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Abstract

The lateral stiffness and shear strength of the steel plate shear wall (SPSW) system are provided by the diagonal tension field
generated in the infill plate. The SPSW is a relatively new structural system, which has been accepted by several regulations
and codes. A new form of this system is the composite steel plate shear wall (CSPSW), which consists of a steel plate and
fiber-reinforced polymer (FRP) layers at one or both sides of the infill plate. The advantages of this system are low weight,
high energy absorption, and low space occupancy. In this paper, the retrofitting method using carbon fiber-reinforced poly-
mer (CFRP) sheets on one and both sides of the steel infill plate is used. Several parameters, including infill plate thick-
ness, number of surface coverage of CFRP sheet, and fiber orientation, are considered in determining the behavior of the
system under cyclic loading. Nonlinear static analysis is used in the ABAQUS finite element (FE) program for 16 numerical
models. After ensuring the proper performance of the simulated model with the reference test specimen, numerical models
were developed. The results of numerical FE studies showed that using CFRP sheets compared to non-retrofitted models
can increase the yield strength and lateral load-bearing capacity of the system. In some cases, energy absorption increased
by 50%. Besides, adding more layers of CFRP sheets did not have much effect on lateral load-bearing capacity, whereas it
was able to convert the failure mode from the diagonal buckling of the wall to CFRP layer rupture and, in some cases, to
the separation of the CFRP sheet.

Keywords Steel plate shear wall (SPSW) - Carbon fiber-reinforced polymer (CFRP) - CFRP layer - Reversed cyclic
loading - Energy absorption - Hysteresis curve

1 Introduction

Steel plate shear wall (SPSW) plays an important role in
improving the seismic behavior of structures. In a thin
SPSW that has a high slenderness ratio, the shear buckling
of the infill plate usually dominates the system. A SPSW is
made of a steel plate surrounded by horizontal and vertical
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boundary elements. This system acts like a girder beam, in
which the columns are its flanges, the floor beams are its
stiffeners, and the steel infill plate is as its web [1]. In this
system, unlike a plate girder, in which the flanges do not play
a significant role in absorbing forces due to the weakness of
the flanges, in steel shear walls, due to the strength of the
columns, the columns can play a good role in load-bearing
[2,3].

Numerous numerical and experimental studies have been
performed to date on SPSWs and have shown that the SPSW
system has good ductility, stiffness, and lateral load resist-
ance using buckling behavior. The effect of pinching in hys-
teresis loops under cyclic loads due to steel infill plate may
reduce the energy absorption capacity of SPSWs. Several
researchers have suggested the use of plates with low-yield
stress to improve the performance of SPSW [4, 5]. In this
case, a large buckling resistance is created by forming a ten-
sile field. The formation of a tensile field after the shear
buckling of a thin infill plate can help the SPSW system

@ Springer


http://orcid.org/0000-0001-9914-8280
http://orcid.org/0000-0003-4844-1094
http://crossmark.crossref.org/dialog/?doi=10.1007/s41024-022-00200-2&domain=pdf

62 Page2of10

Journal of Building Pathology and Rehabilitation (2022) 7:62

to maintain resistance against the horizontal force. On the
other hand, the tensile forces generated by the tensile field
are transmitted directly to the vertical boundary element
(VBE), and this can cause its premature failure [6]. Elastic
shear buckling of steel plate usually reduces the stiffness
and strength of the SPSW system. In addition, the periodic
formation of incline tensile field and compressive field under
cyclic load causes damage to the infill plate, which has been
proven by numerical testing and modeling [7, 8].

Many modern SPSWs use stiffeners to prevent out-of-
plane buckling. The design of thin-walled SPSWs was first
proposed in the 1980s by Thorburn et al. at the University
of Alberta, based on the results of studies on plate gird-
ers [9]. They focused on theoretical and test studies only
on thin-sheet SPSWs and, while conducting experiments to
calculate their ultimate load-bearing capacity, they replaced
the thin web plate with a series of diagonal tensile rods.
Studies by researchers [9, 10], which have been performed
on steel shear panels with sheets of different thicknesses
and stiffeners with different dimensions and arrangements,
have shown that the panels with stiffeners on both sides had
better behavior than panels with stiffeners on one side. Stud-
ies on the strengthening of SPSWs by Alinia and Dastfan
[11], Alinia and Shirazi [12], and Habashi and Alinia [13]
revealed that the buckling of these sheets could be delayed
by using additional stiffeners, but the manufacturing cost
will increase. The main disadvantage of this technique is the
excessive use of steel materials. At the same time, the failure
of the steel plate in this technique usually occurs after the
overall yielding of the steel frame, which, therefore, cannot
act as a means of energy dissipation device. Another pro-
posed method to enhance the seismic behavior of the SPSW
was changing the shape of the infill plate like a corrugation
in the plate [14-16].

Other researchers [17-19] investigated the use of thin
steel plates with buckling-resistant plywood. The steel plate
can reach its full plastic strength before shear buckling. The
results of their studies also showed that by adding a concrete
coating to the steel plate, the in-plane stiffness increases, and
its buckling behavior is improved. The concrete layer also
distributes better stress in the steel plate and expands the
tensile field lines over a wide region. However, buckling-
resistant plywood made of concrete increases the weight of
the shear wall, and due to the low tensile strength of the
concrete, this plywood may crack under sudden loads such
as earthquakes. Several investigations on improving the
seismic performance of thin SPSW were performed by a
strategy of using openings and slits in the infill wall [20,
21]. They used different shapes of openings and slits in
their studies to determine the seismic performance of thin
SPSW by FE analysis. The results indicated that the shape
and location of the openings had a considerable effect on
the performance of SPSW. Zhang et al. [22] suggested a
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new type of double-steel-plate shear wall. Based on their
results, the mechanical properties and failure rules of the
wall were revealed, and the failure mechanism of the wall
was obtained. Li et al. [23] numerically investigated the seis-
mic behavior of a novel buckling-restrained steel plate shear
wall. The new shear wall was an excellent steel plate shear
wall to be used in high-rise structures to resist horizontal
loadings.

Another method for reinforcing SPSWs is the use
of CFRP layers, which has been considered by various
researchers in recent decades. Hatami et al. [24] investigated
the nonlinear behavior of SPSWs and steel shear walls with
CFRP. Laboratory studies were performed to evaluate the
effects of volume, fiber angle, and panel length on the seis-
mic behavior of these walls. Experimental results showed
that polymer fibers increase the energy absorption, stiffness,
and load-bearing capacity of SPSWs but reduce their duc-
tility. Nateghi-Alahi and Khazaei-Poul [25] experimentally
studied the nonlinear behavior of composite shear walls
strengthened with glass fiber-reinforced polymer (GFRP).
Experiments were performed to evaluate the effect of the
number of GFRP layers and the position of layers on stiff-
ness, shear strength, dissipative energy, and other main seis-
mic parameters on composite steel shear walls. The results
showed that the ultimate shear strength and energy dissipa-
tion can be significantly increased by GFRP. Dan [26] con-
ducted a study to investigate the possibility of using fibers’
polymer to reinforce concrete composite shear walls under
seismic loading. Seddighi et al. [27] numerically studied
the behavior of retrofitted SPSW with different patterns of
FRP laminates. The results revealed that the full coverage of
the SPSW has the maximum effectiveness of reinforcement.
Also, they found a reduction in the ductility index due to the
delay in the commencement of failure in the steel infill wall.

In this study, the behavior of thin SPSW under cyclic
loading is investigated numerically in the ABAQUS finite
element (FE) program by considering parameters such as
infill plate thickness, number of CFRP layers, and arrange-
ment of CFRP sheets. The results are discussed in the
form of force—displacement hysteresis, energy absorption
capacity, and ductility curves. The main aim of this study
is to determine the seismic performance of the rehabilitated
system.

2 Numerical modeling

To analyze each model in the ABAQUS software [28], the
material properties of the elements must be known. Typi-
cally, these properties include the mechanical and thermal
properties of the material. On the other hand, the properties
of the materials introduced in the software can be isotropic
or orthotropic. In the models of this paper, the properties
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of all materials are assumed to be isotropic [29, 30]. The
materials and their properties are introduced to the soft-
ware. In this study, for St37 steel, the modulus of elasticity
is assumed to be 206 GPa, and its shear modulus is assumed
to be 79.23 GPa.

CFRPs have been used to strengthen the steel shear wall.
The modulus of elasticity, Poisson’s ratio, thickness, ten-
sile strength, and ultimate strain of CFRP are 240 GPa, 0.3,
0.176 mm, 3800 MPa, and 1.5%, respectively. In all beam-
to-column connections in ABAQUS software, the C3D8R
element is used to mesh the model. An automatic mesh-
ing algorithm is used in all models, because the automatic
meshing of ABAQUS software is very powerful and often
produces proper elements (in terms of placement, fineness
of the element in sensitive areas, etc.). After determining
the elements of the model, loading should be applied to the
model, which includes determining the type of analysis,
boundary conditions, and applying loads. Due to the fact
that in each of the models, loads are applied to the model
statically at each stage, the type of analysis is also introduced
as static to the program. The modified Newton—Raphson
method is used for nonlinear analysis [31]. In addition, the
top and bottom of the column are assumed to be fixed, and
these support boundary conditions should be applied to the
model. Then, the program asks the user to introduce the
nodes of the model that should be constrained. In the models
of this research, instead of selecting all the nodes at the end
of the column, by defining a rigid plane at the base of the
columns, only one point of the rigid plate is fixed, and by
selecting the ENCASTRE option, all degrees of freedom of
this node are restricted (Fig. 1). The displacement control
type of loading is applied in all FE models. The concen-
trated load is imposed on the rigid plate at the bottom of the
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Fig. 1 Support conditions for the end of the column

column to use the force resulting from the displacement in
the support position to draw the force—displacement curve.
The loading history is shown in Fig. 2.

3 Numerical modeling validation

Hatami et al. [24] experimentally tested two samples of SSW
and CSSW. The members of the beam and the column of the
frame are made of double IPE200 beam of ST37 type steel
with two plates with a thickness of 12 mm and 3 mm con-
nected to the flange of the members. The width and height
of the tested specimen are 2 m and 1 m, respectively. Also,
cyclic load with a frequency of 0.017, 1, 2, and 3 Hz is
entered into the system. The thickness and density of the
CFRP sheet are 0.176 mm and 0.03 N/m?, respectively. After
modeling and extracting the two force—displacement curves,
the CSSW test sample and the FE model were compared
with each other in Fig. 3. Accordingly, the maximum load-
bearing capacity of a numerical model was 565.5 kN, which
was a difference of 2.8% compared to the test sample (582.0
kN). Also, the amount of absorbed energy in the numerical
model under cyclic loads is 15.2 kJ, which is 2.5% more than
the laboratory specimen.

4 Introducing simulated models

In the present work, 16 models are used, as described in
Table 1. In Table 1, the abbreviations are as follows: MRF
means a moment frame with medium ductility, and SSW
means the steel shear wall. The number after that is the
thickness of the steel wall, the letter C indicates the use
of CFRP sheet, and the number after the letter C indicates
whether the CFRP sheet is one-sided or two-sided. The letter

150

120 4

90 4

=30 1

Displacement (mm)
(=]

-60 1

90 4

-120 4

-150

T T T T T T T T
0 5 10 15 20 25 30 35 40 45

Cycle no.

Fig.2 Reversed cyclic loading history
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Fig.3 Comparison of force—displacement diagram of the CSSW test
sample and the FE model

Table 1 The 16 numerical models

Model name  Steel plate Polymer sheet Side of polymer
thickness placement arrange-  sheet placement
(mm) ment

MRF - - -

SSW3 3 - -

SSW3CIF 3 Total coverage One-sided

SSW3CI1X 3 X coverage One-sided

SSW3C2F 3 Total coverage Two-sided

SSW3C2X 3 X coverage Two-sided

SSW5 5 - -

SSWS5CIF 5 Total coverage One-sided

SSW5CIX 5 X coverage One-sided

SSW5C2F 5 Total coverage Two-sided

SSW5C2X 5 X coverage Two-sided

SSW7 7 - -

SSW7CIF 7 Total coverage One-sided

SSW7CI1X 7 X coverage One-sided

SSW7C2F 7 Total coverage Two-sided

SSW7C2X 7 X coverage Two-sided

F or X at the end means a complete cover or cross coverage.
Also, the width and height of the floor in all FE model is
equal to 3 m. Beam and column sections were also consid-
ered according to the reference sample.

@ Springer

5 Results

All numerical models are subjected to reversed cyclic load-
ing, and the results are presented and evaluated in the form
of force—displacement hysteresis curves and the distribution
of plastic areas in different parts of the system.

5.1 Steel wall with a thickness of 3 mm

Figure 4 shows the force—displacement hysteresis curve of
the MRF model. The maximum shear capacity in this model
is 430 kN. The maximum base shear of the flexural frame is
430 kN, and the displacement is about 118 mm. The initial
stiffness of the steel moment frame is approximately equal to
17.5 kN/mm, the displacement ductility index of the model
is equal to 6.34, and the energy absorption is approximately
95 kJ. The failure mechanism in this model is that first the
beam in the two areas at the beginning and near the joint
undergoes local buckling flange, and the plastic joint is
formed in the fourth cycle, which causes a slight reduction
in load-bearing capacity. This confirms the design philoso-
phy of “weak beam—strong column”.

In Fig. 5, the hysteresis curve is shown for a set of numer-
ical samples made with a 3 mm steel infill plate with and
without FRP sheets. By adding only one steel infill plate
between the frame elements with a thickness of 3 mm, the
load-bearing capacity of the frame has increased from 430
to 3500 kN. In fact, it has increased by 630%. Also, the
ductility coefficient in the case of using an infill plate with a
thickness of 3 mm is equal to 9.14. This indicates an increase
in shear capacity, energy dissipation, and an increase in the
ductility of the system. The amount of energy dissipation is
equal to 300 kJ, which is approximately 2.16 times the value
of absorbed energy compared to the MRF model.
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Fig.4 Force—displacement diagram of the MRF model
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Fig.5 Comparison of force—displacement diagram of the frame with 3 mm thick SPSW

By adding only one layer of CFRP with a thickness of
0.176 mm, the load-bearing capacity of the system in the
SSW3CI1F model has increased from about 3500 kN in
the SSW3 model to approximately 6300 kN. In fact, it has
increased by 80%. Also, the ductility coefficient in the case
of using CFRP on the infill plate is equal to 7.35. This indi-
cates an increase in shear capacity and energy dissipation,
and a decrease in system ductility compared to the SSW3
model. Absorption energy in this model is about 2 times of
the SSW3 model. Diagonal buckling is prevented if CFRP
layer is used. Also, by a simple comparison between the
maximum in-plane displacement between the SSW3 and
SSW3CIF models, it can be clearly seen that, with the pres-
ence of CFRP, the out-of-plane displacement is reduced 10
times. This confirms the positive effect of CFRPs on the
behavior of the system. In this model, with increasing load
cycles, it is observed that CFRP sheets were able to absorb
a lot of input energy and prevent premature buckling of the
wall steel plate. Thus, it can be seen that the steel frame
remains in the elastic zone, and only part of the plate wall
has reached its yield stress.

By adding two layers of CFRP with a width of 50 cm
and a length of 240 cm as a cross-coverage on one side of
the steel infill plate, the load-bearing capacity of the frame
has increased from about 3540 kN in the SSW3 model to
4100 kN. In fact, it has increased by 15.8%. Also, the ductil-
ity coefficient, in this case, is equal to 8.92. This indicates
an increase in shear capacity and energy dissipation of the
system. By adding two CFRP sheets on both sides of the
steel plate between the HBEs and VBEs, the load-bearing
capacity of the frame has increased from about 480 to 7000
kN. In fact, it has increased 13.6 times. Also, the ductility
coefficient in the case of using a steel plate with a thickness
of 3 mm is equal to 7.12. In this system, unlike previous
models, no yield has occurred. The presence of two layers
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Fig.6 Comparison of force—displacement diagram of the frame with
5 mm thick SPSW

of CFRPs on both sides of the steel wall has improved and
increased lateral load-bearing capacity, ductility, and energy
dissipation.

5.2 Steel wall with a thickness of 5 mm

Figure 6 shows the hysteresis curve of a model set consisting
of a steel sheet of 5 mm thickness. By adding only one steel
plate between the boundary elements to a thickness of 5 mm,
the load-bearing capacity of the frame has increased from
about 480 to 4380 kN. In fact, it has increased by 900%.
Also, a ductility coefficient of 8.25 has been obtained. Under
lateral loading, the corner of the steel wall first yields at the
junction of the beam to the column, and out of plane buck-
ling in the direction of the tensile field occurred. Thus, by
the end of the loading process, only the steel plate of the wall
buckled and absorbed the input energy. Part of the column
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flange in the area below the panel zone has also reached its
yield stress. By adding only one layer of CFRP with a thick-
ness of 0.176 mm to a steel plate with a thickness of 5 mm,
the load-bearing capacity has reached 7960 kN. In fact, it
has increased by 81.7% compared to the SSW5 model. Also,
the ductility coefficient was obtained when using a layer of
CFRP with a thickness of 0.176 mm, equal to 7.65. In this
model, with increasing load cycles, it is observed that CFRP
sheets were able to absorb a lot of input energy and prevent
premature buckling of the wall steel plate. Thus, it can be
seen that the steel frame remains in the elastic zone, and only
part of the wall has reached its yield stress.

By CFRP sheet on one side of the wall steel plate, the
load-bearing capacity of the frame has increased from about
4380 kN in the case of a frame with a 5 mm thick steel wall
to 4840 kN in the SSW5C1X model. In fact, it has increased
by 10.5%. Also, the ductility coefficient, in this case, is equal
to 8.23.

By adding two CFRP sheets with full coverage of the infill
wall, the load-bearing capacity of the frame has increased
from about 480 kN in the MRF model to 8000 kN. In fact, it
has increased 16 times. Also, the ductility coefficient in the
mode of use is equal to 6.65. Figure 7 shows the out-of-plane
deformation of the shear wall in the upper parts. When using
CFRP sheets on both sides of the steel wall, most of the col-
umns have yielded and have not reached the ultimate stress.
This happens as the FRP layer reaches its final stress. No
yielding or decrease in load-bearing capacity was observed.
By changing the CFRP arrangement sheet from the whole
wall state to cross-coverage, the load-bearing capacity of the
frame has increased from about 4380 kN in the SSW5 model

Fig. 7 Deformation in the direction perpendicular to the frame in the
whole frame system and steel shear wall in the last step
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Fig.8 Comparison of force—displacement diagram of the frame with
7 mm thick steel shear wall

to 5270 kN. In fact, it has increased by 20.3%. The ductility
coefficient is also equal to 7.36.

5.3 Steel wall with a thickness of 7 mm

In this type of numerical models, a 7 mm thickness steel
infill plate is added to the moment-resisting frame. Figure 8
shows the set of force—displacement behavior of the models.
The load-bearing capacity of the frame has increased from
about 480 to 5320 kN, which indicates a 10 times increase
compared to the moment frame system. Also, the ductility
coefficient is equal to 8.95. Figure 9 shows the stress distri-
bution and deformation of the out-of-plane steel shear wall
in the upper sections. In this case, even adding the thick-
ness of the steel wall plate does not prevent the occurrence
of out-of-plane buckling in the steel wall. This buckling is
caused by the compressive load. In this case, even part of the

S, Mises

SNEG, (fraction = -1.0)

(Avg: 75%)
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+3.805e+02
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+4.887e+00

Fig.9 Von Mises stress distribution throughout the frame system and
steel shear wall
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column head in the lower part of the panel zone has reached
the yielding area.

Now, by adding a layer of CFRP sheet with a thickness of
0.176 mm with full coverage on one side of the steel plate,
the load-bearing capacity of 9170 kN is obtained. In fact,
it has increased by 72.4% compared to the SSW7 model.
Also, the ductility coefficient was obtained when using a
layer of CFRP with a thickness of 0.176 mm, equal to 7.73.
By cross-coverage of the CFRP sheet on one side of the steel
plate, the load-bearing capacity is approximately 6070 kN,
which is an increase of approximately 14% compared to the
SSW7 model. Also, the ductility coefficient, in this case, is
equal to 7.46.

In the SSW7C2F model, the load-bearing capacity is
approximately 1087 kN, and the ductility coefficient is cal-
culated to be 7.34. The use of two layers of CFRP sheet on
both sides of the steel wall increases the stiffness after the
yielding of the curve. In other words, the stiffness drop is
less than a model with a CFRP layer on one side. By cross-
coverage of the FRP sheet on both sides of the steel plate,
the load-bearing capacity increased by 35% compared to the
SSW7 model, and the ductility coefficient was equal to 7.15.

5.4 Energy absorption

Energy absorption is one of the most important aspects
of studying the seismic behavior of any structure. Ductile

Table2 Summary of the results of retrofitted and non-retrofitted
models

Model name  Ductility Ratio* Maximum Percentage
shear capacity coverage®* (%)
(kN)
MRF 6.34 - 486.07 -
SSW3 9.14 1 3537.74 -
SSW3CI1F 7.35 1.89 6710.06 50
SSW3C1X 8.92 1.16 4098.58 20.83
SSW3C2F 7.12 1.99 7025.60 100
SSW3C2X 8.85 1.26 4456.65 41.67
SSW5 8.25 1 4381.88 -
SSW5C1F 7.65 1.82 7959.71 50
SSW5C1X 8.23 1.1 4836.62 20.83
SSW5C2F 6.65 1.77 7748.63 100
SSW5C2X 7.36 1.2 5271.48 41.67
SSW7 8.95 1 5319.33 -
SSW7CIF 7.73 1.72 9169.13 50
SSW7C1X 7.46 1.14 6067.30 20.83
SSW7C2F 7.34 1.92 10,187.12 100
SSW7C2X 7.15 1.35 7193.96 41.67

*The ratio of the capacity of the retrofitted model to the model with-
out strengthening

**Percentage of wall occupation area by carbon polymer fibers

behavior always takes precedence over rigid behavior,
because the structure is able to withstand many deformations
without failure. Energy dissipation during loading is equal
to the area enclosed in each ring of the force—displacement
hysteresis curve.

In Table 2, in the section of energy absorption ratio, it is
mentioned that these numbers are measured by dividing the
amount of energy absorption in each category of CSPSW
with the same thickness compared to the sample without
retrofitting in the same group. Also, the level of occupation
in Table 2 means that both sides of the wall were considered
as levels. Therefore, for a full polymer sheet on one side, the
occupancy level will be 50%.

According to the results, it can be stated that by add-
ing CFRP sheets to the steel wall in all models, the elastic
stiffness and the shear capacity increased. As a result, the
viscosity of the structure increases, which in turn improves
the behavior of the structure. The highest capacity is related
to the use of two layers of CFRP sheet in a steel wall with a
thickness of 7 mm at a rate of approximately 10,187 kN, and
the lowest value is related to the state of a steel wall with a
thickness of 3 mm without strengthening at a rate of 3538
kN. Also, the effect of using one layer of CFRP sheet in
increasing the load-bearing capacity is much more than the
base model if using two layers of CFRP sheet. This means
that using a layer of complete FRP sheet in the SPSW with
a thickness of 3 mm, has been able to increase the lateral
load-bearing capacity of the system by 89%. While adding
another layer to the other side of the wall, the system capac-
ity has increased by only 5% compared to when a surface is
covered. By adding a layer of CFRP sheet to the other walls
with a thickness of 5 and 7 mm, the load-bearing capacity
increases by 10% and 11% compared to the use of a layer of
CFRP sheet on one side.

By doubling the occupancy level of a steel shear wall,
the load-bearing capacity follows the following equation.
Of course, the following relationship is not completely gen-
eral and can only be presented in this article. More com-
prehensive studies are needed to generalize this or other
relationships.

F = —0.5733n% + 109.34n + 1866.8 for thickness 3 mm
F = —0.5894n% + 124.32n + 2262  for thickness 5 mm

F = —0.7254n% + 142.04n + 3268.6  for thickness 7 mm

In the above equations, F represents the system capacity,
and n represents the surface coverage ratio.

Interestingly, with the addition of CFRP sheets, the
ductility of the structure is reduced compared to the non-
retrofitted system. In other words, the behavior of the struc-
ture becomes more brittle in the presence of CFRPs. By

@ Springer



62 Page8of10

Journal of Building Pathology and Rehabilitation (2022) 7:62

increasing the thickness of the steel wall and using CFRP
sheets, the ductility is reduced compared to the models with-
out a strengthening method. The ductility of the structure in
the case of using CFRP s as a complete coating is less than
in the case of cross-coverage. Using cross-coverage due to
the level of occupation increases the load-bearing capacity to
40%. Comparing these two coverage modes, it seems that by
comparing from an economic point of view, the X coverage
mode could be more appropriate.

5.5 The effect of thickness increase on the behavior
of FE models

The effect of the increase in the thickness of the infill plate
on the cyclic behavior of the moment-resisting frame sys-
tem is shown in Fig. 10. According to Fig. 10, increasing
the thickness enhances the energy loss, initial stiffness and
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Fig. 10 Comparison of force—displacement diagram of the frame with
steel shear wall with different thicknesses
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Fig. 11 Relationship between shear wall steel sheet thickness and
elastic stiffness
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ultimate strength, and declines the decreasing rate of resist-
ance in the pinching condition. Approximately by using 10
times of the plate thickness, the energy dissipation increases
10 times, but the connections of the beam to the column and
the floor of the column must withstand the increase of the
applied force. Because fracture connections are not consid-
ered in the model, the plate thickness can be increased to a
certain extent. Figure 11 revealed that by increasing the plate
thickness, the initial stiffness was elevated. As the thickness
of the plate almost triples, the stiffness doubles.

A brief look at Fig. 11 shows that as the thickness of
the steel plate increases, the initial stiffness of the system
increases. This increase is partly linear and with a slope
of 120 kN/mm. By adding FRP sheets with each arrange-
ment, this slope varies from 50 to 200% growth. Accord-
ing to the shapes of the hysteresis curve of the models, it
can be observed that there are hysteresis rings in the case
without strengthening the model’s degradation behavior or
decreasing the resistance. In other words, in the non-retro-
fitted model, the stiffness is reduced. However, in the case
of CFRP sheets, even with the lowest level of occupation of
the steel wall, a decrease in strength or reduction in stiffness
is observed. Also, adding CFRP sheets in two ways does not
have a significant effect on the behavior of the structure and
the hysteresis curve. Finally, increase the shear capacity by
about 20%. Another point to note is that in all coating cases,
the direction of the CFRP sheets in the diagonal direction
(diagonal tensile field in the steel wall) with an angle of
approximately 45 degrees, which has the greatest effect on
the behavior of the structure. In the CFRP sheet with full
coverage, the CFRPs are placed at an angle of approximately
45°, and in cross-coverage models, the CFRPs are placed at
an angle of zero degrees. Because by turning the CFRP sheet
in the direction of the infill plate diameter, the direction of
CFRPs is in the same direction of the tensile field.

In the case of strengthening steel walls with CFRP sheets,
the magnitude of accumulated energy dissipation inside the
hysteresis rings is much higher than in the case without rein-
forcement. However, by adding CFRPs on two large sides,
no significant effect was observed compared to strengthen-
ing on one side of the steel wall (maximum 25% increase in
energy dissipation).

6 Conclusions

In this paper, the nonlinear behavior of a CSPSW system
in which the steel wall is retrofitted by CFRP layers is
investigated and analyzed in terms of FE models. Numeri-
cal models were planned to evaluate the effect of arrange-
ment and type of coverage on steel wall occupation surface,
steel wall thickness, and CFRP sheet thickness on stiffness,
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shear strength, and other important seismic parameters. The
important results of numerical analysis are as follows.

e [f the steel infill plate among the moment-resisting frame
is strengthened with CFRP sheets, the failure and ulti-
mate strength of the composite system will increase sig-
nificantly. Increasing the final strength of the system if
using a 3 mm steel sheet is approximately 7.3 times that
of the bending moment frame, and using a CFRP sheet
on one side as a complete cover is about 2 times that
of using a single steel plate. This amount of increase
in thicker plates and using CFRP sheets on both sides
of the wall is up to 15 times compared to the moment-
resisting frame and nearly 3 times compared to the steel
wall alone.

e The position of CFRPs in the direction of the tensile
stress field of the steel wall is an important parameter
in shear strength. In other words, by creating a tensile
stress field, it prevents distortion and lateral buckling of
the steel infill plate.

e If the SPSW is retrofitted with CFRP layers, the initial
and secondary stiffnesses of the composite SPSW system
will increase significantly. The purpose of increasing the
secondary stiffness is to prevent a drop in shear resist-
ance.

e Cumulative energy dissipation is much higher in retrofit-
ted models than in non-retrofitted models. This value in
the case of a steel wall with a thickness of 3 mm with a
CFRP sheet on one side is approximately 2.5 times that
of the model without reinforcement. In other models, this
value varies between 1.5 and 4.0 times.

e Based on the research, the performance of SPSW with
different types of FRP sheets should be studied. Also,
another option for studying the behavior of the system
can be unbonded SPSW to the vertical column to miti-
gate the over-size of column dimension.
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