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Abstract
This paper deals with the performance StéelConcrete Shear Walls (SCSWSs) which have reinforced

concrete on both sides tife steelplate subjected to cyclic loads. Finite element software ABAQUS is applied to
analyze the SCSW#ccuracyof the finite element modeling is verified by comparison of the theoretical results
with those obtained experimentally. Then, various variablestadied in order to evaluate their effects on the
performance of the SCSWs. These variables incthié&nessof concrete, steel plate thickness, number of bolts,
gap size between reinforced concrete and steel frdmpgercentagef reinforcement in reimrced concretegnd
beam and column profiles of the steel frame. It is concltldgtthechange of the variables influences the ultimate

load capacity, ductility, and energy dissipation of the SCSWs. Morédowek|ing of the walls is discussed.

Keywords: steelconcrete shear wall, cyclic load, finite element method, concrete thickness

1. Introduction

Reinforced concrete shear walls have widely been utilized in structures to resist lateral loads. However, studies have
been conducted diteel ShearWalls (SSWSs) in the past 30 years, which resulted in improving the use of these walls. One of
the problems associated with these SSWs isobptane buckling of steel plate that causes diagonal lines in the steel plate.

If these lines are distributed mowmiformly, the shear capacity is enhanced. This point can be obtained by the use of

reinforced concrete that is attached to the steel plate by bolts, which finally l€aidsiGoncreteShearWalls (SCSWSs)

The SCSWs include the walls with and witheugap between the reinforced concrete and steel frame. Concrete fails
faster and under lower loads in the type of the SCSWs withgap Nevertheless, concrete is not subjected to the effect of
lateral loads in the SCSWs withgap because concrete is riovolved with the steel frame and its task is only to delay the

steel plate buckling. Concrete then fails under larger loads.

Takanashi et al. [1] tested ostory and twestory specimens of SSWs. Different experimental tests were conducted on
SSWs withou stiffener under uniform and cyclic loads42 Zhao and AstaneAsl [5] presented an innovative composite
shear wall with a gap between the reinforced concrete and steel frame. Arabzadeh et al. [6] experimentalhekawiozd
of onestory and threstory specimens. Sabow®homi and Sajjadi [7] did experimental and numerical investigations of
SSWs with and without stiffeners. Bhowmick et al. [8] carried out a seismic analysis of SSWa plétte having an
opening Guo and Yuan [9] assessed SSWsuditlg a steel plate with a precast concrete panel. Rahnavard et al. [10]
numerically evaluated some parameters of SCSWSs. Kioumarsi et al. [11] analyzed the effect of increasing the hibight over
behaviorof SSWs. Hao et al. [12] performed an experimeimeabstigation on the axial compression behavior of SCSWs.

Wang et al. [13] experimentally studidite seismic behavior of SCSWs.
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The purpose of this paper is to investigate the performance of the SCSWs with reinforced concrete on botheides of
steelplate. The SCSWs have a gap between reinforced concrete and steel frame. In order to perform this investigation
ABAQUS software [14] is used to achieve nonlinear analyses. Two experimental tests [6] are modeled herein to do the
modeling verification. Comarisons of the modeling nelts with the experimental testesults uncover the accuracytog
model Then, different variables are considered for the parametric study of the SCSWs models. Variables include (1)
thicknesses of concrete (30 mm, 60 mm, 46d@ mm), (2) thicknesses of steel plate (2,Mmmm, and 8 mm), (3) gap size
between reinforced concrete and steel frame (5.625 mm, 11.25 mm, and 22.5 mm), (4) number of bolts (4, 8, and 12), and (
percentages of reinforcements in reinforced concre25%, 0.5%, ad 1%) and (6) beams and colusrprofiles of steel
frame (IPE100 and IPE140). Thereaftie effectsof the variables on the performance of the SCSWs are assessed. Buckling
of the walls is evaluated, too.

2. Experimental Testing of SCSWs

Experinental tests of SCSWs [6] have been chosen for the nonlinear modeling in this study. The tested SCSWs
comprise a steel frame (beam and column profiles), steel plate, fish plate, concrete, reinforcement, and bolts. The reinforced
concrete is connected to®wr both sides of the steel plate of the SCSWs by Bidiss.onnectionbetween the beams and
columns in the steel frame is rigid. The fish plate has connected the steel plate to the steel frame. The bolts hatleeattached
reinforced concrete to the stedate. A bottombeam of the steel frame is fixed and roof beam of the steel franiatéesd
support to prevent owdf-plane displacement of the frame. The steel frame is connected to the floor using pins. Fig. 1

illustrates the setup of the experimérnésts the details of the walgnd the schematic view.

Material properties of the steel are presented in Table lhenahaterialproperties of the concrete and steel bar are
summarized in Table 2. Table 3 ligtse specifications of the experimentalkts. The tested modulusf elasticity of the

concrete and steel are 21 GPa and 210 GPa, respectively.
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Fig. 1 Experimental tests [6]

Table 1Steel properties

Section type Yield stressf, (MPa) | Ultimate strengthf, (MPa)
IPE100 beam flangg 308 479
IPE100 beam web 285 446
Fish plate 297 406
Steel plate 268 415
Bolt 900 1000
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Table 2Concrete and steel bar properties

Property Value (MPa)
Cylinder compressive strengtf, 72.5
Cube compressive strengfh, 79
Yield stressf, 336
Ultimate strengthf, 492
Youngbs Hnodu 21000

Table 3Specifications of components of experimentalgtest

Component Specification
Columns (mm) 2IPE100+2PI100%5
Beams (mm) 2IPE100
Steel plate thickness (mm 2
Fish plate (mm) 40x5
Number of bolts 4
Bolt diameter (mm) 6
Rebar diameter (mm) 3
Reinforcement ratio 1
Concrete thickness (mm)| 30 (one or both sides of steel plat
Gap size (mm) 11.25

3. Finite Element Modeling
3.1. Material properties and constitutive models

In this research, concrete was modeled as solid using the concrete damaged plasticity model. The following formula
suggested by Carreira and Chu [15] has been used to calculate the compression strain cuzgaarétbg10].
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Fig. 2 Cyclic behavior [10]

The strain@j was chosen as 0.002. Tk&essstrain behavior of the concrete in compression was assumed to be

linearly elastic up to 0.4fci. The plastic strain was considered beyond this region to defirgrdssstrainrelationship of

the oncrete in modeling. Fig.(d) indicates the cyclic behavior of the concrete.
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A steelconstitutive model was usédr the cyclc behavior of the steel. Fig(t shows the cyclic behavior of the steel
under straircontrolled loading schemes. In order t@@ant for progressive hardening and softening effects, the steel was
considered to have bilinear kinematic hardening behavior [10,Yiélding of the steel is independent of the equivalent

stressbecause the center of the yield surface moves in thes Spage along with the expansion and the contraction of the
yield surface range [17,18,19].

3.2. Accuracy of modeling

Two experimental tests of the SCSWs were chosen to demonstrate the accuracynofielieg one SCSW with
reinforced concrete on one side of the steel plate and the other SCSW with reinforced concrete on both sides of the ste

plate. To simulate the SCSWs, all of their specifications were introduced utilizing the finite element shBAGdS.

4-node shell element S4R was utilized for the steel frame, steel plate, and fish-plade. $lid element C3D8R was
used for the concrete. The element T3D2 was applied for the reinforcementsamhict®-noded truss element with 3
degrees of freedomt each node. The element B31 was used for the boltatbatthreedimensional firstdegree element
with 2 nodes benefiting from linear interpolation function which has 6 degrees of free@mach nodeThe contact
surface between components of 8 8SWs was defined as Tie. This constraint allows combining two areas with different
meshes. However, Embedded Region was considered for the contact surface between the reinforcements and concrete. T
displacement method was used for loading. The amoudispfacement was applied to tekearwalls, according to the

loading code [20], as illustrated in Fig. 3. The support conditions of the experimental tests were also simulated for the
specimens (Fig. 4).
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Fig. 3 Displacement history for walls

Fig. 4 Simulated SCSW with support conditions
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(a) SCSW1 (b) SCSW2

Fig. 5 Simulated models after meshing

Different finite element mesh sizes were examined for the SCSW1 (wall with reinforced concrete on one side of the
steel platepnd SCSW2 (wall with reinforced concrete on both sides of the steel plate) to find reasonable mesh sizes, which
could obtain results that were more accurate. Fig. 5 presents the simulated models after meshing which finally led to gooc

results.

Comparisons of the hysteresis curves of the numerical modeling results of SCSW1 and SCSW2 with their
corresponding experimental tests results concluded that the obtained ultimate load capacities for the numerical models c
SCSW1 and SCSW2 are 606 kN andB &N respectively, while they are 595 kN and 630 kN respectively for their
corresponding experimental tests (Fig. 6). Accordingly, the differences between the ultimate load capacities of the numerica
models and their corresponding experimental testsrdyeldB% and 3.5% respectively for SCSW1 and SCSW2.

In addition, corparing the diagrams obtainedrfSCSW1 and SCSW2 models with those for their corresponding

experimental tests demonstrates that the numerical and mepéal diagrams are simil&w eachother from the behavioral

view (Fig. 6).
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Fig. 6 Hysteresis curves
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Fig. 7 Failuremodes
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On the other handig. 7 illustrates the failurmodes of SCSW1 model and its corresponding experimental test. It can
be seen from the figure that as the load increased, local buckling in the steel plate occurred which the maximum local
buckling was about the center of the walls. Therefore, the figuresthe similarity of the failure modes in the numerical

model with its corresponding experimental test.

The aforementioned descriptions regarding the comparisons of the hysteresis curves (ultimate load capacities anc
behaviors) and failure modes of thenmerical models with their corresponding experimental testswendbe accuracy of
the moddhg. As a result, the accurate prediction of the performance of the SCSWs is absolutely possible by the proposed

threedimensional finite element modeling in thisidy.

4. Parametric Study

It was revealed that the proposed modeling was accurate to predict the performance of the SCSWSs, consequently, th
method was applied for the nonlinear analyses of the SCSW2s with the same size as those experimentally tested. Differel
variables were adopdl to study their effects on the performance of the shear walls. Table 4 sumrtherieasures of the
models based on these variables. In the table, the letters following SCSW2 are the differences in variables of the walls
compared with the SCSW2. Thdséters like CT, PT, NB, GS, R, BPandCP designate the variables as concrete thickness,
plate thickness, number of bolts, gap size between reinforced concrete and steetheawieforcement perceage in

reinforced concretegnd beam and column prités of the steel frame, respectively.

5. Resuts and Discussions

Table 4lists obtained ultimate load cagpties of the analyzed SCSW2khe dfects of eaclvariable on the performance

of the SCSW2s are also discussed below.

Table4 Features and obtainettimateload capacities of the walls

Concrete| Plate Number Gap Reinforcement Beam | Column =
No. Name thickness| thickness size profile profile max
of bolts % (kN)
(mm) (mm) (mm) (mm) (mm)

1 SCSwW2 30 2 4 11.25 1 IPE100| IPE100 608
2 SCSW2CT60 60 2 4 11.25 1 IPE100| IPE100 668
3 SCSW2CT100 100 2 4 11.25 1 IPE100| IPE100 699
4 SCSW2PT4 30 4 4 11.25 1 IPE100| IPE100 834
5 SCSW2PTS8 30 8 4 11.25 1 IPE100| IPE100 935
6 SCSW2NB8 30 2 8 11.25 1 IPE100| IPE100 621
7 SCSW2NB12 30 2 12 11.25 1 IPE100| IPE100 624
8 SCSW2GS5 30 2 4 5.625 1 IPE100| IPE100 711
9 SCSwW2GS22 30 2 4 22.5 1 IPE100| IPE100 548
10 SCSW2R0.50 30 2 4 11.25 0.5 IPE100| IPE100 608
11 SCSW2R0.25 30 2 4 11.25 0.25 IPE100| IPE100 605
12 | SCSW2BP140CP140 30 2 4 11.25 1 IPE140| IPE140 | 1192
13 SCSW2CP140 30 2 4 11.25 1 IPE100| IPE140 | 1135
14 SCSW2BP140 30 2 4 11.25 1 IPE140| IPE100 866

5.1. Effect of concrete thickness

SCSW2s with different concrete thicknesses (30 mm, 60 mm, and 100 mm) were modeled to investigate the effect of
the concrete thickness on their performance. Results illustrate that the enhancement of the concrete thickness of SCSW
from 30 mm to 60 mm (SG82-CT60) increases the ultimate load capacity for 9.9%. Also, the increase of the concrete
thickness of SCSWET60 from 60 mm to 100 mm (SCSWZ2r100) enhances the ultimate load capacity for 4.6%.
Consequently, as the concrete gets thicker, its influendeaneasing the ultimate load capacity of the SCSW2s reduces.

Obtained hysteresis curves of the SCSW2 models are compared in Fig. 8. As it can be observed from the figure, they hav
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slight differences and similar behavior. Since the areas of the curvednawst thesame it can be concluded that the
enhancement of the concrete thickness has little effect on the ductility and energy dissipation of the SCSW2s. Because th
major task of the concrete in this kind of shear walls wigfapbetween the reinfoexd concrete and steel frame is to delay

the outof-plane buckling of the steel plate in order for the steel plate uses its ultimate strength against lateral loads. The
concrete has no significant effect on carrying the lateral loads of the walls. Cortbeghenminimum thickness of the

concrete can suffice for delaying the buckling of the steel plate.
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Fig. 8 Effect of concrete thickness

5.2. Effect of steel plate thickness

Steel plate thicknesses (2 mm, 4 mm, and 8 mm) have been considered as one of the variables for SCSW2s. Accordir
to Table 4, the obtained results from the analyses of the SCSW2s indicate that the increase of the steel plate thigkness from
mm (SCSW2) tal mm (SCSWzZPT4) results in 37.2% enhancement of their ultimate load capacity. However, this thickness
increase causes4.41 kg increase the steel plate. If the steel plate thickness is enhanced from 4 mm (SEB4Y20 8
mm (SCSW2PT8), the ultimatedad capacity of the SCSW2s is increased 12.1% having the increase of the steel plate
weight as 8.82 kg.

Fig. 9 illustrates that the increase of the steel plate thickness improves the areas of tiuképlaedment hysteresis
curves. Therefore, it can lwencluded that increasing the steel plate thickness leads to the enhancement of the ductility and
energy dissipation of the SCSW2s. Since the steel plate has an important role in the ductile behavior of the SCSW2s
increasing the steel plate thickness nsatte walls behave more ductile and absorb more energy. Accordingly, the ductility
and energy dissipation of the walls are enhanced. Also, using the steel plate thickness of 4 mm results in the optimum valu
of the ultimate load capacity of the SCSW2s, lerimore increase of the steel plate thickness mostly increases the weight

and cost of the walls.
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Fig. 9 Effect of steel plate thickness
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5.3. Effect olhumberof bolts

Bolts connecting the reinforced concrete to both sides of the steel plate are one of the studied Yarnabiberof
bolts considered as 4, 8, and 12 in the analyses. Results in Table 4 indicate that enhancing the bolts number of SCSW2 fro
4 to 8 (SCSW2NBB8) increases the ultimate load capacity for 2.1%. However, the increase of the bolts number of SCSW2
NB8 from 8to 12 (SCSW2NB12) slightly enhances their ultimate load capacity for 0.5%. This inconsiderable effect of
increasing the bolts number on the enhancement of the ultimate load capacity is due to the point that because the concre
has no significant role inarrying the large lateral load and its major task is to delay the buckling of the steel plate, then, the

minimum number of bolts can be enough because the bolts only attach the concrete to the steel plate.

Fig. 10 shows that obtained curves of the SCSWf2ssimilarto each other and the areas of their loigplacement
hysteresis curves do not significantly change with the increase of the bolts number. As a consequence, it can be conclude
thatthe change of the bolts number does not considerably affeductility and energy dissipation of the SCSW2s.
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Fig. 10 Effect of bolts number

5.4. Effect of gap size between reinforced concrete and steel frame

Fig. 11 Effect of gap size between reinforced concrete and steel frame

There is a gap between the reinforced concrete and steel frame in these SCSWSs; accordingly, it is studied as one of tt
variables. Gap sizes of 5.625 mm, 11.25 mm, and 22.5 mm have been analyzed. Results demonstrate that decreasing the ¢
size from 11.25mm (SCSW?2) to 5.625 mm (SCSWES5) improves the ultimate load capacity for 16.9%. Moreover,
reducing the gap size from 22.5 mm (SCS®2322) to 11.25 mm (SCSW?2) results in 10.9% enhancement of the ultimate

load capacity (Table 4). This is owing to the pdhit the existence of the gap in these shear walls reduces the damages to



