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sandwich slabs with stud-bolt shear connectors under the
effect of the quasi-static concentrated load. For this
purpose, first, the experimental specimens extracted from
the previously published study were numerically modeled
and quasi-statically analyzed using explicit dynamic
analysis. Then based on the tests, the models were
validated. Subsequently, the effect of the parameters,
including the thickness of steel plates, stud-bolts diameter,
the concrete core thickness, center-to-center distance of
stud-bolt connectors, and the concrete core strength was
evaluated based on the numerical models on the failure
modes and the force-displacement curve. Finally, using the
experimental setup and gene expression programming
(GEP) algorithm, several numerical models were planned
to predict the maximum strength of the slabs and a simple
relation was proposed. The maximum strength resulting
from the proposed relation and numerical models had an
acceptable agreement with an error of 11% based on mean
absolute percentage error (MAPE).
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1. Introduction

By changing the geometrical combination of
common building materials, i.e, steel and
concrete, new structures such as steel
columns filled with concrete, concrete-filled
steel tubular (CFST) form as column under
axial compression [1,2], and steel-concrete-
steel (SCS) sandwich structures as beam, slab
or wall are created. Steel-concrete-steel
(SCS) sandwich structures are composed of
two steel layers and one concrete core.
Solomon et al. [3] proposed this system to be
used for making bridges deck. The first use
of SCSs began with gluing steel surfaces to a
concrete core. However, the adhesive had a
weak shear and so, the mechanical
connectors were replaced. Some shear
connectors mainly noted by researchers are
offered in Fig. 1. Double skin composite
(DSC) with stud shear connectors as shown
in Fig. 1(a) [4], bar shear connectors in Bi-
steel system according to Fig. 1(b) [5-7],

corrugated-strip shear connectors (CSC) (see
Fig. 1(c) ) [8,9], middle hook in J-hook shear
connectors as— Fig. 1(d) [10,11], separately
corrugated strip shear connectors (SCSCs)
according to Fig. 1(e)[12—14], and Stud-bolt
connectors in SCS according to Fig. 1(f) [15—
18].

In the rest of the section, the recent studies
on the SCSs are briefly reviewed.

Yousefi and Khatibi [19] conducted an
experimental and numerical study on the
bending behavior of SCS beams with a new
design of shear connectors known as
separately corrugated strip shear connectors
(SCSCs). In this study, to provide a two-end
welded connection of SCSCs at the end of
the bases, plug welding was used to create a
partial link. The results showed that as a two-
end welded connection to steel plates is
provided for SCSCs, even partially, the
bending strength increases about 30%. Also,
finally, equations were offered to predict the
bending strength of this system.

a) Double skin concrete
system with stud shear
connectors.

d) J-hook shear connectors.

b) bar shear connectors in
Bi-steel system.

e) separately corrugated strip
shear connectors (SCSC).

¢) corrugated-strip shear
connectors (CSC).

F) Stud-bolt connectors in SCS

Fig 1. Shear connectors in SCS sandwiches.
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Chang-Hui Li et al.[20] studied the enhanced
Channel's shear connectors in SCS sandwich
structures numerically. In this research, after
verification of the numerical models based
on test data, models were developed to
evaluate the effect of the parameters,
including diameter and grade of bolts and
nuts, connectors distance, and concrete core
strength on the shear strength behavior of this
system more deeply. Finally, principles were
offered to design the enhanced Channel's
shear connectors.

Golmohammadi and Ghalehnovi [20] studied
the interlayer shear behavior of SCS beams
with stud-bolt shear connectors with a high
strength under the push-out test. The results
showed that the increase in the thickness of
steel plates significantly affects the
specimen's maximum strength. Also as the
concrete thickness increases, the specimen's
ultimate full shear strength approaches the
bolt's ultimate strength and in addition,
ductility increases. On the other hand, it was
observed that the increase in the shear
connector's diameter directly affects the
increase in the specimen's maximum strength
and slightly affects the increase in energy
absorption.

In the present research, the bending behavior
of SCS sandwich slabs is studied numerically
with bolt shear connectors with a high
strength under the effect of the quasi-static
concentrated load. For this purpose, four slab
specimens were modeled from the
experiments by  Golmohammadi and
Ghalehnovi [21] first, and then, they were
validated. Based on valid models, 11
numerical models were prepared with
different parameters. Based on the numerical
models, the effect of the parameters,
including the thickness of steel faceplates
(tp), stud-bolts diameter (D), concrete

thickness (hc), concrete strength (fc), and
center-to-center distance of stud-bolts (S) is
studied on SCS slabs. In the next step of this
research, based on the output data of
numerical models, the final strength of the
SCS slabs with stud-bolts is predicted.
Generally, there are various methods to
optimize or behavior prediction derived from
nature, including genetic programming (GP)
[22], artificial neural network (ANN)
[23,24], fuzzy logic (FL) [25], adaptive
neural-fuzzy inference system (ANFIS)
[26,27], probabilistic methods [28] and data-
driven models [29-36], group method of data
handling (GMDH) [32,33], wavelet analysis
[34], etc.

However, the Gene Expression Algorithm
(GEP) method, which is based on the GP, has
a relatively high accuracy and has been
considered by researchers in recent years.
Therefore, finally, using the GEP algorithm,
an equation is offered to predict the
maximum strength of SCS slabs.

2. Finite Element Model

One of the numerical analysis methods that
has acceptable accuracy despite its high
speed is the explicit dynamic analysis
method. Therefore, in the present study, this
method was used for the quasi-static analysis
of SCS slabs [35] . For this purpose, four
specimens of the experiments by
Golmohammadi et al. [21], were modeled
with the geometrical dimensions in Table 1.

2.1. Geometric Modeling

For modeling, the setting of the slab test is
shown in Fig. 2(a). To model the geometry of
the test first components, including steel
faceplates, stud-bolts buried in the concrete,
concrete core and load cell must be created.
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A 3D eight-node continuum element (C3DS)
is used for modeling. The general mesh sizes
10, 12, and 15 mm were examined and
finally, the mesh size 10 mm was chosen due
to the more remarkable agreement between
the experimental curve and modeling. A more
acceptable mesh size is selected to provide a
more accurate simulation in the connection
regions between the shear connectors and
steel plates, and also in the contact regions
between the shear connectors and concrete
core. In Fig. 2(b), a view of meshing of steel
plates, stud-bolts, and concrete core can be
observed.

2.2. Materials Modeling

Various models have been presented to
predict reinforced concrete behavior. These
models can be based on continuum finite
element or concrete damage plasticity (CDP)
[41,42]. Concrete damage plasticity (CDP) is
a suitable method to simulate concrete
cracking in Abaqus software [38]. This
model is based on the continuous plastic

mechanisms are considered, including the
compressive crushing and tensile cracking of
concrete. CDP model parameters include
dilation angle (), eccentricity, biaxial-to-
uniaxial compressive strength ratio (f = fpo /
fe0), stress plane distortion or confinement
angle parameter (k) and viscoplastic
parameter (p). The values of these
parameters were considered 38°, 0.1, 1.16,
0.667 and 0.001, respectively, based on
Abaqus manual [38] and previous numerical
researches on SCSs, especially, by Yousefi et
al.[13]. Also, the values of the concrete
compressive  stress-strain  diagram  were
obtained based on the modified Popovics
relationship as follows. [39,40]:

nf. s,
o, = . a
g (N —1+(=4)™)
80

n :0.8+f—C (2
17

f
k =0.67+(=%
+(62) gc > 50 (3

k=1 g <&,

behavior in which two main failure
Table 1. Specifications of the slabs being tested [21].
Specimen Dimensions of plate Concrete Stud-bolt Stud-bolts’ Number of holes
P (mm”) thickness (mm) diameter (mm) spacing (mm)
SCS B8-3 1200x1200x6 150 8 150 49
SCS B10-2 1200x1200x6 100 10 100 121
SCS B10-3 1200x1200x6 150 10 150 49
SCS B12-2 1200x1200x6 100 12 100 121

Load cell

Bolt
Concrete core

(a)

(b)
Fig 2. (a) experimental set up of the slab [21] (b) finite elements model of SCS slab.
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where, f. denotes compressive strength of
standard cylindrical concrete; &, denotes
strain at f.; o. iS compressive stress; &. is
compressive strain. The compressive stress-
strain curve of concrete used to model SCS
slabs is shown in Fig. 3(a).

On the other hand, the tensile behavior of
concrete before cracking is considered linear
and after cracking, the fracture energy of

cracking (GFI) model is used according to
CEB-FIP instructions as follows [41]

f
G, =G, (=%)* 4
i =Groly) (

here, Gry is the base fracture energy for
ordinary concrete, which depends on
maximum aggregate diameter. For normal
concrete with aggregates of diameters of 8§,
16, and 32 mm, the values of Gg, are 0.025,
0.030 and 0.058 (Nmm/mm?), respectively.

According to Fig. 3(a), with the growth of
compression cracks, the stiffness of concrete
is reduced. Therefore, the damage index d, is
defined on the softening branch of the stress-
strain curve with values between zero and
one (zero without damage and one meaning
the general decline of strength) to determine
the amount of damage. This index is also
defined for tensile or cracking concrete as d,.
The values of d.; in different parts of the
softening branch of compressive and tensile
diagrams are taken into account in such a
way that the stress obtained based on the Eq.
(5) matches the stress values of diagrams by
trial-and-error. Using Eq. (5) are calculated
compressive and tensile stresses (o) based
on compressive or tensile damage indices (d,
¢) as follows [42]:

Oct z(l_dc,t)'EO'(gc,t _gcp,lt (5

where, E, 1s the elastic stiffness of

undamaged material and £°, can be

compressive or tensile plastic strain of
concrete. Also, the parameters on Fig. 3,

~ck

including cracking strain, &, and compressive
inelastic strain, £, can be obtained as follows:

~ck el
& T & &y (6

~in __ el
& =& — & (7

C

Here, ¢% =0,/E, and &2 = /E, that are

ot
tensile and compressive elastic strains for
undamaged material, respectively.

The good fit of the curves in the softening
branch of Fig. 3(a and b) indicates the correct
choice of d; and d, values. The values of d. in
the remarked points on the softening branch
of the curve in Fig. 3(a) were considered 0.0,
0.1, 0.2, 0.7 and 0.9, respectively. Also, for
the concrete tensile damage in Fig. 3(b), the
amount of d, in strains of 0 and 0.00127 is set
to 0 and 0.9, respectively. These provide the
possibility of numerical modeling of the
process of compressive (crushing) and tensile
(cracking) damage of concrete [38].

To model steel material, an -elastoplastic
model is used with Von Mises yield criterion
and isotropic strain stiffening rule using the
ABAQUS material library. To determine the
elastic behavior of steel material, Young's
modulus of elasticity Es and Poisson's ratio
Vs must be defined. For this, at least three
repetitions of the test are required for each
sheet thickness and each stud-bolt diameter.
The plastic behavior of steel plates with
thicknesses of 4 and 6 mm, and stud-bolts
with diameters of 8, 10 and 12 mm based on
Golmohammadi tests are given in Tables 2
and 3 [21].
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Fig 3. Comparison of the stress-strain curves with the curves obtained from damage indices (d,,) for
NWC; a) Compressive curves, b) tensile curves.

Table 2. Required parameters of steel faceplates for FEM simulation.

Thickness Yield stress Maximum Strain in maximum E,
(mm) (Mpa) stress stress (Gpa)
(Mpa)
4 255 385 0.30 206
6 283 490 0.25 204

Table 3. Required parameters of stud-bolt connectors for FEM simulation

Stud-bolt Yield stress Maximum Strain in  maximum Eg
diameter (mm)  (Mpa) stress stress (Gpa)
(Mpa)
8 745 890 0.061 217
10 764 867 0.058 205
12 730 908 0.057 207
2.3. Boundary Conditions and Contacts time, mass scaling is used in Explicit Solver

) . for quasi-static analysis.
In the modeling of SCS slab test according to

Fig. 4, SCS slab is placed on supports
consisting of 4 rebars that are fixed in all
directions (Ux = Uy = Uz = 0). According to
Fig. 2(a), the rigid component is loaded
quasi-statically.  The contact between
concrete and steel plates, and that between
shear connectors and concrete core are
simulated as surface to surface with Hard
Contact formulation in the normal direction
and frictionless in the tangential direction.
Due to the modeling complexity and to save

rebar
,, ,L/li_ne support

uy—u,=0
&

Fig 4. Support for the test.

beam support
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3. Validation of FE model

To ensure quasi-static loading in all models
using mass scale in the explicit dynamic
analysis, it was controlled that the kinetic
energy would not exceed 10% of internal
energy. Then, by comparing the failure
modes and load-displacement curves of the
models with experimental results, the validity
of numerical models was ensured.

3.1. Validation Based on Failure Modes
and Force-Displacement Curves

Fig. 5(a-d) shows that FE has been able to
simulate a variety of failure modes, including
shear and flexural cracks, and buckling of the
upper steel faceplate. Fig. 6(a-d) compares
the load-displacement curves from the
modeling and the experimental. For this
purpose, numerical models with three mesh

sizes of 10, 12 and 15 mm have been created.
According to the figure, using FE, the trend
of the curves in terms of the elastic and
plastic area has been acceptable. However,
there are errors in the curves, one of the
reasons for which is the simplification of the
properties of steel materials and the
assumption of isotropic materials for
concrete. Also in Table 4, for validation of
numerical models, the maximum strength of
the tested samples and the one predicted
based on numerical modeling are compared.
According to the table, the mean and
coefficient of variance (C.0.V.) of the
predicted maximum strength to the maximum
strength of the experimental are 0.976 and
0.004, respectively. Therefore, it can be
concluded that the maximum force obtained
from the experiments had an acceptable
correlation with the numerical results.

DAMAGET

+7.500e-02
+0.0000+00

¢) SCS B10-3.

| 3 "
! )

i U
o b/ O .yJ bk}

DAMAGET
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+9.0000-01
+8.250e-01
+7.500e-01 A5
= +6.750e-01 1 e
+5.000e-01 |
+5.2500-01
+4.500e-01
+3.750e-01
+3.000e-01
+2:250e-01
+1.5000-01

+7.500e-02
+0.0000+00 | [N

d) SCS B12-2.
Fig 5. Failure modes of experimental and FEA results.
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Table 4 .The comparison of the maximum strength obtained from the experiment and FEA.

75

. F,
Specimen F by test (kN) F., by FEA (kN) %
ut
SCS B8-3 398.52 424.39 1.065
SCS B10-2 688.81 614.18 0.892
SCS B10-3 535.56 542.5 1.013
SCS B12-2 637.34 596.82 0.936
Average 0.976
C.0.V. 0.004
800 700
700 600
600 500
500 ——S(CSB-10-2 e
Z Z 4 i
2 400 - = —mesh-10mm :'f 0 SCSBS-3
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Fig 6. Load—displacement curves of tests and FE analyses.

4. The parameters of the Study

In this research, by modeling 11 numerical

specimens according to Table 5, the effects of

the concrete thickness, /., thickness of steel
faceplate, #,, the diameter of stud-bolt shear

connectors, D, center-to-center distance of
stud-bolts, S, and the compressive strength of
concrete, f., are investigated.

Table 5. FE models properties.

Slab D(mm) S(mm) t,(mm) h(mm) f.(MPa)
S1 8 100 4 80 38.5
S2 10 100 4 80 38.5
S3 12 100 4 80 38.5
S4 8 150 4 80 38.5
S5 8 300 4 80 38.5
S6 8 100 6 80 38.5
S7 8 100 10 80 38.5
S8 8 100 4 150 38.5
S9 8 100 4 250 38.5
S10 8 100 4 80 50
S11 8 100 4 80 60
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4.1. The Effect of the Diameter (D) Of
Stud-Bolt Shear Connectors

Fig. 7 shows the effect of the diameter of
stud-bolt shear connectors on the load-
displacement curve and failure modes.
According to the Fig. 7(a), by increasing the
stud-bolts diameter from 8 to 10 and 12 mm,
the maximum strength has increased from
71597 kN to 742.75 kN and 830.69 kN,
respectively. In other words, by increasing
the diameter of the stud-bolts from 8 to 10
mm, there is no significant improvement in
the maximum strength of the slab and only
the initial stiffness has increased. However,
as the diameter increased from 8 to 12 mm,
in addition to the relative increase in the
initial stiffness, an increase in the maximum
strength (16%) can be observed. Fig. 7(b)
shows that as the diameter increases to 12

mm, fewer stud-bolts pass the yield limit.
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Therefore, the probability of stud-bolt
rupture is reduced, greater stiffness and
strength are expected, and ultimately the
integrity of the composite is maintained.

4.2. The Effect of the Center-To-Center
Distance (S) Of Stud-Bolt Shear
Connectors

In Fig. 8, the effect of the distance on the
shear connectors is observed on the load-
displacement curve and failure modes. As
shown in Fig. 8 (a), increasing the distance of
the connectors has a significant effect on
stiffness, maximum strength and energy

absorption. So that by increasing the distance
from 100 to 150 mm, the maximum strength
has decreased by about 14% from 715.97 kN
to 613.02 kN, and by increasing the distance
to 300 mm, it has decreased by about 40%
and reached 428.51 kN.

D=8mm

D=12mm
b
Fig 7. The diameter of the stud-bolt shear connectors.
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According to the figure, increasing the
distance of the connectors from 100 to 150
and 300 mm has caused the energy
absorption of the samples to decrease by
about 18% and 43% from 53655 kN.mm,
respectively. The curves also show a
significant reduction in initial stiftness. Fig.
8(b) shows that increasing the distance
between the connectors weakens the
connection of the steel faceplates and
eventually separates them from the concrete
core. Because of this, diagonal cracks will
develop and as a result, the composite
performance of the slab will be weaker.

4.3. The Effect of Steel Faceplates
Thickness (7},)

Three numerical slab samples are modeled
with steel faceplates thickness of 4, 6 and 10
mm. The results of failure modes and load-
displacement curves are shown in Figure 9.
According to the curves in Fig. 9(a), it can be

s=150mm

s=300mm
b
Fig 8. Spacing of the stud-bolt shear connectors.

seen that by increasing the thickness of steel
faceplates from 4 to 6 and 10 mm, in addition
to increasing the initial stiffness, the
maximum strength has increased by about
1.32 and 2.19 times the initial value (31.8%
and 119.37%, respectively). The failure
modes in Fig. 9(b) show that the ductility
decreases with the excessive increase in the
thickness of the steel plates. In other words,
since bending cracks, shear cracks and
crushing of the concrete core can be
observed, it seems wusing thicker than
necessary steel plates will cause complete
failure in concrete and thus steel plates
capacity will go to waste in a less ductile
manner.

4.4. The Effect of Concrete Core
Thickness (h.)

Another parameter affecting the flexural
behavior of SCS slabs can be the thickness of
the concrete core. Hence, three numerical



78 Mehdi Yousefi et al./ Journal of Rehabilitation in Civil Engineering 11-3 (2023) 68-87

models with different thicknesses of concrete
cores were created. The curves in Fig. 10(a)
indicate that as the concrete core thickness
increased from 80 mm to 150 mm and 250
mm, the maximum strength increased by
about 46% and 88%, respectively. The trend
of the diagram indicates that the increase in
the concrete thickness results in an increase
in stiffness, strength and ductility. However,
in the plastic area can be seen a longer path
before the start of membrane activity of steel
plates and re-ascent of the diagram, which
indicates early cracking of the concrete core,
especially in thickness of 250 mm. According
to Fig. 10(b), the failure modes indicate that
with the increase of the core thickness, the
bending cracks have turned into diagonal
shear cracks. One of the solutions to this

DAMAGET
(Avg: 75%)

+7.500e-02

Z 1000 .
v - '
= 800 - - &‘JJ‘??EL)
600 _ e
400 Pty
e
200 |+
0
0 0.05 0.1 0.15
Displacement(m)
tp=4mm
= = =tp=6mm DAMAGET.
(Avg: 75%)
seeseees tp=10mm +9.000e-01

+0.000e+00

L 40.000e+00

problem can be to increase the dimensions of
stud-bolts and steel plates against increasing
concrete thickness.

4.5. The Effect of Concrete Strength
(fc)

According to Fig. 11, it is concluded that as
the concrete strength increased from 38.5
MPa to 50 MPa and 60 MPa, the maximum
strength has increased from 715.97 kN to
810.80 kN (by about 13% increase) and
879.88 kN (by about 23% increase),
respectively. Therefore, the strength of the
concrete core will have a significant effect on
the maximum strength of the SCSs.

t,=6mm

t,=10mm
b

Fig 9 steel faceplates thickness (t,).
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Fig 10. Concrete core thickness (h,).
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5. The Proposed Relation of the
Prediction of the Maximum
Strength of SCS Slabs Using GEP

In 2001, Ferreira proposed a new algorithm
called Genetic Expression Programming
(GEP) based on Genetic Programming (GP)
and Genetic Algorithm (GA). This algorithm
is a computer program coded in linear
chromosomes with a constant length [48].
GEP creates a symbolic regression using GA
genetic operators. The purpose of this
program is to produce a mathematical
function using the data presented [44]. The
GEP algorithm is shown in Fig. 12.

For this purpose, Design of Experiment
(DOE) is used to take the effect of the
interaction of the geometrical parameters into
account [45]. Therefore, five input factors are
considered as the input variables as listed in
table 6, including stud-bolt diameter (D), the
distance of shear connectors (S), steel
faceplates thickness (t,), concrete core
thickness (h.) and concrete core strength (fc).

Start

Create chromosomes of Initial Population

Express chromosomes & evaluate their fitness

terminate

~ Tterate or "‘
terminate _ }

Chromosome selection ‘

Reproduction ‘

Creation of New Generation ‘

Fig 12. Flow chart of GEP Algorithm[46] .
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Then, the specimens were programmed and
modeled using the two-level factorial method
according to Table 7 in 16 designs with
different geometrical parameters. The
maximum strength was obtained according to
Table 7. To predict the maximum strength of
SCS slabs with stud-bolt shear connectors
using the GEP, it is assumed that the
mechanical properties of steel structures are
constant and only the geometrical properties
and concrete strength have changed.
Considering 16 numerical models in Table 7
and 11 numerical models in Table 5 to
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examine the failure modes and the effect of
geometrical parameters, 27 numerical models
became available for the GEP in total.
Among 27 numerical models according to
Table 8, 20 models were considered for
training based on artificial intelligence, and
seven models were considered for testing and
controlling the results. The programming
parameters of the GEP algorithm are given in
Table 9. In this program, the competency
criterion minimizes the root mean squared
error (RMSE).

Table 6. Input parameters and their different levels.

Parameters Parameters naming Units min level max
stud-bolt diameter D mm 8 12
distance of shear connectors S mm 100 300
steel faceplates thickness tp mm 4 10
concrete core thickness h, mm 100 150
concrete core strength fe MPa 40 60
Table 7. Details and results of different cases in FE parametric studies.
Slab D (mm) S (mm) t, (mm) h, (mm) f. (MPa) Fun (bk};\lf EA
N-1 8 100 4 150 40 1094.20
N-2 8 100 10 150 60 1759.70
N-3 8 100 4 100 60 947.53
N-4 8 100 10 100 40 1570.40
N-5 12 100 10 150 40 1752.28
N-6 12 300 4 150 40 932.71
N-7 12 100 4 150 60 1204.94
N-8 8 300 10 150 40 804.75
N-9 12 300 4 100 60 676.38
N-10 8 300 10 100 60 894.98
N-11 12 100 10 100 60 2070.20
N-12 12 300 10 100 40 1173.50
N-13 8 300 4 150 60 461.02
N-14 12 100 4 100 40 1180.00
N-15 8 300 4 100 40 493.25
N-16 12 300 10 150 60 1568.27
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Table 8. The number of training and testing

data.
Data type Number Percent(%)
Training 20 74
Test 7 26

Table 9. GEP model parameters [24].

Function set x, /, cube root(3Rt), mul3

Chromosomes 25-35
Head size 8
Number of genes 3
Linking function Multiplication
Mutation rate 0.045
Inversion rate 0.1
One-point recombination 0.3
rate
Two-point recombination 0.3
rate
Gene recombination rate 0.1
Gene transposition rate 0.1
Fitness Function Error RMSE

Type

The outputs obtained from the GEP based on
100 different runs led to different equations
to estimate the maximum strength of the slab
with stud-bolt shear connectors. Finally, the
most optimal equation was offered to result
from the GEP based on the minimal root
mean square error as Eq (8):

t2D?h f_

1
F.. . =2134(2 )3 (8

u(prop)

Fig. 13 indicates a comparison of the
numerical modeling results and the data
results predicted by GEP with training and
testing data.

2500
2000

1500

Measured

(kN)

= 1000

====-=Predicted

500

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28

Number of Modeling
Fig 13. Comparison of the data predicted by
Eq.(8) with the modeling data.

For a more accurate assessment, the proposed
relationship is evaluated using 4 error
measurement parameters, including
correlation coefficient (R), Mean Absolute
Percentage Error (MAPE), Overall index
(OI), and Nash—Sutcliffe Efficiency (NSE),
which can be seen in Egs. 9 to 12,
respectively.

3 VoV o)V e —V o)

R= v n — 9
\/z:ﬂwexp -V ex”)z \/ZHN pre -V pre)2 (
n Vex -V re
Zi:l ({J/?pp) (10

MAPE = %100

o ~ 1o RMSE 0 Ve V)’
2 Vo' Vo' S Ve V)t | (11
0<0lI <1

Zin:lNexp -V pre )2

Zin:lwexp _V_EXP)Z (12
-0 <NSE <1

In Eqs. 9 to 12, Veyp and Ve are the

NSE =1-

experimental and predicted values; V,,, and

Vore are the average of the experimental and
predicted values; V2 and V" are the
maximum of the experimental values and the
minimum  of the predicted values,
respectively; and # is the total number of
samples. Also, the RMSE parameter in Eq.
11 is the Root-Mean-Square Error, which is
calculated according to Eq. 13. It should be
noted that the best values for MAPE, OI,
NSE, and R parameters are 0, 1, 1, and 1,
respectively [20].

RMSE

_ \/Zin:lNEXp -V pre )’ (13
n

Further, in Table 10, using error measurement

parameters, all Egs. 9-12 were examined.
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Based on the data in the table, it can be
concluded that the correlation coefficient (R)
of the proposed relation by the authors is
0.939, which indicates a relatively high linear
relationship between the variables. Also, the
Nash—Sutcliffe (NSE) and
performance index (OI) values of the

Efficiency

proposed relation are 0.879 and 0.929,
respectively. Therefore, the ability to
estimate the presented relation can be
relatively good. In addition, the error rate of
the relation was obtained using the Mean
Absolute Percentage Error (MAPE) criterion
of 11%. According to the results, it can be
concluded that the presented relation to
estimate the maximum strength of stud-bolt
shear connectors has performed relatively

well.

Table 10. Comparison of error measurement

parameters
Index
Equation
Ol MAPE(%) NSE
Proposed
0.939 0.929 11 0.879
Eq. (8)

6. Comparison of Maximum
Strength of Slabs Based on Relations
and FEA

In Table 11, the maximum strength of 27
numerical models are compared with the
values of the proposed relation and previous
presented relation by Golmohammadi et al.
[21]. Golmohammadi et al. were presented
Eq. (14) based on the inter-layer shear
strength of stud-bolt connectors (Pr) and the
yield line theory of slabs as follows

_ne(P)(he +8,) L

F -0.172
P, =0.047t3%f °° (Z—C)O-“GAS (15
I =L, /2cos(6) (16

where, n; is the number of stud-bolts in the
square slab, L, is the dimensions of slab test
sample, L is the span length between
supports, and c is the length of loading rigid
component’s side. According to Table 11, the
accuracy of the proposed relation is
significantly higher than Eq. (14). This
problem can be due to the limited number of
experiments in the previous study compared
to the number of numerical models in the
current study, as well as the acceptable
accuracy of the GEP method in extracting the

appropriate relation.

On the other hand, since the mean and
coefficient of variance (C.0.V.) of the ratio
of the strength obtained from the proposed
relation (Eq. (8) ) to the modeling strength
are 1.006 and 0.021, respectively, it can be
said that the proposed relation has predicted
the maximum strength of the numerical
models with a perfect approximation. In Fig.
14, the distribution of the FEA results is
compared with the values obtained from
proposed relation. Also, a domain with an
error of less than 15% is considered as a safe
domain and the rest as an unsafe domain. It
seems that most maximum strength values
obtained from Eq. (8) are in the safe domain
of the curve.
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Table 11. Comparison of bending capacity of slabs based on relations and numerical method.

Slab Fuv by FEA (kN) Fu<Golm2m)adi> [21] W F(ﬁ\rf)p) %
S1 715.97 386.02 0.539 674.24 0.942
S2 754.32 544.31 0.722 782.38 1.037
S3 843.34 720.75 0.855 883.5 1.048
S4 613.02 156.32 0.255 589 0.961
S5 428.51 51.04 0.119 467.49 1.091
S6 951.432 432.08 0.454 883.5 0.929
S7 1570.63 505.96 0.322 1241.95 0.791
S8 806.93 944.99 1.171 831.4 1.03
S9 1035.87 1971.48 1.903 985.74 0.952
S10 810.8 417.50 0.515 735.61 0.907
S11 879.88 440.97 0.501 781.70 0.888
N-1 1094.2 955.89 0.874 842.06 0.77
N-2 1759.7 1372.09 0.78 1775.56 1.009
N-3 947.53 604.99 0.638 842.06 0.889
N-4 1570.4 693.15 0.441 1355.01 0.863
N-5 1752.28 2268.48 1.295 2032.51 1.16
N-6 932.71 236.01 0.253 765.07 0.82
N-7 1204.94 2015.65 1.673 1263.1 1.048
N-8 804.75 160.65 0.20 1075.47 1.336
N-9 676.38 149.37 0.221 765.07 1.131
N-10 894.98 103.51 0.116 1075.47 1.202
N-11 2070.2 1461.61 0.706 2032.51 0.982
N-12 11735 171.14 0.146 1231.1 1.049
N-13 461.02 142.75 0.31 668.35 1.45
N-14 1180 1000.23 0.848 963.92 0.817
N-15 493.25 70.48 0.144 510.04 1.034
N-16 1568.27 388.76 0.216 1613.2 1.029

Average 0.601 1.006

C.O.v. 0.353 0.021
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Fig. 14. Comparisons between the numerical
analysis results and predictions by proposed

Eq.(8).

7. Conclusions

In this study, the first, four test specimens of
SCS slab with stud-bolt shear connectors
were simulated, and then, the failure modes
and load-displacement curves were verified.
Afterward, numerical models were made to
examine the effect of the geometrical
parameters and concrete strength on the
maximum strength of the SCS slab, using the
GEP algorithm, an equation was proposed to
estimate the maximum strength of the slab
with stud-bolt shear connectors. After
analyzing the numerical specimens, the
following results were obtained:

J The maximum strength is directly
related to the diameter of stud-bolt shear
connectors, as the diameter of the shear
connectors increased from 8 to 12 mm, the
slab's maximum strength increased about by
16%.

° As the center-to-center distance of the
shear connectors increased, shear cracks
appeared in the concrete core that could not
be treated.

o As the thickness of steel plates
increased irregularly, the concrete core

ruptured before the steel plates, preventing
the composite performance of the concrete.

. As expected, the increase in the
concrete core thickness will result in an
increase in the stiffness and maximum
strength. In addition, the concrete failure will
change from flexural failure to shear failure.

. As the concrete strength increases
from 38.5 to 60.0 MPa, the slab's maximum
strength will increase by about 23%.

. The maximum strength resulting from
the proposed relation and numerical models
had an acceptable agreement based on
several accuracy evaluation methods. For
example, the error calculated by MAPE was
by about 11%.
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