADH2 exhibited an 241 

almost linear elastic behaviour. Since stiff ADH1 and ADH2 provided higher level of bond between the 242 

CFRP and concrete linked with low levels of slip, the tensile failure of CFRP was achieved. As expected, 243 

after failure of the CFRP of these slabs (SL_ADH1 and SL_ADH2) the flexural response resembles the 244 

one observed in the SL_REF. It should be noted that on slabs SL_ADH3, the third branch is different 245 

from the one observed on SL_ADH1 and SL_ADH2, with a pronounced non-linear relationship between 246 

the applied force and the deflection at mid-span. This behaviour is mainly governed by the significant 247 

amount of slip between the CFRP laminates and the concrete. Due to that, the CFRP failure did not occur. 248 

After reaching the maximum load, those deformation coincides with the deformation achieved in the slabs 249 
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SL_ADH1 and SL_ADH2 at the maximum load, a softening branch with a gradual decrease of strength is 250 

observed, with a significant residual strength (for 120 mm of deflection was about 77% of Fmax). This 251 

more deformable response observed in SL_ADH3 can be explained by the initial higher shear 252 

deformation of the flexible adhesive and then the progressive loss of bond between the CFRP laminate 253 

and concrete, and by the progressive increasing cohesive failure at the adhesive, which decreases the 254 

contribution of the CFRP laminates for flexural capacity of these slabs after reaching the maximum load. 255 

3.2 Strains 256 

3.2.1 Force versus mid-span CFRP strain 257 

Figure 4 presents the force versus mid-span CFRP strain relationships obtained for the strengthened slabs. 258 

As in force versus mid-span displacement relationships, three phases can be observed for uncracked series 259 

and two phases can be observed for cracked series. In general, the level of mobilization of the CFRP is 260 

higher with stiff adhesives than with flexible one, which prove the higher capacity for stress transfer of 261 

the stiff adhesives. Contrarily to SL_ADH1 and SL_ADH2, the CFRP did not fail suddenly after Fmax on 262 

SL_ADH3, but the slow decreasing of CFRP strain can be observed after the peak load was reached. 263 

Most likely this is the result of the CFRP gradual slippage, as a consequence of the loss of bond at 264 

laminate adhesive interface. Finally, it should be noted that a smaller level of CFRP strain was attained at 265 

the initial phase of the test of the uncracked series, perhaps due to the contribution of the uncracked 266 

concrete under tension, as opposed to what was observed for the cracked series. After the crack initiation, 267 

the process of stresses transfer from the concrete under tension to the CFRP laminate results in a sudden 268 

increase of the CFRP strain when stiff adhesives are used. In contrast, in the slab where flexible adhesive 269 

was used this increase was not observed, but an almost monotonic strain increase was obtained. This may 270 

reveal a reduction of CFRP’s stress concentration at the cracks locations, and the stress redistribution 271 

along the CFRP laminate provided by the flexible adhesive, leading to a smoother mobilization of the 272 

mechanical properties of the CFRP laminate as discussed in [5]. Flexible adhesive (SL_ADH3) protected 273 

the CFRP laminate against the notch effect at the crack locations, which was responsible for the CFRP 274 

laminate failure when stiff adhesives were used (SL_ADH1 and SL_ADH2). 275 

3.2.2 Force versus mid-span steel strain 276 

Figure 5 presents the force versus mid-span steel strain relationships for the bottom steel reinforcement. 277 

First, it should be mentioned that these results are dependent on the position of the strain gauge in relation 278 
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to the concrete cracks: if a strain gauge is located in the point where a crack opens, higher values of strain 279 

are measured than if a strain gauge is placed in a zone between two cracks. The results show that: 280 

i) for uncracked series, up to the crack initiation, the strains on steel are very small; after the crack 281 

initiation, a huge increase of the strains was observed; 282 

ii) for the cracked series, the yielding strains are lower than the ones observed for uncracked series, 283 

probably due to the residual strain present in steel resulting from the pre-cracking process; 284 

iii) on cracked series, the mobilization of the steel reinforcement since the beginning of the test is 285 

higher than in the uncracked series, as a result of the cracked state. 286 

3.2.3 Force versus mid-span concrete strain 287 

Figure 6 presents force versus mid-span concrete strain relationships. The results show that: 288 

i) in general, SL_ADH1 and SL_ADH2 slabs presented concrete strains lower than SL_ADH3 slabs; 289 

ii) in the transition between the elastic and cracked phase, and after steel yielding, there was a huge 290 

increase in the concrete strains, higher on SL_ADH3 than on SL_ADH1 and SL_ADH2; 291 

iii) higher level of strains was achieved in the cracked series. 292 

3.3 Failure modes 293 

Figure 7 shows images of the CFRP reinforcement obtained after failure. Two types of failure modes, 294 

related to the mechanical properties of the adhesives, were observed in this study: 295 

i) slabs SL_ADH1 and SL_ADH2 failed by rupture of the CFRP laminate at mid-span (see Figure 296 

7a). For the SL_ADH1 and SL_ADH2 slabs, in some zones of the strengthening, it was possible to 297 

observe cracks on the adhesive-concrete interface; 298 

ii) slabs SL_ADH3 failed by debonding of the CFRP laminate at laminate-adhesive interface, mainly 299 

at mid-span (see Figure 7b), and by cohesive failure of the adhesive on other parts along the 300 

strengthening, mainly at the ends (see Figure 7c and Figure 7d). This cohesive failure of the 301 

adhesive at the ends took place only in one laminate of each slab SL_ADH3. 302 

3.4 Crack width, crack pattern and average crack distance 303 

As stated in Section 2.2, the crack width of target cracks was monitored using a handheld USB 304 

microscope with a magnification factor of 20 times. To perform this, three cracks were selected on each 305 

slab in the pure bending zone: one crack as close as possible to the mid-span and the other two close to 306 
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the loading points. Then, during the tests, images selected from each crack were periodically captured. 307 

For each crack image, three measurements were performed in order to obtain the average crack width. 308 

The increase in crack width due to the increase of the imposed vertical displacement was measured up to 309 

a threshold of about 30 kN of load, due to safety reasons. 310 

Figure 8 presents the evolution of the crack width against the increase of the applied force approximately 311 

up to the steel yielding. From this stage onwards the F-w relationship stopped following the linearity 312 

observed up to this phase. The results show that, for the same load level, there is a tendency for higher 313 

crack openings on the slab SL_ADH3 than in slabs SL_ADH1 and SL_ADH2. Comparing uncracked 314 

series with the cracked series, some findings can be pointed out: the crack width measurements started 315 

earlier on the cracked series, since at the beginning of the test there were already cracks, as opposed to the 316 

uncracked series. 317 

The final crack pattern obtained in each slab was evaluated after the test. Figure 9 presents the results 318 

obtained for both lateral and bottom surfaces of each slab. Figure 10 presents the values obtained for the 319 

average crack spacing. These results were obtained by measuring the distance between cracks at the edge 320 

between the lateral surface exposed during the test and the bottom surface. 321 

Analysing the results, in general, strengthening leads to an: 322 

i) increase on the number of cracks; 323 

ii) increase on the crack band zone, which tends to extend from the pure bending zone toward the 324 

ends of the slabs (see Figure 9); 325 

iii) and, reduction of the average crack spacing, as already observed by Correia et al. [19]. 326 

When SL_REF is used as a comparison, at the uncracked series, the reduction on the average crack 327 

spacing was about 20%, 29% e 16% respectively for the slabs SL_ADH1_U, SL_ADH2_U and 328 

SL_ADH3_U. On cracked series, the values of spacing reduction were 34%, 23% e 12%, respectively for 329 

the slabs SL_ADH1_C, SL_ADH2_C and SL_ADH3_C. The results indicate that the stiff adhesives 330 

provide higher reduction of crack spacing than the flexible one. 331 

The crack pattern obtained for SL_ADH3 slabs was approximately similar to the one obtained for 332 

SL_REF, with higher average crack spacing than the one in slabs SL_ADH1 and SL_ADH2, as well as 333 

less increase in the number of cracks and on crack width (see Figure 9). This behaviour can be explained 334 
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by the less efficient flexible adhesive on CFRP mobilisation during the test. In fact, according to the 335 

literature, the increase on the amount of the reinforcement leads to a decrease on the necessary distance 336 

for appearance of a new crack between two existing cracks. Then, once ADH3 is less efficient, the 337 

distance necessary for the formation of a new crack is higher. Thus, the crack pattern is significantly 338 

influenced by the adhesive type. The typical “fish-spine” crack pattern observed for stiff adhesives (e.g. 339 

Oehlers et al. [20]) on the concrete close to the groove of the strengthening system was also not visible in 340 

the flexible adhesive’s slabs. 341 

Comparing the uncracked and cracked series, there was a higher average crack distance on cracked series, 342 

except for SL_ADH1_C. Finally, the crack width is slightly higher in cracked series for slabs 343 

strengthened with stiff adhesive and essentially similar for slabs where the flexible adhesive was used. 344 

The number of cracks tends to be lower in cracked series. 345 

3.5 Influence of adhesive type and pre-cracking on the flexural behaviour of the slabs 346 

In this section, the results previously presented are analysed considering i) the force achieved at crack 347 

initiation, at steel yielding and at the maximum force, ii) maximum CFRP strain and iii) the ductility and 348 

the residual force observed in each slab. 349 

Figure 11a presents the force recorded at crack initiation and its respective increase comparing to 350 

SL_REF. The presence of the strengthening leads to an increase in force at crack initiation in comparison 351 

to SL_REF, being observed an average increase of 42% comparing to SL_REF (see Table 3 and Figure 352 

11). Thus, it can be concluded that at this stage, the flexural behaviour probably is not dependent of the 353 

adhesive type since they may have similar mechanical behaviour. 354 

Figure 11b presents the force achieved at yielding phase for each slab and its respective increase 355 

compared to SL_REF. According to the results, the corresponding force was very similar on the slabs 356 

SL_ADH1 and SL_ADH2 (cracked or not), as expected. However, the slab SL_ADH1 presented a 357 

slightly higher value, perhaps due to the slightly higher mechanical properties of this adhesive. In the case 358 

of SL_ADH3, the increase of the load at this stage was smaller than with the application of the stiff 359 

adhesives. According to the values shown in Table 3 and Figure 11b, the presence of pre-cracking 360 

resulted in a decrease of 1.1%, 2.1% and 10.0% of yielding force with respect to the uncracked slabs, 361 

respectively for SL_ADH1, SL_ADH2 and SL_ADH3. From these results it can be concluded that, with 362 

the stiff adhesives, the presence of pre-cracking had little influence on the level of force reached at the 363 
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yielding phase. However, when considering the flexible adhesive, this decrease was more significant. The 364 

small decrease in the yielding force observed with the stiff adhesives may be the result of a residual 365 

deflection related with internal residual strains on the bottom steel reinforcement after the pre-cracking 366 

process, which leads to slightly reduced efficiency of the strengthening. 367 

Figure 12a shows the maximum force achieved in each slab during testing and its respective increase 368 

compared to SL_REF. Similar values of load increase were obtained for the slabs strengthened using stiff 369 

adhesives. In contrast, for the slabs where the flexible adhesive was used, the load carrying capacity was 370 

18% smaller, for both uncracked and cracked series, than the average value reached for the slabs 371 

strengthened using stiff adhesives. Thus, a better performance was obtained with stiff adhesives, which 372 

can take better advantage of the CFRP tensile strength. On the contrary, the tensile strength was not 373 

achieved with the flexible adhesive and the CFRP slippage was observed instead of CFRP failure (see 374 

Figure 7). Comparing both series, a slight decrease of the maximum force was observed between slabs of 375 

the same adhesive. Thus, it can be concluded that the presence of cracking does not affect significantly 376 

the performance of these slabs. 377 

Figure 12b presents the maximum CFRP strain. Higher values were obtained for slabs SL_ADH1 and 378 

SL_ADH2 than for slabs SL_ADH3 (in average, 32% higher). Regarding the influence of the pre-379 

cracking, no significant changes in strain were observed, with decreases on SL_ADH1, SL_ADH2 and 380 

SL_ADH3 of 5.7%, 4.3% and 3.8%, respectively. Similar values of maximum strain on CFRP laminate 381 

were observed, independently of the presence of pre-cracking. This is due to the fact that, at the moment 382 

of the failure of the slab, the initial existing residual deformation/strain state have minor influence on the 383 

loading carrying capacity of the slabs, since the involved materials (concrete and steel) at the pre-cracking 384 

phase were submitted to relatively low levels of stresses. This fact can also explain the similar values 385 

obtained for the maximum force. Similar results are found in the literature, in studies where the lower 386 

influence of pre-cracking was observed (e.g. Juvandes et al. [21]). It should be highlighted that the 387 

damage applied to the slabs (pre-cracking) does not fully represent the typical conditions on existing 388 

structures, since they usually are also stressed, at least due to the self-weight. Thus, the linking of this 389 

study with a real applications should be carefully judged (e.g. the yielding of internal steel reinforcement 390 

may occur at loads lower than the ones observed in the present case). 391 
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The ductility was assessed in this study by computing the ratio δmax/δy (see Table 3). For the uncracked 392 

series, the values obtained were quite similar, showing that the influence of the adhesive type is not 393 

significant. Comparing the two series, ductility increases on cracked series for slabs SL_ADH1, 394 

SL_ADH2 and SL_ADH3 of 7.1%, 19.5% and 43.5%, respectively, were obtained. Thus, a trend for 395 

ductility increase with pre-cracking was observed, being more pronounced for slabs SL_ADH3. Using the 396 

ratio Fr/Fmax it is possible to show that the residual force developed by the SL_ADH3 slabs after the 397 

maximum load was significantly higher than he one for SL_ADH1 and SL_ADH2 slabs. This comparison 398 

is more significant when residual forces were compared with the maximum force of SL_REF. Using the 399 

ratio Fr/Fmax_REF it is possible to define additional post-failure safety factor of residual load, which 400 

determines increase of post-failure slabs strength in comparison to the offered one by the steel 401 

reinforcement. For the uncracked series these increases for slabs SL_ADH1, SL_ADH2 and SL_ADH3 402 

were of 4.0%, 8.5% and 40.2%, respectively. For the cracked series these increases for slabs SL_ADH1, 403 

SL_ADH2 and SL_ADH3 were of 12.8%, 5.6% and 44.0%, respectively. The post-failure residual load 404 

carrying capacity of the NSM CFRP system with flexible adhesive (ADH3) is pronounced, when an 405 

emergency action on a strengthened structure is considered, to safe human life and property. 406 

4. NUMERICAL MODELLING 407 

This section presents the numerical simulations of the experimentally tested slabs. The parameters of the 408 

model were calibrated on the basis of the experiments described in this paper and the work described in 409 

[22], where the bond-slip laws for concrete-to-laminate interface for stiff and flexible adhesives are 410 

discussed. The results obtained from the numerical simulations provide additional information on the 411 

behaviour of the structure (at a local and global level) and are a valuable supplement to the experimental 412 

tests. Additionally, the properties calibrated in the numerical model are important to support engineering 413 

practice and can be used to design and analyse NSM CFRP strengthening systems in RC existing 414 

structures. 415 

The slabs were modelled using the DIANA FEA software [23], using material models available in the 416 

software’s library. 417 

4.1 Finite element model 418 

The finite element mesh topology adopted in the calculations is presented in Figure 13a. The geometry of 419 

all specimens as well as loading configuration is symmetrical along the mid-span axis. Therefore, only 420 
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half-span with the proper boundary conditions was modelled. The finite element mesh of the concrete 421 

matrix consists of two-dimensional quadrilateral, eight-node, isoparametric plane stress elements 422 

(CQ16M) with thickness of 600 mm in the direction perpendicular to the plane of structure. The structural 423 

type of FEM mesh was applied with the maximum dimension of each finite element of 10 mm. A three-424 

node, two-dimensional beam element (CL9BE) with the quadratic interpolation of displacement fields 425 

was used for modelling CFRP laminate. The total cross section of the CFRP laminates used as the 426 

strengthening system was 2.8 mm in width and 20 mm in height as the two CFRP laminate of 1.4 mm 427 

width were used in the experiments. For the implemented finite element model the components of 428 

stiffness matrix and internal forces are numerically integrated over the height of its cross-section. Thus, 429 

the nonlinear effects can be modelled using this type of finite element but only in the direction parallel to 430 

the element axis (nonlinear effects are captured for stresses normal to the cross-section). This means that 431 

the model is unable to simulate the shear effects for CFRP tape as well as the effects related to partially 432 

loaded areas in the direction perpendicular to the laminate fibres, for example in the vicinity of a crack (a 433 

notch effect). However, for the NSM strengthening technique the above mentioned effects have moderate 434 

or even negligible influence on the load-displacement behaviour and the failure of the slabs. The effects 435 

of relative displacements between the laminate and the concrete matrix were modelled using zero-436 

thickness, six-node interface elements (CL12I). The nodes of the interface, CFRP laminate and concrete 437 

elements shared the same locations. The contact perimeter of this interface element considered equal 438 

82.8 mm, results from the two CFRP cross-section perimeters (without considering the bottom edges). 439 

The configuration of steel reinforcement is presented in Figure 13b. The upper bars and stirrups were 440 

modelled using the concept of embedded reinforcement. This means that the reinforcement does not have 441 

its own degrees of freedom. This type of element only changes the stiffness matrix of the mother element 442 

so the uniaxial strain in the reinforcement element is compatible with the so-called mother element (i.e. 443 

an element in which reinforcement is embedded) strain fields in the direction of a bar element. The strain 444 

and stress in the embedded reinforcement are therefore calculated from the mother element strain fields.  445 

In the case of the bottom reinforcement, local slips in the vicinity of the flexural cracks affect crack 446 

spacing, what should be reflected by the numerical model. For this reason, the bottom reinforcement is 447 

modelled using three-node truss elements connected with the concrete by special interface elements. This 448 

type of connection is able to model relative displacements (slips) between the concrete matrix and 449 

reinforcing bars in the direction tangential to the reinforcement. Similarly to the concept of embedded 450 
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reinforcement, this type of slipping reinforcement can be modelled independently of the connectivity of 451 

concrete elements. In Figure 13b each line represents three 6 bars for the top reinforcement, two 6 452 

bars for the stirrups and four 8 bars for the bottom reinforcement. 453 

The effect of lack of compatibility of displacements in the horizontal direction between top and bottom 454 

surfaces of the slabs and the steel loading plate or supporting plate is reflected by the interface elements 455 

(CL12I).  456 

4.2 Material constitutive relationships 457 

4.2.1 Concrete model 458 

The constitutive model of concrete applied in the numerical simulations is based on the smeared crack 459 

approach with fixed crack direction [23], [24], [25]. In this approach the nonlinear, uniaxial stress-strain 460 

relationships (Figure 14) are evaluated in the directions of the principal strains. The stiffness matrix is 461 

calculated on the basis of the secant elastic modulus compE  and tensE , see Figure 14. Following the 462 

fixed crack concept the local directions for evaluating stress-strain relationships are “frozen” after the 463 

appearance of the first crack. In the fixed coordinate system the shear strains and stresses appear. The 464 

shear stiffness is reduced multiplying the shear modulus by a shear retention factor,  < 1.0. A secondary 465 

crack may appear only in the direction perpendicular to the first crack. 466 

In plane stress conditions the constitutive relationship based on the secant stiffness matrix is described by 467 

the following equation [24], [25]: 468 

 sec D   (1) 469 

where:  
T

n t nt    is the vector of stresses,  
T

n t nt    is the vector of mechanical 470 

strains, n and t are the directions perpendicular and tangent to the first crack, respectively. Strains   are 471 

decomposed in the total strains (total means here mechanical strains and the ones induced by shrinkage) 472 

in the following way: 473 

  
T

, ( ) 1 1 0tot sh sh cs t         (2) 474 

where ( )cs t  is the evolution in time t of the mean shrinkage strain  due to cement hydration and concrete 475 

drying. 476 
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In Equation (1), the secant stiffness matrix has the form: 477 
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 (3) 478 

where nE  and tE  are the secant elastic modulus in the normal and tangent directions to the first crack, 479 

respectively, G  is the shear modulus. The secant values of the stiffness matrix are calculated from the 480 

uniaxial stress-strain relationships. In tension this relationship is assumed as in [26], [27] – see Figure 14: 481 
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 (4) 482 

where cE  is the mean concrete elastic modulus, the same in the elastic part in tension and compression, 483 

tf  is the concrete tensile strength, t
cr

c

f

E
   and the constants 1 3.0c  , 2 6.93c   are taken from [27]. 484 

The mesh objectivity of the numerical solution is provided by keeping constant the fracture energy ftG  485 

for a given area of a cracked element [28]. Thus, the ultimate strain 
ult
cr  is calculated as 486 

5.136
ftult

cr cr
t

G

h f
   


, where h is the crack bandwidth. For the applied type of finite element, 487 

FEh A  [29], where FEA  is the area of an individual finite element.  488 

The fracture parameters (tensile strength tf , fracture energy ftG ) were not directly measured in the 489 

experimental tests. These material parameters were calculated using correlation formulas according to 490 

[30] and [31] on the basis of the experimentally obtained compressive strength of concrete. The adopted 491 

values of material parameters of concrete are shown in Table 4. 492 

The uniaxial stress-strain curve for concrete in compression is shown in Figure 14. The formula is defined 493 

by Equation (5), in compliance with [32]: 494 
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 (5) 495 

where 
1

3

c
ce

c

f

E
   , 1 5c ce  , cf  is the concrete compressive strength. The values of the compressive 496 

strength and elastic modulus of concrete were taken directly from the experimental tests. Similarly to the 497 

post-peak behaviour of concrete in tension, compression deformations after the peak stress show a 498 

tendency to localize to a certain zone ([33], [34], [35]). This means that the descending part of the stress-499 

strain relationship is size dependent, and stress-displacement description is more suitable in this case than 500 

stress-strain relationship. However, it is very convenient in FEM to have the constitutive material model 501 

defined by stress-strain relationship (or by their increments), as presented in Equation (5). In order to gain 502 

the objectivity of the post-peak behaviour of concrete in compression independently of FE mesh, the 503 

ultimate compressive strain is introduced to Equation (5) in the form [32]: 1

3

2

fcult
c c

c

G

h f
  


, where 504 

fcG  is the compressive fracture energy, h is the characteristic length of a finite element, assumed the 505 

same as for tension. The fcG  value is an additional material property and can be calculated from the 506 

post-peak stress-displacement diagram. The values for this quantity available in literature range from 507 

10.0 to 25.0 N/mm [33], [36]. The value of fcG  adopted in the calculations is shown in Table 4. 508 

4.2.2 Bond-slip model between concrete and laminate, model for reinforcing steel, CFRP laminate and 509 

concrete-to-bar bond-slip behaviour  510 

The behaviour of the concrete-to-laminate interface is described in the work [22]. In the current analysis 511 

the average values of material parameters were used for slabs strengthened using the stiff types of the 512 

adhesives – Table 4 in [22]. In the case of the flexible adhesive the average bond-slip properties lead to an 513 

overestimation of the load bearing capacity of slabs SL_ADH3_U, SL_ADH3_C. This is caused by 514 

rheological effects – the flexible adhesive is very sensitive to the loading rate [37], as discussed in the 515 

next section of this paper. The higher the strain rate, the stiffer behaviour of polyurethane material, and 516 
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also the higher the strength and ultimate strain. For lower loading rates, the opposite occurs, due to creep 517 

effect. Therefore, in the simulation of the slabs strengthened with the flexible adhesive the effective bond-518 

slip law was employed. The adopted mechanical parameters for the bond-slip law of the flexible adhesive 519 

are shown in Table 5. Figure 15 shows the comparison between the bond-slip law obtained from direct 520 

pullout tests (DPT) for a loading rate of 5 µm/s, as presented in [22], and the effective law assumed for 521 

the flexible adhesive for the rate of slip between concrete and laminate that was realized during testing of 522 

the strengthened slabs. 523 

The bond-slip behaviour of the tensile (bottom) reinforcement is described according to [38] and 524 

presented in Figure 16a. The bond stress tt  and the relative bar - concrete slip tu  is governed by the 525 

following exponential equation: 526 

 

0.6

max

40
1 exp t

t nb t

u
t a t

   
        

 (6) 527 

where 2/3
max 0.9 MPat ct f ,  is the diameter of the tensile reinforcement bar and anb is equal to the 528 

number of tensile bars, anb = 4. The mechanical parameters for this bond-slip behaviour were calculated 529 

on the basis of the concrete compressive strength given in Table 4. High penalty stiffness was assumed in 530 

the direction normal to the bar. 531 

The constitutive model for steel is unambiguously defined by the uniaxial stress-strain relationship. The 532 

elastic-plastic with linear kinematic hardening model was assumed – Figure 16b. The mechanical 533 

parameters adopted for steel were determined on the basis of experimental tests and are summarised in 534 

Table 2. 535 

The linear elastic behaviour of CFRP laminate was characterized by the elastic modulus, ultimate tensile 536 

strength and corresponding ultimate strain according to Table 2. After reaching the ultimate strength the 537 

short plateau is assumed (0.5‰) followed by sharp drop to zero for the next 0.5‰ – Figure 16c. It should 538 

be noticed that the adopted post-peak behaviour of the laminate does not represent the experimental 539 

observations where usually, after reaching the maximum stress, the sudden rupture takes place. The short 540 

plateau followed by descending branch were assumed in order to stabilise the numerical solution. 541 
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4.3 Strategy for numerical simulations 542 

4.3.1 Loading 543 

Three types of loading were tested and simulated numerically. These types of loading include: the dead 544 

weight, shrinkage of concrete and external loading in the form of concentrated forces. The loading 545 

schemes were applied in the sequences that followed the experimental loading program described in the 546 

previous sections.  547 

The self-weight was modelled as mass forces imposed at each node of the finite element mesh. The 548 

external concentrated load was simulated in two different ways. For the pre-loaded pre-cracked slabs this 549 

load was modelled as imposed forces at the node located in the middle of the steel plates used to transmit 550 

the load to the slab. For the phase after strengthening the loading process was realized in two steps: first 551 

external forces up to approximately 80% of the ultimate load of the slabs were imposed, then the loading 552 

was switched to displacement control. The node that controlled the increments of the vertical 553 

displacement was located in the middle of the steel plate. The kinetics of  shrinkage strains of concrete 554 

was assumed according to [30]. Considering that the autogenous shrinkage effects take place when the 555 

elastic properties of concrete are not fully developed, only mean drying shrinkage was accounted for. The 556 

non-uniform shrinkage distributions associated to humidity gradients over the cross-section of the slabs 557 

were neglected as the tests were performed over three months after casting. It was assumed that after this 558 

time the moisture fields were uniform, and that self-balanced stresses due to non-uniform shrinkage 559 

strains were negligible, considering the reduced thickness of the slabs. 560 

4.3.2 Phased analysis and numerical procedure 561 

The laboratory experiments entailed several stages that had to be precisely reflected in the numerical 562 

simulations. Therefore, a phased analysis with the incremental-iterative procedure was employed in the 563 

calculations. The following phases were considered: 564 

 Phase I – the RC slab without strengthening. The model components that were activated in this phase 565 

consist of the concrete elements, steel reinforcement, interface between the bottom rebar elements 566 

and concrete elements and kinematic boundary conditions. The initial loads were applied 567 

sequentially: shrinkage, dead weight and pre-loading (only for pre-cracked slabs); 568 
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 Phase II – strengthening and loading to approximately 80% of the ultimate load. For this phase the 569 

CFRP laminate and concrete-to-laminate interface elements were added to the components of the 570 

model from Phase I; 571 

 Phase III – loading until the failure. In this phase the additional kinematic support was activated on 572 

the vertical direction located in the middle of the steel plate.  573 

All loadings were applied  incrementally. For each load increment, the equilibrium between internal and 574 

external forces was verified using the Newton-Raphson procedure. For the last phase the secant BFGS 575 

(Broyden–Fletcher–Goldfarb–Shanno) iteration algorithm was applied. The Euclidian norm of 576 

displacements and residual forces vectors were used as the convergence criteria. The tolerances were 577 

referred to the initial (i.e. at the beginning of each increment) displacements and residual forces vector 578 

[23]. The tolerances were 0.01 and 0.02 for displacement norm and unbalanced forces norm, respectively.  579 

4.4 Results of numerical simulations and validation of the model 580 

This section includes the discussion of the results obtained for the above described numerical modelling. 581 

The main mechanical quantities measured in the experimental campaign are compared with the numerical 582 

predictions. This analysis is summarised in Table 6 and in Figure 17 to Figure 20. 583 

Figure 17 presents the results in terms of load – mid-span displacements for slabs strengthened using the 584 

stiff adhesives. In this figure also the results for the reference, unstrengthened specimen are shown. 585 

Generally, the numerical model precisely follows experimental responses for all loading stages, i.e. before 586 

cracking, during the crack formation and after cracking has stabilized, as well as after yielding of the 587 

bottom reinforcement. Some minor discrepancies can be noticed for the pre-cracked slabs at the initial 588 

phase after strengthening and for the reference slab at the post-yielding stage. The model slightly 589 

overestimates the ultimate loads (see Table 6) as well as the mid-span displacement. This is most likely 590 

due to the effect of the local action of the vertical crack edge on the CFRP laminate, which causes the 591 

earlier rupture of the laminate (a notch effect). Due to the fact that the laminate was modelled using a 592 

beam element, such local effects cannot be correctly simulated. It should be noted, however, that the 593 

discrepancies caused by these effects are less than 4% and are not important from the point of view of this 594 

numerical study.  595 

The load-displacement responses for the slabs strengthened with the flexible adhesive are shown in 596 

Figure 18. The numerical simulations were performed for two concrete-to-laminate bond-slip models: the 597 
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average obtained from the DPT tests [22] and the effective model (see Figure 15). It is demonstrated that 598 

for the average concrete-to-laminate bond-slip law the numerical model overestimates stiffness after 599 

yielding of the bottom reinforcement and the ultimate load both for the uncracked and pre-cracked slabs. 600 

This is the result of the different slip rates between the concrete and laminate applied in the DPT tests, 601 

and for this reason the average bond-slip model was adopted using the slip rate obtained in the tests on 602 

slabs SL_ADH3_U and SL_ADH3_C. The slip rate between the laminate and concrete for these two tests 603 

are compared in Figure 19. This figure shows the averaged slip rates over the total length of the CFRP 604 

laminate as a function of the mid-span displacement. It can be noticed that the slip rates are 605 

approximately one order of magnitude lower than the slip rate adopted in the DPT tests for the flexible 606 

adhesive. As mentioned in the preceding paragraph, the constitutive relationships for the flexible adhesive 607 

are very sensitive to the load rate [37]. These rheological effects were not directly taken into account 608 

mainly due to the lack of experimental data on the rheological behaviour of the flexible adhesives in the 609 

DPT tests. Therefore, the simplified approach was applied in the calculations based on the effective bond-610 

slip concrete-to-laminate model. This model was worked out by a trial-and-error procedure and is 611 

presented in Figure 15. The results of the simulations for effective bond-slip model are in very good 612 

agreement with the experimental measurements up to the ultimate load – see Figure 18. After reaching the 613 

maximum value of the external load the simulations became unstable and did not converge to the 614 

solution. Therefore, the post critical behaviour of SL_ADH3_U and SL_ADH3_C slabs is not reflected in 615 

Figure 18. 616 

Figure 20 presents the experimentally and numerically obtained crack pattern for SL_ADH2_U specimen. 617 

The cracks in Figure 20b are presented in the form of short lines perpendicular to the direction of the 618 

strain ne , and these are perceived as numerical cracks. For each finite element only one line section may 619 

be formed, representing the maximum value of ne  from all integration points in the finite element. It 620 

should be noted that the line sections in Figure 20b are visible if the cracks have the width greater than 621 

0.05 mm, i.e. if 0.05 mmn he . The first numerical cracks appeared near the stirrups. After cracking 622 

stabilisation two to four new cracks appeared between stirrups, which were also observed during the 623 

experiments. Therefore, it can be concluded that the numerical model correctly reproduced the spacing 624 

between cracks observed experimentally, what is especially important for the simulation of bonding of the 625 

laminate between the adjacent cracks. 626 
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The beams strengthened using the stiff and flexible adhesives showed different slips and bond stress 627 

distributions along the laminate – Figure 21. For the specimens strengthened with the stiff adhesive the 628 

local anchorage of the laminate near each crack is observed. Due to the high bond strength this form of 629 

slip and bond stress development remained until the rupture of the laminate. In the case of the flexible 630 

concrete-to-laminate connection the slip and bond stress are smoother over the length of the tape. 631 

Therefore, despite the low maximum bonding strength, the laminate is able to carry stresses in the vicinity 632 

of the critical cross-sections and contribute to the stiffness of the element after yielding of the bottom 633 

reinforcement.  634 

5. CONCLUSIONS 635 

This paper presents an experimental and numerical research on the flexural behaviour of strengthened 636 

slabs using the NSM CFRP system and considering the following variables: (i) type of adhesive to fix the 637 

CFRP laminate to concrete (stiff and flexible adhesives) and (ii) presence or absence of cracking due to 638 

pre-loading. From this study, the following conclusions can be pointed out: 639 

 The application of the strengthening increases the load carrying capacity of the slabs; 640 

 For the uncracked series, the cracking load is not influenced by the adhesive type; 641 

 During yielding, the load is dependent of the adhesive type, being 16% higher for stiff adhesives in 642 

the uncracked series and 28% in the cracked ones, when compared to the flexible adhesive; 643 

 The two stiff adhesives resulted in similar load carrying capacities, which were 23% higher than the 644 

one obtained when using the flexible adhesive; 645 

 The responses of slabs with stiff and flexible adhesives obtained in both uncracked and cracked 646 

series are similar, except during the elastic phase since cracked series does not show an elastic phase; 647 

 Two distinct failure modes were observed depending on the adhesive type. When using stiff 648 

adhesives the slabs failed by the CFRP rupture, while when using the flexible adhesive the slabs 649 

failed by debonding of the CFRP; 650 

 When using the flexible adhesive, after the maximum load the CFRP continues to contribute to the 651 

load carrying capacity, no rupture occurs and the adhesive continues to provide resistance - post 652 

failure residual load carrying capacity, about 40% higher than the residual load carrying capacity 653 

assured by steel reinforcement (additional post failure safety); 654 
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 Wider cracks are observed when flexible adhesive is used (an increase of about 50% when compared 655 

to the case of stiff adhesive); 656 

 The crack width is shorter using the flexible adhesive (around 10%), the number of cracks observed 657 

is smaller (around 29%) and the average crack spacing is higher (around 18%) than in the case of 658 

using stiff adhesives; 659 

 In general, the flexible adhesive provides slightly lower load carrying capacity values (around 19% 660 

less, when compared with the case where stiff adhesives are used), but it can provide a more ductile 661 

failure and a higher residual load capacity after failure (around 61% more); 662 

 It should be noticed that numerical model precisely reflects all loading stages for the slabs 663 

strengthened with the stiff adhesives. The maximum discrepancies between the experiments and 664 

calculations are less than 4%; 665 

 The good agreement between the model and the experimental results is also confirmed for the slabs 666 

strengthened with the polyurethane adhesive. It was demonstrated that the slip rates between concrete 667 

and laminate play a very important role in behaviour of this type of adhesive. The numerical 668 

simulations performed for the average bond-slip law, obtained from the DPT tests that were carried 669 

out for the slip rate of 5 m/s, overestimate the load bearing capacity, because the derived average 670 

slip rate between concrete and laminate during the real tests on slabs was one order of magnitude 671 

lower (0.4m/s). This indicates that the rheological effects have to be considered in the modelling of 672 

the bond-slip behaviour for polyurethane types of adhesives. In the presented simulations the 673 

simplified approach with the effective bond-slip model was proposed. The calculations with this 674 

effective model precisely simulate the experiments up to the failure load. Due to the numerical 675 

instabilities the model was not able to simulate the post-critical behaviour of the slabs;  676 

 Despite the low bond strength of the flexible adhesive (in comparison with the stiff ones) the 677 

performance of the flexible strengthening system was quite satisfactory. Due to the compliance of the 678 

adhesive the concrete-to-laminate connection exhibits higher effective anchorage length with the 679 

smooth bond stress distribution along the laminate. Therefore, the laminate carries high stresses in 680 

the vicinity of the critical cross-sections and is able to contribute to the stiffness of the slabs after 681 

yielding of the bottom reinforcement. Tests of the flexible adhesives with longer anchorage lengths 682 

are required. 683 
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Table 1 – Experimental program. 792 

Slab’s denomination Type of adhesive  Pre-cracking 

CFRP cross-section 

geometry, tf × wf 
[mm] 

SL_REF -- -- -- 

SL_ADH1_U Adhesive 1 

(ADH1) 

No 

1.420 

SL_ADH1_C Yes 

SL_ADH2_U Adhesive 2 

(ADH2) 

No 

SL_ADH2_C Yes 

SL_ADH3_U Adhesive 3 

(ADH3) 

No 

SL_ADH3_C Yes 

 793 

Table 2 – Material characterization (average values). 794 

Concrete 

Curing age Ec [GPa] fc [MPa] 

28 days 27.0 (0.5%) 35.4 (4.8 %) 

110 days 28.3 (2.5%) 38.5 (2.1%) 

Steel 

Steel bar diameter fy [MPa] fts [MPa] 

6 
631.6 (3.4 %) 781.0 (2.4 %) 

8 
546.8 (5.3 %) 669.1 (5.6 %) 

CFRP 

Cross-section geometry 
[mm] 

Ef [GPa] ff [MPa] εfmax [10-3] 

1.420a 161.8 (0.9%) 2784.0 (3.9%) 1.7 (3.0%) 

Adhesive 

Type of adhesive Ea [GPa] fa [MPa] εamax [10-3] 

ADH1 11.7 (0.51%) 25.6 (7.40%) 3.0 (10.91%) 

ADH2 7.6 (6.15%) 17.2 (5.43%) 2.5 (13.16%) 

ADH3b 0.008 2.2 450.0 

 795 

Notes: 796 

The values in brackets are the corresponding coefficients of variation (CoV). 797 

a Results collected from [17]. 798 

b Results collected from [7]. 799 
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Table 3 – Main results obtained from the flexural slab tests. 801 

Slab’s 

denomination 

Flexural 

stiffness 

Crack 

initiation 
Yielding Maximum 

Ductility 

parameter 

Residual 

force ratio 
FM 

𝐾I 𝐾II 𝐾III 𝛿cr 𝐹cr 𝛿y 𝐹y 𝛿max 𝐹max 𝜀𝑓max 𝛿max/𝛿y 𝐹r/𝐹max -- 

[kN/mm] [mm] [kN] [mm] [kN] [mm] [kN] [10−3] [-] [%] -- 

SL_REF 
7.75 0.78 0.01 0.71 7.57 20.17 21.47 158.43a 23.56a - - - - 

SL_ADH1_U 
9.57 1.10 0.40 1.25 

10.86 

(43%) 
21.85 

31.93 

(49%) 
74.04 

52.87 

(124%) 
12.06 3.39 46.36 F 

SL_ADH2_U 
8.95 1.07 0.41 1.35 

10.52 

(39%) 
22.47 

31.11 

(45%) 
74.95 

52.08 

(121%) 
12.49 3.34 49.10 F 

SL_ADH3_U 
7.94 1.28 0.34 1.58 

10.86 

(43%) 
20.79 

27.35 

(27%) 
72.24 

42.71 

(81%) 
8.46 3.47 77.33 D 

SL_ADH1_C 
6.30b 1.92 0.41 1.32b 7.16b 18.95 

31.58 

(47%) 
68.87 

51.53 

(119%) 
12.46 3.63 51.56 F 

SL_ADH2_C 
6.03b 1.91 0.40 0.99b 7.78b 17.36 

30.47 

(42%) 
69.33 

51.06 

(117%) 
12.02 3.99 48.73 F 

SL_ADH3_C 
5.38b 1.81 0.34 1.06b 6.18b 13.97 

24.61 

(15%) 
69.54 

41.82 

(78%) 
8.33 4.98 80.13 D 

 802 

Notes: 803 

FM = Failure modes: F = CFRP failure; D = Debonding of the CFRP laminate due to cohesive failure of the 804 

adhesive; the force Fr corresponds to a 90 mm of mid-span vertical displacement for slabs SL_ADH1 and SL_ADH2 805 

and 120 mm for slabs SL_ADH3; the values between parentheses represent the increase in load carrying capacity in 806 

each phase compared to SL_REF. 807 

a Maximum value reached during the test without failure of the slab (by concrete crushing or failure of the 808 

longitudinal tensile steel bars). 809 

 b Values obtained from the pre-cracking phase (see Section 2.4). 810 
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Table 4 – Mechanical properties of concrete adopted in calculations. 812 

cE    cf  tf  ftG  fcG    

[GPa] [-] [MPa] [MPa] [N/mm] [N/mm] [-] 

28.3 0.2 38.5 2.9 0.14 25.0 0.15 

 813 

 814 

Table 5 – Effective mechanical parameters for flexible adhesives. 815 

1s  2s  3s  mt  ft  a  

[mm] [mm] [mm] [MPa] [MPa] [-] 

1.5 1.6 2.4 1.3 0.6 0.5 

 816 

Table 6 – Experimental vs predicted cracking, yielding and ultimate loads. 817 

 SL_REF SL_ADH1_U SL_ADH1_C SL_ADH2_U SL_ADH2_C SL_ADH3_U SL_ADH3_C 

.cr expF  [kN] 7.6 10.9 7.2 10.5 7.8 10.9 6.2 

.cr numF  [kN] 9.6 10.1 9.6 10.1 9.6 9.6 9.6 

.

.

cr exp

cr num

F

F
 [-] 0.79 1.08 0.75 1.04 0.81 1.14 0.65 

.y expF  [kN] 21.5 31.9 31.6 31.1 30.5 27.4 24.6 

.y numF  [kN] 21.1 31.7 31.9 31.7 31.9 27.0 25.5 

.

.

y exp

y num

F

F
 [-] 1.02 1.01 0.99 0.98 0.96 1.01 0.96 

.max expF  [kN] 23.6 52.9 51.5 52.1 51.1 42.7 41.8 

.max numF  [kN] 27.6 54.3 53.2 54.3 53.2 
42.9* 

54.9** 

43.0* 

54.9** 

.

.

max exp

max num

F

F
 [-] 0.86 0.97 0.97 0.96 0.96 

0.99* 

0.78** 

0.97* 

0.76** 

 818 

Notes: 819 

exp=Experimental; num=Numerical modelling 820 

*values calculated for effective bond-slip law 821 

**values calculated for average bond-slip law 822 
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(e) (f) 

Figure 1 – Geometry, reinforcement and strengthening detailing, test configuration, and instrumentation 872 

of the slabs: (a) lateral view; (b) elevation; (c) cross section; (d) groove’ details; (e-f) photos during the 873 

execution of tests. Note: all dimensions are in millimetres.  874 
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(a) (b) (c) 

Figure 2 – Application of the adhesive: (a) Adhesive 1; (b) Adhesive 2; (c) Adhesive 3. 875 

 876 

  

(a) (b) 

Figure 3 – Force vs. mid-span displacement obtained on the cracked (a) and uncracked (b) series. 877 

 878 

 

 

(a) (b) 

Figure 4 – Force vs. mid-span CFRP strain obtained on the (a) uncracked and (b) pre-cracked series.  879 
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(a) (b) 

Figure 5 – Force vs. mid-span steel strain obtained on the (a) uncracked and (b) pre-cracked series 880 

 881 

 

 

(a) (b) 

Figure 6 – Force vs. mid-span concrete strain obtained on the (a) uncracked and (b) cracked series. 882 
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(a) (b) 

  

(c) (d) 

Figure 7 – Failure modes: (a) CFRP laminate failure (SL_ADH1 and SL_ADH2); (b) debonding at 884 

laminate-adhesive interface (SL_ADH3); (c) cohesive failure of ADH3 at the ends of the strengthening 885 

system (SL_ADH3); (d) cohesive failure of the adhesive between the mid-span section and the ends of 886 

the strengthening (SL_ADH3). 887 
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(a) (b) 

Figure 8 – Crack width evolution on the (a) cracked and (b) uncracked series. 889 
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SL_ADH2_U SL_ADH2_C 

  

  

SL_ADH3_U SL_ADH3_C 

  

  

Figure 9 – Crack pattern of each slab after the test on lateral and bottom surfaces. Notes: on reference 891 

and uncracked slabs, the cracks were marked using black colour; on the cracked slabs, the cracks caused 892 

by the pre-cracking process were marked with red colour and the cracks resulting of the test up to failure 893 

were marked using black colour. 894 

  895 



Cruz, J.R.; Seręga, S.; Sena-Cruz, J.; Pereira, E.; Kwiecień, A.; Zając, B. (2020) “Flexural behaviour of NSM CFRP laminate strip 

systems in concrete using stiff and flexible adhesives” Composites Part B: Engineering, 195: 108042 1-18. 

44 

 

Figure 10 – Average crack distance of each slab. 896 

 897 

  

(a) (b) 

Figure 11 – Force at: (a) crack initiation; (b) bottom steel yielding. Notes: the values between parentheses 898 

are the percentage increase to SL_REF at this phase of the test. 899 
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(a) (b) 

Figure 12 – Maximum force (a) and maximum CFRP strain (b). Note: the values between parentheses are 901 

the percentage increase to SL_REF at this phase of the test. 902 

 903 

 904 

Figure 13 – Finite element model adopted for the simulation of the slabs: (a) concrete and laminate, 905 

(b) steel reinforcement. 906 
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 908 

Figure 14 – Uniaxial stress-strain relationship for concrete. 909 

 910 

 911 

Figure 15 – Comparison of bond-slip laws for Adhesive 3, average according to DPT (red line) [22], 912 

effective (black line). 913 

 914 

   
(a) (b) (c) 

Figure 16 – (a) bond-slip law for steel reinforcement, (b) stress-strain relationship for steel 915 

reinforcement, (c) stress-strain relationship for CFRP laminate. 916 
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 918 

  

(a) (b) 

Figure 17 – Comparison between experimental and numerical modelling of the load vs. displacement 919 

behaviour for slabs with stiff adhesives: (a) slabs uncracked before strengthening, (b) slabs preloaded and 920 

cracked before strengthening. 921 

 922 

  

(a) (b) 

Figure 18 – Comparison between experimental and numerical modelling of the load vs. displacement 923 

behaviour for slabs with flexible adhesive: (a) slab uncracked before strengthening, (b) slab preloaded and 924 

cracked before strengthening. 925 
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 927 

Figure 19 – Averaged slip rate between CFRP laminate and concrete for SL_ADH3_U slab. 928 

 929 

 
(a) 

 
(b) 

Figure 20 – Comparison between the experimental and numerical crack pattern for slab SL_ADH2_U. 930 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 932 

Figure 21 – Development of slips (a), (c) and bond stresses (b), (d) for slabs SL_ADH1_U (stiff 933 

adhesive) and SL_ADH3_U (flexible adhesive) – external load of 40 kN. 934 


