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Abstract 14 

The present paper deals with the experimental assessment of the effectiveness of steel fibre reinforcement in terms 15 

of punching resistance of centrically loaded flat slabs, and to the development of an analytical model capable of 16 

predicting the punching behaviour of this type of structures. For this purpose, eight slabs of 2550 x 2550 x 150 mm3 17 

dimensions were tested up to failure, by investigating the influence of the content of steel fibres (0, 60, 75 and 90 18 

kg/m3) and concrete strength class (50 and 70 MPa). Two reference slabs without fibre reinforcement, one for each 19 

concrete strength class, and one slab for each fibre content and each strength class compose the experimental 20 

program. All slabs were flexurally reinforced with a grid of ribbed steel bars in a percentage to assure punching 21 

failure mode for the reference slabs. Hooked ends steel fibres provided the unique shear reinforcement. The results 22 

have revealed that steel fibres are very effective in converting brittle punching failure into ductile flexural failure, by 23 

increasing both the ultimate load and deflection, as long as adequate fibre reinforcement is assured. An analytical 24 

model was developed based on the most recent concepts proposed by the fib Mode Code 2010 for predicting the 25 

punching resistance of flat slabs and for the characterization of the behaviour of fibre reinforced concrete. The most 26 

refined version of this model was capable of predicting the punching resistance of the tested slabs with excellent 27 

accuracy and coefficient of variation of about 5%. 28 
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 34 
1. INTRODUCTION  35 

The constructive system composed of flat reinforced concrete (RC) slabs supported on RC columns is the most 36 

competitive for residential and commercial buildings with span length between columns varying from 7.0 to 9.0 37 

meters and a live load not exceeding 5 kN/m2 [1,2]. In spite of the economic advantages of this type of slabs, several 38 

dramatic disasters have occurred due to the punching failure [3]. In fact punching can trigger the progressive 39 

collapse of the slabs, resulting in a total collapse of a building. Therefore, the punching phenomenon has attracted 40 

the attention of several researchers, and several scientific and technical papers have been dedicated to the execution 41 

of experimental programs and to the development of analytical and numerical models for a better understanding of 42 

this subject. 43 

The available research on this topic shows that the punching resistance of flat RC slabs can be improved by using 44 

high strength concrete (HSC) [4], shear reinforcement [5,6], and discrete fibres, specially steel fibres [7-9]. With 45 

respect to the use of HSC it was demonstrated that the punching resistance increases with the concrete compressive 46 

strength. However, Maghsoudi and Sharifi [4] have also evidenced that the brittleness of the failure mode of the 47 

slab-column connection also increases with the compressive strength, which can be justified by the smaller 48 

aggregate interlock caused by the fact that the shear failure crosses the aggregates, leading to a smooth fracture 49 

surfaces. Therefore, the use of HSC can be contra-productive, unless supplementary measures are adopted to prevent 50 

the formation of shear cracks, like shear reinforcement or fibres. 51 

In fact, as demonstrated by Melo et al. [5] and Choi et al. [6], a suitable disposition of shear reinforcement in the 52 

critical punching region of the slab can avoid the formation of punching failure mode, and can assure a ductile 53 

behaviour of the slab-column connection. However, in zones densely reinforced in bending the application of shear 54 

reinforcement can be problematic and has significant costs. Furthermore, the aimed anchorage conditions for this 55 

shear reinforcement are sometimes difficult of assuring. 56 

Steel fibres are distributed randomly during the concrete mixing phase, like a slender type aggregate, and can be a 57 

competitive shear reinforcement solution for flat slabs since almost no costs are required to the preparation and 58 

installation of this reinforcement. However, the type and content of steel fibres, and the mixing and placing 59 

technology adopted for the steel fibre reinforced concrete (SFRC) have considerable influence of the fibre 60 

reinforcement effectiveness in terms of avoiding the occurrence of punching failure mode. In fact, fibres and 61 

surrounding matrix should be selected in order to assure fibre pullout failure mode for an effective energy 62 

absorption capacity of this composite material. Since steel fibres are the component of the concrete composition of 63 

highest mass density, a tendency for an increase of fibre content from the top to the bottom surface of the slab has 64 

been reported [10]. This tendency increases when using powerful vibration procedures. To minimize this effect, in 65 

the present work a steel fibre reinforced self-compacting concrete (SFRSCC) was developed and characterized from 66 
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the rheological and mechanical viewpoints. The SFRSCC was used to build two series of four slabs of 2550 x 2550 67 

x 150 mm3 dimensions, tested centrically up to failure in order to assess the effectiveness of steel fibre content and 68 

SFRSCC strength class on the behaviour of slabs loaded in punching failure conditions. The experimental program 69 

is herein described in detail, and the relevant results are presented and analysed. Furthermore, the effectiveness of 70 

fibre reinforcement is assessed by comparing the deformational response, crack patterns and failure modes of the 71 

tested slabs. An analytical model is proposed for the prediction of the punching failure load, which is based on the 72 

most recent recommendations of fib Model Code 2010 [11] for the punching resistance of flat RC slabs and for the 73 

characterization of the behaviour of FRC. This model determines two curves, one corresponding to the relationship 74 

between the applied load and the rotation of the slab (V-ψ), and the other that represents a failure criterion. The 75 

interception of these two curves provides the punching failure load. A simplified and refined formulations were 76 

developed, both with excellent predictive capacity in terms of failure load, with a coefficient of variation on the 77 

simulations of the tested slabs less than 5.0%. In terms of V-ψ relationship, the more refined approach has predicted 78 

with high accuracy the responses recorded experimentally. 79 

 80 
2. MATERIALS AND METHODS 81 

2.1. Slab prototypes 82 

The geometry of the slab prototype of the experimental program is represented in Figure 1. The load was applied in 83 

the centre of the slab by using a steel plate of 200×200×50 mm3 placed in between the actuator and the slab. 84 

The flexural reinforcement adopted in the reference slabs and in SFRSCC slabs is represented in Figures 2a and 2b, 85 

respectively. In the SFRSCC slabs the reinforcement in the two directions is limited to a strip in the central zone of a 86 

width of about e+6∙d, where e is the edge of the loading steel plate (200 mm), and d is the internal arm of the slab 87 

(Figure 2c). The flexural reinforcement ratio, ρ, in the two main strips was 0.88%, and was equal in all the tested 88 

slabs. According to EC2 [12] and CEB-FIP 90 [13], the ρ should be evaluated in a strip of a width of e+6∙d, where e 89 

is the edge of the cross section of the column (assumed of square configuration). The corresponding equation is 90 

ρ=As/Ac=As/[(e+6∙d)∙d], where As is the cross sectional area of the flexural reinforcement applied in this strip. 91 

During concrete casting the flexural reinforcement was in the top surface in order to reproduce, as closest as 92 

possible, the real conditions when building a flat slab supported on columns. This is an important aspect, since the 93 

content of steel fibres tends to increase from the top to the bottom due to the highest mass density of the steel. This 94 

effect is more pronounced when fresh concrete is vibrated during casting [10, 14], leading, in general, to larger 95 

positive (tensile strains in the bottom surface) than negative resisting bending moments. 96 

The concrete was prepared in a ready mix plant, and two different strength classes were order for an average 97 

compressive strength (fcm) of 50 and 70 MPa at 28 days. Each series was designed in order to be composed of a slab 98 
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without fibre reinforcement and a slab with 60, 75 and 90 kg/m3 of hooked ends steel fibres of 37 mm length (lf), 99 

0.55 mm diameter (df), 67 of aspect ratio (lf/df), and tensile strength of about 1100 MPa. The full program is 100 

described in Table 1. The acronym CfXfcY was used to designate the type of slab, where X is the content of steel 101 

fibres in kg/m3, and Y is the average concrete compressive strength. For instance, Cf75fc50 is the slab that was 102 

planned to be of a concrete of fcm=50 MPa, reinforced with 75 kg/m3 of fibres. 103 

After the punching tests have been executed, the internal arm of the flexural reinforcement, d, was measured in 104 

several cross sections, and the average value of d for each slab is indicated in Table 1. Difficulties were faced in 105 

assuring a constant d in the slabs of the experimental program, having d ranged between 117 and 133 mm. The ρ 106 

indicated in this table was determined by considering the d value measured experimentally. 107 

 108 

2.2. Test setup 109 

Figure 3 shows the test setup developed for the execution of the punching tests of the experimental program. The 110 

load was applied upward by using an actuator of 1000 kN capacity with a load cell of the same capacity and 111 

accuracy of 1 kN. In between the actuator and the bottom surface of the slab, in the central part of the slab, a steel 112 

plate of dimensions represented in Figure 2 was used to distribute, as uniformly as possible, the load applied by the 113 

actuator. In between the piston of the actuator and the steel plate, a metallic hinge was introduced to minimize the 114 

application of parasitic bending moments, and to assure, as much as possible, double symmetry conditions for the 115 

test. The test was executed under displacement control, at a displacement rate of 0.05 mm/min in the centre point of 116 

the slab. 117 

A slab was supported on twelve dywidag steel bars of 35 mm diameter. Each of these bars has passed through a hole 118 

of an average diameter of 60 mm executed after the concrete of the slab has been cured (Figure 3b). The inferior 119 

extremity of eight of these bars were simply supported on the reaction floor, while the superior extremity was fixed 120 

on the top surface of the slab by using steel plates of 200×200×50 mm3. Due to restrictions on the pattern of the 121 

holes of the reaction slab, steel profiles were used to support four of these dywidag steel bars. Steel tubes were also 122 

used to temporarily support the slab when installing the monitoring system. 123 

 124 

2.3. Monitoring system 125 

For measuring the deflection of the slab, seven Linear Variable Differential Transducer (LVDT) devices were 126 

applied in the points indicated in Figure 4a. The LVDTs were supported in an auxiliary supporting system 127 

completely separated from the slab in order to assure that these devices measure only deflections of the slab. 128 

Electrical strain gauges (SGs) of 2 mm gauge length and 120  of gauge resistance were applied in the dywidag 129 

steel bars to measure the deformability of these bars. To measure the strains in the flexural reinforcement, ten SGs 130 
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(of characteristics equal to the previous ones) were installed in two steel bars per slab in the positions indicated in 131 

Figure 4b (five SGs per each of the two main directions of the flexural reinforcement). Finally, to evaluate the 132 

concrete compressive strains in the slab’s bottom surface, in the zone where maximum strains were expectable, four 133 

SGs were installed in the positions indicated in Figure 4c. These SGs had 30 mm gauge length and 120  of gauge 134 

resistance. 135 

 136 

2.4. Materials and properties 137 

2.4.1. Concrete 138 

The mix compositions of the eight slabs of the experimental program are indicated in Table 2. Even for the same 139 

strength class, the compositions for different content of fibres have some differences in order to take into account 140 

the interference of the fibres in the skeleton arrangement of the aggregates, by providing the best arrangement of the 141 

concrete constituents and assuring self-compactability requisites without occurrence of segregation for the 142 

constituents in all the mixes. By executing slump cone and Lbox tests it was obtained an average value of 615 mm 143 

for the spread diameter, and 0.9 for the H2/H1 blocking ratio parameter [15].  144 

For each slab, nine cylinders of 150 mm diameter and 300 mm height, nine beams of 150×150×600 mm3 145 

dimensions, and three round panels of 800 mm diameter and 80 mm thickness were cast and cured in the same 146 

conditions of the corresponding slab. The cylinder specimens were used to evaluate the average compressive 147 

strength, fcm, and the stress-strain response of concrete in compression [16]. The prismatic specimens were used to 148 

determine the flexural tensile strength of the developed concretes, and to evaluate the post-cracking residual flexural 149 

tensile strength parameters (fR,i) of SFRSCC according to the recommendations of the fib Model Code 2010 [11]. 150 

The fR,i can be used to define the constitutive law of the SFRSCC for design purposes, by using the 151 

recommendations of the fib Model Code 2010 [11]. From each three point notched beam-bending test (3PBT) it was 152 

obtained a relationship between the applied force and the crack mouth opening displacement (CMOD). By 153 

evaluating the force at CMOD of 0.5, 1.5, 2.5 and 3.5 mm, the fR,i are determined by applying the following 154 

equation: 155 

 156 
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where b (=150 mm) and L (=500 mm) are the width and the span of the specimen, and hsp is the distance between 158 

the tip of the notch and the top of the cross section. In an attempt of assuring an unique crack progressing along the 159 

notched plane in the three point SFRSCC beam bending tests, the depth of the notch was increased with the content 160 
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of fibres (25, 42.5 and 60 mm for the Cf=60, 75 and 90 kg/m3, respectively), as indicated in the second column of 161 

Table 4. Therefore, the hsp for the specimens of the series Cf=60, 75 and 90 kg/m3 was 125, 107.5 and 90 mm, 162 

respectively. The flexural stress versus CMOD curves obtained in the 3PBT are presented in Figure 5. 163 

By using the fR,i values, the fib Model Code 2010 proposes the following post-cracking residual strength parameter: 164 

 165 
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 166 

which is obtained for an ultimate crack opening of wu=1.5 mm, and later will be used to define the post-cracking 167 

constitutive law of the SFRSCC. The obtained values for the fFtu are indicated in Table 3. 168 

Finally, the round panels were tested according to the ASTM recommendations [17] in order to determine the force 169 

vs. deflection and the energy absorption vs. deflection relationships. The first relationship provides data that can be 170 

used in the design of SFRSCC slabs according to the yield line method [18], and the second one indicates the 171 

toughness performance of the SFRSCC. The force-deflection and the energy-deflection curves recorded in the round 172 

panel tests are depicted in Figure 6. 173 

Table 3 presents the age at which the tests were executed, the fcm and the strain at compressive strength (εcp,) 174 

recorded in the compressive tests according to the ISO 1920-3 [16], the limit of proportionality (ffct,L) and the fR,i 175 

according to fib Model Code 2010 [11], the average peak load (FRPT,max), and the energy absorption up to 40 mm of 176 

deflection (URPT,40) recorded in the round panel tests executed according to the ATSM C-1550 [17]. The coefficient 177 

of variation of the obtained results is indicated within round brackets. 178 

Before commenting the results just presented, it should be mentioned that all the concrete mixing and casting 179 

procedures of the slabs and corresponding specimens were executed in a ready mix concrete company. The fibres 180 

were transported in a treadmill towards the mixer. During the casting process of Cf60fc50 and Cf75fc50 slabs it was 181 

verified that some fibres inadvertently fell from the treadmill during its transportation to the mixer. Therefore, to 182 

estimate the content of fibres (Cf) in the slabs, the number of fibres in the fracture surface (Nf) of the corresponding 183 

3PBT specimens was evaluated according to the strategy described in Barros and Antunes [10]. Considering Nf, and 184 

following the approach proposed by Abrishambaf et al. [19], the obtained Cf for the tested slabs are presented in 185 

Table 4. It is verified that the content of fibres applied in the Cf60fc50 and Cf75fc50 compositions seems to have been 186 

much lower than the target value, while in the Cf75fc70 composition the applied content of fibres seems to have been 187 

higher than the target value. This had a significant impact on the test results with notched beams, round panels and 188 

punching slabs, in a consistent manner, as it will be later demonstrated. 189 

In section 4 more information in respect to the content of fibres actually applied in the tested slabs will be provided, 190 

since after the slabs have been tested, cylindrical samples were extracted in order to estimate the fibre distribution 191 
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along the depth of the slabs. The results confirmed that slabs Cf60fc50 and Cf75fc50 had a content of fibres of about 192 

30 Kg/m3. 193 

The average value of the fcm of the series with a target fcm=50 MPa was 55.4 MPa (with a CoV of about 5%), a little 194 

bit higher than the aimed value, while for the series with a target fcm=70 MPa the average value of fcm was 63.5 MPa 195 

with a much higher CoV (about 19%). Therefore the difference of the fcm between the two series was about 8 MPa, 196 

much lower than the target one (20 MPa), which may have decreased the effect of the concrete strength class on the 197 

punching resistance. Unfortunately, the authors of the present paper had not the possibility of controlling the mixing 198 

procedures, since due to the relatively large size of the slabs, the SFRSCC was order to a ready concrete company. 199 

The number of fibres in the notched fracture surface of the tested specimens, the corresponding theoretical content 200 

of fibres (Table 4), as well as the content of fibres evaluated in the cores extracted from the tested sabs, clearly 201 

support the tendency obtained in the results in the notched beam bending tests and in round panel tests presented in 202 

Table 3. In fact the fR,i and the URPT,40 have followed closely the obtained Cf. 203 

 204 

2.4.2. Steel bars 205 

Five steel bar specimens representative of the conventional flexural reinforcement were submitted to uniaxial tensile 206 

tests according to the recommendations of ISO 15630-1 [20]. The average values of the obtained results are 207 

indicated in Table 5, where εsy and fsy are the strain at yield initiation and the corresponding stress, respectively, εsu is 208 

the strain at maximum tensile stress, fsu, and Es is the elasticity modulus. 209 

 210 
3. EXPERIMENTAL RESULTS 211 

3.1. Force-deflection response 212 

Figure 7 represents the force-deflection relationship in the centre of the tested slabs. Table 6 includes the relevant 213 

obtained results, where Pmax is the maximum applied load, and δPmax is its corresponding deflection, SFRC

maxP  and 214 

REF

maxP  are the maximum load of a SFRC slab and of its corresponding reference slab, respectively, SFRC

max  and REF

max  215 

are the deflection at Pmax of a SFRC slab and of its corresponding reference slab, respectively. This table also 216 

includes the failure mode observed in each slab. Despite the large dispersion of results, mainly in series of fcm=70 217 

MPa, Figure 8 shows a clear tendency of an increase of the load carrying capacity of the slabs with the increase of 218 

fR,i and URPT,40. This dispersion is justified by the large variation of the average compressive strength in this series, 219 

which provided different levels of fibre reinforcement effectiveness. 220 

Nonetheless, these results evidence that the properties at the material level, such as the case of the number of fibres 221 

in the fracture surface of the notched beam bending tests, the post-cracking residual strength parameters, and the 222 
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energy absorption determined in the round panel tests, seem to be good indicators of slab’s load carrying capacity. 223 

In fact, a tendency for a linear relation between Pmax and these parameters is observed. 224 

Due to the relative low content of fibres in the Cf60fc50 and Cf75fc50 slabs (around 30 Kg/m3), they have failed in 225 

punching like the corresponding reference slabs (see Table 6). This can be also justified by the relatively low values 226 

obtained for fFtu for these SFRSCC (Table 3). In fact, Figure 8f shows that an almost linear tendency is observed 227 

between fFtu and Pmax. 228 

The results in Table 6 show that in series fcm=50 MPa the increase in terms of maximum load was only significant 229 

(12%) in the Cf90fc50 that has failed in bending, while in series fcm=70 MPa this increase has attained 24% in the 230 

Cf75fc70 and Cf90fc70 slabs. Table 1 shows that the internal arm (d) of the flexural reinforcement of the Cf90fc50 and 231 

Cf90fc70 slabs was smaller than the d of the corresponding reference slabs (7 to 10%). Therefore, if in the SFRC 232 

slabs a d value equal to the corresponding reference slabs had been assured, a higher increase of REF

max

SFRC

max PP  would 233 

have been obtained. The influence of the concrete compressive strength in the punching failure load can be assessed 234 

by analysing Cf75fc70 and Cf90fc70 slabs. In fact, Table 3 shows that these slabs were built with concrete of 235 

relatively different average compressive strength (70.02 and 57.63 MPa, respectively), but these concretes were, in 236 

reality, reinforced with similar content of fibres (86 and 79 Kg/m3, respectively, see Table 4). This means that these 237 

SFRSCC have similar post-cracking residual strength (Table 3), resulting an almost equal load carrying capacity for 238 

these slabs. This evidences the relevance of the post-cracking residual strength of the SFRSCC on the slab’s load 239 

carrying capacity. In case of Cf90fc50 (fcm=56.39 MPa) and Cf75fc70 (fcm=70.02 MPa) slabs that have different 240 

strength class, but similar content of fibres and identical fFtu (Table 3), the later slab presented a Pmax 10% higher, 241 

which indicates that the fcm has also a relevant impact on the load carrying capacity of this type of slabs. However, if 242 

the internal arm of the flexural reinforcement of these slabs is considered in this analysis, it can be concluded that 243 

the post-cracking residual strength of the SFRC seems to have higher influence in the slab’s load carrying capacity 244 

than the concrete average compressive strength. In fact, Table 1 shows that the internal arm of the flexural 245 

reinforcement of the Cf90fc50 and Cf75fc70 slabs was 118 and 128 mm, respectively, which suggests that if equal 246 

internal arm had been assured, the difference on the Pmax for these slabs would have been smaller. 247 

In terms of deflection at maximum load, maxP , the increase of the 
REF

max

SFRC

max   ratio, as expected, was only 248 

significant in the slabs failing in bending (Table 6). This increase has ranged from 54% to 102% in the series fcm=70 249 

MPa (it has increased with Cf), and it was 72% in Cf90fc50 slab. The relatively low content of fibres really 250 

introduced in the Cf60fc50 and Cf75fc50 slabs (about 30 Kg/m3) has only contributed for a small increase of the 251 

deflection at punching failure load (4 to 6%). 252 
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3.2. Strains in concrete 253 

The variation of concrete strains recorded in the SG_C1 strain gauges (Figure 4c) during the loading process is 254 

represented in Figure 9 for the slabs of both series. The strain variation presented a similar trend, with a continuous 255 

increase of strain up to a load level close to the maximum load, and then a gradual decrease has occurred with an 256 

inversion from compressive to tensile strain in almost all the slabs. A tendency for an increase of the maximum 257 

compressive strains (εc1,max) with the increase of the load carrying capacity is observed (Table 7), as expected, but 258 

εc1,max was well smaller than the strain at compressive strength (εcp,exp), Table 3. In Table 7 the positive strain values 259 

represent compressive strains. In this table εc1,Pmax is the strain at Pmax, Pεc1,max is the load when εc1,max was registered, 260 

εc1,min and Pεc1,min are the minimum strain and the load when it was recorded, respectively, and 1,max(min) maxc P   is 261 

the ratio between the deflection when εc1,max(min) was registered and the deflection at Pmax, whose values are indicated 262 

in Table 6. According to Muttoni [21], the occurrence of radial tensile strains in the concrete compressed surface 263 

close to the column is an indicator of punching failure; however, radial tensile strains were also registered in the 264 

tested slabs that failed in bending. 265 

 266 
3.3. Strains in steel bars 267 

Due to a deficient functioning of several strain gauges installed in the steel bars, mainly in the SFRSCC slabs, the 268 

information expected to extract from these sensors was too scarce for deriving relevant conclusions. Nonetheless, 269 

based on the registered information, it was possible to evaluate the value of ry, which is the distance from the slab’s 270 

centre that defines the region where the rebars have yielded (εs ≥ εsy) at the failure of the slab (Figure 10). In this 271 

figure rs is the radius of the slab. The ry parameter was determined by intercepting the diagram of the variation of 272 

strains, in the alignment where the strain gauges were installed, with the line corresponding to the yield strain of the 273 

steel bars (εsy=2.53‰). The obtained values are indicated in Table 8, where data from other experimental programs 274 

are also included. In this table the “Load level” represents the load at which ry was measured. The results obtained in 275 

the SFRC slabs indicate that the value of ry at failure of the slab has varied between 0.30·rs and 0.45·rs. Based on the 276 

analysed data, an average value of 0.37 was obtained for the ry/rs ratio, which confirms the value of 0.35 adopted by 277 

Moraes-Neto et al. [22]. 278 

 279 
3.4. Crack patterns and failure modes 280 

The crack patterns registered at the end of the tests of the slabs of the experimental program are shown in Figure 11. 281 

It is verified that fibres have provided a more diffuse crack patterns due to the arrestment of crack propagation 282 

provided by reinforcement mechanisms of fibres bridging the cracks. 283 

In the Cf0fc50 and Cf0fc70 reference slabs (Figure 11a and 11b), radial cracks started being visible at a load level of 284 

about 0.30·Pmax, and have propagated in the loaded area and its vicinity up to 0.80·Pmax. At this load level, 285 
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circumferential cracks started being visible and have propagated up to the attainment of the punching failure load, 286 

while the number of radial cracks has stabilized, but the crack width has increased up to the failure of the slabs. 287 

Table 9 indicates the load level when the first radial crack and the first circumferential crack were visible in the 288 

tested slabs. Figure 12, which shows the cross section coinciding with the section A-A represented in Figure 2a and 289 

2b, evidences the geometry of the punching failure surface formed in the tested slabs (the section was cut 50 mm far 290 

from the symmetry axis of the slab in order to avoid cutting steel bars). The data defining the geometry of the 291 

punching failure surface is included in Table 10, by using the symbols adopted in Figure 13. The r0,avg is the average 292 

value of r0, while θavg is the average value of the inclination of the punching failure crack. The Cf60fc50 and Cf60fc70 293 

slabs had similar fracture process up to a load level of about 0.85·Pmax (Figure 11c and 11d). The first cracks were 294 

detected in the interval 0.3-0.4·Pmax, close to the loaded area, followed by the propagation of radial cracks up to 295 

≈0.85·Pmax. At this load level circumferential cracks started being visible. In Cf60fc50 slab this type of cracks has 296 

progressed around the loaded area in the subsequent loading stages up to the occurrence of punching failure (Figure 297 

12c), while in Cf60fc70 slab the circumferential cracks did not propagate, and flexural cracks became dominant 298 

along the main axis of the slab (Figure 11d) leading to the flexural failure of this slab. This is justified, mainly, by 299 

the quite different content of fibres really applied in these slabs, about 30 and 53 Kg/m3 in Cf60fc50 and Cf60fc70 300 

slabs, respectively (Table 4). In fact, Figure 12c shows that the relatively low content of fibres applied in Cf60fc50 301 

slab was not enough to avoid the formation of the punching failure cone (but with failure cracks with higher 302 

inclination than failure cracks of the reference slabs). However, in the Cf60fc70 slab the larger content of fibres has 303 

promoted the occurrence of several cracks, of shear and flexure nature, but the propagation of flexural failure cracks 304 

have prevailed. The higher concrete compressive strength of the Cf60fc70 slab has also contributed for this different 305 

response of these slabs at ultimate limit stages. 306 

In the Cf75fc50 and Cf75fc70 slabs the cracking propagation process was similar up to the load level ≈0.80·Pmax. 307 

(Figure 11e and 11f). The first cracks have formed around the loaded area at a load level ≈0.30·Pmax, and propagated 308 

radially up to a load level of ≈0.80·Pmax has been attained. Above this load level the damage due to crack 309 

propagation in the Cf75fc50 slab has conducted to the formation of punching failure mode, with the geometry of the 310 

failure surface shown in Figure 12e. The relatively reduced content of fibres really applied in this slab (32 Kg/m3, 311 

see Table 4) justifies the incapacity to avoid the occurrence of the punching failure in this slab. In the case of the 312 

Cf75fc70 slab, the content of fibres was enough to assure a flexural failure mode, with the formation of four main 313 

flexural failure cracks at ultimate stage (Figure 11f). Figure 12f shows the formation of several cracks of flexural 314 

and shear nature, but the flexural ones have prevailed at failure stage. The best structural performance of this slab 315 

(Table 6) is justified by the highest content of fibres (Table 4) and the highest compressive strength (Table 3). 316 



11 

 

The cracking propagation process of Cf90fc50 and Cf90fc70 was similar up a load level ≈0.75·Pmax (Figure 11g and 317 

11h). The first cracks have formed around the loaded area at a load level ≈0.25·Pmax, and propagated radially up to a 318 

load level ≈0.75·Pmax has been attained. At this load level the first circumferential cracks were detected, and at 319 

≈0.90·Pmax the localization of flexural failure cracks along the main axis of the slab started occurring. Figure 12h 320 

shows that a punching failure surface has occurred in the Cf90fc70 slab, but this occurrence was observed for a very 321 

high deflection of this slab, at about 53mm. In the Cf90fc50 slab a punching failure cone was not formed (Figure 322 

12g), and four dominant flexural failure cracks were localized along the main axes of the slab (Figure 11g). 323 

 324 
4. THEORETICAL MODELS AND ANALYSIS 325 

4.1. Model formulation 326 

The model that is herein proposed determines the punching resistance of a SFRC flat slab by defining two curves, 327 

one corresponding to the relationship between the applied load and the rotation of the slab (V-ψ), and the other that 328 

represents a failure criterion. The interception of these curves provides the punching failure load. The V-ψ 329 

relationship is based on the recommendations of Muttoni [21] and on the most recent concepts proposed by fib 330 

Model Code 2010 [11] for the characterization of fibre reinforced concrete. For the establishment of the V-ψ 331 

relationship, the column-slab connection is assumed in axisymmetric conditions (Figure 14a). The crack pattern of a 332 

slab failing in punching can be assumed as forming radial segments (Figures 14a and 14b). Each radial segment is 333 

delimited by a tangential crack formed close to the column, by two radial cracks, and by the edge considered as a 334 

free boarder of the slab (Figure 14b). 335 

 336 

4.1.1. Load-rotation approach 337 

According to Guandalini [26] the V-ψ relationship of an axisymmetric slab can be obtained by using the 2L bilinear 338 

moment-curvature diagram (m-χ) represented in Figure 14c. 339 

To derive the load versus rotation relationship supported on the 2L m-χ diagram, it is necessary to assume the slab 340 

decomposed in two regions: elastic (ry<r0) and elasto-plastic (r0<ry<rs). By executing equilibrium of bending 341 

moments of the force components installed in the radial segment represented in Figure 14b, it is obtained the 342 

following two equation after some mathematical manipulations described elsewhere [22]: 343 
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 346 

In these equations the variables rc, r0, rq and rs represent, respectively, the radius of column’s cross section, the 347 

distance to the axis of the column to the punching failure surface (r0=rc+d/2), the distance of the circumferential 348 

loading line, and the radius of the slab. The E∙I1 represents the flexural stiffness of the slab’s cross section after 349 

crack initiation (Figure 14c). 350 

The evaluation of E∙I1, was executed following the procedures adopted for RC members [18], and assuming a 351 

stabilized cracking phase: 352 
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 354 

The contribution of fibre reinforcement for the E∙I1 is only indirectly taken in the evaluation of the neutral axis, x, 355 

Figure 15 ( and  parameters are evaluated according to [11], and fFtu according to equation (2)). In Eq. (4) β is a 356 

factor intending to take into account the arrangement of the reinforcement, since the deduction of Eqs. (3) was 357 

supported on the principle of axisymmetric structural conditions, but the majority of the built and tested RC flat 358 

slabs have orthogonal arrangement of the reinforcement [26]. According to Muttoni [21], β=0.6 yields satisfactory 359 

results. The evaluation of the position of the neutral axis, x, was made according to the recommendations of fib 360 

Model Code 2010 [11], see Figure 15. 361 

To evaluate fFtu according to equation (2), the values of fR1 and fR3 obtained experimentally can be used, or, 362 

alternatively, as demonstrated in [28], the following equations can also be adopted that are determined based on 363 

statistical analysis of a database that collects results from 3PBT in SFRC: 364 
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 366 

In Figure 16 is represented the relationship between ψ and (V/Vflex) obtained from the tested slabs, where Vflex is the 367 

load corresponding to the flexural failure of the slab that can be determined from the following equation [22]. 368 
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where mR represents the resisting bending moment (plastic bending moment) of the slab’s cross section. The solid 371 

and dashed lines in Figure 16 represent, respectively, the experimental results and the curves that best fit the 372 

experimental results. The results in this figure evidence that the slab’s rotation is proportional to (V/Vflex)2. For a 373 

more reliable ψ-(V/Vflex) relationship, the results obtained from the experimental works carried bout by Nguyen-374 

Minh et al. [9], Cheng and Parra [25], Azevedo [24] and Holanda [27] were also considered, leading to a direct 375 

proportionality between ψ and  
3/2

/ flexV V : 376 

 377 

 
3/2

/ flexV V  (7) 

 378 

Combining equations (3) and (6) and assuming for the ry/rs the value of 0.35 obtained in Section 3.3, and after 379 

executing some mathematical manipulations, described in [22], the following equation was obtained: 380 
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 382 

where  =0.65 for regular concrete and  =1.625 for concrete of lightweight aggregates. For slabs in axisymmetric 383 

structural conditions, Vflex is obtained from Eq. (6), while for square slabs the yield line theory leads Vflex=8·mR.  384 

To evaluate the plastic bending moment, mR, the recommendations of fib Model Code 2010 [11] for the simulation 385 

of the contribution of fibre reinforcement are adopted in the present work (see Eq. (2) and Figure 15). 386 

 387 

4.1.2. Failure criterion 388 

Following the recommendations of ACI 318 [33], Muttoni [21], and Muttoni and Schwartz [29], and taking the main 389 

achievements of Walraven [30], and Vecchio and Collins [31] on the contribution of the aggregate interlock for the 390 

concrete shear resistance, and the relevant results of Moraes-Neto [28] on the contribution of fibre reinforcement for 391 

the concrete shear resistance, the following equation was determined that defines the punching failure criterion of 392 

SFRC slabs: 393 

 394 

  dgf

/

ffc
kd.kfdb

V




  20331

1
31

0

  [MPa, mm] (9) 

 395 



14 

 

where b0 is the perimeter of the punching failure surface ( deb  40  for column of square cross section), 396 

kdg=1/(dg0+dg), being dg0=16 mm the reference diameter, and dg the maximum diameter of the aggregates, and: 397 
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 399 

4.2. Predictive performance of the model 400 

4.2.1. Simplified approach on the evaluation of the resisting bending moment, mR 401 

In the present approach, the resisting bending moment, mR, is calculated by applying the stress distribution diagram 402 

represented in Figure 15, the E∙I1 is calculated from equation (4), and for the evaluation of equation (9) and fFtu the 403 

values of the content of fibres, Cf, included in the last column of Table 4 were adopted. By adopting this approach, 404 

the results presented in Table 11 in the columns corresponding to “Simplified” were obtained. In this table, 
exp

maxP  405 

and max

theP  is the maximum load obtained experimentally and applying the theoretical formulation, respectively. The 406 

V-ψ relationships of the tested slabs, recorded experimentally and determined with the theoretical formulation, are 407 

compared in Figure 17. The results included in Table 11 shows that the simplified theoretical model provides 408 

predictions slightly against safety, since the average value of 
the

max

exp

max PP  is 0.88, but the CoV is relatively small 409 

(4.4%). The curves in Figure 17 evidence that the simplified theoretical model predicts a less stiff V-ψ response and 410 

higher ultimate load than the corresponding experimental results. This is caused by the simplified methodology on 411 

the evaluation of the slab’s flexural stiffness, E∙I1, as well as on the determination of the resisting bending moment 412 

of the slab’s cross section mR. 413 

 414 

4.2.2. Refined approach on the evaluation of the resisting bending moment, mR 415 

To overcome the deficiencies of the simplified theoretical model, the following procedures were adopted: i) 416 

determine the distribution of fibre content along the depth of the slab, since it is well recognized that the content of 417 

fibres has a tendency to increase from the top to the bottom of the structural elements in consequence of the highest 418 

mass density of the steel [10]; ii) use a cross section layer model that is capable of determining the m-χ diagram of 419 

the slab’s cross section by using different constitutive laws for each layer, such is the case of the software DOCROS 420 

(Design Of CROss-Sections) [32]. 421 

To perform the procedure i), after the slabs have been tested three cylinder specimens per slab were extracted from 422 

the positions indicated in Table 12 (the coordinates are related to the centre of the slab). These cylinders had a 423 

diameter of 100mm and a height equal to the thickness of the corresponding slab. Each cylinder specimen was cut in 424 
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three slices of equal thickness, and the designation of “Top”, “Intermediate” and “Bottom” was attributed 425 

accordingly. In columns 6, 7, and 8 to 10 of Table 12 are presented the average content of fibres (in Kg/m3) on the 426 

cylinder, on the slab, and on each slice, respectively. The obtained results have confirmed that about 30 Kg/m3 of 427 

fibres were applied in the slabs Cf60fc50 and Cf75fc50. Furthermore, it is verified a tendency of the fibre content to 428 

increase from the top to the bottom of the slab, with Cf,avg,bottom≈1.5∙Cf,avg,top, which justifies the obtained 429 

overestimation of the mR when the simplified approach was used. 430 

To attend the aforementioned procedure ii), a cross section layer model available in the DOCROS computer 431 

program was used [32]. This model assumes that a plane section remains plane after deformation, and bond between 432 

materials is perfect. The section is divided in horizontal layers, and the thickness and width of each layer is user-433 

defined and depend on the cross-section geometry. 434 

For the present study, the slab’s cross section was decomposed on the layered configuration schematically 435 

represented in Figure 18. The cross section was formed by 15 layers, h=12∙tc,1+ts+2∙tc,2=150 mm. The symbols 436 

corresponding to tc,1, tc,2 and bc=1000 mm are attributed to SFRSCC layers, while ts=10 mm and bs define the cross 437 

section area of the flexural reinforcement (ts∙bs=As=ρ∙d∙bc). The values of tc,1 and tc,2 were determined in order to 438 

obtain the d values indicated in Table 1. 439 

By considering the average Cf values obtained for each slice, and adopting Eq. (8) for determining fR1 and fR3, the 440 

post-cracking stress-strain constitutive law of the layers representative of a slice was determined according to the 441 

recommendations of fib Model Code 2010 [11]. For modelling the compression behaviour of the SFRSCC and the 442 

tension-compression behaviour of the flexural reinforcement, the stress-strain relationship of the corresponding 443 

models available in DOCROS was adopted, by considering the data indicated in Table 3 and Table 5, respectively. 444 

The obtained constitutive laws for the SFRSCC are represented in Figure 19, while the determined moment-445 

curvature relationships are indicated in Figure 20. 446 

By adopting this approach, the results presented in Table 11 in the columns corresponding to “Refined” were 447 

obtained. The V-ψ relationships of the tested slabs, recorded experimentally and determined with the theoretical 448 

formulation, are compared in Figure 17. The results included in Table 11 shows that the refined theoretical model 449 

predicts with excellent accuracy (
the

max

exp

max PP =0.95) and small CoV (4.83%) the results obtained experimentally. 450 

The curves in Figure 17 evidence that the refined theoretical model predicts with high accuracy the full V-ψ 451 

response recorded experimentally. 452 

By considering the mR and E∙I1 obtained with the simplified and refined models, it was verified that the simplified 453 

approach can provide results of an accuracy similar to the ones obtained with the refined model if the mR and E∙I1 454 

are adjusted according to the following proposal: mR,adjusted≈0.90∙mR,simple; (E∙I)adjusted≈1.41∙(E∙I)simple. 455 

 456 
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5. CONCLUSIONS 457 

In this paper an experimental program was carried out to assess the influence of steel fibre reinforcement for the 458 

punching resistance of flat slabs centrically loaded.  459 

Based on the results obtained in experimental and analytical work, the following observations can be pointed out: 460 

- A clear linear relationship was observed between the residual flexural tensile strength parameters, fR,i, of steel fibre 461 

reinforced self-compacting concrete (SFRSCC) obtained from the three point notched beams bending tests and the 462 

load carrying capacity of the tested slabs, Pmax. A linear relationship was also observed between the energy 463 

absorption capacity, URPT,40, of SFRSCC assessed by round panel tests and Pmax. This indicates that the 464 

performance of the SFRSCC slabs can be estimated by using this type of tests that are adopted for the material 465 

characterization and quality control; 466 

- Based on the results from the punching tests, a concrete of fcm between 50 and 70 MPa reinforced with a volume of 467 

about 1% of hooked ends steel fibres can assure a flexural failure mode and a very ductile behaviour, as long as a 468 

fibre type is selected that avoid fibre rupture; 469 

-  In this type of SFRSCC the average values of fR,1 and fR,3 have varied between 11-13 MPa and 12-13 MPa, 470 

respectively, representing these values the flexural resistance for a crack width of 0.5 mm and 2.5 mm. This type 471 

of SFRSCC has provided an increase in terms of load carrying capacity ranging between 12 and 24%, depending 472 

on the fcm, with the tendency of increasing with the fR,i and fcm, as expected; 473 

- In terms of maximum deflection at failure, the increase provided by this type of SFRSCC has varied between 72% 474 

and 102%, with also the tendency of increasing with the fR,i and fcm. 475 

- An analytical model was developed for the prediction of the punching resistance of SFRC flat slabs. This model 476 

determines two curves, one corresponding to the relationship between the applied load and the rotation of the slab 477 

(V-ψ), and the other that represents a failure criterion. The interception of these curves provides the punching 478 

failure load. The most refined version of this model was capable of predicting the punching resistance of the tested 479 

slabs with excellent accuracy and coefficient of variation of about 5%. 480 

 481 
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 584 

 585 

 586 

 587 

NOTATION 588 
 589 

Ac Cross sectional area of the concrete (in this strip) 

As Cross sectional area of the reinforcement (in this strip) 

A’s Cross sectional area of the compression reinforcement 

b Width of the notched beam 

b0 Critical perimeter for punching shear 

Cf Content of fibre 

d Internal arm of the slab 

df Diameter of fibre 

dg, Dmax Maximum diameter of the aggregates 

dg0 Reference diameter of the aggregates 

e Edge of the loading steel plate 

E Modulus of elasticity of concrete 

Es Modulus of elasticity of reinforcement 

fcm, fc Average compressive strength 

Fcr Internal compressive force of concrete in radial direction 

Fct Internal compressive force of concrete in tangential direction 

ffct,L Limit of proportionality 

fFts Post-cracking strength for serviceability crack opening 

fFtu Post-cracking strength for ultimate crack opening 

Fi Load corresponding to CMOD=CMODi (notched beam bending test) 

fR,i Flexural tensile strength 

FRPT,max Average peak load (round panels test) 

Fs Internal force of tensile reinforcement 

F’s Internal force of compressive reinforcement  

Fsr Internal tensile force of reinforcement in radial direction 

Fst Internal tensile force of reinforcement in tangential direction 

fsu Maximum tensile stress 

fsy Stress at yield initiation 

h Slab thickness 

hsp Distance between the tip of the notch and the top of the cross section beam (notched beam bending test) 

H1, H2 Lbox tests parameter  

I0 Second moment of area of uncracked concrete cross-section  

I1 Second moment of area of cracked concrete cross-section 

lf Length of fibre 

L Span of the notched beam 

m Bending moment 

mcr Bending moment at crack initiation 

mR Resisting bending moment (plastic bending moment) 

Nf Number of fibres in the fracture surface (notched beam bending test) 

Pmax Maximum load (punching test) 

exp

maxP  Experimental maximum load 

REF

maxP  Reference slab maximum load 
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SFRC

maxP  SFRC slab maximum load  

the

maxP  Theoretical maximum load 

Pεc1,max εc1,max load 

Pεc1,min εc1,min load 

r0 Radius of the critical shear crack 

r0,avg Average value of r0 

rq Radius of the load introduction at the perimeter 

rs Radius of circular isolated slab element 

ry Radius of yielded zone 

ti Layer of slab’s cross section 

URPT,40 Energy absorption up to 40 mm of deflection (round panels test) 

V Shear force 

Vflex Shear force associated with flexural capacity of the slab 

VR Nominal punching shear strength 

wu Ultimate crack opening 

x Neutral axis of slab 

β Efficiency factor of the bending reinforcement for stiffness calculation 

δPmax Deflection at maximum load 

SFRC

max  
SFRC

maxP  deflection 

REF

max  REF

maxP  deflection 

δεc1,max εc1,max corresponding deflection 

δεc1,min εc1,min corresponding deflection 

Δφ Angle of a cracked radial segment of slab 

εc Concrete strain 

εcu Ultimate strain of concrete in compression zone 

εfu Ultimate strain of fibre in tensile zone 

εs Strain of steel reinforcement in tensile zone 

εsu Ultimate strain of steel reinforcement in tensile zone 

εt,bot Concrete tensile strain at the bottom surface of the slab 

εc1,max maximum compressive strains (recorded in the SG_C1 strain gauge) 

εc1,min minimum compressive strains (recorded in the SG_C1 strain gauge) 

εcp Strain at peak compressive strength 

εcp,exp Strain at compressive strength 

εs Rebar strain 

εsu Strain at maximum tensile stress 

εsy Strain at yield initiation 

θ Inclination of the punching failure crack 

θavg Average value of the θ 

ρ Reinforcement ratio 

ρ' Compressive reinforcement ratio 

σf,r Post cracking tensile strength of SFRC in radial direction 

σf,t Post cracking tensile strength of SFRC in tangential direction 

χ1 Curvature in stabilized cracking 

χcr Curvature at cracking 

χy Yielding curvature 

χ Curvature 

ψ Rotation of slab 

 590 
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 611 
Table 1. Characteristics of the experimental program. 

Series 
d(1) ρ fcm

(2) Cf
(3) 

(mm) (%) (MPa) (kg/m3) 

Cf0fc50 126 0.85 50 0 

Cf0fc70 130 0.80 70 0 

Cf60fc50 122 0.89 50 60 

Cf60fc70 133 0.77 70 60 

Cf75fc50 129 0.81 50 75 

Cf75fc70 128 0.82 70 75 

Cf90fc50 118 0.95 50 90 

Cf90fc70 117 0.96 70 90 

(1) Internal arm of the flexural reinforcement measured after slabs have been tested; Values of: (2) average concrete compressive strength and (3) 

fiber content, ordered to the ready mix plant company 

612 
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 613 
Table 2. Concrete compositions for the slabs of the experimental program. 

Constituent 
Series 

Cf0fc50 Cf60fc50 Cf75fc50 Cf90fc50 Cf0fc70 Cf60fc70 Cf75fc70 Cf90fc70 

Cement 420 420 420 420 480 480 480 480 

Fly ash 65 65 75 80 65 65 75 80 

Coarse aggregate 

(Dmax=12 mm) 
670 668 661 657 628 627 620 619 

Coarse Sand 806 804 795 790 757 755 746 741 

Fine sand 269 268 265 265 253 252 249 247 

Superplasticizer 6.79 7.76 7.92 8.00 7.63 8.72 8.88 8.96 

Water 165 165 168 170 185 185 189 190 

Fibres 0 60 75 90 0 60 75 90 
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Table 3. Average values of the compression, flexural and round panel tests. 

Series 
Age 

(days) 

Compression 

tests 
Three point notched beam bending tests Round panel test 

fcm,exp 

(MPa) 

εcp,exp 

(‰) 

ffct,L 

(MPa) 

fR,1 

(MPa) 

fR,2 

(MPa) 

fR,3 

(MPa) 

fR,4 

(MPa) 

fFtu 

(MPa) 

FRPT,max 

(kN) 
URPT,40 (J) 

Cf0fc50 65 
57.61 
(0.90) 

3.04 
(2.65) 

5.16 
(6.71) 

- - - - - 
54.07 

(-) - 

Cf60fc50 43 
51.90 

(6.49) 
3.54 

(1.83) 
3.55 

(10.77) 
5.71 

(20.93) 
4.55 

(19.50) 
2.77 

(21.79) 
2.13 

(29.86) 
1.17 

48.25  

(5.16) 
295 

(8.63) 

Cf75fc50 52 
55.68 

(3.91) 
4.01 

(7.02) 
4.27 

(5.97) 
6.32 

(23.89) 
5.42 

(18.07) 
3.25 

(23.01) 
2.19 

(31.48) 
1.35 

39.00  

(4.92) 
255 

(20.39) 

Cf90fc50 57 
56.39 

(4.38) 
4.41 

(11.78) 
4.04 

(9.93) 
11.02 

(15.36) 
13.62 

(16.29) 
12.61 

(21.08) 
10.83 

(25.29) 
4.44 

51.02  

(3.99) 
813 

(11.96) 

Cf0fc70 63 
62.63 

(0.72) 
3.28 

(1.71) 
4.43 

(14.49) 
- - - - - 

56. 81 

(-) - 

Cf60fc70 52 
63.77 

(-) 
3.36 
(-) 

4.64 
(9.99) 

9.06 
(13.35) 

9.58 
(10.69) 

8.08 
(14.34) 

6.96 
(17.46) 

2.97 
42.55  
(8.00) 

730 
(17.23) 

Cf75fc70 66 
70.02 

(0.88) 
3.35 

(1.94) 
6.00 

(6.62) 
12.30 

(13.45) 
13.30 

(11.73) 
11.55 

(16.07) 
10.23 

(19.31) 
4.20 

51.61  

(3.32) 
829 

(11.72) 

Cf90fc70 46 
57.63 

(2.17) 
3.85 

(4.77) 
4.21 

(6.27) 
10.51 

(24.11) 
13.38 

(20.98) 
11.99 

(24.77) 
11.04 

(31.02) 
4.23 

49.90 

(-) 
828 

(-) 
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 617 
Table 4. Content of fibres in the notched plane of SFRSCC beam bending tests, and the theoretical content of fibres. 

Series 
Depth of the notched 

cross section (mm) 
Nº of fibres (Nf) 

Fibres per unit area 

(cm2) 

Theoretical estimation of the 

content of fibres (Kg/m3) 

Cf60fc50 125 166 0.89 30 

Cf60fc70 125 295 1.58 53 

Cf75fc50 107.5 155 0.96 32 

Cf75fc70 107.5 416 2.58 86 

Cf90fc50 90 305 2.26 76 

Cf90fc70 90 317 2.34 79 
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 619 
Table 5. Average values of the tensile properties of the steel bars forming the flexural reinforcement of the slabs. 

Diameter (mm) εsy (‰) fsy (MPa) εsu (‰) fsu (MPa) Es (GPa) 

12 2.53 530 - 684 209.49 
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Table 6. Main results obtained in the punching tests. 

Slab 
Pmax 

(kN) 

δPmax 

(mm) 
REF

max

SFRC

max PP  REF

max

SFRC

max   Failure mode 

Cf0fc50 409.11 26.58 - - Punching 

Cf60fc50 386.08 28.23 0.94 1.06 Punching 

Cf75fc50 408.03 27.56 1.00 1.04 Punching 

Cf90fc50 456.53 45.81 1.12 1.72 Bending 

Cf0fc70 399.15 25.09 - - Punching 

Cf60fc70 462.03 38.63 1.16 1.54 Bending 

Cf75fc70 496.34 48.79 1.24 1.94 Bending 

Cf90fc70 495.58 50.77 1.24 2.02 Bending/Punching 
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Table 7. Relevant strain results on the SG_C1. 

Slab 
Pmax εc1,Pmax Pεc1,max εc1,max Pεc1,min εc1,min 

maxP

max,c



  1
 

maxP

min,c



 1
 

(kN) (‰) (kN) (‰) (kN) (‰) 

Cf0fc50 409.11 0.11 384.03 0.16 - - 0.85 - 

Cf60fc50 386.08 0.55 369.64 0.76 369.64 -0.03 0.68 1.08 

Cf75fc50 408.03 0.44 369.95 0.65 -* -* 0.69 -* 

Cf90fc50 456.53 0.12 437.76 0.92 453.40 -0.12 0.54 1.15 

Cf0fc70 399.15 0.03 354.49 0.39 398.80 -0.01 0.66 1.03 

Cf60fc70 462.03 0.32 425.60 0.97 408.58 -0.19 0.55 -** 

Cf75fc70 496.34 -0.07 493.10 0.93 493.10 -0.14 0.67 1.01 

Cf90fc70 495.58 0.09 463.23 0.67 492.18 -0.33 0.65 1.04 
*Always compressive strains were registered; 
** Not available. 
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Table 8. Values of ry/rs. 

Reference slabs 

Author 
Slab’s 

designation 
Load level Failure mode rs (mm) ry (mm) ry/rs 

Present study 
Cf0fc50 0.8∙Pmax Punching 1275 205.6 0.16 

Cf0fc70 Pmax Punching 1275 379.9 0.30 

SFRC slabs 

Author 
Slab’s 

designation 
Load level Failure mode rs (mm) ry (mm) ry/rs 

Present study 

Cf60fc50 Pmax Punching  1275 383.0 0.30 

Cf75fc50 Pmax Punching 1275 200.6 0.16 

Cf90fc50 0.9∙Pmax Bending 1275 631.1 0.49 

Mcharg [23] 
FRSU Pmax Punching 1150 603.8 0.53 

FRSB Pmax Punching 1150 476.5 0.41 

Azevedo [24] HSC.S3 Pmax Punching 580 102.0 0.18 

Cheng and 

Parra-

Montesinos 

[25] 

S5 Pmax Punching 762 265.5 0.37 

S6 Pmax Bending/Punching 762 276.7 0.36 

S7 Pmax Punching 762 213.0 0.35 

S8 Pmax Bending/Punching 762 283.0 0.37 

S9 Pmax Punching 762 313.6 0.41 

S10 Pmax Bending/Punching 762 284.4 0.55 

     Average 0.37 

     STD 0.12 

     CoV (%) 32.41 
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Table 9. Load level at the formation of the first radial and circumferential crack. 

Slab’s designation Load level at 1st radial crack Load level at 1st circumferential crack 

Cf0fc50 0.31·Pmax 0.80·Pmax 

Cf0fc70 0.29·Pmax 0.81·Pmax 

Cf60fc50 0.38·Pmax [0.66·Pmax -0.86·Pmax] 

Cf60fc70 0.28·Pmax 0.86·Pmax 

Cf75fc50 0.34·Pmax 0.82·Pmax 

Cf75fc70 0.24·Pmax 0.81·Pmax 

Cf90fc50 0.31·Pmax 0.79·Pmax 

Cf90fc70 0.18·Pmax 0.67·Pmax 

628 



32 

 

 629 
Table 10. Data defining the geometry of the failure surface (see Figure 13). 

Slab’s designation r0,c (mm) r0,avg (mm) θavg (degrees) 
Punching cone 

formation 

Cf0fc50 0 295 (1.5·d) (1) 36 Yes 

Cf0fc70 0 245 (1.1·d) (1) 38 Yes 

Cf60fc50 0 240 (1.15·d) (1) 47 Yes 

Cf60fc70 - - - No 

Cf75fc50 0 305 (1.6·d) (1) 35 Yes 

Cf75fc70 - - - No 

Cf90fc50 - - - No 

Cf90fc70 0 206 (0.9·d) (1) 40 Yes 
(1) The value indicated into the round brackets is a multiple of the internal arm of the conventional reinforcement of the slabs, d, and the measure 

is executed from the perimeter of the loaded area. 
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Table 11. Results obtained by applying the developed formulations. 

Slab 
mR (kN∙mm) E∙I1 (N∙mm2) 

the

max

exp

max PP  

Simplified Refined Simplified Refined Simplified Refined 

Cf60fc50 70022.26 63678.97 1561345231 2139822311 0.88 0.93 

Cf75fc50 71772.75 64880.790 1720275422 2431392725 0.84 0.90 

Cf90fc50 76597.64 69018.169 1491999468 2016978717 0.85 0.95 

Cf60fc70 77050.59 71062.793 1835064964 2690436074 0.86 0.93 

Cf75fc70 79832.28 72861.609 1734162328 2551984131 0.89 0.98 

Cf90fc70 75127.60 68762.583 1489190271 2032446802 0.95 1.03 

    Average 0.88 0.95 

    STD 0.04 0.05 

    CoV (%) 4.38 4.83 
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Table 12. Content of fibres determined in cores extracted from the tested slabs. 

Slab Cylinder 

Position (mm) (1) Cf (Kg/m3) 

In x 

direction 

In y 

direction 
Cylinder Slab 

Slice 

Top Interm. Bottom 

Cf60fc50 

C1 -980 -615 C1 31.51 

29.58 27.66 28.08 32.99 C2 -720 -1085 C2 30.73 

C3 -1050 855 C3 26.50 

Cf60fc70 

C1 -815 -1040 C1 54.52 

59.34 55.14 62.98 59.60 C2 775 -1030 C2 65.95 

C3 -1085 -1040 C3 57.55 

Cf75fc50 

C1 -675 650 C1 44.49 

36.45 22.76 37.19 49.40 C2 645 780 C2 30.46 

C3 945 1070 C3 34.40 

Cf75fc70 

C1 985 1080 C1 66.40 

67.74 57.57 66.74 78.90 C2 745 1070 C2 68.36 

C3 -1095 970 C3 68.45 

Cf90fc50 

C1 -955 -1070 C1 99.94 

100.86 68.83 110.80 122.96 C2 -705 -1080 C2 103.22 

C3 655 1080 C3 99.44 

Cf90fc70 

C1 1135 -920 C1 96.51 

93.92 80.91 91.64 109.21 C2 695 -970 C2 97.59 

C3 -985 -1070 C3 87.66 
(1) The coordinates of the centre of the cylinder are referred to the centre of the slab. 
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Figure 1. Geometry of the slab prototype (dimensions in mm). 
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Figure 2. Flexural reinforcement in: a) reference slabs; b) SFRSCC slabs; Cross section of c) AA, and d) BB 

(dimensions in mm). 
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Figure 3. Test setup: a) Top view, b) Bottom view. 
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Figure 4. Applied monitoring system: a) position of the LVDTs, b) position of the strain gauges in the steel bars, and 

c) position of the strain gauges on the concrete bottom surface (dimensions in mm). 
 724 

725 



41 

 

 726 

0

2

4

6

8

10

12

14

16

0 1 2 3 4 5

CMOD (mm)

S
tr

e
ss

 (
M

P
a
)

Cf60fc50 Cf75fc50 Cf90fc50 Cf60fc70

Cf75fc70 Cf90fc70
 

Figure 5. Average curves of the flexural stress-CMOD of the three point notched SFRSCC beam bending tests. 
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Figure 6. Results from the round panel tests: a) and b) Force-deflection in the series of fcm=50 MPa and fcm=70 MPa, 

respectively; c) and d) Energy-deflection in the series of fcm=50 MPa and fcm=70 MPa, respectively. 
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Figure 7. Force-centre deflection in the tested series of slabs of target average compressive strength of: a) 50 MPa, 

b) 70 MPa. 
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Figure 8. Relationship between Pmax and: a) fR,1; b) fR,2; c) fR,3; d) fR,4; e) URPT,40; f) fftu. 
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Figure 9. Load-strain in SG_C1 for the series of slabs: a) fcm=50 MPa, and b) fcm=70 MPa. 
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Figure 10. Concept of ry: boundary corresponding to the yield initiation of flexural reinforcement. 
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Figure 11. Crack pattern in the top surface for the slabs: a) Cf0fc50, b) Cf0fc70, c) Cf60fc50, d) Cf60fc70, e) Cf75fc50, 

f) Cf75fc70, g) Cf90fc50, h) Cf90fc70. 
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Figure 12. Internal failure surface of the slabs: a) Cf0fc50, b) Cf0fc70, c) Cf60fc50, d) Cf60fc70, e) Cf75fc50, f) 

Cf75fc70, g) Cf90fc50, h) Cf90fc70. 
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Figure 13. Parameters adopted to define the punching failure surface. 
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Figure 14. a) Assumed crack pattern in a column-slab connection, b) Stresses and resultant forces in a radial 

segment of the slab, and c) 2L and 4L moment curvature (m-χ) diagrams. 
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Figure 15. Adopted approach to evaluate the ultimate bending moment, mR (adapted from the fib Model Code 2010 

[11]). 
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Figure 16. Relationship between ψ and (V/Vflex) for: a) fc50, and b) fc70. 
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Figure 17. V-ψ relationship for the slabs: a) Cf60fc50, b) Cf75fc50, c) Cf90fc50, d) Cf60fc70, e) Cf75fc70, e f) Cf90fc70. 

 764 

765 



54 

 

 766 

layer 1

layer 15

bc=1000 mm

h

ts

d

bs

2
t

c,
2

1
2
t

c,
1

 

Top slice

Intermediate 

slice

Bottom slice h
=

1
5
0
 m

m

slab

Slab's top surface 

(in tension)

Slab's bottom surface (in compression)

5
0

5
0

5
0

Ø100

cylinder

 
Figure 18. Cross section layer model applied to the tested slabs. 
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Figure 19. Constitutive laws of the tensile behaviour of the SFRSCC adopted on the cross section layer model for: a) 

Cf60fc50, b) Cf75fc50, c) Cf90fc50, d) Cf60fc70, e) Cf75fc70, e f) Cf90fc70. 
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a) b) 

Figure 20. Moment-curvature relationship obtained from the cross section layer model: a) fcm=50 MPa, and b) 

fcm=70 MPa. 

 812 


