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ABSTRACT: 10 

One of the main concerns related to flat reinforced-concrete (RC) slabs is the slab’s punching capacity. Punching can 11 

occur not only due to a deficient transverse reinforcement, but also when the flexural capacity of the slab needs to be 12 

increased. To increase the flexural capacity, carbon-fiber-reinforced-polymer (CFRP) composites have been applied 13 

according to near-surface-mounted (NSM) or external-bonded-reinforcement (EBR) techniques, while for the 14 

punching strengthening CFRP reinforcements have been applied according to embedded-through-section (ETS) 15 

technique. To take advantage of strengthening benefits of the NSM and ETS techniques, in the present paper a new 16 

type of CFRP laminate of U-shape is used by adopting a novel hybrid technique for the simultaneous flexural and 17 

punching strengthening of existing RC slabs. Besides, this hybrid technique aims to provide a better bond performance 18 

for the ETS and NSM CFRPs by improving the anchorage conditions. Moreover, a higher resistance to the 19 

susceptibility of occurrence of other premature failure modes, like concrete cover delamination, is offered by using 20 

this hybrid technique. A 3D nonlinear finite-element (FE) model is developed to simulate the experimental tests by 21 

considering the nonlinear behavior of the constituent materials. The experimental program and numerical model are 22 

described, and the relevant results are analyzed. 23 
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  25 

mailto:1barros@civil.uminho.pt
mailto:m.mastali@civil.uminho.pt


1. INTRODUCTION 26 

In the residential and commercial buildings, there are many structures composed of flat reinforced concrete (RC) slabs 27 

supported by RC columns with relatively high span length. In these types of the structures, in spite of their economic 28 

advantages, one of the serious concerns from the design point of view is the occurrence of punching failure, since it 29 

is a sudden and brittle failure, sometimes conducting to the global collapse of the building [1-4]. This punching failure 30 

occurs due to the formation and propagation of a concrete fracture surface initiated from the column-slab interface on 31 

the slab compressive fiber and propagating through the depth of the slab in an inclined direction away from the column 32 

[5]. Therefore, the concrete fracture surface of punching failure has the form of frustum of a pyramid for conventional 33 

square and circular RC columns [5]. For the design purpose of this type of the structures, a certain punching 34 

reinforcement ratio should be adopted around the column to provide the required punching resistance, in order to 35 

assure the occurrence of ductile flexural failure mode. 36 

On the other hand, existing flat RC slabs may become vulnerable during their lifetime due to several reasons, such as: 37 

application of higher permanent and/or live load than the structure’s initial design loads; degradation of their material 38 

properties; design or construction errors; and damage due to earthquake. These structures should be repaired or 39 

strengthened to ensure proper performance for the current service load demands [6]. Carbon Fiber reinforced polymer 40 

(CFRP) reinforcement is one of the most recent type of material for the punching strengthening of flat RC slabs.  41 

Regarding the punching strengthening purposes using CFRP composite materials, they have been applied to RC slabs 42 

to be strengthened by using either externally bonded reinforcement (EBR), near surface mounted (NSM), or embedded 43 

through section (ETS) techniques. The EBR technique is based on applying CFRP sheets/laminates on the tensile 44 

surface of RC slabs, while according to the NSM technique, CFRP laminates/rods are inserted into the grooves pre-45 

executed on the tensile surface of RC slabs. In both EBR and NSM techniques the CFRP systems are applied for the 46 

flexural strengthening. Studies have shown that the NSM technique offers higher strengthening effectiveness than the 47 

EBR technique due to higher confinement to the CFRP composite materials provided by the surrounding concrete [2, 48 

7-9]. The ETS technique has been used with considerable success for the shear strengthening of RC beams, where 49 

FRP or steel bars are installed into vertical or inclined holes drilled through the core of the beam’s cross section [10]. 50 

In case of RC slabs the ETS is used to increase their punching capacity by introducing FRP/steel reinforcements into 51 

vertical or inclined holes drilled through the depth of the existing slab around the column [5, 11, 12]. The punching 52 



strengthening efficiency of the ETS technique is quite dependent of the geometric arrangement of the punching 53 

reinforcements [5]. This geometric arrangement of the shear reinforcements can, moreover, cause a punching failure 54 

outside or within the corresponding ETS shear reinforced zone in the strengthened RC slabs [5]. 55 

The available research evidences that the use of CFRP reinforcement applied flexurally according to either EBR or 56 

NSM technique, in addition of increasing the flexural capacity of existing RC slabs, improves moderately the punching 57 

strength, which is not enough in some cases [2, 13-15]. The improvement of the punching strength of the existing RC 58 

slab using the EBR and NSM CFRPs increases with the corresponding compressive strength of the concrete, as well 59 

as when the percentage of existing longitudinal steel reinforcement is relatively low [13, 14]. Besides, regarding the 60 

CFRP reinforcement applied according to ETS technique for the shear strengthening purposes, these ETS CFRPs have 61 

almost no effect on the flexural load carrying capacity of the strengthened slabs. Moreover, the debonding of ETS 62 

CFRPs, as dominant failure mode due to the small depth of slabs, is a concern from strengthening design point of view 63 

using ETS technique [11]. Accordingly, developing a new strengthening system, capable of assuring simultaneously 64 

flexural and punching strengthening of RC slabs, with the aim of improving the strengthening performance of the 65 

separate use of NSM and ETS techniques for the flexural and punching strengthening applications, is still a challenge 66 

that needs to be addressed. 67 

The current study aims to experimentally evaluate the potentialities of a novel hybrid technique for the simultaneous 68 

flexural and punching strengthening of existing RC slabs. This hybrid strengthening technique combines the NSM 69 

technique for the flexural strengthening and ETS technique for the punching strengthening purposes in the same 70 

application using innovative U-shape CFRP laminates. In other words, the central part of this U-shape laminate is 71 

applied on the tensile surface of RC slab according to the NSM technique for the flexural strengthening and its 72 

extremities are used for the punching strengthening according to the ETS technique. In fact, this hybrid technique 73 

aims to provide, in addition to a simultaneous flexural and punching strengthening application, a better bond 74 

performance for the ETS and NSM CFRPs by increasing the relevant bonded length and anchorage mechanisms. 75 

Moreover, a higher resistance to the susceptibility of occurring other premature failure modes, like concrete cover 76 

delamination failure (concrete rip-off failure), is offered by using the new U-shape CFRP laminates, since the 77 

extremities of the NSM CFRP laminates are anchored into the slab according to the ETS technique.  78 



Due to the complexities of punching failure in RC slabs, besides the available experimental research related to the 79 

punching strengthening of RC slabs, numerical analyses are also necessary to better analyze the influence of the several 80 

parameters on the strengthening efficiency of the available techniques in this context. However, modeling numerically 81 

the relevant nonlinear phenomena involved in the behavior of RC slabs failing in punching requires sophisticated 82 

constitutive models, which justifies the relatively small number of publication in this domain [16-18]. This level of 83 

sophistication increases when the slab is punching strengthened with FRP systems. Therefore, another challenging of 84 

the present work is to verify the applicability of a 3D multidirectional smeared crack model [19] in the simulation of 85 

RC slabs punching strengthened with the hybrid technique and using the new CFRP laminates. The good predictive 86 

performance of this model was already demonstrated in the simulation of RC beams failing in shear [20]. 87 

 88 

2. EXPERIMENTAL PROGRAM 89 

The experimental program was composed of three full-scale flat RC slabs. One of the RC slabs was kept 90 

unstrengthened, constituting the control slab (designated as UnStr. slab), while the other two slabs were strengthened 91 

adopting different CFRP reinforcement ratios (CFRP configuration A and B) aiming to evaluate the influence of this 92 

ratio on the strengthening performance.  93 

 94 

2.1. Slabs and Test Setup 95 

The loading configuration and support conditions of the tested slabs are schematically indicated in Fig. 1, where this 96 

figure shows that these slabs were supported by twelve dywidag steel bars of 35 mm diameter. The slabs were 97 

monotonically loaded in the center, using a steel plate of 200 200 50 mm3 placed between the slab and the actuator 98 

by imposing a displacement rate of 0.6 mm/min. Fig. 2, moreover, indicates the geometry and steel reinforcement 99 

details of the slabs of the experimental program. A relatively low ratio was adopted for the flexural steel reinforcement 100 

of the RC slabs, in order to justify the interest of using CFRP laminates for increasing the flexural capacity of these 101 

slabs. 102 



A tensile flexural steel reinforcement ratio ( sl ) of 0.53% (using 10 ) was applied in the top zone of the slabs of this 103 

experimental program, while in the bottom compressive zone a reinforcement ratio of 0.34% was adopted (using 8104 

). These flexural steel reinforcements were symmetrically disposed in both directions, and adopted in all the tested 105 

slabs (see Fig. 2). According to the Eurocode 2, the sl  should be calculated as the mean value in a slab strip of 106 

6.e d  in each direction, where e  is the edge of the cross section of the column (the loading cross section in the 107 

present experimental program that was 200 mm) and d  is the internal arm of the longitudinal tensile steel bars (see 108 

Fig. 2, 125d  mm) [21, 22].  109 

 110 

2.2. Flexural and Punching Strengthening System 111 

In the current experimental program, for the simultaneous flexural and punching strengthening of RC slabs, the 112 

conventional and new U-shape CFRP laminates were applied on the tensile surface of the RC slabs according to the 113 

NSM and proposed hybrid techniques, respectively. According to the hybrid technique, the central part of the U-shape 114 

CFRP laminates is applied according to the NSM technique for the flexural strengthening purpose, while its 115 

extremities are used for the shear strengthening according to the ETS technique.  116 

Regarding the flexural strengthening according to the hybrid technique, the U-shape CFRP laminates provide the 117 

benefits of anchoring (with the length of afL  in Fig. 3) the extremities of the NSM CFRP laminates into the RC 118 

structure using the ETS technique, which can be considered as the development length for the NSM part. In this 119 

regards, according to the recommendations of ACI 440.2R [23], the required development length is determined by 120 

   . . 2.( ).db b b fe b b bl a b f a b   , where 
ba  and 

bb  are the thickness and height of the laminate’s cross section, 
fef  121 

and 
b  are the effective tensile stress of CFRP which is 0.7 of its ultimate tensile strength and the average bond 122 

strength, respectively. By considering for 
ba , 

bb , 
fef  and 

b  the values of 1.4 mm, 10 mm, 2030 MPa, and 6.9 MPa, 123 

respectively, it was obtained 180dbl  mm. The adopted value for the average bond strength (
b ) was recommended 124 

by [24] for the CFRP laminates applied according to the NSM technique. However, in the experimental program, the 125 

extremity of the U-shape CFRPs (as the development length for the corresponding NSM part) is applied according to 126 

the ETS technique, providing a higher bond strength, while the value of 6.9 MPa was adopted due to the uncertainty 127 



in terms of the 
b  value. The anchorage benefits for the U-shape CFRPs consist of reducing the susceptibility of 128 

occurrence of premature failure modes (like concrete cover delamination) and increasing the resistance on the CFRP 129 

debonding failure in its extremity bonded zones (assuming a critical CFRP bonded length of 
cr

bfL  in Fig. 3), when 130 

compared to the only application of conventional NSM CFRPs for the flexural strengthening purposes.  131 

Besides, for the purpose of shear strengthening according to the hybrid technique, the anchorage benefits for the 132 

extremity shear parts of U-shape CFRP laminates applied according to the ETS technique (assuming a critical CFRP 133 

bonded length of 
cr

bsL  in Fig. 3) can be provided by the central part of the U-shape CFRP laminates (with the length 134 

of asL  in Fig. 3) applied according to the NSM technique (see Fig. 3). These anchorage benefits are more highlighted 135 

in RC structures with relatively small depth (like RC flat slabs). Moreover, the extremities of U-shape CFRP laminates 136 

were applied adopting an inclined direction with a horizontal angle of 30o to provide additional improvements in terms 137 

of the bond performance of the ETS CFRPs. This inclination angle was adopted aiming to minimize the CFRP tensile 138 

stress concentrations in the bent zones, which was previously investigated by the authors [25].  139 

Hence, two CFRP strengthening configurations, Str. A and Str. B, represented in Figs. 4 and 5, respectively, were 140 

adopted for the simultaneous flexural and punching strengthening of the RC slabs in this experimental program. These 141 

two strengthening configurations (A and B) were organized symmetrically in both directions with the aim of providing 142 

an almost similar flexural-shear strengthened zone with different CFRP strengthening ratio, as indicated in Fig. 6. For 143 

this purpose, the Str. A and Str. B were conceived to have an approximate CFRP reinforcement ratio of 0.1% and 144 

0.2%, respectively (see Figs. 4 and 5). The adopted methodology to calculate these CFRP ratios was similar to the 145 

corresponding one for the longitudinal steel reinforcement ratio (as described in the previous section). 146 

According to the adopted CFRP configurations, in the current experimental program CFRP laminates of 1.4 10 mm2 147 

cross sectional area were introduced into the grooves pre-executed on the concrete tensile surface of the RC slabs. 148 

However, in order to provide the possibility of applying CFRP laminates in two perpendicular directions on the tensile 149 

surface of RC slabs, two sets of grooves of different depth were executed for the installation of the CFRP laminates, 150 

one in the x direction with a cross section of 5 23 mm2, and the other of 5 11 mm2 cross section in the y direction. 151 

The grooves with higher depth were aligned with the tensile steel bars of larger concrete cover. To apply the 152 



extremities of the U-shape CFRP laminates according to the ETS technique, holes with a 30o inclination angle were 153 

executed through the slab cross section with a diameter of 11 mm.    154 

In the Str. A configuration (Fig. 4), the conventional C4 and C5 laminates and the U-shape C2 and C3 laminates were 155 

introduced into the separate grooves with a distance of 60 mm. In the Str. B configuration (Fig. 5), the conventional 156 

C4 to C7 laminates were applied with a distance of 100 mm for the flexural strengthening, and the U-shape C2 and 157 

C3 laminates were placed at each side of the conventional NSM laminates C4 and C5, as represented in Fig. 5. It 158 

means that in the central part of these conventional laminates, where higher bending moments are expected, three 159 

laminates (one conventional and two U-shape laminates) were installed into the same groove according to the NSM 160 

technique (see Fig. 5). Accordingly, the groove width in the relevant central parts was increased to 10 mm. In both 161 

Str. A and Str. B configurations, L-shape CFRP laminates (instead of using U-shape laminates) were applied in the 162 

center of the slabs (Section A-A in Figs. 4 and 5) in the separate grooves due to the restrictions caused by the continuity 163 

effect of columns between floors in a real strengthening application (see Figs. 4 and 5).  164 

For the Str. A and Str. B configurations, electric strain gauges (SG) were installed on NSM CFRP laminates according 165 

to the arrangements represented in Figs. 4 and 5 for measuring the tensile strains in the zones where these SGs were 166 

installed. The SG1 and SG2 were installed in the central part of the new types of laminates, while the SG3 to SG6 167 

were placed in their inclined part, close to the transition zones of these laminates, as shown in Figs. 4 and 5. 168 

 169 

2.3. Material Properties 170 

The average values of the main properties of concrete, steel bars, and CFRP laminates are indicated in Table 1. The 171 

average compressive strength and Young’s modulus of the concrete were evaluated from uniaxial compression tests 172 

on cylinders of 150 mm diameter and 300 mm height at the age of the slab tests (100 days). The uniaxial tensile tests 173 

of steel bars were carried out to characterize the tensile properties according to [26]. The tensile properties of the used 174 

CFRPs, consisting in CFK 150/2000 S&P laminates, were evaluated following the recommendations of [27]. The 175 

CFRP laminates were bonded to the surrounding concrete substrate by using S&P Resin epoxy adhesive of 220 and 176 

55, the first one was applied in the groove zone where the laminates were installed according to the NSM technique, 177 



while the 55 type adhesive was used to fill the holes where the extremities of the U-shape laminates were inserted 178 

according to the ETS technique. 179 

 180 

3. EXPERIMENTAL RESULTS 181 

3.1. Load-deflection Curves  182 

The relationship between the applied load and the deflection at the center of all the tested slabs is depicted in Fig. 7a, 183 

and the main relevant results of these responses are indicated in Table 2. Fig. 7b shows an increase of about 30% and 184 

50% in terms of the maximum load carrying capacity for the slabs strengthened with CFRP configuration A (Str. A 185 

slab) and B (Str. B slab), respectively, when compared to the corresponding capacity of the UnStr. Slab. This figure, 186 

moreover, represents the strengthening efficiency in terms of load carrying capacity at concrete cracking, SLS 187 

conditions, and steel yield initiation stage for the Str. A and Str. B slabs, where the load capacities were normalized 188 

to the corresponding ones of the UnStr. Slab. For all the parameters analyzed in Fig. 7b, the slab strengthened with 189 

CFRP configuration B provided a higher load capacity than the slab strengthened using CFRP configuration A, due 190 

to the higher CFRP reinforcement ratio. In this figure, the criteria adopted to evaluate the load capacities at concrete 191 

cracking and steel yielding initiations was according to the evolution of the slab’s stiffness (as the tangent to the load–192 

deflection curve) during the loading process (see Fig. 7d). However, to monitor the tensile strains on the longitudinal 193 

steel bars, several strain gauges were installed on the tensile steel bars in the central zone of the tested slabs, but some 194 

of these strain gauges were damaged during the handling and transportation of the slabs. Hence, the recorded tensile 195 

strains on the steel bars (by the undamaged strain gauges) were not reported in this study. The SLS conditions for this 196 

experimental program were, moreover, adopted according the requirements of the actual European design 197 

recommendations ( 250 9.5L  mm, where L is the slab’s span and is obtained by 2. sL R , 1186sR  mm is the 198 

radius of slab, see Fig. 2) [21]. 199 

The normalized energy absorption ( aE ) and ductility ( d ) indexes for the strengthened slabs are depicted in Fig. 7c. 200 

The normalized means that the registered energy absorption and ductility indexes are divided by the corresponding 201 

values recorded for the unstrengthened slab. The energy absorption ( aE ) is determined by integrating the area under 202 

the load-deflection curve up to the deflection at maximum load carrying capacity ( u ), while the ductility ( d ) index 203 



is defined as the ratio between the deflection corresponding to the maximum load carrying capacity ( u ) and to the 204 

steel yield initiation ( y ). Fig. 7c evidences that the Str. A and Str. B slabs provided an enhancement of 70% and 205 

40% in terms of energy absorption capacity, respectively, when compared to the UnStr. slab. However, for the same 206 

comparison purpose in terms of ductility index, the Str. A slab provided an increase of about 20%, while a decrease 207 

of about 20% was observed by the Str. B slab.      208 

The influence of the CFRP strengthening configuration A and B on the evolution of stiffness during the loading 209 

process of the RC slabs was also investigated. The slab’s stiffness was calculated as the tangent to the load–deflection 210 

curve, and the relationship between the load and normalized stiffness of the tested slabs is depicted in Fig. 7d, where 211 

normalized means that the stiffness of the RC slabs is divided by the initial uncracked stiffness of the UnStr. slab. This 212 

figure evidences that the strengthened slabs provided higher initial stiffness compared to the corresponding stiffness 213 

in the UnStr. slab. Just after crack initiation (“micro-cracks detection” in Fig. 7d), an abrupt decrease of the stiffness 214 

was observed in all the tested slabs, and then, an almost constant normalized stiffness was determined in the cracking 215 

phase (“meso-cracks detection” in Fig. 7d) up to the steel yield initiation (red markers in the figure). After the steel 216 

yielding stage, all the slabs showed a decrease of the stiffness up to the ultimate stage. This decrease of the stiffness 217 

was observed with a delay in the strengthened slabs due to their higher load capacities at the steel yield initiation 218 

compared to the unstrengthened slab. Moreover, by increasing the CFRP strengthening ratio, the decay of the stiffness 219 

after the steel yielding was more gradual up to the ultimate stage. 220 

The average deflection profiles of the tested slabs during the loading process recorded by seven LVDTs positioned 221 

along the centerline in both slab directions (exhibited in Fig.8d) is represented in Fig. 8a-c. For the unstrengthened 222 

slab (UnStr. in Fig.8a), the deflection values along the centerline at the maximum load had an almost linear variation 223 

from the central deflection to the edge deflection. However, for the strengthened slabs (Str. A and Str. B in Figs. 8b 224 

and 8c), the deflections around the column area (loading point) had a more gradual decay compared to the other zones 225 

along the centerline, due to the higher stiffness provided by the strengthening systems.     226 

 227 

3.2. Internal Strain Distribution 228 



The relationship between the load versus tensile strains recorded by the strain gauges installed on the laminates (see 229 

Figs. 4 and 5) is depicted in Figs. 9a and 9b for the slabs strengthened using CFRP configuration A and B, respectively. 230 

Fig. 9 evidences that in both strengthened slabs, the CFRP tensile strains recorded by symmetric strain gauges in both 231 

slab directions (x and y directions in Figs. 4 and 5) have almost similar values, confirming an almost symmetric 232 

behavior of the tested slabs in both directions. Fig. 9b, moreover, shows a higher tensile strain value for the strain 233 

gauges installed on the central part of the U-shape laminates applied according to the NSM technique compared to the 234 

strain values recorded by the strain gauges installed on the extremities of the corresponding U-shape laminates applied 235 

according to the ETS technique. This fact can be attributed to the predominant flexural cracking on the slab, prior to 236 

the occurrence of the punching shear failure.  237 

 238 

3.3. Crack Patterns and Failure Modes  239 

The crack pattern on the tensile surfaces of all the tested slabs at the ultimate stage is shown in Fig. 10. The cracks in 240 

all the slabs were initiated at the center point of the slab (loading point) and then, by increasing the load, these cracks 241 

propagated toward the supports (flexural cracks). Besides these flexural cracks, after the concrete crack initiation, the 242 

punching shear cracks, moreover, were initiated from the compression face of the slab at the loading zone and extended 243 

through the depth of the slab up to its tensile surface. By extending the punching cracks, shear failure can, in general, 244 

occur outside or within the strengthened zone. In the current experimental program, the unstrengthened slab and the 245 

slab strengthened using CFRP configuration B failed in punching with a high concentration of punching shear cracks 246 

in the central area. For the Str. B slab, the punching failure occurred outside the strengthened zone at the ultimate 247 

stage (see Fig. 10). This punching fracture outside the strengthened zone had a typical circular shape.  248 

On the other hand, regarding the slab strengthened with CFRP configuration A, by increasing the load, after rupturing 249 

the ETS part of some U-shape CFRP laminates, punching shear failure occurred within the strengthened zone 250 

(represented in Fig. 10). The occurrence of this punching failure within the strengthened zone can be attributed to the 251 

lower CFRP reinforcement ratio of the Str. A slab. In other words, the CFRP configuration A did not provide adequate 252 

resistance to transfer the shear force to the out of the strengthened zone. Consequently, this slab showed a lower 253 

punching strength than the one corresponding to the occurrence of punching failure outside the strengthened zone. 254 

However, after initiation of punching crack within the strengthened zone of the Str. A slab, due to the shear resistance 255 



of ETS part of U-shape CFRP laminates and the dowel effect of NSM CFRP laminates, a larger cracked area was 256 

observed in this slab compared to the other ones, contributing to a more ductile behavior of the Str. A slab. 257 

Accordingly, from the observed results in the strengthened slabs, it can be concluded that by increasing the CFRP 258 

reinforcement ratio into a certain strengthened area, the susceptibility of occurrence of punching shear failure within 259 

the strengthened zone decreases, which can result in a higher punching shear capacity.    260 

 261 

4. NUMERICAL SIMULATIONS OF THE EXPERIMENTAL TESTS 262 

4.1. Numerical Model Description 263 

A three dimensional (3D) finite element (FE) approach, capable of simulating the nonlinear behavior of the used 264 

materials, was adopted to predict the behavior of RC slabs strengthened with CFRP reinforcements failing in flexure 265 

or punching shear. This 3D FE model is available in the FEM-based computer program FEMIX, by modeling one 266 

quarter of the tested slab, taking into account its double symmetry (Fig. 11a) to reduce the computational time of the 267 

numerical simulations. Fig. 11 represents the FE mesh of the UnStr. Slab, as well as the corresponding support and 268 

loading conditions according to the characteristics of the test setup. Two support conditions regarding the experimental 269 

test supports ( 0zU  ) and the ones to ensure the symmetry conditions ( 0xU   and 0yU  ) were numerically defined 270 

(Figs. 11b and 11c).  271 

Eight-node serendipity solid elements with 2×2×2 Gauss-Legendre integration scheme were used for the concrete. An 272 

appropriate element aspect ratio (close to unity) of FE mesh was adopted in order to have acceptable accuracy 273 

regarding the mesh density. On the other hand, the 3D multi-directional fixed smeared crack model, described in 274 

detailed elsewhere [19, 28], was selected to simulate the concrete’s nonlinear behavior considering the fracture mode 275 

I and II. In this context, a trilinear diagram, represented in Fig. 12, was adopted to simulate the crack initiation and 276 

the fracture mode I propagation of plain concrete [28]. This trilinear diagram defines the fracture mode I modulus (277 

,
cr
I iD ), considering the i  and i  parameters that define the shape of the tensile softening of concrete in terms of the 278 

crack’s normal stress versus normal strain diagram. Furthermore, the ultimate crack strain ( ,
cr
n u ) is defined as a 279 

function of the parameters of the i  and i , tensile fracture energy ( I
fG ), tensile strength ( ,1

cr
ct nf  ), and the crack 280 

bandwidth ( bl ) [28]. In this regard, the present approach uses the concept of concrete crack band width to assure that 281 



the results are independent of mesh refinement. For both fracture mode I and II processes, the crack band widths are 282 

based on the element geometry and integration points, and are estimated to be equal to the cube root of the volume of 283 

the integration point [28]. However, more research is needed to assess the influence of the crack band width parameter 284 

on the predictive performance of the behavior of elements failing in shear [29]. According to this multi-directional 285 

fixed smeared crack model, a new crack is arisen in an integration point when the angle formed between the new crack 286 

and the already existing cracks exceeds a certain threshold angle ( th , a parameter of the constitutive model that in 287 

general ranges between 30o and 60o [28]). 288 

Regarding the fracture mode II, the degradation of crack shear stress transfer after concrete crack initiation is simulated 289 

using the shear-softening diagram represented in Fig. 13. The initial linear phase of this diagram is defined by the 290 

initial shear fracture modulus ( ,1
cr
tD ) and the peak crack shear strain ( ,

cr
t p ). In this respect, the inclination of the 291 

hardening branch of diagram ( ,1
cr
tD ) is introduced according to the following equation:   292 

 ,1
1

cr
t cD G







  (1) 293 

where cG  is the concrete elastic shear modulus; and   is the shear retention factor, as a constant value in the rang 294 

]0,1[ [19, 30].  295 

Moreover, the ultimate crack shear strain ( ,
cr
t u ) depends on the crack shear strength ( ,

cr
t p ), shear fracture energy (296 

,f sG ), and on the crack bandwidth ( bl ) [19]. Concerning the remaining variables of this constitutive model, more 297 

details can be found elsewhere [19, 28, 29].  298 

The longitudinal steel bars and CFRP laminates were perfectly bonded to the concrete by embedding 3D two-node 299 

cable elements with a 2 Gauss-Legendre integration scheme into the concrete elements. Fig. 11d shows the numerical 300 

model of the longitudinal steel bars of the UnStr. Slab using the embedded cable elements. The tensile behavior of the 301 

longitudinal steel reinforcement is modeled using a quadrilinear relationship up to its ultimate tensile strength based 302 

on the model recommended by [28], while the tensile behavior of the CFRP laminates was assumed to be linear up to 303 

its ultimate tensile strength. 304 

 305 



4.2. Parameters for the Constitutive Material Models 306 

Regarding the numerical simulation of the tested slabs using the introduced FE model, this section presents the adopted 307 

values for the parameters of the constitutive material models. The mechanical properties of the steel bars and CFRP 308 

laminates were directly obtained from the relevant experimental material properties tests, whose values are indicated 309 

in Table 1.   310 

Table 3 includes the values of the parameters used to define the concrete’s constitutive post-cracking laws depicted in 311 

Figs. 12 and 13. The tensile strength ( ,1
cr
n ) and fracture energy ( I

fG ) of concrete is obtained by following the 312 

recommendations of CEB-FIP Model Code by taking its average compressive strength. The values of the parameters 313 

that define the shape of the trilinear crack normal stress versus crack normal strain, i  and i , were obtained using 314 

inverse analysis by fitting the numerical response of the unstrengthened slab to the corresponding experimental one 315 

as much as possible, and the obtained parameter values were kept constant for the numerical simulation of the 316 

strengthened slabs.  317 

Besides, since no available experimental results exist to characterize the crack shear softening diagram (Fig. 13), the 318 

adopted values, in terms of the crack shear strength ( ,
cr
t p ), shear fracture energy ( ,f sG ), and the shear retention factor 319 

(  ), were also obtained by inverse analysis similar to the adopted strategy for the concrete tensile softening 320 

parameters. The value of threshold angle ( th ) was assumed to be 30o in the current numerical simulations based on 321 

the recommendation of [28].  322 

 323 

4.3. Predictive Performance of the Numerical Simulations 324 

The comparison of the applied load versus deflection at the center of all the tested slabs obtained experimentally and 325 

numerically is depicted in Fig. 14. This figure indicates a good predictive performance of the FE model in terms of 326 

the load-deflection response of the tested slabs. In the cases of the strengthened RC slabs, at the load corresponding 327 

to the maximum capacity of the unstrengthened slab, the numerical load-deflection relationship of these strengthened 328 

slabs presents a clear increase of the deflection. At this load level the CFRP laminates have avoided the formation of 329 

the punching failure surface since they restrict the opening and sliding of this potential failure surface, contributing to 330 



maintain highly effective the concrete aggregate interlock resisting mechanisms. Furthermore, the CFRP laminates 331 

share with the steel reinforcement the applied stress field, which contribute to decrease the maximum tensile strains 332 

in the steel reinforcement and, therefore, to postpone its yield initiation for later stages of the loading process. By 333 

bridging effectively the potential punching failure surfaces, the CFRP laminates have promoted the formation of a 334 

more diffuse crack patterns (Fig. 10), as was also captured by the numerical simulations (Fig. 14), with a consequent 335 

increase of the slab’s load carrying capacity. 336 

The good predictive performance of the model in the simulations of this type of structures is also revealed in terms of 337 

strains in the CFRPs, as demonstrated in Fig. 15. It is verified that CFRP laminates are only activated after concrete 338 

crack initiation, as expected, and the gradient of strains in the central part of the CFRP laminates was higher than in 339 

the extremities, due to the predominant flexural reinforcement resisting mechanism of these laminates. The anchorage 340 

resisting mechanisms assured by the extremities of the new CFRP laminates were, however, very effective in avoiding 341 

premature detachment if only conventional CFRP laminates have been used. 342 

 343 

5. NUMERICAL PARAMETRIC STUDY 344 

The current section aims to numerically evaluate the influence of the characteristics of the used strengthening materials 345 

on the load-deflection response of the strengthened RC slab by using the described FE model. The analyzed parameters 346 

were the cross sectional area, elasticity modulus, and ultimate tensile strength of the CFRP reinforcement. For this 347 

purpose, the numerical response of the RC slab strengthened using CFRP configuration B (FE_Str. B) was adopted 348 

for the comparison and evaluation purposes.  349 

Fig. 16a compares numerically the load versus center deflection relationship of the RC slabs strengthened using CFRP 350 

configuration B with elasticity modulus of 65 GPa and 265 GPa, which is almost 0.4 and 1.6 times the CFRP elasticity 351 

modulus adopted in the experimental program (165 GPa), respectively. This figure evidences that the slab’s stiffness 352 

increases with the CFRP elasticity modulus, while above a certain limit it has no benefits in terms of slab’s ultimate 353 

load carrying capacity, resulting in a reduction in terms of the ultimate deflection capacity of the strengthened slab.  354 

On the other hand, the numerical response of the RC slabs strengthened using CFRP configuration B with the ultimate 355 

tensile strength of 1500 MPa and 2200 MPa (which is almost 0.50 and 0.75 times the adopted ultimate tensile strength 356 



in the experimental program (2900 MPa), respectively) is compared in Fig. 16b with the response of the FE_Str. B 357 

slab. This figure shows that the RC slab’s ultimate load carrying capacity decreases with the ultimate tensile strength 358 

of the CFRP reinforcement (it should be noted that perfect bond between CFRP and surrounding concrete substrate is 359 

assumed, with the capacity of mobilizing the full tensile capacity of the CFRP systems).     360 

Fig. 16c shows the influence of the cross sectional area of the CFRP reinforcement on the response of the RC slabs in 361 

terms of load versus center deflection relationship. For the comparison purposes, the CFRP laminates with cross 362 

sectional area of 1.4 15 mm2 and 1.4 20 mm2, designated as Str. B_bf15 and Str. B_bf20, respectively, were 363 

numerically adopted for the strengthening of the RC slab with similar CFRP arrangements to the Str. B slab (see Fig. 364 

16d for the adopted CFRP cross sectional area). Fig. 16c evidences that the slab’s stiffness increases with the CFRP 365 

cross sectional area. Above a certain cross sectional area limit a detrimental effect in terms of ultimate deflection and 366 

no benefits with reference to the slab’s ultimate load carrying capacity are visible. On this point, since the punching 367 

failure of these analyzed slabs occur outside the strengthened zone, above a certain cross sectional area limit of FRP 368 

reinforcement, it provides no benefits with respect to the slab’s ultimate load carrying capacity. 369 

 370 

6. ANALYTICAL PREDICTION OF PUNCHING CAPACITY 371 

Regarding the analytical prediction of the punching strength of the RC slabs strengthened using U-shape CFRP 372 

laminates, the simplified critical shear crack theory (CSCT), proposed by Muttoni (2008) [31], was modified in order 373 

to be applicable for the strengthened slabs considering the concepts of equivalent effective tensile stress ( ,se eqf , Eq. 374 

(2b)), equivalent elasticity modulus ( ,s eqE , Eq. (2c)), and equivalent reinforcement effective depth ( vd , Eq. (2d)). 375 

According to this theory, the slab’s load-rotation relationship is simplified by assuming the rotation ( ) as a function 376 

of the ratio of 
3/2( )flexV V : 377 
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where sr  is radius of circular isolated slab element; syf , sE  and sd are the yielding strength, elasticity modulus and 383 

effective depth of the flexural steel reinforcement, respectively; fef  , fE  and fd  are the effective tensile stress, 384 

elasticity modulus and internal arm of the FRP reinforcement, respectively; V  and flexV  are the applied shear force 385 

and the shear force associated with flexural capacity of the slab considering the participation of the FRP that can be 386 

obtained using the simplified model proposed by [32] for predicting the behavior of RC elements strengthened with 387 

FRP reinforcement, respectively; slA  and flA  are the cross sectional area of flexural steel and FRP reinforcement in 388 

the slab strip (introduced in section 2.1), respectively.  389 

According to the CSCT model proposed by Muttoni (2008), the failure criterion to calculate the shear strength of slab 390 

is determined by the following equation: 391 
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                                                               (4) 392 

0b  is the perimeter of the critical section located 2vd  from the face of the column; '
cf  is the concrete compressive 393 

strength; gd  is the maximum aggregate size and 0gd  is a reference aggregate size of 16 mm.  394 



By considering the equivalent effective depth ( vd ), the ACI 318-08 expression (Eq. (5)) was, moreover, adopted for 395 

the determination of the punching shear capacity of the strengthened slabs [33].  396 
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where s  is a constant of 40 for interior columns, 30 for edge columns, and 20 for corner columns; and c  is the ratio 398 

of long side to short side of the column. 399 

On the other hand, the recommendation of Eurocode 2 was, also, used to determinate the punching shear capacity of 400 

the strengthened slabs using the following equation [21]:  401 

' 1/3
0

200
0.18 . . (100. . ) 1 2.0R e v eql c

v

mm
V b d f

d
                                        (6) 402 

where 0eb  is the perimeter of the critical section located 2. vd  from the face of the column; eql  is the equivalent 403 

reinforcement ratio that can be obtained by: 404 

f

eql sl fl
s

E

E
                                                                     (7) 405 

The punching shear capacity of all the tested RC slabs were analytically determined using the proposed formulations, 406 

and the relevant results are compared in Fig. 17 and in Table 4 with the experimentally obtained. This table evidences 407 

that regarding the strengthened slabs, all the used analytical approaches had a good predictive performance, while 408 

concerning to the unstrengthened slab, the proposed model by Muttoni (2008) results in more accurate prediction 409 

compared to the recommendations of ACI 318-08 and Eurocode 2. 410 

 411 

7. CONCLUSIONS 412 



The current work has explored the potentialities of a novel hybrid technique for the simultaneous flexural and punching 413 

shear strengthening of existing RC slabs using innovative U-shape CFRP laminates. Furthermore, a 3D nonlinear 414 

finite element (FE) approach was developed to numerically simulate these types of structures. From the obtained 415 

results, the following conclusions can be pointed out: 416 

- Strengthening the RC slabs using the conventional and U-shape CFRP laminates provided an average increase in 417 

terms of load carrying capacity at concrete cracking (43%), steel yielding (43%), and service conditions (27%), when 418 

the corresponding load capacities of the unstrengthened slab are considered for the comparison purposes. Moreover, 419 

this strengthening technique increased significantly the punching shear capacity of the unstrengthened RC slab (with 420 

an average increase of 40%). The aforementioned load capacities had a higher tendency to increase with the CFRP 421 

reinforcement ratio. 422 

- All the tested slabs failed by punching shear failure within or outside of the flexural-shear strengthened zone of the 423 

slabs without observing the CFRP deboning or concrete cover detachment failures, resulting in the anchorage benefits 424 

for the U-shape CFRPs. By increasing the CFRP reinforcement ratio into a constant flexural-shear strengthened area, 425 

the susceptibility of occurrence of punching shear failure within the strengthened zone decreases, favoring the increase 426 

of the punching shear capacity. 427 

- The ultimate deflection of the strengthened slabs decreased with the increase of the CFRP reinforcement ratio. These 428 

results, which imply a decrease in terms of the ductility and energy absorption capacities with the CFRP reinforcement 429 

ratio, suggest the adoption of a limit of CFRP reinforcement ratio to assure a sufficient degree of ductility and energy 430 

absorption indexes. 431 

- A 3D FE model, capable of simulating the nonlinear behavior of the constituent materials, was developed to simulate 432 

the behavior of RC slabs strengthened with the proposed CFRP hybrid technique. The good predictive performance 433 

of the FE model in terms of predicting the response of hybrid CFRP strengthened RC slabs was demonstrated. 434 

Moreover, the prevailing failure modes of the slabs at the maximum load carrying capacity (punching shear failure) 435 

were numerically predicted similar to the ones experienced experimentally. Hence this FE model provides the 436 

possibility to do trial and error to optimize the efficiency of these types of CFRP hybrid techniques for the simultaneous 437 

flexural and shear strengthening of RC slabs before their real application, considering their load carrying and deflection 438 

capacities. 439 



- From the numerical parametric studies, it was verified a tendency for the increase of the slab’s stiffness and load 440 

carrying capacity when the elasticity modulus and cross sectional area of the CFRP laminates increase, but above a 441 

certain limit the ultimate deflection of the slab is detrimentally affected. The slab’s ultimate load carrying capacity 442 

increases with the tensile strength of the CFRP laminates, but the slab’s stiffness is not affected by this property of the 443 

CFRP laminates.  444 

- Regarding the analytical prediction of the punching capacity of the RC slabs strengthened with U-shape CFRPs, the 445 

formulations proposed by Muttoni (2008), ACI 318-08 and Eurocode 2 were modified considering the concepts of 446 

equivalent effective tensile stress, equivalent elasticity modulus, and equivalent reinforcement ratio and its 447 

corresponding effective depth. The obtained results evidenced that all the modified analytical approaches had a good 448 

performance to predict the punching capacity of the RC slabs strengthened with U-shape CFRPs.  449 
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 528 

Fig.1: The loading configuration and support conditions of the tested slabs 529 

 530 

  531 



  532 

 533 

Fig. 2: The geometry and steel reinforcement details of the tested slabs (dimensions in mm). 534 

 535 

 536 
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  538 

Fig. 3: a) Separate application of NSM and ETS CFRP laminates, b) application of hybrid CFRP laminates  539 

 540 

 541 

  542 



  543 

Fig. 4: CFRP strengthening configurations of Str. A slab (dimensions in mm) 544 

  545 



 546 

Fig. 5: CFRP strengthening configurations of Str. B slab 547 
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 549 

Fig. 6: Flexural-shear strengthened zone of CFRP configuration A and B 550 
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 552 

 553 

 554 

Fig. 7: a) The applied load versus deflection at the center of slabs, b) increment of load capacities, c) normalized 555 
energy absorption and ductility capacities, d) normalized tangential slab’s stiffness 556 

  557 



 558 

Fig. 8: The average deflection profiles of: a) UnStr. Slab, b) Str. A slab, c) Str. B slab, d) position of LVDTs 559 
(dimensions in mm) 560 
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 562 

 563 

Fig. 9: CFRP tensile strains recorded by the strain gauges: a) Str. A slab, b) Str. B slab 564 
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 566 

Fig. 10: The crack pattern on the tensile surfaces of all the tested slabs at the ultimate stage 567 
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 569 

Fig. 11: a) Double symmetry planes, b) FE mesh, and support and loading conditions, c) symmetry supports, d) steel 570 
reinforcements  571 
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 573 

Fig. 12: Trilinear stress-strain diagram of the fracture mode I crack propagation ( ,2 1 ,1
cr cr
n n   , ,3 2 ,1

cr cr
n n   , 574 
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 577 

Fig. 13:  Stress-strain diagram of the fracture mode II  578 
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 580 

Fig. 14: Assessment of the predictive performance of the FE model in terms of load-deflection relationship and 581 
crack patterns: a) UnStr. Slab, b) Str. A slab, c) Str. B slab 582 

  583 



 584 

 585 

Fig. 15: Assessment of the predictive performance of the FE model in terms of load-CFRP tensile strain 586 
relationship: a) Str. A slab, b) Str. B slab 587 
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 592 

Fig. 16: The influence of the relevant parameters on the behavior of the RC slabs: a) elasticity modulus of CFRP, b) 593 
CFRP ultimate tensile strength, c) CFRP cross sectional area, d) geometric characteristic of CFRP laminates 594 
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 599 

Fig. 17: a) Schematic representation for determining the punching shear capacity, analytical prediction of the 600 
punching strength of the slabs: b) UnStr., c) Str. A, d) Str. B 601 

 602 
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Table 1. The average values of the main properties of the constituent materials  604 

Materials 

Main Properties 

'

cmf  

(MPa) 

cE  

(GPa) 

symf  

(MPa) 
sumf  

(MPa) 

fE  

(GPa) 

fumf  

(MPa) 

fu  

(‰) 

Concrete 43.0  31.8  - - - - - 

Steel bars (ϕ8) - - 545.9   680.1 - - - 

Steel bars (ϕ10) - - 530.6  646.4  - - - 

CFRP laminate - - - - 165.5 2896.5 17.5 
'

cmf and cE : concrete compressive strength and its Young’s modulus, 
symf  and 

sumf : yield and ultimate strengths of steel bars, fE ,
fumf , and fu : elasticity 

modulus, tensile strength, and ultimate tensile strain of CFRP. 

 605 

  606 



Table 2. Relevant results obtained in the tested slabs 607 

Tested RC 

slabs 
crP  

 (kN) 

cr

(mm) 

yP

(kN) 

y

(mm) 

uP

(kN) 

u

(mm) 

SLSP

(kN) 

UnStr. 39.4 0.46 220 19.5 268.0 33.14 158.5 

Str. A 54.8 0.47 280 21.7 347.3 44.02 191.4 

Str. B 58.1 0.54 351 24.8 400.9 34.46 211.5 

crP  and cr are the load and deflection at cracking initiation; yP  and y  are the 

load and deflection at yielding of tensile bars; uP  and u  are the maximum load 

and corresponding deflection; SLSP  is the load at SLS conditions. 
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Table 3. The adopted values for the concrete constitutive model 610 

Property Value 

Poisson’s ratio ( c ) 0.15 

Initial Young’s modulus ( cE ) 31800 MPa 

Tri-linear tension-softening diagram 
,1

cr
n = 2.9 MPa; fG = 0.08 N/mm 

1 = 0.005; 1 = 0.3; 2 = 0.2; 2 = 0.1 

Parameter defining the mode I fracture energy available for the new set of smeared 

cracks 
n = 3 

Parameters for defining the crack shear stress-crack shear strain softening diagram ,
cr
t p  = 1.0 MPa; ,f sG =0.05 N/mm;  =0.05 

Crack bandwidth ( bl ) Cube root of the volume of the integration point 

Threshold angle th = 30º 

Maximum number of sets of smeared cracks per integration point 2 
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Table 4. Analytical prediction of the experimental results 613 

RC 

slabs 

Ex

uP  

(kN) 

ACI

uP  

(kN) 

Euro

uP  

(kN) 

Model

uP  

(kN) 

ACI

u

Ex

u

P

P
 

Euro

u

Ex

u

P

P
 

Model

u

Ex

u

P

P
 

UnStr. 268.0 355.2 356.9 271.8 1.33 1.33 1.01 

Str. A 347.3 362.5 383.5 338.6 1.04 1.10 0.97 

Str. B 400.9 367.5 404.5 361.9 0.92 1.01 0.90 

 Ave:1.10 Ave:1.15 Ave:0.96 
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