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1. Introduction

Abstract. This paper presents a new configuration of semi-supported steel plate shear
wall to increase its efficiency. For this purpose, the infill steel plate is proposed to be
trapezoidal instead of rectangular. In order to find the most efficient inclination angle
of lateral sides, a numerical parametric study was conducted. Five different values of
inclination angle including 60°, 75°, 90°, 105°, and 120° were considered. Furthermore,
two thicknesses of 1.75 and 2.00 mm were considered for steel plate. The area of steel plate
was the same for all the models. The models were analyzed using finite element software
ABAQUS. Both geometric and material nonlinearities were considered. In order to validate
the finite element modeling, the available experimental results were used. According to
the results of comparing the wall with the rectangular plate, the inclination angle of 60°
increased the ultimate lateral strength and stiffness of the 1.75 mm-thick wall by 46% and
66%), respectively. Furthermore, a simple approximate model was presented to calculate
the load-deformation response of the proposed wall using SAP 2000 program. Despite the

simplicity of the method, the results were in good agreement with the results of ABAQUS.

(© 2023 Sharif University of Technology. All rights reserved.

thick or stiffened steel plates were used at that time.
However, engineers gradually began to realize that the

Steel Plate Shear Wall (SPSW) is an efficient lateral
load-resisting system that exhibited viable performance
in past earthquakes as well as in laboratory studies
[1,2]. The stiffness, strength, and high energy absorp-
tion of the system encouraged experts and engineers
to use it in both new and retrofit projects. Now, many
design codes of practice around the world have incorpo-
rated design provisions and guidelines for SPSW [3-7].
FEarly designs of SPSW system, about five decades ago,
were based on its linear elastic behavior. Therefore,

Corresponding author. Tel.: +98 21 73227158;

Fax: +98 21 77240899

E-mail addresses: broujerdian@iust.ac.ir (V. Broujerdian);
ramin_pahnabi@alumni.iust.ac.ir (R. Pahnabi);

aghamari@alumni.iust.ac.ir (A. Ghamari)

doi: 10.24200/sc1.2022.58749.5882

nonlinear post-buckling reserve capacity of steel plate
should be utilized to achieve an economic design [8-
15]. Unstiffened SPSW relies on post-buckling behavior
dominated by tension field action to withstand huge
forces after buckling. Furthermore, this system is
preferable to the stiffened type due to ease of construc-
tion.

Another step in understanding the behavior of the
SPSW system was that connecting the steel plate to
the main columns of the frame increased their design
demands and consecutively increased the probability
of their premature failure [16,17]. By forming a
diagonal tension field in the steel plate, very large
stresses are introduced to the surrounding columns
demanding an uneconomical section design to avoid
buckling. To improve the behavior of the system,
researchers suggested using an innovative technique
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in which instead of attaching the steel plate to the
main columns, it attaches to the secondary columns
[8,9,18-22]. Therefore, the large stresses due to the
post-buckling diagonal tension field transfer to the
secondary columns and the capacity of the main
columns remains free to act as a frame member.
This system is called semi-supported steel plate sheer
wall. In addition to its structural advantages over the
conventional SPSW, the semi-supported SPSW system
enjoys architectural advantages as it reduces the size of
columns and provides the possibility to locate openings.

Despite the advances made so far in the use of
steel shear walls, one of the shortcomings in this regard
is the imperfect diagonal tension field formed in the
steel plate. This problem prevents use of the full
capacity of steel plate. In fact, the portions of the
steel plate that are farther away from the main tensile
diameter have a less share of load-bearing capacity.
Therefore, it is not possible to form a complete plastic
tensile field and some parts remain elastic. This is the
reason why the entire material capacity is not to be
used and it reduces the system efficiency. Research on
improving the efficiency of the SPSW system is still
ongoing and these efforts are far from being settled
[20,23-30].

In spite of the good performance of the SPSW
in recent earthquakes and experimental studies, the
need for huge columns to surround the infill plate is
a major shortcoming of the system. This shortcoming
can be resolved by using a semi-supported SPSW.
The semi-supported SPSW has secondary columns that
prevent the transfer of stress from the infill plate to
the main columns. In spite of extensive experimental
and numerical investigations into SPSWs, there are
many ambiguities regarding the behavior of the semi-
supported SPSW. This study aims to enhance and
improve the performance of the semi-supported SPSW
by changing the geometry of the steel plate. Both the
shape and thickness of the steel plate are modified to
increase the efficiency of the system, but the volume
of steels is equal for all models. To this end, first,
Oblique Semi-supported Steel Plate Shear Wall (OS-
SPSW) is introduced. Then, a numerical parametric
study to optimize the geometry of the proposed sys-
tem is performed using finite element method. The
numerical simulation and analyses are performed using
the general-purpose finite-element software package
ABAQUS. In order to validate the numerical results,
the available experimental data are used. Finally,
because of the complexity of the modeling process
of such a system in ABAQUS, a simple approximate
method is presented based on finite-element software
SAP2000, as well. The proposed approximate method
replaces the OS-SPSW system with an equivalent
bracing system. Then, SAP2000 is used to calculate
its load-deformation curve. The process of modeling in

SAP2000 is much easier for engineers than ABAQUS.
The proposed simple approach is capable of calculating
the load-displacement curve considering linear and
nonlinear behaviors. To assess the robustness of the
proposed simple method, the results are corroborated
with the exact finite-element simulations of ABAQUS.

2. Method of study

2.1. Introducing the OS-SSPSW

The core idea of using a thin SPSW system is to utilize
the diagonal tension field. The strength of this system
is mainly due to the post-buckling resistance of thin
plates, or in fact, the resistance due to the diagonal
tension field created after the buckling of the steel
plate. When SPSW is subjected to lateral forces, the
steel web plate sustains compressive and tensile stresses
in diagonal directions before buckling. Naturally, the
steel plate cannot withstand the compressive stress.
However, the plate can sustain tensile stresses up to
its yield point. Therefore, if the applied forces are
increased so that the compressive stress in the web
exceeds the critical stress, the plate will buckle and
become distorted, but it still can withstand significant
forces. The columns attached to the SPSW must be
designed such that they would not yield or buckle
before the plate is yielded due to the diagonal tensile
field. To reduce the design demand of the main
columns, steel plate is not connected to the main
columns in a semi-supported SPSW. As shown in
Figure 1, the steel plate is built separately with its
border elements (secondary columns).

In the semi-supported SPSW, the secondary
columns only carry compressive stresses induced by the
tension field of the plate and the gravity loads of the
building are carried separately by the main columns.
Furthermore, with the use of a semi-supported shear
wall system, it is possible to insert an opening in the
distance between the main columns of the structure.
Therefore, the architectural considerations may be
largely implemented.

Besides the advantages of a semi-supported steel
shear wall, one main deficiency is that some parts
of the steel plate remain elastic. It means that the

- Main beam

<+« Main column

Steel plate

wall

Secondary column

Figure 1. Ordinary semi-supported SPSW.
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Figure 2. Oblique semi-supported steel plate shear wall.

entire capacity of the steel plate is not used. To
increase the efficiency of the system, the infill plate and
the secondary columns surrounding the infill plate are
suggested to be skewed, as shown in Figure 2. The main
idea is to locate the material closer to the direction of
principal tensile stresses. The behavior of the proposed
system is investigated numerically and analytically in
this study.

2.2. Numerical modeling
2.2.1. Specifications of the numerical models
To evaluate the basic behavior of the proposed OS-
SPSW system, a single-story single-bay frame fixed at
the base is considered here. The lateral load is applied
to the beam-column connection and is increased mono-
tonically from zero. The ultimate displacement limit is
considered to occur at a drift ratio of 2.5% per ASCE 7
[31]. All steel components are assumed to be made from
ST37 steel with a yield stress of 240 MPa, ultimate
stress of 370 MPa, Young’s modulus of 200 GPa, and
Poisson’s ratio of 0.3. The constitutive behavior of steel
is assumed to be elastic-perfectly plastic. To define the
3D plasticity of steel, von Mises yield criterion and the
associated flow rule are used [18].

Specifications of the simulated models are sum-
marized in Table 1. As seen in this table, different

inclination angles, 8, and two different plate thickness,
t., were included in the selected set of models. In-
clination angles range from 60° to 90°. It must be
noted that the angle less than 60° is impossible due
to executive problems. As the height and the total
area of the steel plates are considered to be constant
for all the models, the parameters of Ly, and Ly
may be calculated for each value of #. As depicted
in Table 1, the aspect ratios, Lyt/Liop, range from
0.4 to 2.5. The cross-section of beams, main columns,
and the secondary columuns are IPE240, 2*IPE160,
and 2*UNP120, respectively. All the connections are
assumed to be rigid. Different angles have been
considered for the steel sheet to form a full diagonal
tension field.

2.2.2. Finite element details

The numerical simulation and analyses are performed
using finite element software package ABAQUS. To
provide more realistic simulations, all the members
of the system including top beam, anchor beam,
main columns, secondary columns, and infill plate
are modeled using shell elements. There is a variety
of shell elements in ABAQUS, each of which has a
different behavior. This study employs a four-node
quadrilateral doubly curved S4R element. It is a
general-purpose shell element with reduced integration
considering finite membrane strain and large rotations.
This element takes into account the effects of transverse
shear deformation and thickness change. The behavior
of this element for thin plates is consistent with the
classical plate theory. Both material and geometric
nonlinearities are considered. To consider the imper-
fection effect, a buckling analysis was performed first.
Then, the first buckling mode with a coefficient of
1/1000 was introduced to the software. Therefore, the
structure included imperfection to consider the geomet-
ric nonlinear effects. The analyses were done using
general static and modified risk methods capable of
detecting the full equilibrium path of the structure. To

Table 1. Properties of the specimens used for optimization of the geometry.

Model no. t, (mm) 7 (degree) Lpot(m) Liop(m) JI'::;
$-60-1.75 L75 60 4.3 1.7 2.50
S-60-2.00 2.00 60

_75-1.75 1.7 75
S-75-1.75 75 o 3.6 2.4 1.50
S-75-2.00 2.00 75

- — 5 5
S-90-1.75 L.75 90 3.0 3.0 1.00
S-90-2.00 2.00 90

- = |4

S-105-1.75 1.75 105 9.4 3.6 0.7
S-105-2.00 2.00 105
S-120-1.75 1.75 120 Ln 43 0.40

S-120-2.00 2.00 120
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Figure 3. Semi-supported steel plate shear wall meshing.

simulate the post-buckling behavior of the infill plate,
a multiple of the first Eigen-mode system obtained
from the elastic buckling analysis is adopted as initial
imperfection [18,32].

All the components are meshed such that their
nodes adhere to adjoining elements and make a com-
plete connection. All supports are of fixed supports. To
simulate the constraints imposed by slabs of the story
floors, the out-of-plane displacements of top beam webs
are restrained, as well. The finite element model of an
oblique semi-supported wall generated by ABAQUS is
shown in Figure 3.

2.2.3. Verification of the numerical modeling process

In order to verify the adequacy of finite element
modeling to calculate the load-displacement response
of the semi-supported SPSW, an experimental test
conducted on an ordinary semi-supported SPSW [33]
is considered as benchmark. The test setup is shown in
Figure 4. As seen in this figure, a monotonic load was
applied to the ends of the top beam. The cross-section
of beams, main columns, and secondary columns were

Figure 4. Setup of experimental test [19].

Figure 5. Finite element model of experimental test.
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Figure 6. Comparison of numerical modeling results with
the experimental results.

IPE240, 2*IPE160, and 2UNP160, respectively. The
thickness of the steel plate was 2 mm. By considering
the material properties, the geometric specifications,
and the loading as well as boundary conditions reported
in the benchmark study, a finite element simulation is
conducted. The corresponding meshed model gener-
ated by ABAQUS is shown in Figure 5 [34,35].
According to the test report, the ultimate capac-
ity of the system is equal to 74 ton which is very close
to 72 ton as the ultimate capacity predicted by the
FEM simulation, with a maximum difference of 2.7%.
Figure 6 compares the load-drift diagram derived from
the current finite element push-over analysis to the
envelope of the test specimen hysteresis curves. As
seen in this figure, there is good agreement between
the numerical model and that of the experimental test.

2.3. Proposed approrimate method

Past studies showed that the middle diagonal strip of
the steel plate panel had the greatest effect on the
equivalent stiffness of the system [33]. Therefore, the
stiffness of this strip can be used as a measure to
determine the equivalent system. In order to calculate
the cross-sectional area of the bracing equivalent to the
steel shear wall, their elastic stiffness is considered to
be equal. The proposed equivalent model shown in
Figure 7 entails the following assumptions:
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Figure 7. Bracing system equivalent to oblique
semi-supported SPSW.

e The constitutive behavior of steel is elastic-perfectly
plastic;

e The tensile field in the oblique plate formed after
buckling is uniform throughout the plate;

e The effects of bending stresses on the shear stresses
of the plate are ignored;

e Shear displacement of the steel plate during bending
can be calculated from multiplying the shear strain
by the panel height.

Prior to the critical shear stress required for buckling of
the steel plate, equal tensile and compressive stresses
are developed in the plate. The critical shear stress
is calculated from the classical theory of stability
according to the following equation:

KU’]TZE 2
= m(t/b) ) (1)

where 7, is the critical shear stress, v Poisson’s ratio, F

TC T

" Ozz =0
T bamy = Ter

Ter Ter

Oyw = Ter

= —> vy

O

oyy =0 + ei

Tape = Oty sin? 6

the modulus of elasticity, ¢ plate thickness, b the shear
panel width, and K, the plate buckling coefficient,
which is calculated based on the aspect ratio given as
follows [33]:

4 d

Ky=5344 —— Yoy 2

K, =53 +(d/b)2 7 < (2)
534 d

Ky=d44+ 252 45 3

TapeE v - 3)

Theoretically, if the steel plate is thick enough so that
the critical shear stress exceeds the shear yield stress,
the steel plate could reach the yield point. Considering
von Mises yield surface, shear yield stress, 7, is related
to tensile yield stress, Fy, as:

£y

Ty /3 (4)
If the steel plate is thin and buckles before yielding, the
plate will not be able to withstand more compressive
stresses. However, tensile stresses may still increase
until the steel plate yields (Figure 8). Thus, a new
bearing mechanism is created by the gradual formation
of the tensile field after buckling of the plate and its
spreading throughout the surface.

Principal direction of stresses in the steel plate
is a function of loading and geometry. However, the
approximate assumption of 45°enjoys enough accuracy.
If the tensile field angle of 45° is assumed, the in-plane
stresses equivalent to the yielding of the steel plate
without considering the buckling critical stresses are
equal to:

Opp = atysin20, (5)

Tua = Oty sin?

L
T = in?
Ozy = 0.504, sin” 0

Oy = 0.50¢y sin? 0

2
b Oyy = Oy cos” 0

Oty

0

%\L

.2
Opy = Ter + 0.50¢, sin” 0

Oye = Ter + 0.504y, sin2 0

2
Oyy = Oy cos” 0

—pY

&\L

Figure 8. Stress status of steel plate before and after plate buckling.
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Oyy = 01,08%0, (6)

Toy = Ter + 0.5F}, sin 26. (7)

Referring to the state of stresses in Figure 8 and
considering von Misses yield criterion, the stresses of
tensile field corresponding to the yielding of the plate
can be calculated as follows:

(Ooa — Oyy) + ayy2 + 0.2+ Gszz —200> =0. (8)

By substituting Eqs. (5)—(7) into Eq. (8), the following
equation is obtained so as to calculate the stress at
which the plate yields:

372 + 3Tcr20'ty sin 26 + atyg — 00 =0. (9)

In this case, the shear force in which plate yields will
be equal to:

L sin20) tubluy = 2% hb
4Uty S111 w wpb — 2E .
1 .
Viw = bt (Tcr + ioty sin 29) . (10)

Upon applying the principles of energy-based plastic
analysis and equalizing two levels of displacement, the
yield limit displacement is calculated as follows:

L 5in20) tubls = 22 b (11)
4Jty wVWYwpb — 2 )

where h is the frame height and U,p, is the yield
limit displacement of the system. Moreover, the shear
displacement of the plate, U,,, equals:

Ter 20y
==+ =— 12
Uu (G +Esin29> d, (12)

where G is the shear modulus of the plate. With
the shear force obtained from Eq. (10) and the shear
displacement from Eq. (12), the shear stiffness of the
steel plate equals:

K, = @ Ter + 0.50¢, sin 29.

(13)

204y

G + E'sin 260

On the other hand, the axial stiffness of the diagonal
element may be converted into shear stiffness using the
bracing angle relative to the horizon and is equal to:

_ EA

K, = cos26, (14)

Br

where Lp, is the brace length, F the modulus of
elasticity, and A the cross-sectional area of the brace.
Further, by equalizing the shear deformation of the
diagonal brace, Ap,qce, and that of the steel plate, U,,

Figure 9. Equivalent single diagonal element generated

by SAP 2000.

the cross-sectional area of the equivalent single brace,
Ap,, may be calculated as follows:

LBrtwb
Apr = .
Br = "9 6m2

Now, the equivalent bracing model may be simply
simulated using finite element program SAP 2000
(Figure 9). Fixed supports at the base of the main and
secondary columns are considered. The plastic joints
of the columns and beam are considered at two ends of
the elements. The plastic joint of equivalent diagonal
element is defined at its middle point. In this research,
auto plastic joint of SAP 2000 is used. The applied
force is considered as one-way displacement.

(15)

3. Results and discussion

3.1. Pushover curves

The lateral load-displacement diagram contains valu-
able information based on which the overall behavior
of the shear wall can be evaluated and the seismic
parameters may be extracted. In order to estimate
the values of seismic parameters, the actual load-
displacement response curves are usually idealized, as
illustrated in Figure 10. This idealization is based on
the following assumptions and definitions:

Base shear
4

Actual response

Ve 7 (Pushover curve)
/
/
/
//
e /’ """ *
Y/
L7 IR Ideal response
- > Drift
A Ay Aax

Figure 10. Idealization of the lateral load-displacement
curve [36-38].
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e The maximum displacement of the structure, A .,
will be considered based on the requirements of the
local regulations. Here, the maximum displacement
corresponds to 100 mm based on a drift ratio of
2.5%;

e The yield displacement, Ay .x, is measured based
on the concept of equal plastic energy, such that the
area under the idealized bilinear curve is the same
as that under the actual pushover curve, as depicted
in Figure 10;

e The Ductility factor is gt = Apax/Ay.

Figures 11 and 12 present the lateral load-
displacement curves of the numerical models with plate
thicknesses of 1.75 mm and 2 mm, respectively. The
pushover curves plotted in these figures reveal that
the wall behavior clearly improves upon decreasing the

1500 - e $-120-1.75
1 — 5-105-1.75
] —— $-90-1.75

orn 1 S-75-1.75

1250 1 —5-60-1.75

1000 1

Force (kN)

750 1

500 1

0

| N S B S B B B S S B S S e S B S S S S m S e e |

0 20 40 60 80 100

Displacement (mm)

Figure 11. Lateral load-drift curves of numerical models
with a plate thickness of 1.75 mm.

1500 A

1250 ]

=
o
o
o
1

Force (kN)

750 1

500 1

e 5-120-2.0
— 5-105-2.0
250 —5-90-2.0
S-75-2.0
— 5-60-2.0
0 L v A v T v Al T T LI LI | T Al T T T 1
0 20 40 60 80 100

Displacement (mm)

Figure 12. Lateral load-drift curves of numerical models
with a plate thickness of 2 mm.

inclination angle of steel plate. Meanwhile, obtuse
angles decrease the efficiency of the system.

To shed light on the cause of the improvement
of wall behavior with decreasing the inclination angle,
von Miges stress contours are investigated in state of
the maximum displacement. For this purpose, von
Mises stress contours of models S-120-2.0, S-90-2.0,
and S-60-2.0 are compared in Figure 13. These models
have a similar plate thickness of 2.0 mm, but different
inclination angles of 120°, 90°, and 60° respectively. As
seen in Figure 13(a), in the model with an angle of 120°,
plastic hinges are formed at several zones including link
beams between the main columns and the secondary
columns, two ends of the main columns, bottom and
mid-height of secondary columns, and base of the infill
plate. However, Figure 13(b) shows that in the model
with an angle of 90°, plastic hinges are formed in the
panel zones, at the bases of secondary columns, and
in infill plate. Finally, Figure 13(c) shows that in
the model with an angle of 60°, only the infill plate
undergoes plastic deformation, whereas the main frame
remains elastic. It means that the infill plate could
behave as a ductile fuse against seismic loads.

3.2. Strength

The ultimate strength of a system is the maximum
force that the system can withstand before failure. The
less the strength of a system, the more the ductility
demand. For the sake of comparison, the ultimate
shear strengths of the numerical models with different
thicknesses and inclination angles of plates are listed
in Table 2. As seen in this table, the shear strength
significantly decreases with increasing the steel plate
angle while the plate thickness is constant. The third
column of this table represents the ratios of ultimate
strength of models with the same inclination angle but
having different thicknesses. Two thicknesses of 1.75
and 2.00 mm are evaluated in this study. As seen in
Table 2, increase in the plate strength due to thickness
changes is between 5% and 11%.

Table 2. Ultimate strength of numerical models.

F.(kN)

F,(2.00 mm) F. (0)

Model

F, (1.75 mm) F,, (90°)

S-60-1.75 1128 1.46
1.09

S-60-2.00 1226 1.43

S-75-1.75 939 1.22
R 1.10

$-75-2.00 1034 1.20

$-90-1.75 773 , 1.00
1.11

$-90-2.00 859 1.00

$-105-1.75 737 0.95
5 (o ( 1.09

$-105-2.00 803 0.94

$-120-1.75 681 0.88
1.05

$-120-2.00 717 0.84
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S-90-2.0 model, and (c) S-60-2.0 model.

The fourth column of Table 2 represents the
ratio of ultimate strength of oblique models to one
of the models with vertical plate (# = 90°) having
the same thickness. As seen, increasing € from 90°
to 120° results in 12% and 16% rates of decrease in
the ultimate strength for 1.75- and 2-mm-thickness
models, respectively. However, decreasing 6 from 90°
to 60° leads to 46% and 43% increases in the ultimate
strength of the models with 1.75 and 2 mm thickness,
respectively. Generally, the effect of inclination angle
is greater for the thinner steel plate.

3.3. Elastic and wnelastic stiffness

The greater the lateral stiffness of a system is, the
less displacement and drift it has during earthquake.
Moreover, the lower the displacement is, the greater
the safety and comfort of residents and users is. A
structure whose stiffness is low may be destroyed by
an earthquake and in this case, the effects of P — A
are increased, thus not being suitable for a structure.
Therefore, it is necessary to examine the stiffness.

The stiffness curves of the numerical models with
1.75 and 2 mm thicknesses are presented in Figures 14
and 15, respectively. As shown in these figures,
the initial elastic stiffness significantly decreases with
increasing the steel plate angle while the plate thickness
remains constant. It can also be seen from Figures 14
and 15 that the inelastic stiffness of all the models
with the same thickness converges to a constant value
at a displacement of approximately 7 mm. It is
noteworthy that at larger displacements, the stiffness
reaches zero and never becomes negative. In fact,
the system does not fail until the end of the loading
process corresponding to the lateral displacement of
100 mm (drift ratio of 2.5%). Furthermore, based on
the comparison of the curves of Figures 14 and 15, it
appears that the elastic stiffness changes slightly as the
thickness varies.

Table 3 summarizes the initial stiffness of the
numerical models. As seen in this table, the increase
in stiffness due to thickness changes is between 8% and
33%. Increasing 6 from 90° to 120° results in 24% and
31% decrease in the stiffness of models with 1.75 and
2 mm thicknesses, respectively. However, decreasing

(b) ()

Figure 13. Von Mises stress contours of finite element models at maximum displacement: (a) S-120-2.0 model, (b)

300 -
] e §-120-1.75
. — $-105-1.75|
1 —— $-90-1.75
260 ‘1 S-75-1.75
—$-60-1.75
200 ]
g <
£ 150 1=
z )
f/ 4
i R
100--\
50 1
Ovvv L B S I R N S B B B B BN S S S S S a e |
0 20 40 60 80 100

Displacement (mm)

Figure 14. Stiffness versus displacement for the
numerical models with a thickness of 1.75 mm.

300
—— 5-120-2.0
— 5-105-2.0
— $-90-2.0
250 S-75-2.0
— 5.60-2.0
200
£
=]
2150
Z
24
< 100
50
0 +— —_
0 20 40 60 80 100

Displacement (mm)

Figure 15. Stiffness versus displacement for the
numerical models with a thickness of 2 mm.

# from 90° to 60° leads to 66% and 44% increase in
the initial stiffness of 1.75- and 2-mm-thickness models,
respectively. Generally, the effect of inclination angle
on stiffness is greater for the thinner steel plate.
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Table 3. Initial stiffness of numerical models.

Kp(2.00 mm Ko(6
Model Ko (kN/mm) K821.75 mm; Kogéog)
-60-1.75 197.1 1.
S-60-1.75 97 1.08 66
S-60-2.00 212.7 1.44
S-75-1.75 . .5
75-1.75 177.3 1.12 1.50
S-75-2.00 198.3 1.34
-90- 5 ]
S-90-1.75 118.5 1.95 1.00
S-90-2.00 147.8 1.00
S-105-1. 95.2 .
S-105-1.75 95 1.33 0.80
S-105-2.00 126.2 0.85
-120-1.75 90.] .76
S-120-1.75 90.1 114 0.76
S-120-2.00 102.3 0.69
14004
1200
10004
Z 8001
&
o
£ 600]
o
=
4004
200 = A pproximate method
— ABAQUS
Ol T T T T T T T T T T T T T T T T T T T 1
0 20 40 60 80

Displacement (mm)

Figure 16. Comparing the pushover curves of S-60-1.75
obtained by the approximate method and ABAQUS.

3.4. Comparison of the proposed analytical
and numerical methods

In order to verify the viability of the proposed ap-
proximate method, the results of ABAQUS for two
models of S-60-1.75 and S-60-2.0 are compared with
the results of SAP 2000 program. The pushover curves
of the approximate method are derived from SAP 2000
and the results of the steel wall analysis in ABAQUS
for S-60-1.75 and S-60-2.0 are compared in Figures 16
and 17, respectively. As seen in these figures, in spite
of its simplicity, the approximate method exhibits a
good correlation with ABAQUS results in terms of the
ultimate strength and the overall behavior.

4. Conclusions

In this study, a new configuration of the semi-supported
shear wall was presented in which the steel plate and
secondary columns were inclined relative to the vertical
state. By examining different inclination angles, it was
observed that the oblique models having a sharp angle
with the bottom horizon line performed better than the
conventional vertical-side steel plates. Furthermore,
a semi-analytical approximate model was proposed to

1400 4

1200 4

1000 A

800 4

600 4

Force (kN)

400 3

200 1 = Approximate method
- ABAQUS

0 ' 20 4{) 6(’) 8(‘)
Displacement (mm)

Figure 17. Comparing the pushover curves of 5-60-2.0

obtained by the approximate method and ABAQUS.

calculate the pushover curve of the system by means
of SAP 2000 engineering software. A summary of the
results is as follows:

o If the steel wall angle is reduced compared to an
upright position without changing the thickness
and area of the steel plate, the strength, energy
absorption, and stiffness of the frame increase;

e As the inclination angle of steel plate decreases,
there will be more limited regions of the frame
elements which undergo plastic deformation, and
vice versa. In the case of the 60-degree-angle of
steel plate, no plastic joint is formed in the main
frame as well as the secondary columns up to 2.5%
drift. It means that without forming a plastic joint
in the frame, the steel wall experiences a nonlinear
behavior which is a desired behavior against seismic
loads;

e The thinner the steel plate of the shear wall, the
greater the increased effect of inclination angle on
the lateral strength and stiffness;

o Decreasing the angle from 90° to 60° leads to
46% and 43% increase in the ultimate strength
of the models with 1.75 and 2 mm thicknesses,
respectively;

e Decreasing the angle from 90° to 60° leads to 66%
and 44% increases in the initial stiffness of 1.75- and
2-mm-thickness models, respectively. Generally, the
effect of inclination angle on lateral strength and
stiffness is greater for the thinner steel plate;

e In a percentage-wise comparison, the effect of incli-
nation angle on lateral stiffness is greater than the
one on lateral strength;

e An approximate method for nonlinear analysis of
steel shear wall was presented, whereby the steel
plate was replaced by an equivalent single truss
element followed by a nonlinear analysis using SAP
2000 program. Since the steel plate is replaced
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with a truss diagonal element, the analysis time
is significantly reduced. Comparison of the results
with the ones obtained by ABAQUS shows that
the proposed approximate method has acceptable
accuracy to predict strength, stiffness, and load-
deformation curve of the system.
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