
Chapter 14 
FRP-RC Slabs Under Punching Shear: 
Assessment of Existing Models 

Maged Tawfik, Taha Ibrahim, Mahmood Ahmad, Ahmed F. Deifalla , 
Ahmed Awad, and Amr El-Said 

Abstract The purpose of this study is to examine the punching shear behavior of 
concrete slabs reinforced with FRP. We compared and quickly described 21 strength 
models. In addition, based on overall performance, strength models were contrasted 
with one another in terms of the experimentally observed strength. Conclusions were 
made and discussed, which may help future design codes evolve more effectively, It 
was decided where to focus future studies. This might aid in the development of future 
design codes. The ACI is the least realize model, although taking into account the 
effects of size, dowel action, depth-to-control perimeter ratio, concrete compressive 
strength, and shear span-to-depth ratio. 
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14.1 Introduction 

Figure 14.1 depicts the victims of a parking garage collapse in 2021 that happened 
unexpectedly on a playground in Spain. Additionally, much of the reinforced concrete 
(RC) slab Punching shear design is empirical or semi-empirical. As a result, extensive 
research is being conducted to better understand the punching shear. However, the 
process of the slabs’ punching shear is intricate, making further research into it neces-
sary (Deifalla 2020, 2021a, b; FIB  2007). The following list of resistance mechanisms 
makes up the punching shear resistance of concrete slabs lacking shear reinforce-
ments: Flexural reinforcements, aggregate, and uncracked concrete are resisting the 
shear in different ways. Flexural reinforcements resist the shear by dowels shear, 
aggregate resist the shear across the sides of diagonal concrete cracks through the 
aggregate interlock, and uncracked concrete resists the shear through direct shear 
(Yooprasertchai et al. 2021a, b; Wu et al.  2022; Bywalski et al. 2020). 

Fiber-reinforced polymer (FRP) reinforcements are frequently used in place of 
traditional reinforcement in concrete slabs to prevent corrosion issues (Ebid and 
Deifalla 2021). FRP reinforcements also offer a good strength-to-weight ratio and 
are magnetically neutral. As a result, it is the greatest option for structures exposed 
to harsh weather factors, including freeze thaw cycles, deicing salts, and wet dry 
cycles. Numerous researchers have examined, mostly through experimental studies, 
the behavior of brand-new and preexisting beams and slabs reinforced with FRP 
bars or textiles under one-way and punching shear as well as torsion (Ali et al. 
2021; Hassan and Deifalla 2015; Deifalla 2015; Deifalla et al. 2014, 2015). Punching

Fig. 14.1 Parking garage atop a playground collapsed (Deifalla 2022) 
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shearing of concrete FRP reinforcements was the subject of several research projects, 
but very few mechanical models were created for this situation (Wu et al. 2022). 
Because the FRP failure is brittle, the fissures in FRP-reinforced concrete are larger 
before failure than in traditional RC (Elmeligy et al. 2017; Failed 2021), or (Deifalla 
et al. 2021). Wider fractures have a considerable impact on the different punching 
shear strength processes. 

The early 1960s ideas served as the foundation for the conventional punching shear 
design formulae for RC slabs. These models were based on time tested specimens, but 
extensive testing over the last few decades has shown various flaws in this approach, 
including, and not limited to the effect of size and the models’ extreme lack of 
conservatism in many circumstances (Shen et al. 2022). Because of this, there is 
opportunity for advancements in the punching shear design models, which could aid 
in design code development (Kuchma et al. 2019; Collins 2001). 

In this work, the punching shear strength of concrete slabs reinforced with FRP 
will be evaluated using the methods currently in use. The punching shear strength of 
FRP-reinforced concrete slabs was reviewed using the most recent design regulations, 
manuals, and models. A detailed analysis of slabs made of FRP reinforced concrete 
that were subjected to two way load during experimental testing. The strength esti-
mated using each model is contrasted with the strength determined through testing. 
There was a discussion and sketch of the closing comments. 

14.2 Simplified Strength Models 

Several streamlined strength models have been put up for the Punching shear strength 
of FRP and RC slabs, either via adaptations for ordinary concrete slabs or empirical 
based on scant tested data. The North American design codes’ punching shear design 
requirements ignored the impact of flexure reinforcement on strength. They concen-
trated on the compression zone’s direct shear resistance. This could make sense for 
traditional steel reinforcements that are substantially stiffer than FRP ones. There-
fore, the Punching shear strength is governed by the direct shear component. Dowel 
motion, however, could be a bigger contributor to the strength because the FRP is 
substantially less rigid than the steel one. In this section, many models’ specifics and 
histories are detailed. 

V is the failure load for punching shears. E Is the modulus of elasticity for FRP. 
Effective depth is d. Compressive strength of concrete is f

′
c . The dimensions of 

the slab are A and B, the dimensions of column are c, b, and the ratio of flexure 
reinforcement is ρ. The modulus of elasticity of the steel is Es . The control perimeter 
at 0. 5d, denoted as b0.5d , is equal to 2(b + c + 2d). The control perimeter at 1. 5d, 
denoted as b1.5d , is equal to 2(b + c + 6d). The control perimeter at b2.0d , denoted 
by the symbol 2.0d, is equal to 2(b + c + 8d). 

The models included the following: Gardner (1990), JSCE (1997), El-Ghandour 
et al. (2003); Mattys and Taerwe (2000), Ospina et al. (2003), Zaghloul and Razaqpur 
(2003), Jacbson et al. (2005), ACI (2015), El-Gamal et al. (2005); Zhang (2006a, b);
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Theodorkopoulos and Swamy (2007), CSA-S806-12 (2012), Nguyen and Rovnak 
(2013), Hassan et al. (2017), Kara and Sinani (2017), Oller et al. (2018), CCCM 
(Kara and Sinani 2017), Hemzah et al. (2019), El-Gendy and El-Salakawy (2020), 
Ju et al. (2021), Alrudaini (2022). 

Table 14.1 compares the different design models, and it is evident that there 
is no consensus among researchers on the factors that should be considered and the 
approach to do so. The impact of compressive strength of concrete in terms of

(
f

′
c

)1/3 

or
(
f

′
c

)1/2 
was considered in all design methodologies. For flexure reinforcement, 

the majority of systems used a dowel action.
It was seen as (ρ)1/3 or (ρ)1/2 . In terms of modulus of elas-

ticity, which was regarded as (E)1/3 , or  (E)1/2 . More than half of the 
approaches contained the FRP type. In terms of the size effect, almost 
half the ways (1/d)1/4 , (1/d)1/5 , (1/d)1/2 , or 2 √

1+d/200 
. included the ratio 

of (0.44 + 20.8d/b0.5d ), (1 + 8d/b0.5d ), (0.19 + 4d/b0.5d ), (0.65 + 4d/b0.5d ), 
(1 + 8d/b0.5d ), (0.65 + 4d/b0.5d ), (d/b0.5d )

1/2 , or  (d/b0.5d )
1/5 . between the critical 

perimeter and depth, the compression zone and the shear span to depth ratio were 
two highly restricted models. 

14.3 Tested Database Profile 

Punching shear has caused a considerable number of experimentally tested specimens 
to fail during the past 30 years. the largest experimental database in comparison to 
earlier research (Deifalla 2022; Marí et al.  2015; El-Gendy and El-Salakawy 2020; 
Alrudaini 2022). 248 slabs reinforcement with FRP in all were gathered from 50 
distinct research trials. All the grouping slabs were loaded with punching shear, and 
they all abruptly failed. The database’s specifics are covered in other publications. 
Although FRP reinforcements can take various forms and arrangements, these differ-
ences were considered in terms of ρ and E . All variables are regularly distributed and 
have a large range of values. Table 14.2 shows RC slabs with FRP reinforcements 
under two way shear loads for experimental database. The tested column and slab 
connections’ frequencies and ranges when using FRP is shown Fig. 14.2.

14.4 Evaluation of Chosen Models 

The strength of the slab-column connection in the experimental data base was calcu-
lated using all the gathered models. The terms are graphical, statistical goodness, 
and central tendency of fit were used to define three areas of comparison. The safety 
ratio (SR) was determined as the difference between the measured and calculated 
strengths. A SR value that is almost one indicates that the estimate is correct. A SR
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Table 14.1 Comparisons between designed models 

Model 
designed 

Location of 
critical 
perimeter 

Effect of size Dowel action Modulus of 
elasticity 

Strength of 
concrete 

G 1.5d (d)−1/4 (ρ)1/3 –
(
f

′
c

)1/3 

JSCE 0.5d (d)−1/4 (ρ)1/3 (E)1/3
(
f

′
c

)1/2 

Gd 1.5d (d)−1/4 (ρ)1/3 (E)1/3
(
f

′
c

)1/3 

MT 1.5d (d)−1/4 (ρ)1/3 (E)1/3
(
f

′
c

)1/3 

O 1.5d – (ρ)1/3 (E)1/2
(
f

′
c

)1/3 

Z 0.5d – (ρ)1/3 (E)1/3
(
f

′
c

)1/3 

Jb 1.5d (d)−1/4 (ρ)1/2 –
(
f

′
c

)1/2 

ACI 0.5d – – –
(
f

′
c

)1/2 

EG 0.5d – (ρ)1/3 (E)1/3
(
f

′
c

)1/2 

Zg 1.5d (d)−1/5 (ρ)1/2 (E)1/2
(
f

′
c

)1/3 

TS 0.5d (d)−1/6 – –
(
f

′
c

)2/3 

CSA 0.5d – (ρ)1/3 (E)1/3
(
f

′
c

)1/3 

NR 0.5d (d)−1/2 (ρ)1/3 (E)1/3
(
f

′
c

)1/3 

H 0.5d (d)−1/6 (ρ)1/3 (E)1/3
(
f

′
c

)1/3 

KS 1.5d – (ρ)1/3 (E)1/3
(
f

′
c

)1/3 

CCCM 0.5d 2/ 
√
1 + d/200 (ρ)1/3 (E)1/3

(
f

′
c

)2/3 

Hz 0.5d – (ρ)0.39 (E)0;3 (
f

′
c

)1/6 

EE-(a) 0.5d – (ρ)1/3 (E)1/3
(
f

′
c

)1/2 

EE-(b) 0.5d (d)−1/6 (ρ)1/3 (E)1/3
(
f

′
c

)1/3 

Ju 0.5d – (ρ)1/2 (E)1/2
(
f

′
c

)1/2 

A 0.5d – (ρ)1/3 (E)1/3
(
f

′
c

)1/3
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Fig. 14.2 The tested column-slab connections’ frequencies and ranges when using FRP

value greater than unity implies a conservative estimate. If the SR value is less than 
1.0, the prediction is cautious, and the shear strength was underestimated. 

As indicated in Table 14.2 and Fig. 14.3, lower values with a 95% accuracy level 
(lower 95%), maximum values, and minimum–maximum values were applied to the 
SR for each model that was chosen. For furthering the development of the design
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Fig. 14.3 The effectiveness of chosen models 

models, Table 14.2 displays the statistical goodness and central tendency of fit of 
all chosen models. With an average value of 2.71, 2.16, and 2.18 respectively, the 
JSCE, H models, and ACI, are overly cautious. In comparison to other models with 
coefficients of variation of 35%, 35%, 36%, and 36%, respectively, the models, and 
Zg, EE-b, Ju are more consistent. 

For each of the chosen models, a box plot is shown in Fig. 14.2. Extreme values 
and a wide range are shown in the ACI. Furthermore, when the GD and NR were used, 
extremely un-conservative predictions were produced. The strength (Mean near to 
1.0) is accurately predicted by the current models (i.e., Ju, EE-a, Hz, and A) as illus-
trated in Fig. 14.3. As indicated in Table 14.3, the consistency is still deficient (i.e., 
C.O.V. is higher than 35.0%). In comparison to mechanically based models (CCCM) 
and fracture-based models, models that consider fundamental factors in a power form 
equation appear the most exact and consistent (NR). Furthermore, it is evident from 
Fig. 14.3 that each technique was created or calibrated with a nonsystematic margin 
of safety determined by the discretion and expertise of each develop. d NR. An eval-
uation of dependability that takes resistance and load uncertainty into account should 
be used to control this. Although it is a fascinating issue, it is outside the purview of 
this study and may be explored further. Further enhanced mechanically based models 
that make physical sense and are easy to construct are also required.

14.4.1 Effective Depth 

Figure 14.4 plots the computed SR value against the effective depth using the Amer-
ican code model, the CSA model, the Ju model, the JSCE model, the model of CCCM, 
and the model of EE-B. Additionally, the slopes of the best fit line were presented 
for the JSCE model, the ACI model, the CSA model, the CCCM model, the EE-B 
model, and the Ju model, respectively. These slopes were 0.0011, 0.003, 0.0016,
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Table 14.3 For all strength in models, statistical measurements 

Model 
designed 

Determination 
coefficients 
mean 

Error of 
mean 
square 
root 

Mean 
error 

C.O.V Average Min Max Lower 
95% 

G 0.66 205 143 0.37 0.81 0.15 1.85 0.78 

JSCE 0.69 335 237 0.38 2.7 0.69 8.07 2.58 

Gd 0.7 775 653 0.37 0.35 0.08 0.78 0.35 

MT 0.68 182 120 0.36 1.18 0.24 2.93 1.12 

O 0.71 171 110 0.38 1 0.17 3.02 0.94 

Z 0.68 201 125 0.38 0.95 0.16 2.8 0.91 

Jb 0.66 181 110 0.38 1.15 0.2 2.6 1.1 

ACI 0.69 273 194 0.45 2.18 0.37 6.9 2.05 

Eg 0.68 222 136 0.36 0.85 0.14 2.6 0.83 

Zg 0.71 166 105 0.35 1 0.18 2.44 0.95 

TS 0.7 255 175 0.35 1.78 0.34 3.95 1.7 

CSA 0.72 165 111 0.4 1.2 0.2 3.18 1.15 

NR 0.55 360 253 0.45 0.64 0.15 1.6 0.6 

H 0.7 291 205 0.36 2.16 0.4 5.55 2.08 

KS 0.72 165 104 0.38 1.06 0.18 3.06 1.03 

CCCM 0.66 198 127 0.44 1.06 0.22 3.47 1 

Hz 0.73 166 105 0.45 1 0.19 3.55 0.95 

EE-a 0.66 302 195 0.37 0.75 0.12 2.27 0.7 

EE-b 0.71 232 160 0.35 1.6 0.3 4.25 1.55 

Ju 0.7 173 118 0.35 1.25 0.22 3.6 1.2 

A 0.71 164 105 0.36 1.15 0.2 3.2 1.08

0.0019, 0.0003, and 0.0025. Except for the JSCE, the safety of the chosen models 
declines as depth increases. The SR value that was determined using the EE-B model 
has the lowest best fit line, making it the most consistent regarding depth. The ACI 
model, however, produced the greatest SR value, making it the least consistent. This 
could be because the American code model doesn’t account for size effects.

14.4.2 Concrete Compression Strength 

Figure 14.5 compares the computed SR value to the concrete compressive strength 
using the American code model, the CSA model, the JSCE model, the Ju model, 
the CCCM model, and the EE-B model. The best fit line was also displayed, and its 
slopes for the JSCE model, the CSA model, the ACI model, the EE-B model, the
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Fig. 14.4 The impact of depth on the SR value

CCCM model, and the Ju model, respectively, were 0.0019, 0.0174, 0.0046, 0.0017, 
0.0031, and 0.0027. The CCCM model, the EE-B model, and the Ju model are less 
safe as concrete compressive strength increases. On the other hand, if compressive 
strength of concrete grows, the safety of the JSCE, ACI, and CSA models also does. 
It is most consistent with the concrete compressive strength since the more fit line 
for the SR value that was determined using the EE-b model is the lowest. Though it 
is the least reliable, employing the CSA model produced the greatest SR value.

14.4.3 Ratio of Flexure Reinforcement 

In comparison to the flexure reinforcement ratio, Fig. 14.6 displays the value of SR 
estimated using the Ju model, American code model, the CSA model, the JSCE 
model, the CCCM model, and the EE-B model. The best fit line was also displayed,
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Fig. 14.5 The impact in compressive strength of concrete on the value of SR

and its slopes for the JSCE model, the ACI model, the CSA model, the Ju model, 
the EE-B model, and the CCCM model, respectively, were 0.2529, 0.6244, 0.1844, 
0.0328, 0.1817, and 0.2229. Except for the JSCE model, the safety of the chosen 
models declines as the flexural reinforcement ratio increases. It is most consistent 
with the flexure reinforcement ratio that the more fit line for the SR value that 
was determined using the CCCM model is the lowest. The least consistent model, 
however, is the one that used the American code model since it produced the greatest 
value of SR. This may be because of the American code model leaving out the flexure 
reinforcement ratio.

14.4.4 Young’s Modulus 

In contrast to the Young’s modulus, Fig. 14.7 displays the value of SR estimated 
using the EE-B model, the American code model, the JSCE model, the CCCM
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Fig. 14.6 The impact of the reinforcement in flexural ratio on the value of SR

model, the CSA model, and Ju model them. Additionally, the slopes of the best 
fit line were presented for the JSCE model, the American code model, the CSA 
model, the CCCM model, the EE-B model, and the Ju model, respectively. Slopes 
0.0002, 0.0012, 0.0013, 0.002, 0.0011, and 0.0075were used. Except for the EE-b 
model and the CCCM model, the safety of chosen models rises as Young’s modulus 
increases. The value of SR that was estimated using the Ju model has the lowest 
best fit line, making it the Young’s modulus most consistently constant. The least 
consistent model was the one that used the JSCE model since it produced the greatest 
SR value.

14.4.5 Ratio of Depth to Control Perimeter 

The SR value estimated using the American code model, the CCCM model, the CSA 
model, the JSCE model, the Ju model, and the EE-B model is displayed in Fig. 14.8
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Fig. 14.7 The Young’s modulus’ impact on the value of SR

in comparison to the depth-to-control perimeter ratio. For the JSCE model, the ACI 
model, the CSA model, the CCCM model, the EE-B model, and the Ju model, the 
best fit line was also drawn. Its slope was 8.5935, 2.4433, 6.8699, 13.86, 0.8117, 
and 1.6327, respectively. As the depth-to-control perimeter ratio rises, the safety of 
the EE-b model, the CCCM model, and the Ju model also declines. However, when 
the ratio of depth to control perimeter grows, the safety of the ACI, JSCE, and CSA 
models also rises. It is most consistent with the depth to control perimeter ratio since 
the more fit line for the value of SR that was derived using the EE-b model is the 
lowest and is as a result. The American code model, however, produced the greatest 
SR value, making it the least consistent. The American code model might not have 
taken this parameter’s influence into account, for whatever reason.
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Fig. 14.8 The impact of the between depth and control perimeter on the value of SR 

14.4.6 Span-to-Depth Ratio for Shear 

Figure 14.9 compares the computed the value of SR to the shear span-to-effective 
depth ratio using the American code model, the JSCE model, the CSA model, the 
EE-B model, the Ju model, and the CCCM model. The slope of the best fit line, 
which was plotted separately for the JSCE model, the American code model, the 
CSA model, the CCCM model, the EE-b model, and the Ju model, was 0.0507, 
0.0475, 0.0224, 0.0213, 0.023, and 0.1353. With an increase in the shear span-to-
effective depth ratio, the safety of the JSCE model, the ACI model, and the CSA 
model declines. On the other hand, when the ratio of shear span to effective depth 
rises, the safety of the CCCM model, the EE-b model, and the Ju model also rises. 
They are the most consistent regarding the shear span-to-effective depth ratio since 
the CSA model, the Ju model, and the EE-b model have the lowest best fit line for 
the SR value. However, the CCCM model produced the greatest results; hence, it is 
the least consistent.
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Fig. 14.9 The impact of the shear depth-to-span ratio on the value of SR is determined 

14.5 Future Research 

Future research studies might focus on a number of these areas, which were noted: 
(1) A reliability-based examination of the design’s safety that takes into account the 
loads’ variability as well as that of the geometry, the materials, and the constructions; 
(2) A simple-to-design mechanical model that is more dependable and consistent and 
makes sense in terms of physics. 

14.6 Conclusions 

Twenty-one concrete slabs chosen approaches for expected punching shear strength 
were evaluated for accuracy. Comparisons between forecasts and measured strengths 
from a large experimental database, including 248 slabs from more than 50 research
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papers, were used to examine for the method’s capacity to predict the two way 
strength in un-reinforcement concrete slabs in shear. 

1. In terms of the effect of size, concrete compressive strength, depth to control 
perimeter ratio, and shear span-to-depth ratio, the EE-B model exhibits the 
greatest consistency. This is because it is based on the mechanical principles 
and uses empirically observed behavior. 

2. A number of statistical techniques were used, and the impact of the different 
fundamental factors was explored. Because of this, the JSCE, ACI, and H models, 
which have average values of 2.71, 2.18, and 2.16, respectively, are too cautious. 
In comparison to other models, where the variational coefficients are 35%, 35%, 
36%, and 36%, respectively, the Ju, Zg, EE-b, and A models are more consistent. 
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