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Themain objective of this paper is to develop newdesign formulations for determining shear stress of steel
fiber-reinforced concrete (SFRC) beams without stirrups using Gene Expression Programming (GEP) and
Artificial Neural Networks (ANNs) based on a large number of test results. The proposed formulations relate
theaverage shearstress togeometrical, andmaterial propertiesof commonreinforcedconcretebeam(effec-
tive depth, ratio of shear span to effective depth, compressive strength of concrete, and longitudinal steel
reinforcement) andfiberproperties (diameter, length, andvolumepercentage). Inorder toverify thevalidity
and reliability of the proposed formulations, a comparative assessment was conducted betweenmeasured
andcalculatedaverage shear stressofbeams.Thecomparativeassessment is carriedout in termsofcommon
andmodified coefficient of determination (R and Rm), root- mean-square error (RMSE), mean absolute per-
centageerror (MAPE), andgradientsof regression lines (kandk’). The resultsobtained for theconsideredsta-
tistical measures and performance criteria reveal that all of the proposed formulations have acceptable
ability to calculate average shear stress for a wide range of shear span to effective depth ratios.
� 2019 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Fibers are mainly categorized into synthetic and natural sub-
stances. The sufficient quantity integration of discontinuous dis-
crete fibers, with a randomly orientation into concrete mix, has
remarkable advantage on performance of reinforced concrete
(RC) members [1–5]. The choice of appropriate mixing procedure,
type, and shape of the fibers have the main role to obtain the
potential advantages such as ductility of concrete, and prevention
of catastrophic diagonal tension failure [6]. Due to the well-
substantiated advantages of steel fibers, steel fiber-reinforced con-
crete (SFRC) is progressively becoming applicable, especially in
beams and slabs, to improve the performance of RC members
[6–8]. The use of steel fibers with adequate strength to pullout,
especially crimped and hooked fibers, has been extensively studied
in recent years [9–13]. When tensile stress in RC beam exceeds the
tensile capacity of concrete, micro-cracks are about to appear. A
random orientation and distribution of steel fibers all over concrete
transfers tensile stresses through the produced cracks and delay
the growth of cracks size and their fast propagation in the beam
[13–15]. Tensile stresses cause steel fiber to fracture or pullout
the fiber from the cement matrix (breakdown of interfacial bond
between fiber and concrete) [16]. As the consequence of improving
in the post-cracking behavior, utilization of SFRC possesses supe-
rior behavior subjected to various types of loading condition—
fibers impart increasing in characteristics such as ductility, shear
capacity and toughness of beams—and changes the catastrophic
brittle failure to ductile mode [17–20].

Similar to common reinforced concrete beams, the maximum
shear stress of SFRC beams is attributable to effective depth (d),
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the ratio of shear span to effective depth (av=d), and longitudinal
steel reinforcement ratio (q). The larger effective depth of beam
delays the formation of diagonal web-shear cracks, thereby leading
to a greater shear capacity. The shear behavior of beams is appre-
ciably affected by the av=d ratio. A higher value of av=d will result
in a higher shear strength. It is worth mentioning that sufficient
amount of longitudinal reinforcement guarantee the occurrence
of the shear failure. Furthermore, the shear stress of SFRC beams
depends on the volume percentage of fibers (VSF), aspect ratio
(ratio of length to diameter of fibers), and shape of the steel fibers
[9,21–23].

2. Research significance

The shear behavior of SFRC beams is affected by various param-
eters such as steel fiber properties, bond, dimensions of beam, and
concrete properties. Thereby, a precise calculation of shear stress of
SFRC beams is an intricate problem that has not been fully under-
stood yet. Thus, it is crucial for researchers to achieve a deep com-
prehension of shear behavior of SFRC beams. So far, researchers
have developed models for determining ultimate shear stress of
SFRC beams [21,24–28]. Some of these models have been driven
from linear regression analysis and verified by a limited number
of experimental results. Consequently, these are not able to calcu-
late the average shear stress with sufficient precision and reliabil-
ity for a wide range of av=d ratio.

Nowadays, researchers utilize various types of intelligence
methods such as support vector machines, artificial neural net-
works (ANNs), Bayesian networks, genetic algorithms that used
in a wide range of civil engineering applicants. One of the main
problems in the usage of aforementioned methods is their conve-
nience in engineering design methods [29–31]. Overcoming this
challenge, researchers are seeking to utilize new approach that
could generate design equations. The focus of this paper is to
develop new design formulations for determining shear stress of
SFRC beams without stirrups using Gene Expression Programming
(GEP) and ANNs based on a large number of test results. The
equation-based models may have a positive effect on the develop-
ment of efficient design guidelines and the use of steel fibers in
construction industry [32]. The proposed equations are function
of the geometrical properties of RC beam, mechanical characteris-
tics of concrete, and fiber properties.

3. Experimental database

So far, a large number of experimental studies have been carried
out to identify the effect of various shape of steel fibers on shear
behavior of steel fiber-reinforced concrete beams with no shear
reinforcement and addressed key parameters that contribute to
the purpose of this paper. The 129 experimental results are col-
lected from the outcomes released in literatures that deal with
the utilization of hooked and crimped steel fibers to improve the
shear capacity of RC beams [12–14,21,24,27,33–39]. The experi-
mental results meeting the following criteria were used in the pre-
sent study:

� The beams should be tested under a monotonically increased
concentrated load to avoid dynamic effects on failure.

� Beams failed in shear or with a crack pattern indicating that
shear failure mode is predominant are collected.

� The compressive strength of concrete should be larger than
17 MPa.

� The longitudinal reinforcement ratios of selected beams are
greater than 1% to secure shear failure rather than flexural
failure.
� The amount of steel fiber is limited to 2%.

The key affecting parameters of database on average shear
stress are effective depth (d), ratio of shear span to effective depth
(av=d), ratio of longitudinal steel reinforcement (q), standard cylin-
der compression strength of concrete ( f 0c ), and steel fiber factor
(FSF). The FSF is related to the diameter (DSF), length (LSF), and vol-
ume percentage (VSF) of steel fibers, as expressed in Eq. (1) [9].

FSF ¼ VSFLSF=DSF ð1Þ

It should also be emphasized that the amount of steel fiber is
varied from 0.25 to 2. The statistical properties of the aforemen-
tioned variables including the measurement of central tendency
and dispersion are calculated and presented in Table 1. The refer-
ence value of the key affecting parameters is selected to be close
to the corresponding average value. Furthermore, Fig. 1 depicts
the shear strength of SFRC beams as a function of key affecting
parameters.
4. Development of ultimate shear stress formulations

In this section, four new design formulations for calculating the
nominal average shear stress of SFRS beams without stirrups are
developed using ANNs and GEP approaches. It should be noted that
strength reduction factors for determining the shear stress is
assumed one. Then, the assessment and comparison of results is
conducted. It should be mentioned that, in the proposed equations,
the size effect on shear strength of beams is not considered. The
proposed models have acceptable efficiency in the aforementioned
range of variations of the key affecting parameters, which are pre-
sented in Table 1.
4.1. ANN-Based Formulation

Artificial neural network is one of the efficient intelligent sys-
tems utilized as a reliable tool in various field of civil engineering
[29,40,41]. To acquire the best network, the selection of appropri-
ate set of input parameters is a big challenge. In the present study,
five input parameters (d, av=d, q, f

0
c , and FSF) are opted to build the

ANN model. The preparation of training data and network training
procedure are the main steps of constructing ANN. A multi-layer
perceptron network is chosen for network creation. In order to
model the efficient network, selection of a good transfer function,
and adequate number of hidden layers and neurons are crucial
[42,43]. In the first step, dataset is investigated with reference to
the various percentage of training, verification, and test sets. In this
step, the amount of training data is varied between 40- and
80-percent. The construction of network is repeated for several
configurations to set the optimum condition. As a result, the
parameters settings are presented as follow:

� Levenberg-Marquardt algorithm is utilized for network training
function.

� A pure linear and tan-sigmoid function are implemented as the
transfer function in the final and hidden layers, respectively.

� 60-percent of data is allocated to the training of the network,
20-percent to the validation step, and 20-percent to the testing
phase.

� The regression values and mean squared error are opted as stop
criteria.

� The eight neurons are used in the hidden layer.



Table 1
Statistical summary of database.

Descriptive Statistics d mmð Þ av=d q %ð Þ f 0c MPað Þ FSF v MPað Þ
Range 484 5 4.69 90.9 188.75 12.45
Mean 260.82 2.81 2.59 46.19 65.55 3.80
Variance 16450.8 0.71 1.35 355.18 1323.14 3.92
Std. Deviation 128.26 0.84 1.16 18.85 36.38 1.98
Coeff. Of Variation 0.49 0.3 0.45 0.41 0.56 0.52
Min 126 1.0 1.03 20.6 11.25 1.5
25th Percentile 167.5 2.0 1.92 31 40.63 2.61
50th Percentile 219 3 2.0 42.4 60 3.13
75th Percentile 340 3.43 2.9 49.2 82.5 4.54
Max 610 6 5.72 111.5 300 13.95
Reference Value 270 2.8 2.5 50 – –

Fig. 1. Effect of key parameters on average shear stress.
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The schematic configuration and performance of the optimum
network are shown in Figs. 2–3.

The amount of regression values with corresponding to the
optimum network are 0.979, 0.988, and 0.968 for training, verifica-
tion and test sets. The basic structure of the proposed ANN-based
formulation is expressed in the following:

m1 ¼ CdCav=dCqCf 0cmSFRC ð2Þ



Fig. 2. Schematic configuration optimum network.

Fig. 3. Performance of optimum network.
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Cd ¼ C av=d; q; f
0
c

� � ð3Þ

Cav =d ¼ C d; q; f 0c
� �
Fig. 4. Variation of mSFRC with r
C q ¼ C d; av=d; f
0
c

� �

Cf 0c ¼ C d; av=d;qð Þ
The considered procedure to characterize the affected parame-

ters in Eq. (2) was introduced by Leung et al. [30]. In this equation,
Cd, Cam=d, Cq, and Cf 0c are considered as correction factors. In order to
calculate mSFRC , it is assumed that the variation of FSF is independent
and other input parameters are set to the corresponding reference
values as in Fig. 4.

To determine the correction factor Cd, three sets of curves
should be generated with different values of d from minimum to
maximum. In the first set, master curves are specified with various
discrete values of am=d ratio, whereas the values of other parame-
ters (q and f 0c) are fixed at the corresponding reference values,
see Fig. 5a. The number of curves is equal to 12 data series. Deriv-
ing the output value of network by the value of read off from the
master curves, the correction factor Cd can be calculated.

Similar to the mentioned procedure, the effects of q and f 0c on
the variation of Cd are presented in Fig. 5b and c. Based on the three
sets of the obtained curves for Cd, see Fig. 5a–c, one main curve
using the minimum least square error that fits the mean values
of it was found. The same procedure has been utilized to determine
the other correction factors (Cam=d. , C q, and Cf 0c ). The master curve-
for C q are shown in Fig. 6. Owing to space limitation, the results
for other correction factors (Cam=d and Cf 0c ) will not be discussed in
detail here.

As the consequence of the above mentioned approach, the fol-
lowing formulations have been established:

C dð Þ ¼ �0:23
d

270

� �4

þ 0:8
d

270

� �3

� 1:04
d

270

� �2

þ 0:94
d

270
þ 0:53

ð4Þ

C av=dð Þ ¼ 1:14
av
2:8d

� �4
� 6:94

av
2:8d

� �3
þ 15:67

av
2:8d

� �2

� 15:8
av
2:8d

þ 6:89 ð5Þ

C qð Þ ¼ 0:225
q
2:5

þ 0:778 ð6Þ

C f 0c
� � ¼ �0:83

f 0c
50

� �6

þ 7:17
f 0c
50

� �5

� 23:756
f 0c
50

� �4

þ 37:96
f 0c
50

� �3

� 30:45
f 0c
50

� �2

þ 12:03
f 0c
50

� 1:126 ð7Þ
espect to steel fiber factor.



Fig. 5. Variation of Cd with respect to av=d; q, and f 0c .
Fig. 6. Variation of Cq with respect to d; av=d, and f 0c .
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4.2. GEP-Based Formulation

GEP approach was proposed by Ferreira et al. [44] in 2001,
based on genetic algorithm (GA). GEP is more efficient than GA
and genetic programing (GP) for function funding problems. GP—
a subset of machine learning—was developed by Cramer in 1985,
and was developed by Koza in 1992. In GEP, the linear chromo-
somes are considered as genotype and the parse trees as pheno-
type. Furthermore, GEP is a complex tree structure in which the
chromosomes are expressed as an expression tree (ET). Karva lan-
guage was developed specifically at the sake of reading and
expressing the information encoded in the chromosomes.

In this paper, three new formulations are developed by the GEP
approach to specify average shear stress of SFRC beam without
stirrups at the final stage of loading:

vGEP ¼ v Cd; Cam=d; Cq; Cf 0c

� �
ð8Þ

In order to interdict the effect of overfitting, a maximum
70-percent of the whole datasets is utilized for the learning phase
and the others used to the test stage. The root mean square error
(RMSE) is a common index that measures the differences between
predicted and main amount of target. RMSE is selected as a fitness
function. The three independent formulations for shear stress can
be expressed as Eqs. (9)–(11).

v2 ¼ d=av
FSF

d
þ 0:555

ffiffiffiffiffiffiffi
qf 0c

q
þ 1

� �
þ 1 ð9Þ
v3 ¼ q� 37:957 av
d q

dþ FSF � 10:57
þ dþ f 0c

2

9:44 av
d f 0c

ð10Þ
v4 ¼ 0:095
f 0c
av
d

þ q� 0:137
av
d � 0:395

þ 0:108dþ FSF

f 0c � av
d þ 85:256

ð11Þ

Due to space limitations, on adjusted input parameters and cor-
responding expression tree for v2 and v4 are shown in Tables 2 and
Figs. 7–8.
5. Reliability assessment of the developed models

5.1. Verification of proposed formulations

To examine the reliability and precision of the four proposed
new design formulation, their outcomes were compared to the col-
lected experimental database. The comparison of the results of for-
mulations with the experimental results and the residual values of
the four proposed formulations are depicted in Figs. 9–10.

Although the ANN-based formulation has more complexity, it is
shown that this model has the lowest dispersal in comparison with
other models. The highest dispersal belongs to the second formula-
tion where it predicts shear capacity with a more uncertainty than
other formulations. Due to different categories of training dataset
in GEP formulations, the results of them is not exactly the same.
Furthermore, the first and fourth formulations underestimated



Table 2
Parameters settings for v2 and v4.

Parameter v2 v4

General
Training Records 73 85
Validation Records 56 44
Chromosomes 30 37
Genes 3 3
Head size 6 8
Tail size 7 9
Dc size 7 9
Gene size 20 26
Linking function Addition Addition
Function +, �, /, *, Sqrt, and Inv +, �, /, *, and Inv

Genetic operators
Function Insertion 0.00206 0.00635
Permutation 0.00546 0.0082
Inversion 0.00546 0.0082
Gene Recombination 0.00277 0.0028
Gene Transposition 0.00277 0.0028
Dc Mutation 0.00206 0.00268
Dc Permutation 0.00546 0.0082
Dc Inversion 0.00546 0.0082

Numerical constant
Constants per Gene 10 10
Data Type Floating-Point Floating-Point
Lower Bound �10 �10
Upper Bound 10 10

Fig. 8. ET corresponding to fourth formulation (v4).
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the shear capacity of beams for a spread range of data. Generally,
the four presented formulations are able to calculate average shear
stress of SFRC beams without stirrups appropriately.

To assess reliability of the developed formulations more accu-
rately, i) three well-known statistical measures; coefficient of
determination (R2) —that represents a meter of how well experi-
mented data are estimated by the proposed approach—root mean
square error (RMSE) and mean absolute percentage error (MAPE),
that quantified accuracy and goodness of fit, and ii) the factors pre-
sented by [45] and [46] were utilized. These statistical indices can
be calculated using equations summarized in Tables 3 [47].

where mi;actual is the actual value of average shear stress, m
�
actual is

the mean of all values of mi;actual, mi;model is the value of the average

shear stress obtained from the proposed model, m
�
model is the mean

of all amounts of mi;model, n is the number of specimens, k and k0 are

the gradients of regression lines across the center, R2
o and R02

o are
correlation coefficients of regression lines related to actual and
predicted values, and r2m is the modified index of R2

.

Results of the three statistical measures are presented in Table 4.
Considering the ideal condition, the corresponding values of MAPE,
RMSE and R, are equal to, zero, zero and one, respectively. The find-
ings by Smith [48] have substantiated that satisfactory condition
can be achieved if the square root of coefficient of determination
is greater than 0.8 and the differences between experimented
Fig. 7. ET corresponding to s
and predicted values are the lowest. Results demonstrate that
the first and fourth models have accurate predictions ability. MPAE
values corresponding to them are 12.73 and 11.27, respectively. In
addition, the second equation has less efficiency because of low
R-value and maximum value of MAPE.

Furthermore, Table 5 shows the results of the performance cri-
teria. There are reasonable convergence between the actual and
estimated values by four new design formulations. It can be found
that all the formulations pass desired conditions and could esti-
mate the average shear stress of the SFRC beams with a good
degree of accuracy. The results of comparison reveal that the first
and forth equations have best efficiency among all of the proposed
modes and provide the best performance.

5.2. Comparison with existing equations

To assess the accuracy of the proposed shear formulations, the
predicted values are compared with the five popular existing equa-
tions against the 74 experimental specimens presented in the data-
base. It should be noted that strength reduction factors in all
equations are equal to one. The shear equations developed by
ACI 544.4R [49], Narayanan and Darwish [24], Khuntia et al. [28],
econd formulation (v2).



Fig. 9. Comparison of predicted versus experimental results: a) first formulation (m1), b) second formulation (m2), c) third formulation (m3), and d) fourth formulation (m4).
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Yakoub [14] and Kwak et al. [21] are utilized for comparison. Four
statistical measures were utilized to compare the results of devel-
oped formulations: standard deviation, mean, and coefficient of
variation (COV) of the performance ratio ( texp:tpred:

)—taken as under-
standable measures—and MPAE of predicted results. The selection
of MAPE value is related to its result interpretability and scale-
independency. The ideal condition is achieved when small stan-
dard deviation is accompanied by a value of mean close to one.



Fig. 10. Residual values of the four developed formulations: a) first formulation (m1), b) second formulation (m2), c) third formulation (m3), and d) fourth formulation (m4).
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The smallest value of MAPE indicates the suitable accuracy to pro-
vide the appropriate prediction performance. Table 6 compares the
statistical measures of test results on developed formulations and
exiting equations. The standard deviation, COV, andMAPE of fourth
formulation are 0.152, 14.674, and 12.641, respectively, which are
lower than those of other equations. By analyzing the results in



Table 6
Statistical measures of the predicted values against experimental specimens.

Author
Number
of data Formulation

texp:
tpred:

MAPE (%)
Mean Std.

Deviation
COV (%)

Ashour et al. [27]

12

Formulation 01 0.88 0.09 10.59 14.92
Formulation 02 1.01 0.18 17.44 13.17
Formulation 03 0.99 0.19 19.33 16.28
Formulation 04 0.98 0.14 13.98 11.59
ACI 544.4R 1.13 0.36 32.06 19.12
Narayanan and Darwish 0.99 0.15 15.21 13.55
Khuntia et al. 1.46 0.37 25.22 27.77
Kwak et al. 0.87 0.11 12.62 17.59
Yakoub 1.21 0.28 23.02 23.29

Swamy et al. [34]

5

Formulation 01 1.06 0.05 4.40 5.62
Formulation 02 1.08 0.03 2.80 7.77
Formulation 03 1.00 0.05 5.19 4.14
Formulation 04 1.08 0.04 3.85 6.91
ACI 544.4R 1.33 0.21 16.16 23.30
Narayanan and Darwish 1.06 0.09 8.72 8.35
Khuntia et al. 1.55 0.25 15.95 34.05
Kwak et al. 1.10 0.09 8.12 9.35
Yakoub 1.55 0.25 15.95 34.05

(continued on next page)

Table 3
Equations of Statistical indices.

Statistical index Expression model

R2 ½
Pn

i¼1
mi;actual�m

�
actualð Þ mi;model�m

�
modelð Þ�2Pn

i¼1
mi;actual�m

�
actualð Þ2Pn

i¼1
mi;model�m

�
modelð Þ2

(12)

RMSE
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

i¼1
mi;actual�mi;modelð Þ2

n

r
(13)

MAPE 100
n

� �Pn
i¼1

mi;actual�mi;modelj j
mi;actual

� �
(14)

k
Pn

i¼1
mi;actualmi;modelPn

i¼1
m2
i;model

(15)

k0
Pn

i¼1
mi;actualmi;modelPn

i¼1
m2
i;actual

(16)

R2
o 1�

Pn

i¼1
mi;model�mroið Þ2Pn

i¼1
ðmi;model�m

�
modelÞ

2

(17)

R02
o 1�

Pn

i¼1
mi;actual�m̂roið Þ2Pn

i¼1
ðmi;actual�m

�
actualÞ

2

(18)

mroi kmi;model (19)

m̂roi k0mi;actual (20)

r2m R2 1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � R2

o

			 			
r� �

(21)

Table 5
Performance criteria of developed models.

Criteria Condition First formulation Second formulation Third formulation Forth formulation

R R > 0.8 0.954 0.932 0.93 0.947
k 0.85 < k < 1.15 0.991 0.975 0.957 0.967
k’ 0.85 < k’ < 1.15 0.983 0.993 1.013 1.0
Rm Rm > 0.5 0.8 0.748 0.75 0.785
Overall Performance O.K O.K O.K O.K

Table 4
Statistical indices (MAPE, RMSE and R) for proposed models.

Indicator First model Second model Third model Forth model

R 0.954 0.932 0.93 0.947
RMSE (kN) 0.636 0.703 0.70 0.627
MPAE 12.73 16.03 13.49 11.27
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Table 6 (continued)

Author
Number
of data Formulation

texp:
tpred:

MAPE (%)
Mean Std.

Deviation
COV (%)

Kwak et al. [21]

4

Formulation 01 1.29 0.16 12.76 21.69
Formulation 02 1.14 0.12 10.31 13.08
Formulation 03 1.20 0.11 8.86 16.17
Formulation 04 1.28 0.12 9.42 21.37
ACI 544.4R 1.09 0.11 10.33 7.15
Narayanan and Darwish 1.69 0.08 4.59 40.82
Khuntia et al. 1.34 0.11 8.20 25.02
Kwak et al. 1.38 0.08 6.01 27.07
Yakoub 1.82 0.19 10.55 44.47

Dupont and Vandewalle [36]

19

Formulation 01 0.98 0.12 11.81 8.69
Formulation 02 0.80 0.16 20.12 31.71
Formulation 03 0.86 0.17 19.39 24.70
Formulation 04 0.96 0.15 15.26 13.65
ACI 544.4R 1.27 0.31 24.58 22.09
Narayanan and Darwish 1.25 0.17 13.31 18.58
Khuntia et al. 1.34 0.41 30.23 27.17
Kwak et al. 1.06 0.12 11.26 10.19
Yakoub 1.38 0.25 18.39 25.88

Cucchiara et al. [37]

3

Formulation 01 0.93 0.17 18.77 16.66
Formulation 02 0.86 0.05 5.37 16.13
Formulation 03 0.93 0.07 7.25 8.10
Formulation 04 0.93 0.11 11.92 10.89
ACI 544.4R 1.09 0.11 10.20 7.93
Narayanan and Darwish 1.05 0.21 20.27 16.52
Khuntia et al. 1.56 0.05 3.21 35.85
Kwak et al. 0.93 0.17 17.81 15.79
Yakoub 1.25 0.21 16.80 18.31

Montesinos [14]

10

Formulation 01 0.97 0.14 14.50 13.43
Formulation 02 1.06 0.12 11.67 11.15
Formulation 03 0.95 0.13 13.41 12.73
Formulation 04 1.10 0.14 13.15 12.48
ACI 544.4R 1.12 0.19 17.37 14.99
Narayanan and Darwish 1.18 0.18 15.45 15.52
Khuntia et al. 1.18 0.32 27.20 25.39
Kwak et al. 1.21 0.17 14.26 16.71
Yakoub 1.41 0.18 13.00 28.11

Dinh et al. [13]

21

Formulation 01 1.49 0.43 28.63 29.90
Formulation 02 1.06 0.13 11.89 10.96
Formulation 03 0.91 0.12 12.77 13.79
Formulation 04 1.08 0.13 12.08 12.36
ACI 544.4R 1.28 0.30 23.22 22.90
Narayanan and Darwish 0.87 0.04 4.67 15.56
Khuntia et al. 1.23 0.29 23.90 19.07
Kwak et al. 0.86 0.07 8.57 16.76
Yakoub 0.98 0.09 9.60 7.38

Global performance Formulation 01 1.12 0.34 30.56 17.18
Formulation 02 0.98 0.18 18.07 16.78
Formulation 03 0.94 0.16 16.96 16.09
Formulation 04 1.04 0.15 14.67 12.64
ACI 544.4R 1.22 0.29 23.67 19.58
Narayanan and Darwish 1.10 0.25 22.51 16.92
Khuntia et al. 1.33 0.34 25.55 25.43
Kwak et al. 1.01 0.19 18.79 15.23
Yakoub 1.28 0.31 23.90 21.76
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detail, it can be revealed that in more than 94 percent of data the
MAPE of fourth model is<15%. The equations proposed by Khuntia
et al. [28] and Yakoub [14] are more conservative than other equa-
tions studied in the paper. The mean value of the performance ratio
for these equations are 1.33 and 1.28, respectively. In total, it can be
noted that the proposed shear formulations produced more precise
results in comparison with other existing equations.

6. Conclusion

In this paper, four new nonlinear empirical formulas are devel-
oped to determine the average shear stress of SFRC beams without
stirrups based on a massive experimental database with consider-
ing a wide range of key affecting variables using two efficient com-
putational intelligence approaches called gene expression
programing and artificial neural networks. Five effective variables
include steel fiber factor, effective depth, ratio of shear span to
effective depth, standard cylinder compression strength of con-
crete, and longitudinal steel reinforcement. The detailed compara-
tive assessment of the performance of proposed formulations is
carried out in terms of common and modified coefficient of deter-
mination (R and Rm), root- mean-square error (RMSE), mean abso-
lute percentage error (MAPE), and gradients of regression lines (k
and k’). Results of this study have been verified based on the afore-
mentioned range of key affecting parameters and the proposed
models have acceptable efficiency in these ranges.
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The following conclusions can be made based on the
investigation:

� It can be concluded from the results that the first and fourth
models provide more precision than other models. The R and
MAPE values of the first formula are equal to 0.954 and12.73,
respectively for all of the collected data. Furthermore, the corre-
sponding values for fourth formula are equal to 0.947 and11.27,
respectively.

� The comparison of the proposed formulations with existing
well-Known equations which are ACI 544.4R, Narayanan and
Darwish, Khuntia et al., Yakoub and Kwak et al. using 74 data
from experimental database reveal that fourth model produced
more precise results than other models. The standard deviation,
COV, and MAPE of the fourth formulation are lower than those
of the other formulations.

� The findings demonstrate that all of the empirical approaches
provide reliable formulations with a useful application as alter-
native method to pre-shear design of SFRC beam.

While this study attempts to propose new design formulations
based on a wide range of test results, further investigations are
needed for their practical implementation such as the influence
of size effect on shear strength in future works.
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