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In order to have a systematic and comprehensive comparison of seismic behaviors of steel plate shear wall
structures with different construction details, a numerical method was proposed, which was proved accurately
to predict the performance of structures with published quasi-static tests. Then, eight typical steel shear wall
models with different structural construction details were established. Also an advanced stiffened low yield
point steel plate shear wall was proposed to avoid excessive out-of-plane deformation. The seismic behaviors
of above nine shear wall models were fully compared and analyzed, and key issues, such as energy-dissipating
capacity, ductility, out-of-plane deformation and the effect of tension field on the columns were discussed in
depth. The results showed that: in high-intensity seismic area, load-carrying capacity, hysteretic behaviors,
failure modes, seismic ductility and economic performance should be taken into account comprehensively to
choose the appropriate form of steel plate shear wall structure; the proposed low yield point steel plate shear
wall with T type stiffened ribs could most effectively improve the energy dissipation capacity and ductility,
and lessen the impact of tension field on the columns, besides, it had better load-carrying capacity and smallest
out-of-plane deformation. This method provided a good way for improving the seismic behaviors of steel shear
wall structures.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Recently, Steel frame–steel plate shear wall structure is a research
hotspot for its excellent performance on resisting lateral deformation,
so it has already been used in many high-rise steel buildings. Due to
large steel consumption, low utilization efficiency of material and poor
welding performance of thick steel plate shear wall, thin steel plate
shear wall structures are paid more attention in current studies. This
kind of structure has larger height to thickness ratio λ of infill panel
(λ N 150), therefore, when a small horizontal force is applied, the buck-
ling of steel panel occurs earlier with larger out-of-plane deformation.
And then, the tension fields of thin infill plate are formed, making the
structure continue to resist the horizontal force. These tension fields
will be transmitted directly to the frame columns, resulting in a greater
impact on frame columns [1,2]. In order to improve the seismic behav-
iors of thin steel plate shear wall structures, research works are mainly
focused on two aspects. On one hand, the design principle of “strong
frame, weak wall” is proposed in the view of performance matching.
Currently, many scholars have suggested various structural construc-
tions of shear walls based on this principle, including shear panel with
+86 10 51684947.
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openings [3,4], shear panel slotted at both sides [5] and shear panel
with vertical slits [6–8], as shown in Fig. 1. On the other hand, the
buckling of steel infill plate in advance will lead to larger out-of-plane
deformation with loud sounds, which may adversely affect the comfort
demands and using of requirements. Some researchers have presented
several stiffened steel plate shear wall structures (for example, cross-
stiffened, groined stiffened and diagonal stiffened steel plate shear
walls [8–11], as shown in Fig. 1) and buckling-restrained measures
[12] to delay and lessen the buckling behaviors of panels. Some other
researchers also proposed low yield point steel plate shear wall
structures [3,13] based on new materials, indicating that this kind of
structure had better ductility and energy dissipation capacity [14,15]
due to the better seismic behaviors of low yield point steel [16,17]. All
the works above have significant effects on improving the energy
dissipation capacity of steel plate shear walls, and reducing the adverse
impacts of buckling on structures.

In this field of researches, most of the studies, however, focused on
one or a few construction details. No systematic and comprehensive
comparison of seismic behaviors of steel plate shearwalls with different
construction details has been implemented. Due to high costs of tests,
comprehensive comparison is difficult to carry out only by means of
test method, and also some seismic indexes cannot be obtained by
experiments (e.g., fracture tendency and the effect of tension field on
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Fig. 1. Steel plate shear wall structures with different structural construction details.
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the columns). Therefore, thenumerical simulations arewidely used cur-
rently. The more accurate finite element model for parametric analysis
is particularly important. However, due to the severe non-linear behav-
iors of reciprocating two-way tension fields, the constantly changing
out-of-plane deformation and the zero or even negative stiffness phe-
nomena, the accurate numerical simulation of thin steel plate shear
wall structures subjected to cyclic loading is difficult to achieve. Further-
more, the responses of materials under cyclic loading and monotonic
loading are quite different [18]. The traditionalmethod cannot accurate-
ly predict the cyclic behaviors, local buckling phenomena and pinching
phenomena. Therefore, a more efficient and accurate finite element
method should be proposed for thin steel plate shear wall structures.

In this study, many improved construction details of steel plate
shear walls were summarized. Firstly, the finite element models
of thin steel plate shear wall under cyclic loading patterns were
established using ABAQUS software. The computing platform, element
selection, meshing, the initial imperfection and steel cyclic constitutive
models were introduced in detail. Geometric nonlinearity and material
nonlinearity were considered adequately. The results of numerical sim-
ulationwere comparedwith typical experimental results. The proposed
method was proved to accurately simulate and predict the seismic
behaviors, including capacity and stiffness degradation caused by out-
of-plane deformation, pinch phenomena of curves, failure modes and
fracture positions, which provided a strong tool for carrying out further
analysis. Then, based on the verified finite element method, eight typi-
cal steel shearwall models with different structural construction details
and unstiffened low yield point steel shearwall model were established
within common sizes, and their load-carrying capacity, hysteretic be-
havior, degradation characteristics, fracture index, failure modes,
energy-dissipating capacity, especially ductility, out-of-plane deforma-
tion and the effect of tensionfield on the columnswere deeply analyzed.
Besides, to lessen the out-of-plane buckling phenomenon and improve
P

Fishplate

Fig. 2. Typical element of s
the load-carrying capacity of low yield point steel plate shear wall, an
advanced stiffened low yield point steel plate shear wall was proposed,
and its seismic behaviors were also compared with all others above. Fi-
nally, a direct suggestion was given for engineers to choose proper con-
struction details according to the specific demands of actual projects. It
was expected to provide a reference for engineering applications.

2. Finite element analysis

In order to study the behaviors of the steel plate shear wall struc-
tures, an efficient and accurate finite element method should be
obtained. All parts of models are presented in more detail as follows.

2.1. Model description

A typical steel plate shear wall structure generally consists of edge
beams, edge columns, infill panel, beam-to-column connections, and
fish plates, as shown in Fig. 2. It was proved in reference [19] that the
fish plate could be neglected in finite element model, which would
not affect the simulated results. Both H-shaped frame and infill panel
are modeled in ABAQUS with shell element S4R, to avoid shear locking
phenomenon. In order to accurately simulate the plate buckling, initial
defect should be imposed on the panel by rewriting the inp file. The
process of imposing initial defect is achieved by using Command
“imperfection” to modify the coordinates of nodes. Reference [1] drew
a conclusion that residual stress had little effect on behaviors of steel
plate shear wall, which could be ignored. Therefore, the residual stress
will not be considered in the finite element modeling.

The boundary conditions and loading patterns are in accordance
with typical tests. The loading process contains two steps. Firstly, the
vertical loads are applied on the top of edge columns to simulate the
axial forces, and the impact of second-order effect is taken into account.
Frame beam

Frame column

Infilled plate

Axial force Axial force

teel plate shear wall.



Fig. 3. Specimen details of Xu Jian et al. (mm).
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Secondly, the horizontal load P or displacement Δ is imposed on edge
beam to simulate the horizontal seismic loading.

2.2. Material modeling

Reference [18] showed that the stress–strain curve of steel under cy-
clic loading was quite different from the one under monotonic loading,
and the traditional material constitutive model with monotonic loading
curvewas difficult tomeet the calculation accuracy. Therefore, the cyclic
constitutive model should be used, which can accurately simulate the
cyclic hardening, buckling, cumulative damage and degradation phe-
nomena of structures subjected to cyclic loading patterns [20]. There-
fore, the constitutive model proposed by Chaboche [21,22] is adopted,
which is parameterized in ABAQUS (HARDENING = COMBINED
model) [23].

2.3. Computing platform

Since themain object of study is the thin steel plate shearwall under
cyclic loadings, strong nonlinear behaviors should be simulated, includ-
ing apparent buckling (infill panel buckling and column and beam local
buckling), out-of-plane deformation, as well as the mutations of the
tension strips of steel plate. Therefore, the analyses are conducted in
ABAQUS 6.10/explicit module [23]. This method treats the static prob-
lem as a dynamic process and uses the central difference method for
gradual integration of structuralmotion equations,which is appropriate
for solving highly nonlinear problems. The structure density is needed,
and an appropriate loading speed is selected as 0.5 every step. For static
test, the loading rate was relatively slower, therefore, it has little effect
on the calculation results. Due to the obvious local buckling phenomena,
the mesh sizes would affect the calculative results. Based on the
Table 1
Hardening parameters of materials.

Q∞
(N/mm2)

b C1
(N/mm2)

γ1

Q345B/Q235B 21 1.2 7993 175
High strength steel 16 1.2 4924 154
Low yield strength steel 100 8.0 8000 400
sensitivity analysis of meshing, the number of 20 is determined for
meshing within the range of tension stripes, which could satisfy the re-
quired calculative accuracy. Besides, structural meshes should be used.
The time step size is calculated automatically in ABAQUS, according to
the minimum mesh size of models.

3. Verifications of numerical analysis

In order to verify thefinite elementmethod, typical quasi-static tests
were selected, including the tests of Xu et al. [24], Vian et al. [3], Li et al.
[8,11] and Chen et al. [13].

3.1. Tests of Xu Jian et al.

Four 1:3 unstiffened steel plate shear wall specimens with three
floors were designed in reference [24], and specimens TM2–TM4 were
selected in this paper. The detailed dimensions of specimens are
shown in Fig. 3, and the parameters in brackets are the specific values
for specimen TM3, which are different from other specimens. Themate-
rial of infill panel is Q235B steel and the edge columns and beams are
made of steel Q345B. The cyclic constitutive model proposed in Part 2
is adopted. The yield strengths are selected according to the material
tests in reference [24], and the related cyclic hardening parameters are
from Table 1. The initial defect of out-of-plane is applied based on the
measured data in reference [24]. Test loading method is shown in
Fig. 3. During the horizontal cyclic loading process, the ratio of axial
compression stress to strength maintains 0.2.

The load–displacement curves (P–Δ) and typical failure modes
calculated by finite element model and tests are compared in Fig. 4.
The numerical simulations are basically the same as experimental re-
sults, indicating that the numerical method could accurately predict
the cumulative damage, strength degradation, pinching phenomena,
deformation developing process, local buckling of panels and columns,
and crossed tension strips of steel plate shear walls.

3.2. Tests of Vian et al.

The experimental studies on seismic performance of new-type steel
plate shearwall structures (shearwallswith equipment holes according
to the practical requirements) were conducted in reference [3].
Specimen sizes and mesh details are shown in Fig. 5. Specimen S2 is a
solid steel plate without holes. There are several circular holes in infill
panel of specimen P. Specimen CR has two openings (1/4 circular arc
with radius 500 mm) at the corners of the panel. The stiffeners are set
at the edge of arc openings with 160 mmwidth and 19 mm thickness,
as shown in Fig. 5(b). Edge frames are made of A572 steel, and the
yield strength is 345 N/mm2. The yield strength of infill panel is
165 N/mm2. The related cyclic hardening parameters refer to Table 1.
The first-order buckling mode is used for geometric initial defect. The
specific value is 1/500 height of steel plate according to the recommen-
dation in reference [24]. Cyclic loading patterns are applied at the
middle of beam until the component is completely destroyed.

The calculated load–displacement curves (P–Δ) and the predicted
failure modes are accordant with experimental results in Fig. 6, indicat-
ing that the numerical method could simulate the hysteretic behaviors.
Because of obvious out-of-plane deformation of specimenCR (Fig. 6(c)),
C2
(N/mm2)

γ2 C3
(N/mm2)

γ3 C4
(N/mm2)

γ4

6773 116 2854 34 1450 29
3101 120 2730 31 1450 26
1200 130 2730 100
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Fig. 5. Specimen details and meshing of Vian et al. (mm).
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the load-carrying capacity decreases significantly, and this phenome-
non could also be well simulated by the proposed method.

3.3. Tests of Li et al.

The cyclic loading tests of steel plate shear wall structures with dif-
ferent construction details were conducted in references [8] and [11].
The sections of edge frames are the same,while the forms of infill panels
are different, including unstiffened steel plate shear wall (H), shearwall
with slits (HD1), shear wall with openings (HD2), cross-stiffened
shear wall (HS1) and diagonal stiffened shear wall (HS2). The de-
tailed dimensions and meshes are shown in Fig. 7. The width and
length of the vertical slits on specimen HD1 are respectively 5 mm
and 240 mm, and the spacing of slits is 75 mm. The out-of-plane ini-
tial defects of shear wall are determined according to references [8]
and [11]. The material of edge frames and infill panel is Q235B steel.
The basic material test data are according to references, and the cyclic
constitutive model proposed in Part 2 is adopted (Table 1). During
the horizontal cyclic loading process, the axial forces on specimens
maintain 400 kN.

The calculated load–displacement curves (P–Δ) and experimental
results are well compared in Fig. 8. Typical failure modes are compared
in Fig. 9. Most specimens have local buckling of the columns, out-of-
plane deformation and buckling of stiffeners. The slit strips of HD1 are
deformed badly with serious bending. The simulated overall and local
failure modes are consistent with actual situations.

3.4. Tests of Chen et al.

The purpose of reference [13] was to study the seismic behaviors of
low yield point steel plate shear wall under cyclic loading patterns.
LYP100 is used for shear panel. Edge frames are made of A572 steel.
The yield strengths are referred to Ref. [13], and the cyclic constitutive
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model proposed in Part 2 is adopted (Table 1). The details of specimens
No. 3 and No. 4 and meshes of finite element model are shown in
Fig. 10(a).

The calculated hysteretic curves (P–θ) and tests are basically the
same in Fig. 10(c) and (d). The cyclic skeleton curves are higher than
monotonic curves, which are caused by cyclic hardening behaviors of
LYP steel material. The comparison results show that the numerical
method could accurately simulate the cyclic behaviors of the low yield
steel plate shear wall structures.

3.5. Prediction of maximum capacity

The load-carrying capacities ofmentioned eleven specimens are pre-
dicted. Comparisons of experimental and numerical results are shown
in Fig. 11(b). Pmax,ex is the maximum imposed load of experimental re-
sults, Pmax,an is the maximum imposed load of numerical results and Py
is the yield load of experimental results (the yield strength and yield
displacement are defined in Fig. 11(a)). The deviation from the solid
line indicates the error of the numerical results. The error defined by
Eq. (1) is 3.3%, revealing that the finite element method is reliable for
simulating load-carrying capacity of specimens.

Error ¼ 1
n

Xn
i¼1

Pmax;ex−Pmax;an

�� ��
Pmax;ex

ð1Þ

3.6. Prediction of fracture tendency

The fracture tendency can be predicted by equivalent plastic strain
(PEEQ), which is described as a cumulative variable and amonotonical-

ly increasing function (Eq. (2)). eε� pl is calculated in Eq. (3). This index
represents the local ductility and fracture tendency of steel (ABAQUS
6.10) [23].



Fig. 7. Specimen details and meshing of Li et al. (mm).
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PEEQ ¼ eε� pl����
0
þ
Z t

0
eε� pldt ð2Þ

eε� pl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
3
ε
� pl

: ε
� pl

r
ð3Þ

whereε
� pl is the rate of plastic flow,eε� pl is the equivalent plastic strain rate

and eε� pl����
0
is the initial equivalent plastic strain rate.
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FromFig. 12, the positions of themaximumPEEQ are consistentwith
the ones of actual fractures in tests, indicating that the numerical meth-
od can determine the probable fracture locations. Therefore, in practical
engineering, based on the calculated results, appropriate measures can
be used to avoid fracture in advance.

In summary, the proposed three-dimensional finite elementmethod
could simulate the hysteretic behaviors of steel plate shear wall struc-
ture more accurately, and could also give a more precise description of
the whole process under cyclic loading. It provides a powerful tool for
further analyses of steel plate shear wall structures with different
construction details.
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4. Parameters of steel plate shear wall structures with different
construction details and materials

The construction details and materials have great effect on be-
haviors of steel plate shear wall structures. The construction details
mentioned below are most widely used in engineering projects. In
order to gain a direct understanding for engineers to choose proper
construction details in terms of specific situations, steel plate shear
wall structures with different construction details and materials are
studied.

4.1. Typical steel plate shear wall structures with different construction
details

The finite element models of steel plate shear wall structures with
typical construction details are established, and comparative analyses
are carried out with (1) standard unstiffened steel plate shear wall in
Table 2. Considering the practical engineering applications, the span to
depth ratio of thin steel plate shear wall is L/h=1.0–2.0, and the height
to thickness ratio is aroundλ=200–400 [24]. In order to investigate the
seismic behaviors of steel plate shear wall with large ratio of height to
thickness, the span to depth ratio is determined as 1.25, and the height
to thickness ratio is determined as 350. The index of edge column stiff-
ness was proposed by American and Canadian specifications based on
the developing degree of tension fields [25,26]. The stiffness should
meet the requirement of Eq. (4).
ωh ¼ 0:7hs
ti

2LsIc

� �0:25
ωh ≤ 2:5

ð4Þ

where hs and Ls are respectively the center distances of edge beams
and edge columns; Ic is the inertia moment of edge column; ti is the
thickness of infill wall; and h is the height of infill wall. ωh of specimen
(1) is 2.2, satisfying the requirement for edge column stiffness. On the
other hand, the influences of the column deformation on structures
could be studied.

All the specimens have the same sizes of edge frames and the same
thickness of infill steel panels with different construction details. The
shear regions of beam-to-column connections are strengthened as
14 mm. The detailed dimensions of models are shown in Fig. 13. The
specific types andnumbers are shown in Table 2. (1) Standard specimen
(SW-STA) is a solid unstiffened steel plate shear wall. (2) Slotted steel
plate shear wall (SW-CF): the infill panel is not connected to the
edge columns with 50 mm gaps. (3) Steel plate shear wall with slits
(SW-SF): there are several slits in infill panel. The width and length of
the vertical slit are respectively 5 mm and 500 mm, and the spacing of
slits is 100 mm. The proportion of slit arrangement is consistent with
reference [7]. (4) Cross-stiffened steel plate shear wall (SW-SR): the
double-faced cross stiffeners arewelded on the infill panel, and the stiff-
ener sizes are designed and determined according to reference [8].
(5) Diagonal stiffened steel plate shear wall (SW-CR): the double-
faced diagonal stiffeners are welded on the infill panel with the same
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Table 2
Parameter illustration of steel plate shear wall structures with different structural
constructions.

Influence factors Types Numbers

Standard steel plate
shear wall

(1) The standard specimen SW-STA

The effect of slits (2) Slotted steel plate shear wall at two edges SW-CF
(3) Steel plate shear wall with slits SW-SF

The effect of stiffeners (4) Cross-stiffened steel plate shear wall SW-SR
(5) Diagonal stiffened steel plate shear wall SW-CR

The effect of holes (6) Steel plate shear wall with openings I SW-H1
(7) Steel plate shear wall with openings II SW-H2

The effect of material (8) Low yield point steel plate shear wall SW-LYP
(9) T type rib stiffened low yield point steel
plate shear wall

SW-T-LYP
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cross-section of cross stiffeners. (6) Steel plate shear walls with open-
ings-I(SW-H1) and (7) -II (SW-H2): the size of holes is determined
according to reference [3] with a diameter of 200 mm.

4.2. Low yield point steel plate shear wall structures

In order to study the effect of infill panel material on seismic perfor-
mance of shear wall structure, low yield point steel LYP100 is used for
infill panel ((8) low yield point steel plate shear wall (SW-LYP)). The
hysteretic curves of low yield point steel are plumper than normal
steel [27] with good energy dissipation capacity and ductility, and the
yield to strength ratio is only 0.3–0.4 with high load-carrying capacity
potential [13,16]. Specialmaterialwill inevitably lead to the obvious dif-
ferent behaviors of steel plate shear wall structures from ordinary ones.
However, due to the lower yield strength, the lateral stiffness of low
yield point steel plate shear wall is less than ordinary one in case of
the same thickness, resulting in earlier out-of-plane deformation, louder
noises, and pinching phenomenon of hysteresis curve under cyclic load-
ings. Therefore, based on better solderability of low yield point steel
[12], author proposes an advanced double-sided stiffened rib (T type
stiffened ribs in Fig. 14). This kind of stiffened rib has greater bending
stiffness and higher stiffened efficiency, and can effectively improve
the performance of low yield point steel plate shear wall. Meanwhile,
this method can inhibit buckling to some extent, reduce the out-of-
plane deformation, and ensure the ductility and energy-dissipating
capacity of low yield point steel.

For comparative purposes, the detailed dimensions of low yield
point steel plate shear walls are the same as standard steel plate shear
wall. One kind of the proposed T type rib stiffened low yield point
steel plate shear wall is also compared with other shear wall structures
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(called (9) SW-T-LYP in Table 1), and the height and thickness of T type
stiffened rib are the same as stiffened steel plate shear wall. The finite
element models of all shear wall structures are shown in Fig. 13.

4.3. Material characteristics and constraint condition

Based on the principle of “strong frame, weak wall”, the yield
strength of edge frame is 380 MPa, and 240 MPa for infill panel of
normal steel. The nominal yield strength of low yield point steel is
100 MPa, and its isotropic hardening phenomenon is more obvious
than normal steel as the increasing of hysteretic loops [13]. The cyclic
constitutive parameters are determined according to references [18]
and [27] (Table 3). The bottoms of specimens are fixed. The nodes of
connections are restrained to prevent out-of-plane instability. The spe-
cific value of initial defect is 1/500 height of steel plate. The ratio of axial
compression stress to strength maintains 0.2. All the specimens are
displacement-controlled with the same loading patterns (Fig. 15). The
definition of inter-story drift angle is θ = Δ/H, where Δ is the imposed
T type rib

Fig. 14. T type rib stiffened low yie
displacement, and H is the height of storey. The inter-story drift angle
0.02 rad is the collapse limit of Code for Seismic Design of Buildings
in China [28]. The maximum imposed displacement is 60 mm (θ is
0.03 rad) to investigate the behaviors under strong earthquakes.

5. Seismic behaviors of steel plate shear wall structures with
different construction details

5.1. Comparison of hysteretic behaviors

Due to the cyclic hardening constitutive model of materials, the
monotonic loading curves will appear below the cyclic skeleton curves
before degradation occurs. Therefore, in order to study the degradation
phenomena caused by cyclic loading, the determined method of the
equivalent monotonic curves in Fig. 16 is that cyclic displacements are
imposed before 20 mm, and then monotonic displacement is imposed
until 60 mm. It can be seen from Figs. 16 and 17 that as the numbers
of hysteretic loops are increasing, the differences of hysteretic
T type rib

T
type
rib

ld point steel plate shear wall.



Table 3
Parameters of specimen materials.

Type σ|0
(MPa)

Q∞
(MPa)

biso Ckin,1
(MPa)

γ1 Ckin,2
(MPa)

γ2 Ckin,3
(MPa)

γ3 Ckin,4
(MPa)

γ4

Column and beam 380 16 1.1 4924 154 3101 120 2730 31 1450 26
Wall 240 21 1.2 4924 154 3101 120 2730 31 1450 26
Wall with low yield strength steel 100 100 8.0 8000 400 1200 130 2730 100
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curves and equivalent monotonic curves become more obvious. It
indicates that plastic deformation accumulation observably aggravates
the out-of-plane deformation, the local buckling of columns and the
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Fig. 16. Comparison of
formation of tension field, resulting in strength and stiffness degrada-
tion subjected to cyclic loadings.

Because of the reciprocating out-of-plane deformation of steel panel,
pinching phenomena occur in hysteretic curves with gradually forming
two-way tension strips. The deformation is continuously recovering,
and the length of zero stiffness stage in curve is growing. The pinching
degrees of steel plate shear wall structure with different construction
details are not consistent. Due to material properties of low yield
point steel, the hysteretic curves of low yield point steel plate are rela-
tively fuller with less degradation, especially SW-T-LYP with effective
restraints. The deformation modes of SW-CF and SW-SF are changed,
so the hysteretic loops are fuller. The curve of SW-SF is different from
others, because of bending deformation of steel strips between slits.
Due to limited stiffness of stiffeners on SW-SR and SW-CR, the out-of-
plane deformation of steel panel and local buckling of stiffeners appear
in succession, leading to obvious pinching and degradation phenomena
of hysteretic curves. The curves of SW-H1 and SW-H2 also have
pinching phenomena.
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5.2. Comparison of load-carrying capacity

The out-of-plane deformations of thin steel plate shear walls occur
earlier. The lateral stiffness is decreased with the horizontal displace-
ment increasing, showing a strong nonlinear feature, as shown in
Fig. 18. The initial stiffness Ki is defined as the secant stiffness of position
with imposed displacement of 1.2mm. The equivalent stiffnessKsi is the
secant stiffness of position with 1/250 inter-story drift angle (1/250 is
the equivalent elastic drift limit of seismic code [28]). The monotonic
load-carrying capacity of frame structure is 1006.28 kN, less than half
of the ultimate capacity of standard shear wall structure. The initial
lateral stiffness is 48.99 kN/mm, less than 1/6 of standard shear wall
Table 4
Comparison of load-carrying capacity behaviors.

Type Pcui/kN Pcui/Pcu1 Pmui/kN Pmui/Pmu1

SW-STA 1943.21 1.00 2135.34 1.00
SW-LYP 1592.47 0.82 1635.74 0.77
SW-T-LYP 1846.02 0.95 1863.23 0.87
SW-CF 1553.27 0.80 1627.47 0.76
SW-SF 1331.24 0.69 1475.39 0.69
SW-SR 2063.34 1.06 2252.21 1.05
SW-CR 2148.09 1.11 2336.68 1.09
SW-H1 1837.71 0.95 2010.37 0.94
SW-H2 1730.22 0.89 1916.84 0.90

Note: Pcui is the peak value of cyclic skeleton curve. Pmui is the peak value of monotonic curve.
structure. The above comparison data indicate that the steel panels
have great effect on improving the load-carrying capacity of frame
structures.

Seen from Figs. 17 and 18 and Table 4, the strength and stiffness of
shear walls with various details are quite different. Though the steel
yield strength of LYP is only one third of normal one, the load-carrying
capacity decreases by only about 20%, indicating that the material
utilization is higher. The initial stiffness Ki of SW-LYP is 92% of SW-STA
(the probable reason is that some local positions have already yielded
(for instance, the corners of the panel wall)), however, the equivalent
stiffness Ksi is only 61% of SW-STA, revealing that the stiffness decreases
quickly due to yielding and buckling. Due to the effective stiffening, the
load-carrying capacity of SW-T-LYP is much higher than SW-LYP,
especially initial stiffness to make up for the disadvantages of SW-LYP;
and the peak strength under cyclic loading is only a little less than
SW-STA, as shown in Fig. 17 and Table 4. The strength and stiffness of
SW-CF and SW-SF are much less than SW-STA, indicating that the ten-
sion fields are changed, greatly affecting the load-carrying capacity.
The steel consumption of SW-SR increases by 11%, while the strength
is enhanced by about 5%, the initial stiffness Ki about 36% and the equiv-
alent stiffness Ksi about 11%. The steel consumption of SW-CR increases
by 16%, while the strength is improved by about 10%, the initial stiffness
Ki about 36% and the equivalent stiffness Ksi about 15%. The above data
indicate that the stiffeners have more significant effect on initial
stiffness. From the comparison data of SW-H1 and SW-H2 in Table 4,
the effects of openings on strength are proportional to opening areas,
but the effects on stiffness are slightly larger. In summary, the construc-
tion details have some influences on performances of shear wall
structures, however, the carrying capacities increase greatly comparing
with pure frame.

5.3. Comparison of strength degradation

Degradation is related to plastic deformation accumulation of
structures, out-of-plane deformation of steel plate, and local buckling
of columns. The strength degradation index is defined as ΔP/Pmi,
where ΔP = Pk − Pmi. Pmi is the reaction force at each cyclic amplitude
displacement and Pk is the equivalent monotonic reaction force at the
corresponding displacement. The shear wall structures with different
construction details have different degradation starting positions,
degradation degrees, degradation developing paths and degradation
stability, as shown in Fig. 19. From the hysteretic curves in Fig. 16, due
to the strength decreases under the same imposed displacement, the
degradation curves are obtained respectively according to odd and
even loading cycles. Red dash rectangles in Fig. 19 are the degradation
degrees at inter-story drift angle of 1/50, and the values are shown in
Table 5. The final degradation degrees are also compared in Table 6
(inter-story drift angle is 1/30).

It can be seen fromFig. 19(a) that SW-T-LYP and SW-LYP have stable
performancewithout severe strength degradation, and the degradation
starting positions are much later than SW-STA. In Fig. 19(b), the early
Ki kN/mm Ki/K1 Ksi kN/mm Ksi/Ks1 Ksi/Ki

280.70 1.00 192.01 1.00 0.68
257.25 0.92 116.23 0.61 0.45
370.03 1.32 138.44 0.72 0.37
168.23 0.60 119.46 0.62 0.71
155.43 0.55 113.42 0.59 0.73
357.84 1.27 208.12 1.08 0.58
383.02 1.36 220.85 1.15 0.58
238.95 0.85 175.70 0.92 0.74
241.19 0.86 160.29 0.83 0.66
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degradations of SW-SF are less than SW-STA, however, the degradation
rates increase because of severe deformations of steel strips between
slits. SW-CF has more stable performance of degradation. In Fig. 19(c),
at 1/50 position, the degradation of SW-STA is relatively more serious
than the others, while SW-CR is relatively small. At the final position,
the degradation values of SW-SR are the largest due to the severe buck-
ling of stiffeners, reducing the restraint effect. In Fig. 19(d), the degrada-
tion degrees of SW-H1 and SW-H2 are less than SW-STA at the position
of 1/50, while the final degradation values of three structures are
Table 5
Degraded characteristics of steel plate shear wall structures (1/50 position).

Type ΔP
Pmi

� �þ;e

max
ΔP
Pmi

� �−;e

max
ΔP
Pmi

� �þ;o

max
ΔP
Pmi

� �−;o

max

SW-STA 0.14 0.23 0.07 0.07
SW-LYP 0.02 0.04 0.00 0.00
SW-T-LYP 0.00 0.02 0.00 0.00
SW-CF 0.06 0.09 0.01 0.01
SW-SF 0.07 0.09 0.03 0.04
SW-SR 0.16 0.20 0.08 0.11
SW-CR 0.11 0.13 0.06 0.07
SW-H1 0.12 0.12 0.05 0.04
SW-H2 0.10 0.12 0.05 0.04

Note: ΔP
Pmi

� �þ;e

max
is the maximum strength degradation of even cycle in positive direction.

ΔP
Pmi

� �−;e

max
is the maximum strength degradation of even cycle in negative direction.

ΔP
Pmi

� �þ;o

max
is the maximum strength degradation of odd cycle in positive direction.

ΔP
Pmi

� �−;o

max
is the maximum strength degradation of odd cycle in negative direction.
similar. According to the requirements of seismic code [28] in defin-
ing the position of degradation by 15% as failure point (horizontal
dash line in Fig. 19), the later the intersection points appear, the rel-
atively better the ductility of shear wall structures is. The strength
degradations of SW-T-LYP, SW-LYP, SW-CF, SW-SF SW-H1 and SW-
H2 are less than 15% at 1/50 position with good ductility. Comparing
with SW-STA, the failure points of other structures occurred later, in-
dicating that proper construction changes can improve the ductility
of structures.
Table 6
Degraded characteristics of steel plate shear wall structures (final position).

Type ΔP
Pmi

� �þ;e

max
ΔP
Pmi

� �−;e

max
ΔP
Pmi

� �þ;o

max
ΔP
Pmi

� �−;o

max

SW-STA 0.31 0.28 0.22 0.23
SW-LYP 0.13 0.13 0.1 0.12
SW-T-LYP 0.22 0.23 0.11 0.09
SW-CF 0.24 0.28 0.20 0.24
SW-SF 0.29 0.33 0.24 0.26
SW-SR 0.26 0.27 0.22 0.21
SW-CR 0.24 0.29 0.18 0.20
SW-H1 0.27 0.29 0.17 0.17
SW-H2 0.31 0.28 0.22 0.23

Note: ΔP
Pmi

� �þ;e

max
is the maximum strength degradation of even cycle in positive direction.

ΔP
Pmi

� �−;e

max
is the maximum strength degradation of even cycle in negative direction.

ΔP
Pmi

� �þ;o

max
is the maximum strength degradation of odd cycle in positive direction.

ΔP
Pmi

� �−;o

max
is the maximum strength degradation of odd cycle in negative direction.
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5.4. Comparison of fracture tendency

From the PEEQ distributions of structures in Fig. 20, the probable
fracture and damage locations can be obtained. The construction details
can change the deformation distributions and failure modes to improve
the properties of shear wall structures. The points selected for fracture
tendency PEEQ index comparisons include the middle position of
shear plate (the effect of cyclic out-of-plane deformation on shear
wall), the corner of shear plate (weld areas) and the center and edge
of column flange (the effect of tension field on the columns) (Fig. 21).
The PEEQ values of SW-SF, SW-SR, SW-CR, SW-LYP and SW-T-LYP in
themiddle of shear wall are higher than SW-STA, due to the stress con-
centration at ends of vertical slits, local buckling of stiffeners and deep
yield stage of steel plate. However, the material ductility of low yield
point steel is almost twice of normal steel, so the higher PEEQ value in
steel plate of SW-LYP and SW-T-LYP may not lead to earlier fracture
[16,17]. For SW-SR and SW-CR, the positions of maximum PEEQ are
stiffeners, which could be treated as thefirst defense of shearwall struc-
tures. For SW-SF, the largest values are at the end of slits, which would
lead to the infill steel panel torn at these positions. Except for SW-CR,
the corner PEEQ values of the others are less than SW-STA, effectively
lessening the fracture probability of welds around corners. The ductility
of weld at root is much worse than base metal, usually causing brittle
fracture and fatigue fail at welded joints (welded stiffener-to-web
SW-STA SW-LYP SW-T-
LYP

SW-CF SW
0.0
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Fig. 21. Comparison of th
panel joints) [29]. The plastic strain accumulation of SW-CR increases
at the corners caused by the effect of both diagonal tension fields in
steel plate and diagonal stiffeners, leading to larger PEEQ values. The
PEEQ values of SW-CF, SW-LYP, SW-T-LYP, SW-H1, and SW-H2 at col-
umn flanges are less than SW-STA, indicating that these construction
details reduce the adverse effects of tension fields on the columns. For
the stiffened specimens of SW-SR and SW-CR, the effects of tension
fields on the columns are increased, so higher demands of column
stiffness are needed for structure design.

5.5. Comparison of failure modes

It can be seen from Fig. 22 that the details of holes, slits and stiffeners
will change the deformation behaviors of thin steel plate shear walls,
resulting in the changes of failure modes. During the loading process,
the buckling of thin steel plate occurs early with the formation of ten-
sion strips and obvious out-of-plane deformations, leading to pinching
phenomena of hysteretic curves. The maximum out-of-plane deforma-
tions of structures at 1/50 positions and final positions are compared
in Table 7, in which the deformation of SW-T-LYP is the smallest, show-
ing that the out-of-plane deformations are effectively restrained. One
main wave is formed for SW-STA and SW-LYP with clear two-way
tension strips. Due to the low yield point of material, the plate goes
into yield state earlier, so there is little change during the loading
-SF SW-SR SW-CR SW-H1 SW-H2

el Center of column flange
Edge of column flange

e maximum PEEQ.
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process. No clear tension strip of SW-CF is formed, and multi-wave
bending failure mode is discovered. The failure modes of SW-SF are
bending deformation of steel strips between slits with no significant
main wave, lessening the out-of-plane deformation. For SW-SR, tension
fields are formed in small stiffener compartments. Due to limited
stiffness of stiffeners, the maximum deformation of SW-CR is at the
intersection of stiffeners, forming a main wave failure mode. The
panel deformations of SW-H1and SW-H2are averagedwithout obvious
main waves, significantly reducing the out-of-plane deformation.

5.6. Comparison of energy dissipation capacity

The energy dissipation coefficient is one of the indices describing the
energy dissipation capacity of components. The method to calculate
energy dissipation coefficient is shown in Fig. 23 based on literature
(JGJ101-96) [30]. In Eq. (5), SABC and SCDA respectively refer to the
upper half and lower half areas of the hysteresis curve; SOBE and SODF
respectively stand for the corresponding triangular areas. The larger
the value of is, the stronger the energy dissipation capacity is.

eE ¼ S ABCþCDAð Þ
S OBEþODFð Þ

ð5Þ

As the out-of-plane deformation of steel panels, a certain degree of
pinching phenomena occurs in hysteresis curves, which affect the
energy dissipation capacity of structures. Fig. 24(a)–(d) shows the
changing trends of energy dissipation coefficient of all shear walls with
the increasing distance between point E and point F in Fig. 23. From
Fig. 24, the following characteristics of the steel plate shear wall energy
dissipation can be obtained: 1) The energy dissipation coefficients in-
crease with the increasing of displacements ΔEF, indicating that the infill
steel panels have better energy dissipation capacity. 2) The energy
Table 7
Comparison of out-of-plane deformations (mm).

Type 1/50 position Final position

SW-STA 105.86 163.89
SW-LYP 139.82 159.17
SW-T-LYP 76.15 99.23
SW-CF 115.72 158.25
SW-SF 95.51 142.58
SW-SR 105.01 158.96
SW-CR 122.65 168.06
SW-H1 108.32 136.72
SW-H2 104.73 132.96
dissipation capacity may be reduced subjected to the repeated loading
under the samedisplacement, showing that the damage occurs under re-
ciprocating loadings. 3) The occurrence of degradation may increase en-
ergy dissipation coefficient, because the hysteretic curves get plumper.

From the comparison of final energy dissipation coefficients in
Fig. 24(e), the changes of structural forms will improve the energy dis-
sipation capacity of the structure, in which the low yield point steel
shear wall structures have the strongest energy dissipation capacity.
The index of SW-LYP is higher than SW-SAT by nearly 12.4%, and the
index of SW-T-LYP is higher than SW-SAT by nearly 16.4%.

5.7. Summary of the seismic behavior comparisons

In summary, the seismic behaviors of steel plate shear wall with dif-
ferent construction details are compared in Table 8. The appropriate de-
tails and materials can effectively change the deformation behavior,
energy dissipation capacity, fracture properties, ductility and failure
modes, and play a good role on improving the seismic performances
of structures. Besides, they should be considered comprehensively
with all kinds of performance. For example, the shear walls with slits
improve the energy dissipation capacity and curve pinching problem
and lessen the out-of-plane deformation and the impact of tension
field on the columns, however, there is a significant reduction in
strength and stiffness. The stiffened steel plate shear walls greatly im-
prove the load-carrying capacity, however, the hysteretic curves still
have significant pinching phenomena, due to the limited stiffness of
stiffeners. The shearwalls with openings change the failuremodes, less-
en the out-of-plane deformation and effectively reduce the influence of
E
CO

F

D

A

Displacement

Fig. 23. Calculative method of energy dissipation coefficient.



0 20 40 60 80 100 120 140
0.0

0.5

1.0

1.5

2.0

2.5

SW-STA
SW-LYP
SW-T-LYP

∆ EF (mm) ∆ EF (mm)

∆ EF (mm) ∆ EF (mm)

E
p

E
p

E
p

E
p

E
p

0 20 40 60 80 100 120 140
0.0

0.5

1.0

1.5

2.0

2.5

0 20 40 60 80 100 120 140
0.0

0.5

1.0

1.5

2.0

2.5

0 20 40 60 80 100 120 140
0.0

0.5

1.0

1.5

2.0

2.5

Effect of steel material

SW-STA
SW-CF
SW-SF

Effect of slits

(a) Effect of steel material (b) Effect of slits

SW-STA
SW-SR
SW-CR

Effect of steel stiffeners

SW-STA
SW-H1
SW-H2

Effect of holes

(c) Effect of steel stiffeners (d) Effect of holes

1.6

1.8

2.0

2.2

2.4

SW-STA

SW-LYP
SW-CF

SW-SR
SW-CR

SW-H1
SW-H2

SW-SF

SW-T-LYP

(e) Comparison of final energy dissipation coefficient

Fig. 24. Comparison of energy dissipation coefficient.

209M. Wang et al. / Journal of Constructional Steel Research 107 (2015) 194–210
tension field on the columns, but the processing techniques are relative-
ly complicated. The proposed T type rib stiffened low yield point steel
plate shear wall can most effectively improve the energy dissipation
capacity and ductility, and also lessen the impact of tension field on
the columns.

6. Conclusions

The nonlinear finite element method of steel plate shear wall was
established, which was verified by typical test results. Comparative
analyses of steel plate shear wall with different construction details
were carried out. The following conclusions can be drawn:

(1) The proposed finite element method could give a quite accurate
prediction for behaviors of steel plate shear walls, including
load-carrying capacity, hysteretic curves, failure modes and
fracture tendencies. The rationality of selected element types
and constitutive models and applications of initial defects are
proved. The method provides a strong tool for studying the
performances of steel plate shear walls.



Table 8
Comparison of seismic behaviors.

Type Load-carrying
capacity

Energy dissipation
capacity

Fracture behavior
of infill panel

Fracture behavior of
the corner welds

The effect of tension
field on the columns

Cumulative damage
(ductility)

Failure
mode

Economic
performance

SW-STA – – – – – × – ○
SW-LYP △ ○ △ ○ ○ ○ △ ○
SW-T-LYP ○ ○ △ ○ ○ ○ ○ △
SW-CF △ △ ○ ○ ○ ○ △ ○
SW-SF × △ × ○ △ △ ○ △
SW-SR ○ △ × △ × × △ △
SW-CR ○ △ × × × × × △
SW-H1 ○ △ ○ △ △ △ ○ △
SW-H2 ○ △ ○ ○ ○ △ ○ △

Note:○ Good;△Medium; × Poor.
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(2) The appropriate construction details of steel plate shear wall
structures can effectively improve the seismic performance of
structures, including the deformation behavior, energy dissipa-
tion capacity, fracture properties, ductility and failure modes.
For example, SW-CR and SW-SR can increase the load-carrying
capacity of structures. The hysteretic loops of SW-SF, SW-CF,
SW-LYP, and SW-T-LYP are plumperwith less pinching phenom-
ena and better energy dissipation capacity. The strength degra-
dations of SW-LYP, SW-T-LYP, SW-CF, SW-SF SW-H1 and SW-
H2 are less than 15% at 1/50 position with good ductility. The
out-of-plane deformations of SW-T-LYP, SW-SF, SW-H1 and
SW-H2 are effectively lessened. SW-CF, SW-T-LYP, SW-LYP,
SW-H1 and SW-H2 reduce the adverse effects of tension fields
on the columns.

(3) In the high seismic zones, according to the specific demands of
actual projects, load-carrying capacity, hysteretic behaviors, fail-
ure modes, seismic ductility and economic performance should
be all taken into account comprehensively to choose appropriate
constructions of shear walls. From the seismic behavior compar-
ison of steel plate shear walls with different constructions, the
proposed T type rib stiffened low yield point steel plate shear
wall canmost effectively improve the energy dissipation capacity
and ductility, and also lessen the impact of tension field on
the columns. Besides, it has better load-carrying capacity and
smallest out-of-plane deformation. This method achieves the
combination of high-performance structural form and high-
performance material, and provides a good way for improving
the seismic behaviors of steel shear wall structures.
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