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Abstract

In this paper, the seismic behavior of a novel steel plate shear wall (SPSW) has been presented. This SPSW consists of two
diagonally corrugated infill plates (2DCIPs) which were tied to each other as an infill plate and a one-bay one-story moment-
resisting frame as a boundary element. The direction of two diagonally corrugated infill plates (DCIP) is reversed. When
one of the DCIPs is compressed, the other DCIP is tensioned providing the lateral support for the DCIP in compression. The
behavior of the SPSW with 2DCIPs was compared to one Solid Infill Plate (SIP) and with one Corrugated Infill Plate (CIP)
to show the advantages and disadvantages of the new SPSW. According to the results, the advantages of the new SPSW can
be the shear strength increase (in infill plates with a thickness greater than 8§ mm), energy dissipation increase, a suitable
response modification factor, reduction of the force applied to the column from the infill plate, limitation of the buckling on
the infill plate and the prevention of the resistance drop (in the CIP). In general, it can be said that the new SPSW, has almost
all the advantages of SIP and CIP. Further, a set of parametric studies was performed to investigate the hysteretic behavior
of the SPSW with 2DCIPs. These parameters included the infill plate thickness, the angle of the DCIP with the frame, the
wave length of corrugation, the angle of the sub-plates of the DCIP and the adhesive thickness.

Keywords Steel plate shear wall - Self-buckling-restrained - Diagonally corrugated - Response modification factor -
Hysteretic behavior - Energy dissipation

Introduction

The main function of the steel plate shear wall (SPSW) is to
resist horizontal shear story and overturning moment result-
ant from the lateral loads. Steel frame and infill plate act-
ing as boundary component and energy dissipation device
respectively, constitute the elements of the SPSW system.
The advantages of this system include high elastic stiffness,
stable hysteretic behavior, high energy dissipation capacity
and the suitable response modification factor.

A wide variety of researches has been done on the various
parameters of the SPSW, among which can be mentioned to
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the examination of the influence of the material and proper-
ties of the infill plates (Caccese et al., 1993; Edalati et al.,
2015; Soltani et al., 2017; Zirakian & Zhang, 2016), the
inclination angle of tension field action(Timler & Kulak,
1983), the infill plate thickness (Elgaaly et al., 1993), hole
creation in the infill plates (Ali et al., 2018; Roberts &
Sabouri-Ghomi, 1992), the specifications of connecting the
beam to column (Driver et al., 1998; Elgaaly et al., 1993;
Roberts & Sabouri-Ghomi, 1992), the infill plate-frame con-
nection (Elgaaly, 1998), utilizing the reduced beam section
in the SPSW (Qu & Bruneau, 2011) and Optimal seismic
design of steel plate shear walls (Kaveh & Farhadmanesh,
2019).

Developing and using the low-yield point (LYP) infill
plates as the SPSW successfully in Japan is based on the
findings pertinent to the research carried out by Nakashima
et al. (1994). Low yield point approximately half yield point
of A36 steel along with higher ductility as well as higher
ultimate strain (more than twice that of A36 steel) are impor-
tant properties of LYP steel. Based on the foregoing, such
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steel has been proven to be used effectively in Japan, acting
as an energy dissipation element of the structure.

Earlier, the SPSW used in the United States and Japan had
infill plates with horizontal and vertical stiffeners. Based on
the studies and realistic experimental specimens, welding the
stiffeners to the infill plate leads to increase the shear yield
strength of the SPSW and act as a very ductile, desirable and
efficient system (Astaneh-Asl, 2001). In further research on
the SPSW, Hitaka and Matsui (2003), investigated an SPSW
with Slits. The steel plate between two slots could behave as
a flexural link, and endure large flexural deformations which
were the contributions of the infill plate slot.

Research on the SPSW with CIP was conducted by
Bremen and Bruneau (2005). Two samples of SIP with a
thickness of 0.9 mm and diagonal CIP with a thickness of
0.7 were investigated. The results showed that the SIP is
more ductile. The hysteretic curve of the CIP was asym-
metric; so, the proposed 2-bay application with the opposite
CIP direction was presented. In the next study by Emami
et al., (2013), some experiments were conducted on the
SPSW with CIP. In total, they compared three samples (SIP,
vertical and horizontal trapezoidal CIP) to investigate and
determine the hysteretic behavior of the trapezoidally cor-
rugated SPSW. The laboratory results showed that although
the ultimate strength of the SPSW with CIP has decreased,
it shows better behavior in terms of energy dissipation and
ductility. Afterwards, other studies were conducted on the
SPSW with CIP (Dou et al., 2018, 2021; Emami & Mofid,
2014; Kalali et al., 2015; Shariati et al., 2019).

Wang et al. (2017) studied the seismic behavior of the
Self-Buckling-Restrained (SBR) SPSW, which consists of
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two incline-slotted infill plates (2ISIPs). They examined
the SBR mechanism in the SPSW. Afterwards, another
study was conducted on the SPSW with double corru-
gated infill plates with the same direction in the frame
(Tong et al., 2020). In present study, a new SBR-SPSW
which consists of two trapezoidal CIPs that the plates are
placed diagonally in a 45-degree angle but in an opposite
direction in one-bay one-story moment-resisting frame as
Fig. 1 and two infill plates are connected to each other
by an adhesive was introduced for high-rise structures.
When one of the DCIP is under compression, the other
DCIP is tensioned providing lateral support for the DCIP
in compression. The benefits of the SBR-SPSW made by
2DCIPs compared to the SPSW with SIP and CIP include
the following:

1. Invarious types of the SPSWs including the infill plates
with the opening, the infill plates using LYP steel, infill
plates with holes (Bhowmick et al., 2014), and infill
plates with slits, smaller shear strength are observed
compared to the SPSW with the SIP; but, the SPSW
with 2DCIPs with an overall thickness greater than
8 mm have a higher shear strength compared to the
SPSW with the SIP. In the SIP with a thickness of more
than 8 mm, the shear strength is not proportional to the
increase in thickness; hence, the use of low-thickness
infill plates is always advisable; but in 2DCIPs, this defi-
cit of SIP has been somewhat improved.

2. In 2DCIPs, the yielding occurred on the infill plates
before the frame.

(b)

26m

Fig. 1 Configuration details a Position of SBR-SPSW made by 2DCIPs; b the Boundary conditions
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3. The SBR-SPSW made by 2DCIPs has a high energy dis-
sipation capacity compared to the SPSW with SIP and
CIP.

4. Inthe SPSW with CIP (the CIPs directioned horizontally
or vertically), resistance drop is observed; but, in the
SBR-SPSW made by 2DCIPs, resistance drop can be
prevented.

5. The lateral support of the DCIPs for each other has led
to a limitation of buckling in 2DCIPs

6. The use of two infill plates, which are under relative ten-
sion and compression, has led to a reduction in the force
on the column from the 2DICPs.

7. In the SBR-SPSW made by 2DCIPs, though in some
thicknesses, compared to the SPSW with SIP, a slight
decrease in the response modification factor was
observed, but compared with the SPSW with CIP, there
has been always a significant increase in the response
modification factor.

Calculation of the response modification
factor and verification of the finite element
model

Calculation of the response modification factor

Uang (1991) presented Egs. 1, 2 for calculating the ductility
factor and the response modification factor where p is the
ductility factor, Rp is the ductility reduction factor, Q0 is the
overstrength factor, R is the response modification factor, V,
is the ultimate elastic base shear, Vs is the base shear at the
first significant yield, Vy is the yield strength which is equal
to the base shear at the structural collapse level, Ay is the
drift at the corresponding yield strength, As is the drift at
the first significant yield, and Amax is the maximum amount
of the drift.

Hy Ay 1)

v (@)

Figure 2 shows how to draw an idealized bilinear response
curve based on the actual inelastic response curve and a
sample of the displacement curve with an idealized bilinear
response curve for SBR-SPSW-2DCIPs with a total thickness
(t) of 8 mm. To draw the idealized bilinear response curve
using the actual inelastic response curve, first, extend the slope
of the elastic region (Vs/As) to V,, and then connect it to the
endpoint of actual inelastic response curve; it is noteworthy
that V, has been chosen in a way that the area under the ide-
alized bilinear response curve is equal to the area under the
actual inelastic response curve.

Design of the SPSW

The AISC (2010) describes that the Vertical Boundary Ele-
ments (VBEs) should have the moments of inertia () not less
than Eq. 3, and the Horizontal Boundary Elements (HBEs)
should have the moments of inertia (I) not less than Eq. 4,
and also the Eq. 5 is presented for the width-to-height ratio.
The geometric characteristics of the boundary elements
and infill plate are presented in Table 1, meeting the design
requirements.
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Fig.2 Draw an idealized bilinear response curve a General structural response; b the sample
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Table 1 Geometric characteristics of the boundary element and infill plates

Infill plates Boundary element
1 (mm) h (mm) tw (mm) Steel type bf (mm) hf (mm) tf (mm) tw(BE) (mm) Steel type
tt (mm)
DCIPs 2000 2000 2,3,4,8,10 A36 300 300 16 16 A572 grade50
SIP
CIP
Lw=0.1m L
dy, ~ i T 450 =a
= a Q0-] ﬂ
n T 7 > > ° o [

Lw=0.Tm

N
o o \

B g o
9=300 V N

Fig. 3 Geometric properties of trapezoidally corrugated plate (m)
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Lw=0.Tm

L4
I, > 0.0031 x Atwh— 4)

s

L
0.8 < Z <25 5)

Where L is the distance between VBE centerlines, h, is the
distance between HBE centerlines, t,, is the thickness of the
shear panel, and At,, is the difference in the shear panel
thicknesses above and below.

The diagonal tension field inclination angle, as measured
relative to the vertical, is dependent on the geometric speci-
fications of the boundary elements (including beam and col-
umn). The inclination angle, «, can be calculated as Eq. 6:

1,
1+ o
+2A(

a = arctg*

— (©)
14+1¢,XhgX [A_b + 360><IC><L]
Where A, is the cross-sectional area of an HBE and A _ is the
cross-sectional area of a VBE. Dimensions and geometric
characteristics of trapezoidal CIP are seen in Fig. 3 (units
are based on m and degree). In this figure e Lw is the wave-
length of corrugation and e is the angle of the sub-plates of
the CIP. It should be noted that the angle of the DCIP with
the frame (a) shown in Fig. 4 is 45°.

Finite element model (FEM)
The seismic behavior of an SBR-SPSW made by 2DCIPs

was investigated using the finite element analyses in one-bay
one-story moment-resisting frame. In this study, the infill

@ Springer
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Fig.4 The angle of the DCIP with the frame (based on Strip model)

plate and the boundary elements were modeled by utiliz-
ing a four-node quadrilateral shell element that is an ele-
ment with reduced integration and large-strain formulation.
Moreover, based on the findings regarding to the sensitivity
analysis of the mesh, the size of 40 x40 mm was consid-
ered for the boundary element as well as the infill plate. The
solid element was used to mesh the Hysol adhesive plate that
the mentioned solid element is an 8-node linear brick with
reduced integration. According to the sensitivity analysis,
the global mesh size of 10X 10 mm was considered for the
adhesive plate.

The connections of the boundary elements were fully
moment resisting. Tie constrain was considered for the con-
nection between the infill plate and the boundary elements.
Concerning SBR-SPSW, each surface of the adhesive plate
was tied with DCIPs.

The three transitional degrees of freedoms—U|1, U2, and
U3—were considered zero for the bottom ends of VBEs as
illustrated in Fig. 1. And the degree of freedom—U3—was
considered zero for the z-axis displacements of the top ends
of VBEs and HBE to prevent the out-of-plane displacement
of the SPSW. Displacement loading control method was
applied for monotonic and cycle loading in both the nonlin-
ear pushover and cyclic analyses at the axis top HBE. The
stress—strain relationship of the steel material was considered
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by the elastic—plastic model along with the kinematic hard-
ening rule. A572 grade 50 steel and A36 steel constitute
the components of the boundary elements and infill plates,
respectively (ASTM A36, 2017). Table 2 represents a brief
of the mechanical properties. Elastic modulus of 30 MPa
and Poisson's ratio of 0.38 are the features representing the
Hysol adhesive bonding material (Da Silva & Adams, 2005).

In the ATC24, for considering the nature of the loading
cycle, as well as reduction of the errors and measurement
of the force, the first five cycles (each for three times), and
the last two cycles (each twice) were repeated, are shown in
Fig. 5 ATC24 (1992). According to the FEMA-p750 (2009),
the maximum drift ratio is 2.5%. Here is an important point
to be noted in the ATC24 that increasing displacement is
expressed as a percentage of the Ay. On the other hand, drift
ratio is considered to be 2.5%. Therefore, to better compare
cyclic and uniform loading with each other, the maximum
displacement of the last cyclic loading is considered to be a
drift ratio of 2.5%, and since the last cycle is considered to
be a 500%Ay, i.e. Ay has been obtained and other cycles are
calculated on the basis of that.

Validation on the finite element model
of the SBR-SPSW

SPSW made by 2DCIPs is a new SPSW that has not been
studied experimentally until now. To validate, the model
studied by Wang et al. (2017) was examined by the finite
element analysis. Furthermore, to verification of the SPSW
with CIP, the finite element model was made and analyzed
according to the experimental study of coducted by Emami
et al. (2013).

To validate the model with 8 mm thickness, infill plates
were selected according to the study of Wang et al. (2017).
They investigated the seismic behavior of the SBR-SPSW
made by two incline-slotted infill plates (2ISIPs). They
examined four different infill plates with different thick-
nesses. Other geometric dimensions of the mentioned study
are shown in Table 1. They also used Q235 steel for the infill
plate and Q345 steel for the boundary elements as Table 2,
and the rubber adhesive with an elastic modulus of 7.8 MPa
and a Poisson ratio of 0.4. The first buckling mode shown in
Fig. 6 was considered with amplitude of 6, = /L X h/1000

Table 2 Mechanical properties of materials

Steel type F, Fy 9 E,
Mpa Gpa
Q235 235 410 0.3 210
Q345 345 460 0.3 210
A36 248 400 0.3 200
A572grade50 345 448 0.3 200

600
500
400
300
200
100
0
-100
-200
-300
-400
-500
-600

Aldy (%)

Cycle Number

Fig.5 Quasi-static displacement control loading sequence

as the initial geometric imperfection (Behbahanifard et al.,
2003). The boundary conditions of the present study were
the same that is mentioned in the finite element model by
Wang et al. with the difference that the load was applied at
the right end of top HBE. In Fig. 7, the monotonic force—dis-
placement curve and the hysteretic curve obtained from the
present analyses and the study of Wang et al. are shown in
both elastic and elastic—plastic regions. According to the
figure, the curves of both analyses are approximately coin-
cident and so behaviors are almost similar.

To validate the SPSW with CIP, one finite element model
was analyzed according to the specimen No.3 tested by
Emami et al. (2013) under cyclic loading. The material prop-
erties of the infill plate and the boundary frame members
were employed from the study conducted by Emami et al.
(2013). Test setup and Dimension of the Specimen No.3 are
shown in Fig. 8a, b. Finite element model as well as force-
displacement diagram of the present study are indicated in
Fig. 8c, d. As shown in Fig. 8d, the hysteretic curve of the
finite element analysis and the tested specimen are approxi-
mately coincident in both elastic and elastic—plastic regions.

U, Magnitude
+1.001e+00
+9.176e-01
+8.341e-01
+7.507e-01
+6.673e-01
+5.839e-01
+5.005e-01
+4.171e-01
+3.337e-01
+2.502e-01
+1.668e-01
+8.341e-02
+0.000e+00

Fig.6 Buckling mode of SBR-SPSW with 2ISIPs by Wang et al.
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Fig.7 Comparison between force—displacement curve by Wang et al. and FEM a monotonic; b cyclic
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Fig.8 FEM analysis of specimen No.3 (Emami et al., 2013) a Setup of specimen No.3 (Emami et al., 2013) b Dimension of model No.3
(Emami et al., 2013), ¢ FEM model d Force—displacement diagram of test and analysis
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The negligible difference is acceptable due to the idealistic
modeling of material behavior and geometry as well.

The advantages of the SBR-SPSW made
by 2DCIPs

To illustrate the advantages of this SBR-SPSW made by
2DCIPs, the shear strength, the formation of yield in the
infill plates, beam and columns, response modification fac-
tor, the force applied to the column from the infill plates,
buckling of the infill plates and energy dissipation have
been investigated and compared with the SIP and CIP. It
should be noted that the main samples with a t,, of 8 mm
are investigated.

Improving shear strength

In all types of SPSWs, such as infill plates with slits, infill
plates with opening, the use of LYP steel in the infill plates
comparing to the SIP reduced the shear strength under
monotonic loading and pushover analysis, but in the SBR-
SPSW made by 2DCIPs, due to the use of two infill plates
that provide lateral support for each other and resulting
in limited buckling on the infill plate in comparison with
the SIP, the shear strength increase of the infill plate was
observed with overall thicknesses greater than 8 mm which
is shown in Fig. 9.

Formation of the first yield on the infill plates,
beam, and column, respectively

In the force—displacement curve under nonlinear pushover
analyses (Fig. 9), it can be observed that due to the use of
two 4 mm infill plates instead of one 8 mm infill plate and
lateral support created by infill plates for each other, the
first yielding has occurred at a LYP on the SBR-SPSW
made by 2DCIPs. This behavior of the SBR-SPSW made
by 2DCIPs is similar to the applying the LYP steel in the

First yield of column

3500
3000 e ez e s
2500 /"k -------------------
z { o
22000 /%
2 1500 First yield of beam
=~ 1000 F'irsE yield of
! infill plate SIp
S00H——F——— ===t CIP
ob——L [ 1 | ] = 2DCIPs
0.01 0.02 0.03 0.04 0.05 0.06 0.07

Displacement (m)

Fig.9 Shear Strength of specimens under monotonic loading

SIP. Considering that the use of LYP infill plates is not eco-
nomical and is caused reducing the ultimate shear strength
compared to a SIP, the SBR-SPSW made by 2DCIPs can be
used to reach the LYP in the infill plate without reducing the
ultimate shear strength.

As shown in Fig. 9, yielding the infill plate in each of the
three infill plates has always occurred before the boundary
elements. But it is worth noting that the first yielding of the
2DCIPs occurred in a shear force about half of the shear
force of the SIP. As mentioned due to considering the finite
element model as one story the moment of inertia of the
beam and the column was equal. With checking the first
yield in the beam and column, it can be observed that the
formation of the first yield of the beam was occurred in the
model of the SBR-SPSW made by 2DCIPs and SPSW with
SIP before the formation of the first yield in the column.
There is little difference in the formation of the first yield
in the beam and column due to the equality of the moment
of inertia of the beam and the column which is expected to
difference is more in the formation of the first yield in the
beam rather than column in modeling of more stories. In the
CIP, the first yield of the column was occurred before the
first yield of the beam, which is due to the disadvantages of
the CIP compared to the other infill plates in the mentioned
thickness of the infill plate (8 mm).

It is noteworthy that due to the rigid column-foundation
connection, it is necessary to design stiffeners in the con-
nection area; therefore, in the investigation of the formation
of the first yield in the column, the formation of the yield in
the column-foundation connection was ignored.

Avoidance of shear strength drop in CIP

A study was conducted on the SPSW with a trapezoidal CIP
(The direction of the waves was diagonal or, in other words,
with a 45° angle) by Berman and Brno (2005). The hys-
teretic curves obtained from their study were asymmetric.
Further, the studies were conducted on the SPSW with verti-
cal and horizontal trapezoidal CIP by Emami et al. (2013).
Although, an asymmetric hysteretic curve was not observed
in the SPSW with CIP (vertical or horizontal wave) a shear
strength drop was encountered in comparing with the SPSW
with SIP. According to the results of the present study, in
the SPSW made by 2DCIPs, due to the use of the DCIP,
the shear strength was no longer accompanied by a strength
drop. On the other hand, due to the use of 2DCIPs reversing
each other and providing lateral support for each other, the
hysteretic curve was not asymmetric, as shown in Fig. 10. In
general, according to the results of this study, it can be said
that the SPSW made by 2DCIPs has the advantages of both
SPSW with vertical, horizontal and diagonal trapezoidal CIP
for the infill plates with 8 mm thickness.
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Force (KN)

......... SIP=8mm
——2DCIPs=8mm

-4000
Displacement (m)

Fig. 10 Comparison of the hysteretic curve of the SPSW made by
2DCIPs and SIP

Increased energy dissipation

The energy dissipated in the SPSW depends on the three
main components of the ultimate shear strength and the
spindly hysteretic curve. As mentioned above, in the SPSW
made by 2DCIPs, the ultimate shear strength and spindly
hysteretic curve was increased compared with the SPSW
with SIP as shown in Fig. 10. On the other hand, as shown
in Fig. 10, the SPSW made by 2DCIPs has a spindly hys-
teretic curve in comparison to the SPSW with SIP. To com-
pare the energy dissipation of the SPSW made by 2DCIPs
and the SPSW with SIP, the inside areas of the hysteretic
curves were compared with each other under a cyclic load.
About 23% increase in energy dissipation was observed in
the SPSW made by 2DCIPs compared to an SPSW with SIP.

In Fig. 11, the hysteretic curve of the SPSW made by
2DCIPs is comparable to the SPSW with CIP. In both cases,
the effect of obesity or spindly curve is almost identical,
but the SPSW with CIP has been faced with a drop in shear
strength compared to the SPSW made by 2DCIPs. To com-
pare the energy dissipation of the SPSW made by 2DCIPs
and the SPSW with CIP, the inside areas of the hysteretic
curves were compared with each other under a cyclic load.
About 1% increase in energy dissipation was observed in the
SPSW made by 2DCIPs compared to the SPSW with CIP

orce (KN)

0.06 0.08

;

——2DCIPs=8mm
......... CIP=8mm

[5isp|accmcnl (m)

Fig. 11 Comparison of the hysteretic curve of the SPSW made by
2DCIPs and CIP

@ Springer

that can be said both samples almost have the same energy
dissipation under this cyclic load.

In Fig. 12, the energy dissipation of each cycle is com-
pared with the hysteretic curve in the SPSW made by
2DCIPs, the SPSW with SIP and CIP. The SPSW with SIP
in all cycles has less energy dissipation than SPSW made
by 2DCIPs and the SPSW with CIP. The SPSW with CIP
in cycles with a displacement of less than 3 cm dissipates
more energy than the SPSW made by 2DCIPs but in cycles
with a displacement larger than 3 cm, the SPSW with CIP
is facing with a shear strength drop and therefore totally the
SPSW made by 2DCIPs has more energy dissipation than
the SPSW with CIP.

Limitation of buckling on the SPSW made by 2DCIPs

With the formation of the diagonal tension field action, the
greatest buckling always occurred on the two diagonals of
the infill plates. Therefore, to compare the buckling of differ-
ent types of the infill plates, the out of-plane displacement of
both diagonals of the infill plate is discussed in this section.
To check the different types of the infill plates in the same
conditions, the out of-plane displacement of both diagonals
was compared for the infill plates SBR-2DCIPs, SIP, and
CIP under a lateral displacement of 6.5 cm, or a drift ratio
of 2.5%. In Fig. 13, two paths are introduced on the diagonal
of the infill plate and the out of-plane displacement of these
two diagonal paths is compared with the same conditions in
SBR-2DCIPs, CIP and SIP.

In Fig. 14(a), out of-plane displacement is visible
on path 1 in the infill plates. SBR-2DCIPs has an out
of-plane displacement maximum of about 10 cm in the
middle of the infill plate on the diagonal, although the
amount of out of-plane displacement was increased com-
pared to SIP but is limited to a width of 0.5 to 1.2 m and
it has less out of-plane displacement within 0 to 0.5 m
and 1.2 to 2 m. Compared to CIP, the amount of out of-
plane displacement is limited. In addition, SBR-2DCIPs
have been relatively under tension or compression and

400000
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=}
Z 300000
£3250000
)
S 200000
= e
5 150000 2
g 100000 ————— =T | — CIP, tw=8mm
~ 50000 ——2DCIPs, tt=8mm

0 e s SIP, tw=8mm
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07

Displacement (m)

Fig. 12 Cumulated dissipated energy of the SPSWs with 2DCIPs,
SIP and CIP
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Fig. 13 Two diagonal paths (a)
are intended to determine out
of-plane displacement a path 2;
b path 1
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Fig. 14 Out of-plane displacement of 2DCIPs, SIP and CIP a on path 1; b on path 2

out of-plane displacements have not been observed in the
negative direction.

In Fig. 14(b), the diagonal out of-plane displace-
ment curve is visible on path 2 in the infill plates. SBR-
2DCIPs, like the previous one, have a greater out of-plane
displacement in comparison to SIP, but for SIP, out of-
plane displacement is also observed in the negative direc-
tion, which indicates the state of being under tension and
compression of SIP. The other side on SBR-2DCIPs has
not been seen out of-plane displacement in the negative
direction, which is displayed under the tension or com-
pression of SBR-2DCIPs. Compared to CIP, the amount
of out of-plane displacement on the diagonal is reduced,
and for CIP the same of SIP, there is also an out of-plane
displacement in the negative direction, which indicates
that the plate is always under the tension and compression
of CIP. The buckling is limited on SBR-2DCIPs, which
leads to no crack formation occurring under repeated
shear buckling.

Reduction of force on the column from the infill
plates

SBR-2DCIPs consists of two DCIPs, each of which is
individually applied the force into the column. First, the
force applied to the column was examined from each of the
DCIPs; then, the total force of both DCIPs was considered
as the force applied to the column from SBR-2DCIPs and
is compared with the force applied to the column from SIP
and CIP. It should be noted that all specimens were fitted
with the infill plate thickness of 8 mm and moved to lateral
displacement of 6.5 cm. Under a drift ratio of 2.5% and in
a completely identical situation, different infill plates were
compared.

In Fig. 15, the horizontal and vertical forces applied to
the column are visible. The forces applied on the total height
of the column from both DCIPs of SBR-2DCIPs. One of
the DCIPs is relatively under tension and the other under
compression. The sum of the force from both DCIPs was
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Fig. 15 The force applied into the column from both of DCIP a horizontal force; b vertical force

considered as the force from SBR-2DCIPs and when one
infill plate is under tension and the other under compression,
the neutral force is approximately applied to the column.

In Fig. 16, the vertical and horizontal forces applied to the
column are plotted on SBR-2DCIPs, SIP, and CIP based on
the height of the column. The horizontal and vertical forces
of SBR-2DCIPs applied to the column were decreased in the
most places compared to SIP and CIP. Thus, the use of two
DCIPs, which are relatively under tension and compression,
resulted in a decrease in the force applied to the column from
the SBR-2DCIPs compared to the SIP and CIP.

Improvement of the response modification factor(R)

In Table 3, the response modification factor and the ductil-
ity factor obtained by the relations provided by Uang have
been presented (1991). By comparing the response modifi-
cation factor of the Uang method in the SBR-SPSW made
by 2DCIPs, the SPSW with SIP and CIP, it can be observed
that the SBR-SPSW made by 2DCIPs has a smaller response
modification factor than the SPSW with SIP in thicknesses
of 4 to 8 mm, but in thicknesses of 2, 3 and 10 mm, the
response modification factor of the SBR-SPSW made by
2DCIPs increases in comparison with the SPSW with SIP.

~
ght (m) 3

Column height

-3000

-2000
Horizontal forces imposed on column (KN)

-1000 0 1000 2000 3000

(b)

2DCIPs

Further, the SBR-SPSW made by 2DCIPs has a higher
response modification factor than SPSW with CIP in all
thicknesses. In this section, the response modification fac-
tor with related parameters as well as the ductility factor of
the frame without the infill plate is also calculated and com-
pared to the SPSWs with infill plates. The observed response
modification factor of the SPSW has always significantly
increased rather than that of the frame. In the SPSW made
by 2DCIPs and the SPSW with CIP, when the infill plates
thickness was decreased from 10 to 2 mm, the response
modification factor increased, but in the SPSW with SIP,
when the infill plate thickness was decreased from 8 to
4 mm, the response modification factor increased first and
then, in the thicknesses less than 4 mm and more than 8 mm,
the response modification factor decreased.

In general, it can be said that the SPSW made by 2DCIPs
in thickness of 2, 3 and 10 mm in comparison with the
SPSW with SIP has a higher response modification factor.
Although in the thicknesses of 4 and 8 mm, it has a lower
response modification factor than the SPSW with SIP, it
always has a higher response modification factor than the
SPSW with CIP. By decreasing the thickness of the infill
plates of the SPSWs, the elastic stiffness always decreased,
but in the SPSW made by 2DCIPs, elastic stifftness decrease

Column height (m)

-1000 -500 500

Vertical forces imposed on column (KN)

1000

1500

Fig. 16 The force applied into the column from 2DCIPs, SIP and CIP a horizontal force; b vertical force
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Table 3 The response SPSW with Infill plates  t, €, R, R  p, Vg A, K,
rnodlﬁcathn factor an.d the t H (KN) (mm)  (KN/mm)
corresponding coefficients (mm)
1 SPSW made by 2DCIPs 10 1.59 338 54 6.2 2047.3 6.56 311.85
2 SPSW with SIP 10 1.2 424 5.1 932 2491 5.78 430.6
3 SPSW with CIP 10 1.16 3.63 424 7.77 32352 7.15 45247
4 SPSW made by 2DCIPs 8 1.65 341 5.64 6.29 1722.18 6.24 27599
5 SPSW with SIP 8 144 436 6.29 9.6 1793.9 4.68 3833
6 SPSW with CIP 8 1.2 3.81 4.63 8.47 2571 6.305 407.772
7 SPSW made by 2DCIPs 4 1.77 372 6.6 7.14 97436 5.13  189.78
8 SPSW with SIP 4 2.2 4.03 897 8.02  820.49 3.64 225.41
9 SPSW with CIP 4 1.3 433 5.63 9.85 1361.71 5.07 268.582
10 SPSW made by 2DCIPs 3 1.83 385 7.05 7.38 781.19 481 16241
11 SPSW with SIP 3 1.82 373 6.81 6.9 882.51 5.13  171.86
12 SPSW with CIP 3 1.35 436 592 9.69 1079.32 494 218.486
13 SPSW made by 2DCIPs 2 2.18 3.88 847 7.23  536.29 4.11 130.26
14 SPSW with SIP 2 1.93 3.61 699 6.45 704.66 5.2 135.512
15 SPSW with CIP 2 143 475 6.82 1023 751.326 4.428 169.676
16 Frame without infill plate 1.23 23 2.85 3.05 795.05 17.1 46.27
was less observed, with a thickness of 8 mm, elastic Stiffness 4000 2DCIPs, tt=10mm
was significantly reduced compared to the SPSW with SIP L 2DCIEs, tE=Smin
and CIP and in a thickness of 2 mm, the elastic stiffness was 3000 igi:: :ij::::
almost equal in each of the three specimens and no signifi- 2 2500 ___SDCH,; S
cant difference was observed, which increased the response f 2000 SIP, tw=10mm
modification factor of the SPSW made by 2DCIPs compared £ 1500 ::'P I:j::i:
to the SPSW with SIP. 1000 :g“,: R
500 SIP, tw=2mm
0k —--—boundery element
0.02 0.04 0.06 0.08

Parametric study on the SPSW made by two
2DCIPs

In this section, the influence of geometric parameters of the
infill plate is investigated such as infill plate thickness, the
angle of the sub-plates of the CIP, the angle of the DCIP
with the frame, the wavelength of corrugation and the adhe-
sive thickness. For more accurate examination and analysis
of each of the parameters separately, all geometric param-
eters except the corresponding parameter are considered
according to the mentioned geometric specifications.

The effect of infill plate thickness

To compare the infill plate thickness, ten SIPs and CIPs
were designed with thicknesses (t,,) of 2, 3, 4, 8 and 10 mm
and five 2DCIPs with total thicknesses (t,) of 2, 3, 4, 8
and 10 mm. All samples were analyzed under a nonlinear
pushover analysis. The shear force—displacement diagram
is shown in Fig. 17 and Fig. 18. The SPSW made by two
2DCIPs with a total thickness (t,) equal or greater than
8 mm in comparison to the SIP with the same thickness,

Displacement (m)

Fig. 17 Comparison of the different thicknesses of the SBR-SPSW

made by 2DCIPs, SPSW with SIP

2DCIPs, tt=10mm
e 2DCIPs, tt=8mm
----2DCIPs, tt=4mm
----- 2DCIPs, tt=3mm
——=-2DCIPs, tt=2mm
CIP, tw=10mm
CIP, tw=8mm
CIP, tw=4mm

CIP, tw=3mm

Force (KN)

CIP, tw=2mm

—--—boundery element
0.04 0.08

Displacement (m)

0.06

Fig. 18 Comparison of the different thicknesses of the SBR-SPSW
made by 2DCIPs, SPSW with CIP
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although the elastic stiffness decreased the ultimate strength
increased, as shown in Fig. 17. Therefore, this comparison
is well illustrated one of the advantages of the SPSW made
by 2DCIPs that in infill plates with overall total thicknesses
equal or greater than 8 mm has a greater ultimate strength
compared to the SPSW with SIP of the same thickness. In
this study, the shear force—displacement curve of the frame
without the infill plate is also included to examine the shear
strength of the infill plates. The ultimate shear strength of
the frame without the infill plate is observed at around 1083
KN which is very lower than that of the SPSW.

Table 4 shows the ultimate shear strength of the infill
plates, regardless of the ultimate shear strength of the sur-
rounding frame. SIP in thicknesses less than 4 mm, com-
pared to 2DCIPs and CIP, has a higher ultimate shear
strength but has a lower ultimate shear strength in the thick-
nesses more than 8 mm. Here, one of the weaknesses of SIP
is clearly visible that the shear strength was not increased
with increasing thickness, appropriately. Therefore, it is
always advisable to use thin SIP and 2DCIPs have somewhat
improved the weakness of the SIP.

In the SPSW with horizontal CIP in different thick-
nesses, a drop in the shear strength was observed, as shown
in Fig. 18. The remarkable point in this study is that with
increasing the thickness of the CIP from 2 to 10 mm, the
shear strength drop has been transmitted approximately from
the displacement of 1.2 cm to 3 cm. Although in all speci-
mens, the CIP has a higher ultimate strength compared to the
SPSW made by 2DCIPs, with a total thickness greater than
8 mm, a significant shear strength drop is observed.

Table 4 The ultimate shear strength of the infill plates, regardless of
the ultimate shear strength of the frame

Infill plates Thicknesses (mm) Ultimate
shear
strength
(KN)

1 2DCIPs 10 2338
2 2DCIPs 8 1904
3 2DCIPs 4 815
4 2DCIPs 3 594
5 2DCIPs 2 389
6 SIP 10 2048
7 SIP 8 1783
8 SIP 4 1057
9 SIP 3 815
10 SIP 2 565
11 CIP 10 2539
12 CIP 8 1971
13 CIP 4 826
14 CIP 3 519
15 CIP 2 362

The effect of the angle of the sub-plates of the CIP
(o)

The angles of 15, 30, 45, 60 and 90 degrees were consid-
ered to examine the effect of the angle of the sub-plates of
the DCIP. By comparing different angles with each other,
as shown in Fig. 19, it can be concluded that with increas-
ing the angle of the sub-plates of the DCIP, the ultimate
shear strength always increases. Here is an important
point: with the increase in the angle of the sub-plates of
the DCIP, the weight of DCIP always increases. In Table 5,
weight gain at different angles is shown in comparison
with SIP in the same thickness. For example, the angle of
90° has the highest ultimate shear strength but its weight
becomes twice. The angle of 15° has the least weight gain
(about 101.7%) but instead a significant reduction in shear
strength is observed in comparison with other angles. In
30°, 45°, and 60°, there is not much difference in the shear
strength, but in respect of weight, the angle of 30° has
the lowest value (about 107%). By comparing the weight
gain and the ultimate strength at different angles, it can be
concluded that the angle of 30° is the most optimal angle
for the angle of the sub-plates of the DCIP.

Force (KN)
NN
(/._l:

1000 === 9 =450 e 0 =60°
—0=90°

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Displacement (m)

Fig. 19 The effect of the angle of the sub-plates of the CIP on the
shear strength of SBR-SPSW made by 2DCIPs

Table 5 Percentage of overweight is based on the angle of the sub-
plates of the CIP compared to the SIP

The angle of the sub- ~ Wpopo/Wgpp (%) Ultimate
plates of the CIP strength(KN)
1 15 101.7 2471
2 30 107.17 2866
3 45 117 3164
4 60 133 3401
5 90 200 4185

@ Springer



Asian Journal of Civil Engineering (2022) 23:321-335

Comparison of the effect of weight
versus the increase in angle of the sub-plates
of the CIP

In the previous section, the ultimate shear strength was
improved by increasing the angle of the sub-plates of the
CIP (e) but with increasing the angle, the weight of the
infill plate also increased. Therefore, for a more accurate
examination, a SPSW made by 2DCIPs with the angle of
the sub-plates 90-degree and a total thickness of 4 mm was
modeled. According to the Table 5, when the angle of the
sub-plates of the DCIP is considered to be 90°, the weight
of the infill plate will be double. Thus, the overall thickness
of the 2DCIPs is considered 4 mm which it can be compared
to the SPSW made by 2DCIPs with the angle of the sub-
plates of the CIP 30° but total thickness of 8§ mm and the
SPSW made by SIP and thickness of 8 mm, which is visible
in Fig. 20. By increasing the angle of the sub-plates of the
CIP, no increase was observed in ultimate shear strength in
almost equal weight conditions. Therefore, as mentioned in
the previous section, when the angle of the sub-plates of the
CIP is 30 degrees the optimum angle of the sub-plates of the
CIP is obtained due to the weight of the 2DCIPs and also the
ultimate shear strength.

The effect of the angle of the DCIP with the frame
(a)

To examine the effect of the angle of the DCIP with the
frame, four angles of 30, 42, 45, and 60 degrees were
compared. According to Eq. 6 and geometric characteris-
tics, the angle of the DCIP with the frame (a) or, in other
words, the angle of formation of the diagonal tension field
is 42 degrees. As shown in Fig. 21, the models with angles
30 and 60 degrees show the same behavior with a shear
strength drop but the models with angles 42 and 45 have
approximately the same behavior without shear strength
drop. According to Eq. 6, the angle of the formation of the
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Force (KN)

1000 2DCIPs,0=90.t=4mm

2DCIPs,0=30t=8mm

SIP=8mm

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Displacement (m)

500 if

0

Fig.20 Comparison of the shear strength of the SPSW with SIP and
SBR-SPSW made by2DCIPs with two angles of the sub-plates of the
CIP 30 and 90 degrees
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Fig.21 The effect of the angle of the DCIP with the frame

diagonal tension field varies with the thickness of the infill
plates. Further, the ultimate shear strength of the models
with the angles of 45 degrees and 42 degrees doesn’t have
difference. Therefore, the angle of 45 degrees is considered
as an optimal angle, so that in the examination of different
thicknesses, only the thickness of the infill plates has been
changed and the angle of the DCIP with the frame fixed of
45 degrees is considered.

The effect of the sub-plate width (Lw)

To investigate the effect of the sub-plate width (Lw) on the
SPSW made by 2DCIPs, five samples were studied. The
sub-plate width of 5, 8, 10, 12, and 15 cm was selected for
the study. Shear force—displacement curves obtained from
nonlinear pushover analyses were compared with each other,
as shown in Fig. 22. By comparing the curves, it can be
seen that the sample with the sub-plate width of the 10 cm
has higher ultimate shear strength than the other specimens,
except of the sample with the sub-plate width of 12 cm, but
the 12 cm sub-plate width sample has a smaller initial stiff-
ness. Considering that by increasing or decreasing the sub-
plate width from 10 cm to 15 or 5 cm, the decrease of shear
strength is observed. Thus, the sub-plate width is 10 cm as
optimal.

3500
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2500
2000 T Iw=15¢cm

1500 g L] e lw=12cm
1000

500

Force (KN)

Iw=10cm
——-lw=8cm
—-—=Iw=5cm

0
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Displacement (m)

Fig.22 The effect of sub-plate width on the shear strength of SBR-
SPSW made by 2DCIPs
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Fig.23 The effect of adhesive thickness on the shear strength of
SBR-SPSW made by 2DCIPs

The effect of adhesive thickness

For investigating the effect of eccentricity of the infill plates
and the effect of adhesive thickness (t,) on the energy dis-
sipation, four adhesive thicknesses of 1, 2, 4 and 6 cm were
modeled. As shown in Fig. 23, the ultimate shear strength
decreases with increasing the adhesive thickness. The eccen-
tricity of the infill plates, which is accompanied by increase
in the adhesive thickness, leads to a reduction in the ultimate
shear strength and the energy dissipation. It is noteworthy
that, in the thicknesses less than 1 cm, the adhesive does not
behave well in out of-plane displacement, resulting in a lack
of convergence in the solution. For this reason, the adhesive
thickness is 1 cm as the optimum adhesive thickness. Fur-
thermore, Compared to the SPSW made by 2DCIPs, with an
adhesive thickness of 1 cm and without adhesive, clearly the
effect of adhesive is visible. With using adhesive, the infill
plates provide for each other the lateral support and limit the
buckling of the infill plates. The limitation of the buckling
of the infill plates has led to a significant increase in shear
strength in the SPSW made by 2DCIPs. Moreover, accord-
ing to the shear force—displacement curve of the without
adhesive specimen, it is clear that using DCIP has postponed
the shear strength drop in the SPSW made by 2DCIPs to the
displacement of 6.5 cm.

Conclusion

In this study, the seismic behavior of the new SPSW made
by 2DCIPs was investigated. The SPSW made by 2DCIPs
consists of two DCIPs being tied to each other with Hysol
adhesive. The direction of two DCIPs is reverse. Firstly, the
effect of the parameters of this new infill plate, such as infill
plate thickness, the angle of the DCIP with the frame, sub-
plate width, the angle of the sub-plates of the DCIP and
adhesive thickness in this new SPSW were investigated and
then the optimum infill plate was introduced.

@ Springer

Because of the use of DCIP, the SPSW made by 2DCIPs
does not encountered shear strength drop unlike the SPSW
with CIP. By entering lateral force to the frame, one of the
DCIPs is relatively under compression and the other DCIP
under tension, which leads to a reduction in the force from
the infill plate to the column compared to the SIP and CIP.
The DCIP under tension provides the lateral support for
the DCIP under compression, resulting in limited buck-
ling of this new infill plate. The imitated buckling of the
infill plate prevents the crack formation which occurs under
repeated shear buckling and also results in an increase in the
shear strength of the SPSW made by 2DCIPs with the infill
plates in thicknesses greater than 8 mm in comparison to
the SPSW with SIP. Using two infill plates of DCIP in the
SPSW instead of one SIP in the SPSW, the yield formation
of the SBR-2DCIPs occurs at the lower yield point whereas
the yield of the beam and columns occurs with more delay.

Although the response modification factor of the SPSW
made by 2DCIPs decreases slightly in some thicknesses
compared to the SPSW with SIP, but it has a significant
increase compared to the SPSW with CIP.

In the SPSW made by 2DCIPs, the hysteretic curve is
stable and spindle-shape which resulting in an increase of
23% in energy dissipation compared to the SPSW with SIP
and an increase of 1% in energy dissipation compared to the
SPSW with CIP under ATC24 cyclic loading.

The SPSW with SIP and CIP have advantages and disad-
vantages. In general, it can be said that the SPSW made by
2DCIPs according to the results of this study has almost all
the advantages of the SPSW with SIP and CIP. Even in some
cases, it is shown a convenient behavior. The SPSW made
by 2DCIPs with high-thickness infill plates is proposed for
high-rise structures with large Base shear. In this study, this
new SPSW was introduced investigated in some parameters.
Further investigation is proposed such as the location of the
infill plates in the frame, the effect of the height-width ratio
of the bay, the number of the floors and also the number of
the bays.
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