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A B S T R A C T   

Fiber-reinforced polymer (FRP) composites are increasingly used in concrete structures owing to their superior 
corrosion resistance. However, FRP-reinforced concrete (RC) structures exhibit less ductile response compared to 
steel RC structures. Recently, the use of basalt fiber reinforced concrete (BFRC) reinforced with BFRP bars was 
investigated to achieve a reasonable level of ductility in BFRC-BFRP one-way slabs. The shear behavior of such a 
slab depends on different design parameters. This paper aims to identify the impact of each design parameter on 
the shear behavior of BFRC-BFRP one-way slabs using a fractional factorial design of experiment (DOE). A 3D 
finite element model was first developed and validated against available experimental results. The developed 
model is then used to conduct a sensitivity analysis considering five factors that influence the shear behavior of 
BFRC-BFRP one-way slabs. These factors are the longitudinal reinforcement ratio, shear span-to-depth ratio, 
effective depth, concrete compressive strength, and volume fraction of basalt macro fibers (BMF). Finally, a 
design equation that can predict the shear capacity of one-way BFRC-BFRP slabs was proposed based on genetic 
algorithm. The proposed model showed the best prediction accuracy compared to the available design codes and 
guidelines with a mean of predicted to experimental shear capacities (Vpred/Vexp) ratio of 0.97 and a coefficient of 
variation of 17.91%.   

1. Introduction 

Nowadays, fiber-reinforced polymer (FRP) bars are attracting 
considerable interest in the construction industry and research as a 
sustainable alternative to conventional steel bars. FRP bars have 
remarkable features such as having 3 to 5 times higher ultimate tensile 
strength than steel bars, excellent corrosion resistance, high strength-to- 
weight ratio, and high flexibility with ease in handling [1,2]. Despite 
these outstanding features, FRP bars have shown some drawbacks 
including their higher initial cost compared to conventional steel bars, 
lower elastic modulus, and brittle behavior at failure [1,2]. Tradition-
ally, carbon FRP (CFRP) [3] and glass FRP (GFRP) [4] are the most 
common types of FRP bars implemented in RC structures. Lately, basalt 
FRP (BFRP) bars have been attracting considerable interest due to their 
comparable mechanical and chemical properties to that of GFRP bars 
[5–7] and substantially better cost efficiency than CFRP bars [8]. 
However, their application for reinforcing one-way RC slabs is scarce 
[9–11] compared to that of other types of FRP bars [12–19]. Moreover, 
the existing studies primarily focused on studying the flexural behavior 

of one-way RC slabs reinforced with BFRP bars [9–11], while studies are 
still lacking concerning their shear behavior. 

The shear behavior of FRP reinforced concrete one-way slabs is 
influenced by different parameters. El-Sayed et al. [12] have investi-
gated the influence of reinforcement ratio (ρfrpl) on the shear strength of 
CFRP and GFRP reinforced one-way slabs. Their test results revealed 
20% and 36% increase in the shear capacity when the reinforcement 
ratio of CFRP bars was increased from 0.39% to 0.78% and from 0.78% 
to 1.18%, respectively. Similarly, increasing the ρfrpl of GFRP bars from 
0.86% to 1.7% has significantly increased the shear capacity by 26% 
[12]. Besides, the study by Abdulsalam et al. [19] indicated a 32% in-
crease in the shear capacity of CFRP reinforced slab by increasing 
the ρfrpl from 0.52% to 0.83% . Furthermore, the increase in compressive 
strength from 52 MPa to 76 MPa has increased the shear capacity from 
159 kN to 168 kN. 

While the concrete compressive strength is an essential factor that 
influences the shear capacity of RC sections, the concrete tensile 
strength represents another essential factor. However, the concrete is 
known to be weak under tension and has a brittle nature at failure. 
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Therefore, adding macro fibers has been considered an effective way to 
enhance the concrete tensile strength and restrict crack widening [20]. 
High et al. [21] and Bajaj [22] reported that when basalt fibers were 
added to the concrete mix, thinner cracks were observed. As a conse-
quence, the concrete material is expected to be less permeable with an 
enhanced fatigue strength and impact resistance [21]. A recent study by 
Alnahhal et al. [23] showed that the mechanical properties of concrete 
were considerably improved with increasing the volume fraction of 
basalt macro fibers. Moreover, while plain concrete has insignificant 
post-cracking tensile resistance, an additional tensile resistance will be 
provided by the fibers, which would have a remarkable benefit to the 
shear behavior of one-way RC slabs reinforced with FRP bars against the 
major diagonal shear cracks. Krassowska et al. [24] showed a 36% in-
crease in the shear strength of basalt fiber reinforced concrete (BFRC) 
beams over that made with plain concrete. Recently, Al-Hamrani and 
Alnahhal [25] experimentally studied the effect of volume fraction (Vf ) 
of basalt macro fibers (BMF) and the longitudinal reinforcement ratio on 
the shear behavior of BFRC-BFRP one-way slabs longitudinally rein-
forced with BFRP bars. Based on the experimental results, a 25–29% 
increase in the shear capacity was reported due to an increase of the 
reinforcement ratio from 0.792% to 1.27%. Additionally, the inclusion 
of BMF enhanced the shear strength by 4% to 16.7% and showed less 
brittle failure due to the bridging effect of fibers across the major shear 
crack. 

Research on the shear behavior of FRP-RC one-way slabs has been 
mostly restricted to a limited number of studies, whereas a detailed 
investigation that covers the effect of different parameters on the shear 
behavior is recommended to enrich this research area. More attention 
must be given to this subject, particularly in light of the lower elastic 
modulus of FRP bars and their brittle nature, which are responsible for 
the reduction in several shear-resisting mechanisms of FRP-RC sections 
[26–28]. Moreover, despite the comparable mechanical and chemical 
properties of BFRP bars to that of GFRP bars, previous studies on FRP-RC 
one-way slabs have not investigated their shear behavior using BFRP 
bars as the main reinforcement. Furthermore, while previous studies 
reported that incorporating macro fibers in concrete has improved the 
mechanical properties of concrete, the research on the shear behavior of 
one-way FRP-RC slabs to date has focused only on the use of plain 
concrete slabs. Therefore, this paper is aimed to expand on the experi-
mental work of Al-Hamrani and Alnahhal [25] by developing virtual 
experiments using the finite element method (FEM) to supplement the 
experimental work and further investigate the main and interaction ef-
fects of different design factors and propose a simple shear design 
equation. For this purpose, a sensitivity analysis was conducted using a 
three-level fractional factorial design of experiment (DOE) to investigate 
the main and two-way interaction effects of different key design pa-
rameters on the shear response of BFRC-BFRP one-way slabs. The main 
parameters considered in this study include the longitudinal reinforce-
ment ratio (ρfrpl), the shear span-to-depth (a/d) ratio, the effective depth 

(d) of slabs, the compressive strength (f ’
cf ), and the volume fractions of 

basalt macro fibers. As a result, this study can provide an important 
opportunity to advance the understanding of the influence of different 
parameters and their interactions on the shear behavior of one-way 
BFRC-BFRP slabs. Finally, a genetic algorithm (GA) was used to pro-
pose a simple shear design equation for one-way BFRC-BFRP slabs that is 
believed to be beneficial to practitioners. 

2. Model validation 

2.1. FE model definition 

Concrete is categorized as a quasi-brittle material that demonstrates 
a non-linear constitutive model caused mainly by the damage and 
plasticity process. The damage mechanism can be characterized by 
microcracking, while the plasticity behavior is attributed to the strain- 
softening, progressive deterioration, and volumetric expansion phe-
nomenon [29–31]. Therefore, to accurately capture the non-linear 
response of concrete, the dynamic explicit method was used, and the 
concrete damaged plasticity (CDP) model was adopted in the analysis. 

The compression crushing and tension cracking of concrete are the 
two failure mechanisms assumed in the CDP model. The values of the 
compression damage parameter (dc) and the tensile damage parameter 
(dt) range from 0 to 1. A value of 1 indicates a fully damaged material 
with a total loss of strength, while a value of 0 indicates a pristine ma-
terial with no damage. In this study, the compression damage parameter 
is determined based on Eq. (1) below: 

dc = 1 −
fcf E− 1

o

εpl
cf

(
1
bc
− 1

)

+ fcf E− 1
o

(1)  

εpl
cf = bcεin

cf (1a)  

εin
cf= εcf − fc0E− 1

o (1b) 

where fcf represents the compressive stress at any point, εpl
cf and εin

cf 

are the plastic and inelastic strains, respectively. The term εcf represents 
the compressive strain after the elastic region of the compressive 
stress–strain diagram, whereas fc0 is the maximum elastic stress, which 
was assumed to be 0.5 f ’

cf , Eo is the elastic modulus of concrete, and the 
constant bc was selected by Birtel and Mark [32] to be 0.7. 

The tensile damage parameter is defined in terms of the ratio of post- 
cracking stress ft(post− cracking) to the ultimate tensile stress f ’

t , as in Eq. (2) 
[33]: 

dt = 1 −
ft(post− cracking)

f ’
t

(2) 

Several studies recommended the Poisson’s ratio of concrete to be in 

Fig. 1. Finite element modeling of BFRC-BFRP one-way slab.  
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the range from 0.14 to 0.26 [34], therefore the Poisson’s ratio was 
selected to be 0.2. 

The geometric FE modeling of the concrete slabs is shown in Fig. 1. A 
discrete rigid element, 4-node 3-D bilinear rigid quadrilateral element 
(R3D4), was employed to model the loading points and supports. Con-
crete was modeled using an 8-node linear brick element (C3D8R) with 
reduced integration. The BFRP bars were defined as a 2-node linear 3D 
truss element (T3D2) with an elastic behavior up to the ultimate tensile 
strength. The interface between FRP bars and concrete was modeled 
using an embedded element constraint. According to the Abaqus Anal-
ysis User’s Guide [35], the embedded element can be used to model 
rebar reinforcement embedded in a three-dimensional solid (contin-
uum) element called the host element. Therefore, several studies have 
applied the embedded element approach and achieved satisfactory re-
sults [34,36–39]. This option reflects the assumption of a fully bonding 
characteristic between the FRP bars and the surrounding concrete. 
When an embedded element option is used, Abaqus searches for the 
geometric relationships between the nodes of the embedded elements 
and the host elements. If Abaqus found that these nodes are lying within 
a host element, the translational degrees of freedom at these nodes are 
eliminated and the nodes become embedded nodes. Thus, the trans-
lational degrees of freedom of reinforcement truss nodes are constrained 
to the translational degrees of freedom of the surrounding concrete 
nodes. For the supports, an ENCASTRE boundary condition, as defined 
in ABAQUS, was imposed to restrict their movement in any direction. To 
select the proper FE mesh size for concrete, a mesh sensitivity analysis 
was carried out on different sizes of the 3D elements, namely 10, 20, 30, 
and 40 mm side lengths to ensure convergence and minimize the 
computational time. Accordingly, a mesh size of 20 mm was adopted as 
it was noticed to converge to a similar numerical value as that of the 10 
mm mesh size with a lesser computational time. The discrete rigid and 
the truss elements used for point loads and BFRP bars, respectively, were 
assigned a similar mesh size so that the same nodes will be shared by 
different materials as recommended by [40,41]. 

2.1.1. The constitutive models 

2.1.1.1. Concrete compressive stress–strain behavior. The non-linear 
compressive stress–strain behavior of BFRC was modeled by adopting 
Ayub et al. [42] model, where the analysis in this study was carried out 
based on concrete mixes containing up to 3% volume fraction of basalt 
macro fibers. The complete definition of this model is based on two 
proposed equations. The first equation (Eq. (3)) was utilized to predict 
the behavior for 0 < εcf ≤ εcf ,lim as shown in Fig. 2: 

fcf =
nβf ’

cf

(
εc
/

εof
)

nβ − 1 +
(

εc
/

εof
)nβ

(3) 

where εc is the strain at any point, εcf ,lim refers to the strain corre-
sponding to the limiting stress of 0.96f ’

cf in the initial descending branch, 
while the strain εof corresponds to the peak stress (f ’

cf ) and was chosen to 
be 0.0025 as suggested by Obaidat et al. [43]. In Eq. (3), n and β are 
material parameters, where n is related to the toughness of the stress–-
strain curve and selected to be 3 based on Ayub et al. [42], while β is a 
shape factor that determines the initial ascending and descending curve 
of the stress–strain relationship, given by Hsu et al. [44] as: 

β =
1

1 −
(
Ecf

/
Eo
) (for BFRC specimens) (4a)  

β =

( f ’
cf

65.23

)3

+ 2.59 (for plain concrete specimens) (4b) 

The term Ecf is the secant elastic modulus and is calculated as f ’
cf/εof 

and Eo is determined as illustrated below: 

Eo = (10300 − 400Vf )

̅̅̅̅̅

f ’
cf

3
√

(5) 

For εcf > εcf ,lim, Eq. (6) was used to describe the stress–strain 
behavior in the final descending branch: 

fcf = fcf ,lim × exp

[
(

1 − n + 0.1V2
f

)
×

{
εcf

εof
−

εcf ,lim

εof

}1− 0.1Vf
]

(6) 

The toughness of the curve beyond the point (εcf ,lim, 0.96f ’
cf ) was 

measured by the parameter: 1 − n + 0.1V2
f , whereas the parameter: 

1 − 0.1Vf was used to determine the shape of the curve. 

2.1.1.2. Concrete tensile stress–strain behavior. The literature lacks a 
study on the tensile stress–strain behavior of BFRC. However, a recent 
stress–strain preditive model for concrete containing polyvinyl alcohol 
(PVA) fibers was proposed by Khan and Ayub [45], as shown in Fig. 3. 
This model in combination with the model of Wang and Hsu [46] was 
adopted in this study to represent the complete response of BFRC under 
tension. As shown in Fig. 3a, the ascending behavior in the pre-cracking 
branch is not entirely linear but attains strain-hardening before the peak 
stress to consider the effect of fiber debonding. The pre-cracking part of 
the tensile stress–strain curve was obtained based on Eq. (7): 

ft =
ωf ’

t (εt/εcr)

ω − 1 + (εt/εcr)
ω (7) 

where ft and εt are the tensile stress and strain at any point, εcr is the 
cracking strain, and f ’

t is the peak tensile stress given by Eq. (8) [47–49] 
for plain concrete, while ω is a material parameter obtained according to 
Eq. (9). 

f ’
t = 0.33

̅̅̅̅̅̅

f ’
cf

√

(8)  

ω = 1.5Eoεcr (9) 

The contribution of BMF to the tensile strength of BFRC (σcu) was 
estimated by Adhikari [50] as in Eq. (10). 

σcu = NfibFp (10a)  

Nfib =
Vf
π
4d

2
f

αηl (10b)  

Fp = τπdf
lf

4
(10c)  

τ =
σf df

4lf
(10d) 

where Nfib represents the effective number of randomly oriented fi-
bers in a unit area, Fp is the pull-out force for an individual BMF strength, 

Fig. 2. Concrete compressive stress–strain model based on [42].  
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α and ηl account for the random orientation of fibers and the variability 
of their embedment length crossing any cracked plane and were taken as 
3/8 [51] and 0.5 [52], respectively. The τ, σf , lf , and df are the shear- 
bond strength, the tensile strength, the total length, and the diameter 
of BMF, respectively. According to the manufacturer’s datasheet [53], 
σf= 1000 MPa, df = 0.66 mm, and lf = 43 mm (See Fig. 4). 

The onset of cracks in plain concrete induces a rapid dissipation of 
stress resulting from converting energy stored in concrete into fracture 
energy [54], whereas due to the bonding effect of reinforcing bars be-
tween the existed cracks, the softening part of the stress–strain curve is 
augmented by tension stiffening which consequently causes the stress to 
be gradually dissipated. This behavior would even be clearer in FRC 
specimens due to the presence of fibers that are bridging the formed 
cracks. Therefore, the drop of load in the post-cracking stage was 
modeled using Wang and Hsu [46] model, as given in Eq. (11) and 
shown in Fig. 3: 

σt = σt0

(
εcr

εt

)0.5

, εt > εcr (11) 

where the cracking strain εcr was calculated by dividing the 
maximum concrete tensile strength (f ’

t +σcu (if any)) by the concrete 
elastic modulus Eo. However, it is worth mentioning here that when 
Khan and Ayub [45] conducted a single fiber pull-out test to observe the 
post-cracking response of the FRC specimen, their test results showed 
that upon cracking, there was a partial drop in the peak load. This was 
associated with strain elongation up to failure. Hence, for this study, 
30% of f ’

t was considered for BFRC specimens after concrete cracking as 
a residual tensile strength with a strain capacity of 0.004, as shown in 
Fig. 3b. 

2.2. The simulated experimental program 

The simulated experimental program involves four large-scale one- 
way concrete slabs tested by El-Sayed et al. [12] and Al-Hamrani and 
Alnahhal [25]. Table 1 summarizes the details of the specimens along 
with the mechanical characteristics of the FRP reinforcing bars. All Fig. 4. Basalt macro fibers (BMF).  

Table 1 
Details of experimental tests from the literature.    

Bar type f ’
cf (MPa) b(mm) d(mm) a(mm) No. and sizes of bars fu(MPa) Efu(GPa) Vf (%) 

S-G2 [12] GFRP 40 1000 158.9 1000 7ϕ22 mm 540 40 0 
S-C1 [12] CFRP 40 1000 165.25 1000 9ϕ10 mm 1536 114 0 
SCB-ρ1-0% [25] BFRP 55.12 600 119 400 5ϕ12 mm 1177 49.48 0 
SCB-ρ1-0.75% [25] BFRP 55.33 600 119 400 5ϕ12 mm 1177 49.48 0.75 

b = slab width; a = shear span length; fu = Ultimate tensile strength of longitudinal bars; Efu = Elastic modulus of longitudinal bars; Vf = volume fraction of BMF.  

Fig. 3. Tensile stress–strain behavior of concrete: (a) stress–strain description according to the model of Khan and Ayub [45]; (b) the implemented stress–-
strain model. 
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specimens were tested under four-point loading. El-Sayed et al. [12] 
have evaluated the shear strength of one-way concrete slabs reinforced 
with different types of FRP bars. For example, slabs S-G2 and S-C1 were 
both cast with plain concrete and longitudinally reinforced with GFRP 
and CFRP bars, respectively, as listed in Table 1. More recently, Al- 
Hamrani and Alnahhal [25] investigated the shear behavior of one- 
way plain and BFRC slabs longitudinally reinforced with BFRP bars. 
The simulated slabs, namely SCB-ρ1-0% and SCB-ρ1-0.75% were cast 
with plain concrete and concrete mixed with 0.75% volume fraction of 
BMF, respectively. 

2.3. Validation results 

The FE model successfully predicted the transition point from pre- 
cracking into post-cracking behavior. By referring to Table 2, it can be 
observed that the cracking load and its corresponding deflection were in 
good agreement with the experimental observations. Although the 

numerical models were noticed to slightly under-estimate the ultimate 
loading capacity of slabs S-C1 and S-G2 [12], the numerical 
load–deflection diagrams were noticed to follow the experimental 
curves accurately at the remaining loading stages, as illustrated in Fig. 5. 
The numerical models have shown satisfactory predictions of the 
maximum experimental shear capacities with an average ratio of nu-
merical shear capacity to experimental shear capacity (Vnum/Vexp) of 
0.95 ± 0.10 and a coefficient of variation (COV) of 10.30%. The models 
have also shown satisfactory predictions of the failure point and the 
maximum experimental displacements with an average ratio of 
maximum numerical displacement to maximum experimental 
displacement (Δnum/Δexp) of 1.08 ± 0.15 and COV of 13.5%. It is worth 
noting that the failure point in all simulations was identified as the point 
at which the load dropped significantly. Fig. 6 shows that the developed 
numerical models have captured almost a similar crack response to that 
in the actual tests. Hence, it can be concluded that the developed model 
can be implemented to investigate the performance of one-way BFRC- 

Table 2 
Comparison between the numerical and experimental loads and displacements.  

At cracking load, Pcr (kN)  

Pcr,exp Pcr,num Pcr,num/Pcr,exp Δexp(mm) Δnum (mm) Δnum/Δexp 

S-G2 [12] 44.0 41.2 0.94 2.25 1.86 0.83 
S-C1 [12] 45.0 41.6 0.92 2.60 2.14 0.82 
SCB-ρ1-0% [25] 22.5 19.3 0.86 2.50 2.04 0.82 
SCB-ρ1-0.75% [25] 25.5 23.5 0.92 2.28 2.58 1.13  

At ultimate shear, V (kN)  

Vexp Vnum Vnum/Vexp Δexp(mm) Δnum (mm) Δnum/Δexp 

S-G2 [12] 142 125.4 0.88 44.9 45.1 1.00 
S-C1 [12] 140 120.4 0.86 57.6 55 0.95 
SCB-ρ1-0%[25] 69.8 70.4 1.01 37.1 47.4 1.28 
SCB-ρ1-0.75%[25] 81.5 86 1.06 43.5 47.3 1.09 
Mean   0.95   1.08 
SD   0.10   0.15 
COV (%)   10.3   13.5  

Fig. 5. Experimental versus numerical load–displacement response for (a) Specimen S-G1 from [12], (b) Specimen S-C1 from [12], (c) Specimen SCB-ρ1-0% from 
[25] , and (d) Specimen SCB-ρ1-0.75% from [25]. 
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BFRP slabs. 

3. Sensitivity analysis 

Determining the shear behavior is technically challenging, and re-
searchers have not addressed this subject for FRP-RC one-way slabs in 
much detail. Hence, to enrich this research area, a sensitivity analysis 
was implemented in this section to generate parameter combinations 
that were not included in the original FEM-validated experimental work. 
Then, the generated combinations were modelled using the virtual 
experimentation using the FEM to flexibly run these experiments and 
develop a mathematical expression for the shear strength of one-way 
BFRC-BFRP slabs. 

3.1. Key parameters and fractional factorial design of experiment 

Five main parameters influencing the shear capacity of one-way 
BFRC-BFRP slabs have been selected for sensitivity analysis, as listed 
in Table 3. These parameters are: 1) the longitudinal reinforcement ratio 
(ρfrpl); 2) the concrete compressive strength (f ’

cf ); 3) the shear span-to- 
depth (a/d) ratio; 4) the volume fraction of BMF (Vf ); and 5) the effec-
tive depth (d) of slab. To systematically investigate the significance of 
the five input parameters and their two-way interactions on the response 
variable, which is the ultimate shear capacity, a widely used method, 
namely the three-level (3k) fractional factorial DOE was utilized in this 
study [55,56], where k represents the number of parameters [55]. In 
multi-variable studies, factorial DOE is commonly used as the most 
efficient method to identify the significant factors and interactions that 
influence the response variable [55–57] 

The levels of each parameter are selected based on a thorough 

literature review on FRP-RC slabs [9,12,15–19,58]. The width of all 
slabs was fixed to 1000 mm as this is a common unit strip width used in 
designing and analyzing one-way slabs. The distance from the center of 
the main reinforcement to the extreme tension layer was selected to be 
30 mm. Moreover, the Vf of BMF was selected to be in the range from 
0 to 2% as this range was common among several researchers [59–62], 
and using higher Vf values might impede the concrete workability. 

A 3k fractional factorial DOE of the five parameters resulted in 56 
combinations of the parameters, which represent 56 BFRC-BFRP one- 
way slabs. The analysis of variance (ANOVA) [55] was then used to 
determine the significance of the effect of the input parameters and their 
possible interactions on the response variables at a significant level (α) 
of 5% using a two-way confidence interval of 95%. Thus, the significant 
level, which is a threshold that gives us a criterion to reject the null 
hypothesis (i.e., the effect is not significant), is set equal to 0.05. 
Accordingly, the effect of each parameter or interaction is said to be 
statistically significant when the corresponding P-value, which is the 
smallest level of significance at which the data are significant, is less 
than or equal to 0.05, whereas effects having P-values greater than 0.05 
are not significant [55]. 

3.2. Identifying the significance of key parameters and interactions 

Table 4 presents the results of the ANOVA analysis for the response 
variable. In addition, the normal probability plot in Fig. 7 shows the 
standardized effects of the design parameters relative to a distribution fit 
line that follows a normal distribution with zero mean value. The fit line 
indicates where the parameters would be if their effects were zero. The 
effect of a parameter is considered to be negligible if it is on or near the 
fit line, whereas its significance increases as the distance from the fit line 

Fig. 6. The cracks patterns (experimental versus numerical) for: (a) Specimen S-C1 from [12], (b) Specimen SCB-ρ1-0% from [25], and (c) Specimen SCB-ρ1-0.75% 
from [25]. 

Table 3 
The main parameters and their levels considered in the 3k fractional factorial DOE.  

The investigated parameters Label Lower level (− ) Average level (0) Upper level (+) Unit 

Effective depth d A 100 160 220 mm 
Shear span-to-depth ratio a/d B 3 4.25 6 – 
Concrete compressive strength f ’

cf C 30 45 60 MPa 
Volume fraction of fiber Vf D 0 1 2 % 
Longitudinal BFRP reinforcement ratio ρfrpl E 0.39 2.09 3.78 %  
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increases. From the normal probability plots, it can also be distinguished 
whether a certain parameter has a positive or a negative effect on the 
response variable. For instance, the parameters that appear to be to the 
right of the fit line would have a positive effect, which indicates a direct 

relationship that increases or decreases the response as its value in-
creases or decreases, respectively. In contrast, the parameters that 
appear to be to the left of the straight line would have a negative effect 
that decreases the response as its value increases. Moreover, the per-
centage contribution of the main parameters and their interaction to the 
shear capacity is shown in Fig. 8. 

All main parameters showed a significant effect on the shear capacity 
at a significance level of 0.05, as listed in Table 4. In addition, the 
interaction of effective depth with shear span-to-depth ratio, concrete 
compressive strength, volume fraction of BMF, and longitudinal rein-
forcement ratio showed significant effects on the shear capacity of the 
BFRC-BFRP one-way slab, as presented in Table 4. In addition, as 
observed in Fig. 7, the parameters d, ρfrpl, f ’

cf , and Vf showed positive 
significant effects, while a/d ratio showed a negative significant effect 
on the shear capacity. According to Fig. 8, the d, ρfrpl, and f ’

cf factors 
exhibited significantly higher contribution to the shear capacity than the 
rest of the parameters and interactions, where their percent contribution 
was estimated to be 42.5%, 23.07%, and 10.3%, respectively. Fig. 7 is 
clearly showing the correlation between the input factors and the 
response variables, where the shear capacity is increasing as the d, ρfrpl,

and f ’
cf factors are increasing, respectively. This finding is consistent with 

the shear design equations available in the current codes and design 
guidelines for FRP-RC sections, namely the ACI 440.1R-15 [63], CSA- 
S806-12 [64], JSCE-1997 [65], and ISIS-2007 [66], where they 
consider the d, ρl, and f ’

cf factors as the main factors influencing the 
shear capacity. Previous test results also confirmed the obtained results. 
Abdul-Salam et al. [15], as an example, reported a 25% increase in the 
ultimate shear capacity of GFRP-RC one-way sabs when the ρl was 
increased from 2.62% to 3.78%. The improved shear strength at higher 
ρl values is referred to the boosted dowel capacity, which reduces the 
width and the penetration depth of the shear crack, thus, improving the 
shear resistance resulting from the aggregate interlock and the higher 
area of uncracked concrete in the compression zone [27]. Furthermore, 
El-Sayed et al. [26] reported that the increase in compressive strength 
from 43.6 MPa to 63 MPa has increased the shear capacity by 10.7%, 
12.3%, and 4.4% for RC beams reinforced with steel, GFRP, and CFRP 
bars, respectively. Such observation was expected because the concrete 
peak tensile strength (f ’

t ), which depends mainly on the f ’
cf , is a major 

parameter affecting the concrete shear strength (Vc) [26]. Another 
important finding from Fig. 7 is that the a/d ratio was found to show a 
negative contribution on the shear capacity, which was estimated to be 
11.27% as shown in Fig. 8. This was confirmed from several researchers 
[28,67–69], where they have shown that using higher values of a/d 
causes a reduction in the ultimate shear capacity. Additionally, it was 
found in this study that the Vf had a contribution of 7.26%. A compar-
ison of this finding with those of other previous studies [59,70,71] 
confirmed that the addition of BMF enhances the shear capacity due to 
the bridging mechanism of BMF along the cracked surface. However, 
their tested specimens demonstrated a decrease in the rate of increase in 
shear capacity in specimens with a higher reinforcement ratio, indi-
cating that the reinforcement ratio, rather than the fibers, was control-
ling the shear capacities of the tested beams. 

Moreover, the ANOVA analysis identified the significant interaction 
effect among parameters, namely d× ρfrpl, d× f ’

cf , d× Vf , and d × a/d 
with corresponding contributions of 2.04%, 1.27%, 0.81%, and 0.53%. 
The d× f ’

cf , d× ρfrpl, and d × Vf interaction showed positive significant 
effects, as shown in Fig. 7. This is because, at a larger effective depth and 
flexural reinforcement ratio, a larger compression zone is necessary to 
achieve the equilibrium requirement in a cross-section. As a result, this 
will enhance the contribution of the uncracked compression zone of a 
certain compressive strength to shear capacity [72]. Moreover, 
increasing the volume fraction of BMF in a certain effective depth will 
result in a greater number of BMF crossing and resisting the widening of 
the diagonal shear cracks, thus, improving the aggregate interlock 

Fig. 7. Normal probability plots of the standardized effects.  

Fig. 8. Percent contribution of each design parameter on the shear capacity.  

Table 4 
The P-values of main parameters and their two-way interaction.  

Label Paraameters P-value   

Shear capacity 

A d < 0.0001 
B a/d < 0.0001 
C f ′

cf < 0.0001 

D Vf < 0.0001 
E ρfrpl < 0.0001 
Two-way interactions 

AB d× a/d 0.0077 
AC d× f ′

cf 0.0201 

AD d× Vf 0.0463 
AE d× ρfrpl 0.0026 
BC a/d× f ′

cf 0.1847 

BD a/d× Vf 0.861 
BE a/d× ρfrpl 0.2748 
CD f ′

cf × Vf 0.3945 

CE f ′

cf × ρfrpl 0.152 

DE Vf × ρfrpl 0.4382  
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between the cracked surfaces and resulting in higher shear capacity 
[59]. On the other hand, the d × a/d interaction showed negative sig-
nificant effect, which indicates lesser influence of d at longer a/d ratios. 
This could be connected to the tendency of the slab to fail under flexure 
than failing under shear due to higher flexural stresses at longer a/d 
ratios[59]. 

4. The proposed shear design equation 

The genetic algorithm (GA) has emerged as a powerful optimization 
strategy, which searches for the optimal solution for a certain problem 
by mimicking Darwin’s principle of natural selection and the survival of 
the fittest [73]. The GA approach begins with a random group of coded 
individuals (solutions), each of which is known as a chromosome and is 
filled with genes. In each generation, the fittest individuals mate to yield 
better individuals for the successor generation through a set of mathe-
matical operations deduced from biological processes, namely selection, 
crossover, and mutation [74]. By repeating this genetic cycle, the quality 
of the offspring solutions gradually improves until reaching the optimal 
solution, where no further improvement can be observed for newer 
generations. 

In the current study, an equation that can predict the shear strength 
of plain and BFRC-BFRP one-way slabs was developed via the GA 
technique. For the equation development, the database results of the 
same 56 combinations resulting from the (3k) fractional factorial DOE 
were used to fit the objective function shown in Eq. (12), which defines 
the relationship between the dependent and independent variables. It 
can be noticed that the presented model in Eq. (12) is comprised of two 
parts to indicate the independent contribution to shear strength result-
ing from concrete (vc) and fibers (vfib). 

vc,f = vc + vfib (12a)  

vc,f = c1

(
f ’
cf ρfrpl

)c2(a
d

)c3
+ c4

(
f ’
cf Vf

)c5
(a

d

)c6
(12b) 

where ρfrpl and Vf are in percentages, and c1, c2, c3, c4, c5, and c6 are 
the unknown terms to be determined based on the results of GA analysis. 
After running the GA analysis, the developed shear equation is given 
below: 

Vc,f =

(

0.5
(

f ’
cf ρfrpl

)0.33(a
d

)− 0.476
+ 0.0153

(
f ’
cf Vf

)0.841(a
d

)− 0.723 )

bwd (13) 

By comparing the numerically obtained results of the 56 combina-
tions with those predicted by Eq. 13, it can be seen according to Fig. 9 
that Eq. 13 has well predicted the 56 numerical shear capacities with an 
average predicted to numerical shear capacity (Vpre/Vnum) ratio of 1.00 

± 0.08, a low COV of 8.23%, and R2 of 97.23% which is close to 100%. 

4.1. Experimental verification and comparison 

For the validation of the proposed model, an experimental database 
of 49 one-way slabs that failed in shear was collected 
[12,15,16,67,75,76]. The main variables of the collected database with 
their ranges are listed in Table 5. Two types of FRP bars were considered 

Fig. 9. Predicted Vs numerical shear capacities of the 56 modelled one-way 
BFRC-BFRP slabs. 

Table 5 
Details of the experimental database.  

Investigator Number of specimens FRP type b(mm) d (mm) a/d f ’
c(MPa) ρfrpl(%) Vf (%) Vexp(kN) 

El-Sayed et al.[12] 5 GFRP 1000 152.6–162.1 6.17–6.55 40 0.86–2.63 0 113–168 
Abdul-salam et al.[15] 10 GFRP 1000 134.9–143 5.95–6.21 42.9–82.6 0.8–3.78 0 94–213 
Chang and Seo [16] 6 GFRP 1200 173.5 5.8 33 0.73–1.22 0 95–158.5 
Issa et al. [67] 6 BFRP 300 165–170 5.65–7 35.9 0.8–4.12 0 29.3–51.5 
Deitz et al. [75] 3 GFRP 305 158 4.5–5.8 26.8–29.2 0.73 0 26.8–29.2 
Kilpatrick et al.[76] 12 GFRP 420 78–83 3.61–6.41 61–93 0.61–2.61 0 20–55.6 
Al-Hamrani and Alnahhal [25] 7 BFRP 600 119 3.36 55 0.79–1.28 0–0.75 69.8–95.7  

Table 6 
Design codes and guidelines.  

Design code/ 
guideline 

Equations 

ACI 440.1R- 
15 [63] 

Vc =
2
5

̅̅̅̅̅̅
f ′ c

√
bwkd (14) 

k =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2ρn + (ρn)2
√

− ρn 
bw = slab width 
n = ratio of modulus of elasticity of FRP bars to modulus of 
elasticity of concrete 

CSA-S806-12  
[64] Vc = 0.05λkmkr(f

′ c)
1
3bwdv, for d ≤ 300 mm 

(15) 

where 0.11
̅̅̅̅̅̅
f ′ c

√
bwdv ≤ Vc ≤ 0.22

̅̅̅̅̅̅
f ′ c

√
bwdv 

dv is the maximum of 0.9d or 0.72h 
h is the overall thickness of a member 

km =

̅̅̅̅̅̅̅̅
Vf d
Mf

√

≤ 1.0, where
(

Vfd
Mf

)

is equivalent to
(

d
a

)

kr = 1 +
(
Efρ

)1
3  

JSCE-97 [65] Vc = βdβpβnfvcdbwd/γb (16) 

βd =

(
1000

d

)1
4

≤ 1.5 

βp =

(1000ρfrplEf

Es

)1
4

≤ 1.5 

βn = 1 if no axial force applied 

fvcd = 0.2
̅̅̅̅̅̅
f ′ c3

√
provided that fvcd ≤ 0.72

N
mm2 

γb = 1.3 
ISIS 2007  

[66] Vc = 0.2λ
̅̅̅̅̅̅
f ′ c

√
bwd

̅̅̅̅̅
Ef

Es

√ (17) 

Es = Elastic modulus for steel 
Ef = Elastic modulus for FRP  
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in this database, which are GFRP and BFRP bars due to their approxi-
mately similar mechanical characteristics. As can be observed from 
Table 5, most of the collected slabs were cast with plain concrete, 
whereas slabs with fibers were only found in [25]. 

Therefore, the prediction accuracy of the proposed model was 
compared with the available design codes and guidelines for plain 
concrete sections listed in Table 6, namely ACI 440.1R-15 [63], CSA- 
S806-12 [64], JSCE-97 [65], and ISIS 2007 [66]. By referring to 
Fig. 10, most of the ACI 440.1R-15 [63] predictions were over- 
conservative with a mean of the predicted to experimental shear ca-
pacity (Vpred/Vexp) ratio of 0.54 ± 0.11 and a COV of 19.6%. Likewise, 

the JSCE-97 [65] and ISIS 2007 [66] were also conservative, but to a 
lesser extent with mean Vpred/Vexp of 0.66 ± 0.13 and 0.77 ± 0.19, and 
COV of 20.6% and 24.4%, respectively. In contrast, CSA-S806-12 [64] 
demonstrated improved prediction accuracy with mean Vpred/Vexp of 
0.89 ± 0.22 and COV of 24.6%. For the proposed model, most of the 
predicted values were found to be close to or exactly on the 45-degree 
line as demonstrated in Fig. 10. In addition, most of the slabs were 
conservatively predicted, however, the conservative degree of predic-
tion was increasing for slabs experienced higher shear capacities, which 
was also noticed for the remaining models. Overall, Fig. 10 demonstrates 
that the proposed model has shown the best prediction accuracy in 

Fig. 10. Experimental Vs predicted shear capacities for the experimental database collected from the literature [12,15,16,25,67,75,76].  
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predicting the experimental results with a mean Vpred/Vexp of 0.97 ±
0.18, a COV of 17.91%, and R2 of 93.6%. 

5. Conclusions 

In this study, a 3D finite element modeling framework for the shear 
behavior of one-way BFRC slabs reinforced longitudinally with BFRP 
bars was presented and validated. Following validation, a sensitivity 
analysis was conducted on five key design parameters with their two- 
way interactions using a three-level fractional factorial design of 
experiment resulting in 56 combinations of the parameters. The signif-
icance of each parameter was then determined by employing the sta-
tistical test ANOVA with a two-sided confidence level of 95%. Finally, a 
mathematical expression that can predict the shear capacity of one-way 
BFRC-BFRP slabs was developed using a genetic algorithm. The 
following conclusions can be drawn from this study:  

1- The highest positive contribution to the shear capacity was due to the 
effective depth, the longitudinal reinforcement ratio, and the 
compressive strength with percent contributions of 42.58%, 24.58%, 
and 10.30%, respectively. This finding was found to agree with those 
of the current codes and design guidelines for FRP-RC, namely the 
ACI 440.1R-15 [63], CSA-S806-12 [64], JSCE-1997 [65], and ISIS- 
2007 [66] as their shear design equations are considering these 
factors to have a primary effect on the shear capacity. In contrast, the 
statistical results showed a negative significant effect of the shear 
span-to-depth ratio with a contribution of 11.27%, which has been 
considered by the CSA-S806-12 [64] code. 

2- The addition of BMF was also determined to be statistically signifi-
cant with a percentage contribution of 7.26%. This could reflect the 
enhanced shear capacity of BFRC specimens as a result of the BMF 
crossing the diagonal shear crack, thus strengthening the cracked 
surface as reported in the literature. 

3- Several two-way interactions were found to be statistically signifi-
cant such as d× ρfrpl, d× f ’

cf , and d × Vf with positive contributions of 
2.04%, 1.27%, and 0.81%, respectively, while the interaction of d ×

a/d was determined to be statistically significant with a negative 
contribution of 0.53%.  

4- The proposed model has shown the best prediction capability 
compared to the available design codes/guidelines with a mean 
Vpred/Vexp of 0.97 ± 0.18 and a COV of 17.91%. On the other hand, 
the ACI 440.1R-15 [63], JSCE-97 [65], and ISIS 2007 [66] have 
shown highly conservative predictions with mean Vpred/Vexp of 0.54 

± 0.11, 0.66 ± 0.13, and 0.77 ± 0.19, and COV of 19.6%, 20.6%, 
and 24.4%, respectively, whereas the CSA-S806-12 [64] has shown 
less conservative predictions with a mean Vpred/Vexp of 0.89 ± 0.22 
and a COV of 24.6%. 
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