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A B S T R A C T

To expand the application scope of stainless steel, especially in the seismic resistance, a series of systematic
studies from material to members were carried out. A mechanical property test of S30408 austenitic stainless
steel under monotonic loading and cyclic loading was conducted first. Then, a low cyclic loading test of 8
diagonally stiffened steel plate shear walls (SPSWs), including 6 stainless SPSWs, 1 LY100 low-yield-strength
SPSW and 1 Q235 SPSW, was carried out. The failure modes, hysteresis curves, skeleton curves, ductility
coefficient and equivalent viscous damping ratio-displacement angle curves of different SPSWs were compared.
The mechanical behavior, energy dissipation and failure mechanism were revealed. The test results showed that
the ductility of stainless SPSWs was the greatest. An effective tension field was formed after buckling. Even if
the displacement angle exceeded 1/50, a good bearing capacity was displayed. A corner tearing for the LY100
and Q235 SPSWs occurred in the late stage of loading, resulting in a failure to form a reliable tension field. A
notable decline in bearing capacity occurred, and the ductility was poor. The energy dissipation of the stainless
SPSWs was better than that of the Q235 SPSW but slightly worse than that of the LY100 SPSW. Considering
the limitation of the test, such as the limitation of the specimen number and the range of the investigation
parameters, a refined finite element model was established and a parametric analysis was conducted, mainly
considering the influence of aspect ratio 𝛼, height-thickness ratio 𝜆, stiffness ratio of periphery stiffener 𝜂f and
stiffness ratio of diagonal stiffener 𝜂s on the hysteretic performance. The research carried out herein offers
a reliable reference for this new lateral force resisting structure and provides data for subsequent research,
which is helpful to promote the application of stainless SPSWs in building structures.
1. Introduction

In recent years, with the rapid development of various building
structures, the demand for new construction materials is increasing.
Stainless steel, a new construction material, has many advantages such
as high strength, light weight and superior appearance. Moreover,
a short service life of the anticorrosive measures commonly used in
engineering appears, and many human and financial resources need
to be invested in later maintenance, resulting in high costs. However,
stainless steel can fundamentally solve this problem from the material
aspect [1]. More importantly, excellent ductility and energy dissipation
make stainless steel be a good seismic material. Nevertheless, existing
research on the seismic behavior of stainless steel is rare. Besides,
among the stiffeners in all directions, small magnitude of corrugation
of diagonal stiffeners in plates will exhibit much superior strength
and stiffness. Diagonal stiffeners can also effectively limit the out-of-
plane buckling of thin steel plates to improve the stiffness and energy
consumption capacity [2–6].
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E-mail address: 101010393@seu.edu.cn (S. Fan).

At present, research on stainless steel mostly focuses on the material
mechanical properties and the static bearing capacity of members
under monotonic loading. Many scholars have proposed a series of
mature stainless steel constitutive models [7–10]. Regarding the static
bearing capacity of stainless steel members, Rasmussen [11–14] con-
ducted many studies on the bearing capacity of stainless steel com-
pression members. Additionally, Rossi [15], Zheng [16] and Zhao [17]
studied different types of stainless steel compression members, while
Huang [18], Hassanein [19], Niu [20,21], and Fan [22,23] studied
stainless steel flexural members.

Although many codes [24–26] have given design formulas for stain-
less steel materials and members, there is a lack of research on the
seismic behavior of stainless steel. A constitutive model of stainless
steel under cyclic loading is the basis for structure elastoplasticity
seismic analysis. However, due to complex test equipment and difficult
operation, test results usually fail to meet expectations, and research is
rare [27–29]. Moreover, research on stainless SPSWs is lacking. Since
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the 1970s, many scholars have carried out many studies on SPSWs,
but most of them focus on standard or low-yield-strength SPSWs.
Takahashi et al. [30] conducted an in-depth experimental research
and theoretical analysis on standard SPSWs for the first time. The test
specimens were 12 one-story one-bay and 2 one-story two-bay hinged
frames with stiffened SPSWs. The test results showed that the hysteresis
curves of the nonstiffened SPSWs were shuttle shaped, the pinching was
significant, and an elastic–plastic yield occurred for most specimens.
Good hysteresis behavior, no pinching and good ductility appeared
for the stiffened SPSWs. Subsequently, Takahashi held a point that
the stiffness and yield strength of stiffened SPSWs could be calculated
by shear theory through a finite element analysis and suggested that
elastic buckling should be taken as the design criterion for stiffened
SPSWs. Xue and Lu [31,32] conducted experimental research on 4
twelve-story three-bay thin SPSWs. The test results showed that an
additional axial force and moment displayed for SPSWs connected
at four sides led to a premature failure of the side columns. SPSWs
connected at both sides could avoid the premature failure of side
columns, but the lateral stiffness was lower. Azandariani [33] carried
out an experimental and numerical investigation of the cyclic behavior
of low-yield-strength SPSWs. The results indicated good stiffness, high
ductility, significant energy dissipation, and stable cyclic behavior for
the test specimens. The type of beam-to-column connection affected
ductility, strength and energy dissipation and had a negligible effect
on the initial stiffness. Nakashima and Torii et al. [34–37] studied the
seismic performance of low-yield-strength SPSWs in high-rise buildings.
The results showed an earlier yield, superior ductility, outstanding
energy dissipation and stable hysteresis loop for low-yield-strength
SPSWs. Compared with standard SPSWs, low-yield-strength SPSWs had
better energy dissipation and longer low cyclic fatigue life.

Overall, at present, there are many studies and applications on
standard and low-yield-strength SPSWs, while limited research has
been conducted on the seismic behavior of stainless SPSWs. Therefore,
a mechanical property test of S30408 austenitic stainless steel under
monotonic loading and cyclic loading was conducted first. Then, a low
cyclic loading test of 6 diagonally stiffened stainless SPSWs was carried
out. In addition, 1 LY100 low-yield-strength SPSW and 1 Q235 SPSW
test were conducted for comparison. A further parametric analysis was
conducted to investigate influence of aspect ratio 𝛼, height-thickness 𝜆,
stiffness ratio of periphery stiffener 𝜂f and stiffness ratio of diagonal
stiffener 𝜂s on the hysteretic performance. The research carried out
herein makes up for the blank of stainless SPSWs and further promotes
the application of stainless steel in the construction.

2. Material mechanical property tests under monotonic and cyclic
loading

Material mechanical properties are the basis of seismic analysis of
structures and members and provide data for subsequent numerical
simulation. Therefore, a mechanical property test under monotonic
and cyclic loading was carried out for the same batch of materials of
subsequent SPSWs.

2.1. Mechanical property test under monotonic loading

Three kinds of materials, S30408 austenitic stainless steel, LY100
low-yield-strength steel and Q235 steel, were tested in the mechanical
property test under monotonic loading. The thicknesses of stainless
steel were 2.0 mm, 2.5 mm and 3.0 mm, and the thickness of LY100
low-yield-strength steel and Q235 steel was 3.0 mm.

2.1.1. Specimen dimension under monotonic loading
According to GB/T 228.1-2010 Metallic Materials-Tensile Testing at

Room Temperature [38], the dimensions of the specimens are shown
in Fig. 1. Where, t is the thickness of the specimens.

According to different materials and thicknesses, the test specimens
ere divided into 5 groups, with 3 specimens in each group. Groups

nd codes of the test specimens are shown in Tables 1 and 2.

2

2.1.2. Loading method under monotonic loading
According to GB/T 228.1-2010 Metallic Materials-Tensile Testing

at Room Temperature [38], using a CMT5105 electronic universal test
machine, tensile loading was conducted in two stages: (1) In the first
stage, the specimen was stretched to 0.02 strain at a rate of 0.5 mm/min
to obtain the initial elastic modulus and nominal yield strength. (2)
In the second stage, the specimen was stretched to failure at a rate of
5 mm/min to obtain the ultimate tensile strength.

2.1.3. Test results under monotonic loading
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⎪
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(1)

u =
𝐿u − 𝐿0

𝐿0
× 100% (2)

where, 𝐿u is the standard distance after failure; 𝐿0 is the initial standard
distance.

Referring to the stainless steel constitutive model proposed by Ras-
mussen [10], the mechanical property parameters of each specimen can
be obtained, as shown in Table 1. The mechanical property parameters
of Q235 steel and LY100 steel are shown in Table 2, and the yield ratio
and elongation of Q235 steel can meet the requirements in GB 50017-
2017 Standard for Design of Steel Structures [39]. The meaning and
calculation method of each parameter are in the table note.

2.2. Mechanical property test under cyclic loading

In the mechanical property test under cyclic loading, to prevent the
specimens from buckling, the thickness should be as large as possible.
Therefore, the thickness of all test specimens was 3.0 mm.

2.2.1. Specimen and clamp design
According to GB/T 26077-2010 Metallic Materials-Fatigue Testing-

Axial-Strain-Controlled Method [40], the cyclic loading test specimen
dimensions are shown in Fig. 2.

To prevent compression bending instability of thin plates under
cyclic loading, referring to Ref. [40–42], an anti-bending clamp suitable
for the mechanical property test of stainless steel under cyclic loading
was designed. The plane dimension and 3D diagram of the clamp are
shown in Fig. 3(a) and (b). Fig. 3(b) shows that the upper and lower
ends of the specimens were connected with the test machine through
the clamping end, and two I-shaped clamps were connected by ordinary
bolts. The clamp was made of 304 austenitic stainless steel, and the
surface was polished to reduce the friction between the clamp and the
specimen as well as the impact on the test force. Ref. [41] showed that
the influence of a certain clamping force applied to the anti-bending
device on the test force could be ignored.

2.2.2. Loading method under cyclic loading
Referring to the cyclic loading tests carried out in Refs. [27–29,43],

four loading methods were designed, and a triangular wave was
adopted. Specimen C0 was loaded monotonically and the loading
method was the same as that of the monotonic loading test above. Spec-
imens C1-1 and C1-2 were loaded symmetrically with equal amplitudes,
and the strain amplitudes were 1.25% and 2.5%, respectively. Each was
loaded 20 times, and the loading rate was 0.001/s. Specimen C2 was
loaded with variable amplitude and loaded symmetrically step by step
with equal strain increments of 0.25%. Specimen C2 was pulled first
and then pressed and loaded 10 times with a loading rate of 0.001/s.
Loading curves of Specimens C1-1∼C2 are shown in Fig. 4.
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Table 1
Groups, codes and mechanical properties of stainless steel specimens.

Group Code 𝐸0/MPa 𝜎0.2/MPa 𝜎u/MPa 𝜀0.2/% 𝜀u/% n m 𝛿u

1

S-2.0-1 176 668 261.18 829.27 0.349 68.50 9.84 2.01 62.69%
S-2.0-2 185 553 265.96 797.83 0.344 66.66 8.70 2.07 61.89%
S-2.0-3 193 969 252.18 789.15 0.331 68.04 8.66 2.02 62.89%
Average 185 397 259.77 805.42 0.341 67.73 9.07 2.03 62.49%

2

S-2.5-1 180 282 245.69 767.85 0.337 67.58 8.68 2.02 59.23%
S-2.5-2 193 085 252.13 767.86 0.330 67.16 10.04 2.08 56.93%
S-2.5-3 203 529 248.47 766.21 0.323 67.57 9.59 2.00 60.48%
Average 192 299 248.76 767.31 0.330 67.44 9.44 2.03 58.88%

3

S-3.0-1 181 578 268.85 710.25 0.347 52.61 17.53 2.45 63.00%
S-3.0-2 186 119 248.61 715.21 0.334 55.29 8.38 2.37 61.08%
S-3.0-3 203 092 250.87 712.47 0.320 57.15 7.44 2.20 57.88%
Average 194 606 249.74 712.64 0.327 56.22 7.91 2.29 60.65%

Note: 1. S-t -a: S refers to S30408 austenitic stainless steel; t is the specimen thickness; a is the specimen code.
2. 𝐸0 is the initial elastic modulus. 𝜎0.2 is the nominal yield strength, that is, the stress corresponding to the residual
deformation of 0.2%. 𝜀0.2 is the total stress corresponding to 𝜎0.2. 𝜎u is the ultimate tensile strength. 𝜀u is the ultimate
strain. n and m are the strain hardening indexes fitted by Eq. (1). 𝛿u is the elongation calculated by Eq. (2).
Fig. 1. Specimen dimensions under monotonic loading.
Fig. 2. Specimen dimensions under cyclic loading.
Fig. 3. Anti-bending clamp.
2.2.3. Test phenomena under cyclic loading
The comparison of each specimen before and after the tests is shown

in Fig. 5. Fig. 5 shows that (1) in the cyclic loading test, no buckling
3

of the specimens occurs, indicating that the anti-bending clamp has
an excellent effect. (2) According to the comparison of test specimens
C0, C1-1 and C1-2, the elongation of the test specimens decreases in
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Fig. 4. Loading curves of cyclic loading.
Fig. 5. Comparison of each specimen before and after the tests.
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Table 2
Groups, codes and mechanical properties of LY100 low-yield-strength steel and Q235
steel specimens.

Group Code E/MPa 𝑓y/MPa 𝑓u/MPa 𝑓y∕𝑓u 𝛿u

4

Q-3-1 173 662 265.78 382.37 0.70 41.00%
Q-3-2 198 095 272.74 382.42 0.71 40.33%
Q-3-3 211 932 275.80 380.59 0.72 39.04%
Average 194 563 271.44 381.79 0.71 40.12%

5

L-3-1 181 588 122.37 278.89 0.44 58.89%
L-3-2 195 925 123.15 279.21 0.44 58.96%
L-3-3 209 004 117.40 279.69 0.42 61.36%
Average 195 506 120.97 279.26 0.43 59.74%

Note: 1. Q (L)-t -a: Q refers to Q235 steel; L refers to LY100 low-yield-strength steel; t
is the material thickness; a is the specimen code.
. E is the elastic modulus. 𝑓y is the yield strength. 𝑓u is the ultimate tensile strength.
u is the elongation calculated by Eq. (2).

urn, indicating that the ductility of the test specimens under cyclic
oading is worse. With increasing loading amplitude, the ductility is
orse. (3) According to the comparison of test specimens C1-2 and C2,

he elongation of the test specimens is nearly the same, indicating that
nder the same maximum loading amplitude, the effect of variable and
qual loading amplitudes on the ductility of the test specimens is the
ame.

.2.4. Test results under cyclic loading
The stress–strain curves of each specimen are shown in Fig. 6.

ig. 6 shows that the hysteresis curves of specimens C1-1, C1-2 and
2 are plump, indicating that the stainless steel material has a good
nergy dissipation capacity. In addition, the cyclic strengthening of
pecimens C1-1, C1-2 and C2 is significant, which shows that the
ysteretic behavior of stainless steel combines the characteristics of
sotropic strengthening and kinematic hardening.

For stainless steel materials, due to different loading methods, there
re great differences between the skeleton curve under cyclic loading
nd the stress–strain curve under monotonic loading. To facilitate the
 h

4

comparison with the stress–strain curve under monotonic load, taking
specimen C2 as an example, the skeleton curve of specimen C2 is
calculated by Eq. (4). Eq. (4) is modified from Eq. (3) [7].

𝛥𝜀
2

=
𝛥𝜀e
2

+
𝛥𝜀p
2

= 𝛥𝜎
2𝐸

+
( 𝛥𝜎
2𝐾 ′

)

1
𝑛′ (3)

𝜀 = 𝜎
𝐸

+
( 𝜎
𝐾 ′

)
1
𝑛′ (4)

where, 𝛥𝜀 is the total strain amplitude; 𝛥𝜀e is the elastic strain am-
plitude; 𝛥𝜀p is the plastic strain amplitude; 𝛥𝜎 is the stable stress
amplitude; E is the elastic modulus of stainless steel; 𝐾 ′ is the cyclic
strengthening coefficient; 𝑛′ is the cyclic strain hardening index.

According to the characteristic points of the skeleton curve of
specimen C2 obtained from the test, it can be determined that 𝐾 ′ =
1594.1 and 𝑛′ = 0.3204. The stress–strain curve of specimen C0 un-
der monotonic loading and the cyclic skeleton curve of specimen C2
calculated by Eq. (4) are shown in Fig. 7. Fig. 7 shows that Eq. (4)
can accurately simulate the cyclic skeleton curve of S30408 austenitic
stainless steel. In the later stage of cyclic loading, cyclic hardening
improves the strength of the material, and no cyclic softening occurs.

In the widely used finite element software ABAQUS, a nonlinear
kinematic hardening/isotropic strengthening model [44] is provided.
The isotropic strengthening can be expressed by Eq. (5), which is
a function having the equivalent plastic strain 𝜀pl as the parameter,
reflecting the yield surface size 𝜎0.

𝜎0 = 𝜎|0 +𝑄∞

[

1 − exp
(

−𝑏iso𝜀
pl
)]

(5)

where, 𝜎|0 is the stress when the equivalent plastic strain is 0; 𝑄∞ is the
aximum variation of yield surface; 𝑏iso is the change of yield surface

ize with plastic strain increasing.
For strongly nonlinear materials such as stainless steel, when the

ominal yield strength is taken as the initial yield surface, the model
esults are quite different from the test. Referring to the research of
ip [45], the stress corresponding to 0.01% plastic strain is taken
erein as the initial yield surface.
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Fig. 7. Comparison between Stress–strain curve of specimen C0 and cyclic skeleton
urve of specimen C2.

For the nonlinear kinematic hardening model, the relationship
etween the back stress 𝛼𝑘 and plastic strain 𝜀pl is shown in Eqs. (6)

and (7).

𝛼k =
𝐶kin,k

𝛾k

[

1 − exp
(

−𝛾k𝜀pl
)]

+ 𝛼k,1 exp
(

−𝛾k𝜀pl
)

(6)

=
𝑁
∑

1
𝛼k (7)

here, 𝛼k is the kth back stress; 𝛼k,1 is the kth back stress of the first
ata; 𝐶kin,k and 𝛾k are the material constant to be calibrated for the
inematic hardening; 𝛼 is the total back stress.
 t

5

Based on the test results of stress–strain curves of specimens C1,
2 and C3, the fitted parameters 𝑄∞, 𝑏iso, 𝐶kin,k and 𝛾k are shown in
able 3.

. Low cyclic loading test of diagonally stiffened stainless SPSWs

To explore the seismic performance of diagonally stiffened stainless
PSWs, a low cyclic loading test on stainless SPSWs was carried out,
nd the influence of the height-thickness ratio 𝜆, stiffness ratio of
iagonal stiffener 𝜂s and material types on seismic performance were
nvestigated. A total of 6 S30408 austenitic stainless SPSWs were
esigned in the test with 1 LY100 low-yield-strength SPSW and 1 Q235
PSW for comparison.

.1. Design of SPSWs

.1.1. Scale effect
Considering the limitation of test setup, the scale ratio of 1:3 was

dopted for the test. The geometry similarity ratio 𝑆L was 1:3. The main
arts of SPSWs were made of S30408 austenitic stainless steel, so the
aterial similarity ratio 𝑆E was 1:1. The similarity ratios of various
hysical quantities in the test are shown in Table 4. Additionally, to
pply the test results to the actual full-scale project, in subsequent
arametric analysis, the finite element models were designed in full
cale.

.1.2. Construction form
A diagonal stiffened stainless SPSW was designed, as shown in

ig. 8(a). The SPSW was connected on both sides without frame
olumns either side. To facilitate the connection between the SPSW and
he loading device, 22 mm bolt holes were set on the connecting plates
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Table 3
Parameter calibration of cyclic constitutive model.

Specimen 𝜎∣0/MPa 𝑄∞/MPa 𝑏iso 𝐶kin,1/MPa 𝛾1 𝐶kin,2/MPa 𝛾2 𝐶kin,3/MPa 𝛾3 𝐶kin,4/MPa 𝛾4
C1 160.14 90 17.5 18 520 440 14 819 109 12 778 129 7728 89
C2 165.54 83 14.2 16 524 333 10 941 61 10 932 61 5914 61
C3 165.92 79 15.1 16 216 422 12 350 70 8416 80 4322 65
Average 164.00 84 15.6 17 087 398 12 703 80 10 709 90 5988 72
Table 4
Similarity ratios of various physical quantities in the test.

Physical quantity Stress Strain Elastic modulus Poisson’s ratio Length Displacement Angle Concentrated load

Dimension [FL−2] [1] [FL−2] [1] [L] [L] [1] [F]
Similarity ratio relation SE 1 SE 1 SL SL 1 SESL

2

Scale ratio 1:1 1:1 1:1 1:1 1:3 1:3 1:3 1:9
Fig. 8. Construction form and geometric dimensions of SPSWs.
s
𝑏
t

at the upper and lower ends of the SPSW, which were connected with
the loading device through M20 high-strength bolts.

In Fig. 8(a): (1) The upper and lower edges of the steel plate were
connected with the connecting plate and the upper and lower ends
were strengthened with stiffeners. (2) Periphery stiffeners were set to
prevent buckling on the left and right sides of the steel plate. (3) For
the diagonally stiffened stainless SPSWs, diagonal stiffeners were set on
both sides along the diagonal direction of the middle area of the steel
plate, mainly to prevent the out-of-plane buckling of the steel plate.
(4) Only the steel plate, diagonal stiffener and periphery stiffener were
made of S30408 austenitic stainless steel for stainless SPSWs. Other
parts were made of Q235B steel.

3.1.3. SPSW dimensions
The height-thickness ratio 𝜆, stiffness ratio of diagonal stiffener 𝜂s

nd stiffness ratio of periphery stiffener 𝜂f were key factors affecting
he hysteresis behavior of SPSWs. Combined with the construction form
f the test specimens, 𝜆, 𝜂s and 𝜂f could be calculated by Eqs. (8), (9)
nd (12). The geometric dimensions of the test specimen are shown in
ig. 8(b).

=
𝐻e
𝑡w

(8)

s =
2𝐸s𝐼s

𝐷
(

𝐻e sin 𝜃 + 𝐿e cos 𝜃
) (9)

𝐼s =
𝑡s𝑏3s
12

+
(

𝑡s𝑏s
)

(

𝑏s
2

)2
=

𝑡s𝑏3s
3

(10)

=
𝐸s𝑡3w
(

2
) (11)
12 1 − 𝜈

6

𝜂f =

(

1 − 𝜈2
)

𝑡f𝑏3f
𝑡3w𝐿e

≥ 1 (12)

where, 𝐻e is the effective height and 𝐿e is the effective width of SPSWs,
as shown in Fig. 8(b); 𝐼s is the moment of inertia of the stiffener to the
middle surface of the steel plate; D is the out-of-plane stiffness of the
steel plate; 𝑡w is the thickness of the steel plate, 𝑡s is the thickness of
the diagonal stiffener and 𝑏s is the width of the diagonal stiffener, as
hown in Fig. 8(c); 𝑡f is the thickness of the periphery stiffener and
f is the width of the periphery stiffener, as shown in Fig. 8(d); 𝐸s is
he material elastic modulus; 𝜈 is the material Poisson ratio; 𝜃 is the

included angle between the diagonal stiffener and the vertical stiffener,
as shown in Fig. 8(b); (𝐻esin 𝜃 + 𝐿ecos 𝜃) is the width of the steel plate
perpendicular to the stiffener.

Subjected to the limitation of the test loading setup, the similarity
ratio of the test specimens was designed as 1:3. The effective height
𝐻e of all specimens was taken as 750 mm and the effective width 𝐿e
was taken as 600 mm. The aspect ratio was 𝛼 = 600∕750 = 0.8. In the
test, the effect of the stiffness ratio of the periphery stiffener 𝜂f on the
seismic performance of the specimens was not investigated, so 𝜂f = 60.
The codes, dimensions and parameters to be investigated for each spec-
imen are shown in Table 5. To compare the effect of the presence and
absence of diagonal stiffeners on the seismic performance of stainless
SPSWs, SW-6 was a stainless SPSW without diagonal stiffeners.

Combined with the purpose of the test, the specimens were divided
into three groups: (1) The first group consisted of SW-1, SW-2 and
SW-3 to investigate the influence of height-thickness ratio 𝜆 on the
seismic performance of diagonally stiffened stainless SPSWs; (2) The

second group consisted of SW-3, SW-4, SW-5 and SW-6 to investigate
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Table 5
Codes, dimensions and parameters to be investigated.

SPSW Dimensions (mm) Parameters to be Investigated

𝑡w 𝑡s 𝑏s 𝑡f 𝑏f 𝜆 𝜂s Material

SW-1 2.0 3.0 22 3.0 47 375 30 S30408 austenitic stainless steelSW-2 2.5 3.0 27 3.0 58 300 30

SW-3
3.0 3.0 33 3.0 70 250 30

S30408 austenitic stainless steel
LYSW LY100 low-yield-strength steel
CSW Q235B steel

SW-4 3.0 3.0 23 3.0 70 250 10
S30408 austenitic stainless steelSW-5 3.0 3.0 18 3.0 70 250 5

SW-6 3.0 / / 3.0 70 250 /
t
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the influence of stiffness ratio of diagonal stiffeners 𝜂s; (3) The third
group consisted of SW-3, LYSW and CSW to investigate the influence
of material types.

3.2. Test setup

A four-bar linkage loading setup shown in Fig. 9 was used in the
test, which included a horizontal actuator, foundation beam, L-shaped
loading beam, four-bar linkage system and lateral bracing. The four-
bar linkage system could restrict the in-plane rotation of the L-shaped
loading beam without consuming the shear provided by the horizontal
actuator and could satisfy the boundary conditions of the test speci-
mens. The lower end of the specimens was fixed, and the upper end slid
directionally. Lateral bracing could prevent the L-shaped loading beam
from laterally moving out of plane. To prevent the lateral bracing from
consuming the shear provided by the horizontal actuator, directional
pulleys were used to contact the lateral bracing and the L-shaped
loading beam. In the test, SPSWs were 1:3 scale specimens, and the total
height of the specimens was 970 mm. The height of the left vertical
part of the L-shaped loading beam was 1800 mm. Therefore, to prevent
the L-shaped loading beam from contacting the foundation beam, the
overall height of the specimens should be more than 1800 mm. To
satisfy the distance and ensure the effective connection between the
specimens and the loading device, transition beams and struts were
added around the specimens as auxiliary loading devices. The upper
transition beam was connected with the L-shaped loading beam and
the lower transition beam was connected with the foundation beam by
M24 high-strength bolts. The upper and lower ends of the specimens
were connected with the transition beams by M20 high-strength bolts.
To prevent consuming the shear provided by the loading device, the
upper and lower ends of the struts were connected with the transition
beams by pin shafts.

3.3. Arrangement of displacement gauges

Three displacement gauges D1, D2 and D3 were arranged, as shown
in Fig. 10. D3 was arranged at the bottom of the specimen to measure
the bottom horizontal displacement. D1 and D2 were arranged on the
top of the specimen to measure the top horizontal displacement. The
D-value between the average of D1 and D2 with D3 was the horizontal
displacement of the specimen.

3.4. Initial geometric imperfection of SPSWs

The thickness of the test SPSWs was thin and the initial geo-
metric imperfection such as out-of-plane buckling and deformation
would inevitably occur during manufacturing, which would have a non-
negligible influence on the bearing capacity and hysteresis performance
of the SPSWs. In addition, the initial geometric imperfection of the
specimens needed to be considered in the subsequent finite element
analysis.

To measure the out-of-plane initial geometric imperfection of the
SPSWs and facilitate the observation of later test phenomena, 75 mm
7

Table 6
The maximum imperfection amplitudes of test SPSWs.

SPSW Imperfection
amplitude/mm

SPSW Imperfection
amplitude/mm

SW-1 6.27 SW-5 4.29
SW-2 5.27 SW-6 5.96
SW-3 4.48 LYSW 2.87
SW-4 2.95 CSW 3.22

× 60 mm meshes were drawn on the SPSWs, as shown in Fig. 11(a). The
longitudinal axis was represented by A∼I with a distance of 75 mm. The
horizontal axis was represented by 1∼9 with a distance of 60 mm. The
est specimen after meshing is shown in Fig. 11(b). A thin horizontal
ine at the same height of the left and right peripheral stiffeners
orresponding to each horizontal axis (A∼I) was pulled. Then, a vernier
aliper was used to measure the distance between the intersection
f each horizontal axis and the longitudinal axis and the horizontal
ine. The extended width of the left and right peripheral stiffeners
orresponding to the height of each horizontal axis was also measured.
he D-value between the two was the geometric imperfection of the
teel plate at each intersection. The out-of-plane initial geometric im-
erfection is shown in Fig. 12. The maximum value of the D-values was
he maximum out-of-plane initial geometric imperfection amplitude, as
hown in Table 6.

.5. Loading system

According to JGJT101-2015 Specification for Seismic Test of Build-
ngs [46], a quasi-static test is generally carried out using load and
eformation control. However, for the stainless SPSWs, the stress–strain
urve of stainless steel had a strong nonlinearity and no obvious yield
latform, so it was difficult to determine the yield load and yield
isplacement.

A monotonic loading analysis of stainless SPSWs was carried out to
btain the load–displacement curve using the finite element software
BAQUS. The results showed that no obvious yield strength existed

n the load–displacement curve. Therefore, in the test, displacement
oading was used. Referring to the loading systems in Refs. [47–49],
yclic loading was carried out under the control of the displacement
ngle during the test. According to existing test results, for steel spec-
mens, the performance was stable after loading 2∼3 times for each
evel during cyclic loading. Therefore, cyclic loading was carried out

times from the first stage to the third stage and 2 times for the
ubsequent stages. The specific loading system is shown in Fig. 13. The
isplacement angle 𝜃 of each specimen can be calculated by Eq. (13).

= 𝛥
𝐻0

(13)

where, 𝛥 is the overall horizontal lateral displacement of the specimen;
𝐻 is the specimen height, which is 950 mm.
0
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Fig. 10. Displacement gauges.

. Experimental results and discussion

.1. Experimental phenomena

The failure phenomena of each test specimen are shown in Fig. 14.
he failure modes of the 6 stainless SPSWs are similar, while the failure
odes of the low-yield-strength SPSW and Q235 SPSW are significantly
ifferent.

At the beginning of loading (𝜃 ≤ 1/250), no obvious buckling of the
SPSWs occurred. At this time, the SPSWs were in an elastic state, and

he hysteresis curves were straight, as shown in Fig. 15.
In the middle stage of loading (1/250 < 𝜃 ≤ 1/50), (1) for specimens

SW-1∼SW-5, when 𝜃 reached approximately 0.70%, the steel plate
had a slight out-of-plane deformation, but no buckling of the diagonal
stiffener occurred. As the loading continued, the local buckling of the
steel plate became increasingly obvious. When 𝜃 reached approximately
1.10%, the buckling of the left and right peripheral stiffeners and
the diagonal stiffener began to appear, while the deformation of the
diagonal stiffener was smaller. The middle area of the steel plate
tended to shrink inward. When 𝜃 reached approximately 1.50%, the
buckling of the diagonal stiffener became more marked, and the overall
deformation of the specimen was transformed from local buckling of
the steel plate to global–local buckling. When 𝜃 reached approximately
 s

8

2.00%, an obvious tension field at the diagonal of the steel plate ap-
peared and the deformation of the specimen was transformed to global
buckling. At this time, when the horizontal displacement was near
the zero point, the buckling wave of the steel plate rapidly switched
between the positive and negative directions. (2) For specimen SW-6,
because there was no diagonal stiffener, the buckling of the steel plate
occurred earlier. When 𝜃 reached approximately 1.10%, an obvious
tension field was generated. When 𝜃 reached approximately 2.00%, a
crease was generated at the intersection of the positive and negative
tension fields of the steel plate. (3) For specimen LYSW, when 𝜃 reached
approximately 1.00%, the buckling of the steel plate was significant.
When the positive displacement amplitude was reached at this stage,
the peripheral stiffener at the lower left corner was torn. When the
negative displacement amplitude was reached, the peripheral stiffener
at the upper left corner was torn, as shown in Fig. 14(h). At this time, it
could be seen from the skeleton curve that the bearing capacity reached
the maximum, as shown in Fig. 16(c). When 𝜃 reached approximately
1.50%, buckling occurred in the middle of the diagonal stiffener. The
bearing capacity of the specimen decreased, but no obvious pinch
appeared. (4) For specimen CSW, slight out-of-plane buckling of the
steel plate occurred at the beginning, but the deformation was not
significant. When 𝜃 reached approximately 0.90%, the buckling of the
steel plate became more obvious, and slight buckling of the peripheral
stiffener occurred. At this time, the bearing capacity of the specimen
reached the maximum, as shown in Fig. 16(c). When 𝜃 reached ap-
proximately 1.50%, the buckling of the steel plate increased. When
the positive displacement amplitude was reached at this stage, the
peripheral stiffeners at the upper right corner and the lower left corner
were torn. When the negative displacement amplitude was reached, the
peripheral stiffeners at the upper left corner and the lower right corner
were torn, as shown in Fig. 14(j). The bearing capacity of the specimen
decreased, but no obvious pinch appeared.

At the later stage of loading (𝜃 >1/50), (1) for specimens SW-1∼SW-
, 𝜃 of the specimen exceeded the value of 1/50 required by JGJT101-
015 Specification for Seismic Test of Buildings [46]. For stainless
PSWs, when 𝜃 reached 2.45%, significant buckling of the steel plate
nd the diagonal stiffener (specimen SW-6 excluded) occurred, and
n out-of-plane rotation of the peripheral stiffener occurred. When 𝜃
eached approximately 3.00%, the shrinkage in the middle area of the
teel plate was aggravated, and the tension field was more significant.
2) For specimen LYSW, when 𝜃 reached approximately 2.15%, a

erious tearing occurred at the upper right and lower right corners, as
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Fig. 11. Mesh partition of initial geometric imperfection measurement.
Fig. 12. Out-of-plane initial geometric imperfection.
hown in Fig. 14(h). When 𝜃 reached approximately 2.70%, the overall
eformation of the specimen was very serious and the bearing capacity
ropped below 85% of the maximum, so the test was stopped. (3)
or specimen CSW, when 𝜃 reached approximately 2.20%, the corner
earing became more serious. The bearing capacity of the specimen
9

decreased significantly, which was lower than 85% of the maximum.
The test was stopped.

Overall, during the test, (1) for stainless SPSWs, good ductility
and steel plate tension field were observed, and no corner tearing
occurred. No significant decrease in the bearing capacity occurred and
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Fig. 13. Loading system of test SPSWs.
Fig. 14. Failure phenomena (specimen, displacement, 𝜃).
the existence of diagonal stiffener could delay the buckling of the steel
plate. (2) For the low-yield-strength SPSW and Q235 SPSW, obvious
corner tearing and poor ductility were observed. In the later stage of
loading, the bearing capacity decreased significantly.
10
4.2. Hysteresis curve

The hysteresis curve is the most basic index used to evaluate the
seismic performance of members. The test results of the hysteresis
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Fig. 15. Hysteresis curves.
curves of the 8 SPSWs are shown in Fig. 15. To facilitate comparison,
the coordinate axes of the hysteretic curves are as consistent as possible.

According to the comparison of specimens SW-1, SW-2 and SW-
3, it can be seen that (1) in the middle and later stages of loading,
different levels of pinch appear. (2) For specimen SW-1, the hysteresis
curve area is the smallest, the absorbed energy is the smallest and the
pinch is the most serious. For specimen SW-3, the hysteresis curve area
is the largest, the energy absorbed is the largest and the pinch is the
lightest. The results show that the smaller the height-thickness ratio 𝜆
is, the stronger the energy absorption and dissipation capacity are. (3)
An obvious pinch of the hysteresis curves of specimens SW-1∼SW-3,
respectively appear from 𝜃 at 1.0%, 1.5% and 2.0%, indicating that
the pinch is gradually delayed with 𝜆 decreasing.

According to the comparison of specimens SW-3∼SW-6, it can be
seen that (1) for specimen SW-6, the pinch of the hysteresis curve is
more significant than those of specimens SW-3∼SW-5. A shuttle shape
with sawtooth of the hysteresis curve is presented. When the displace-
ment is near the zero point, zero stiffness or even negative stiffness
appears. The reasons are as follows: under the horizontal cyclic load,
the buckling of specimen SW-6 without a stiffener occurs more easily,
and a tension field is formed. Additionally, a great deformation of the
steel plate is presented. When the load is reversed, the tension field is
relaxed or even compressed, and a great mutation deformation of the
steel plate occurs, resulting in zero stiffness or even negative stiffness
of the steel plate. (2) Compared with specimen SW-6, specimens SW-
3∼SW-5 can effectively prevent the out-of-plane buckling of the steel
plate to improve the energy dissipation. (3) For specimens SW-3∼SW-

5, the pinch of the hysteresis curves becomes increasingly serious, and

11
the energy dissipation worsens as the diagonal stiffener stiffness ratio
𝜂s decreases.

According to the comparison of specimens SW-3, LYSW and CSW,
it can be seen that (1) compared with specimens SW-3 and CSW, the
hysteresis loop of specimen LYSW forms the earliest and the hysteresis
curve is the fullest, indicating that an earliest yield and a greatest
energy dissipation of the low-yield-strength steel appear. (2) Compared
with specimen SW-3, the peak points of the hysteresis curves of spec-
imens LYSW and CSW decrease significantly subjected to the serious
tearing of steel plate in the later stage, which indicates that the ductility
of specimen SW-3 is the best. (3) For specimens LYSW and CSW, in the
later stage, a great difference of the hysteresis curves between the two
cycles of loading at the same level appears, which indicates that a large
plastic damage is accumulated.

4.3. Skeleton curve

The skeleton curve mainly reflects the yield bearing capacity, ulti-
mate bearing capacity and relative changes between force and displace-
ment during loading. The test results of the skeleton curves of the three
groups of specimens are shown in Fig. 16.

Fig. 16(a) shows that the initial slope of the skeleton curves, the
initial stiffness and the bearing capacity of the specimens increase with
decreasing height-thickness ratio 𝜆.

Fig. 16(b) shows that (1) the initial slope of the skeleton curves of
specimens SW-3∼SW-5 is nearly the same, but the later load decreases

as the stiffness ratio of diagonal stiffener 𝜂s decreases. The initial slope
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Fig. 16. Skeleton curves of three groups of specimens.
w
a

f the skeleton curve of specimen SW-6 is the lowest, indicating that the
iagonal stiffener can prevent the out-of-plane buckling of the specimen
t the initial stage of loading to improve the initial stiffness of the
pecimen. However, when the stiffness ratio of the diagonal stiffener
ncreases to a certain extent, the influence on the initial stiffness is
elatively smaller. (2) The skeleton curves increase slightly in the later
tage as the stiffness ratio of diagonal stiffener 𝜂s increases, indicating
hat the stiffener plays a positive role in the formation of the tension
ield and improves the bearing capacity of the specimen.

Fig. 16(c) shows that (1) the initial slope and peak point of the
keleton curve of specimen CSW are slightly higher than those of
pecimens SW-3 and LYSW. (2) The skeleton curve of specimen SW-3
ncreases slightly in the later stage and the skeleton curves of specimens
YSW and CSW decrease significantly in the later stage, especially for
pecimen CSW, which indicates that the ductility of specimens LYSW
nd CSW is poor. The main reason for this phenomenon is that the
uctility of stainless steel is better than that of low-yield-strength steel
nd Q235 steel.

.4. Ductility coefficient

Ductility is an important index to reflect the plastic deformation
f structures or members. To quantitatively compare the ductility of
ach specimen, the concept of the ductility coefficient is introduced.
he ductility coefficient refers to the ratio of the ultimate displacement
u and yield displacement 𝛥y, which can be calculated by Eq. (14).

=
𝛥u
𝛥y

(14)

here, 𝛥u is the deformation corresponding to 85% of the maximum
oad 𝑉max. For the specimen whose bearing capacity is not reduced to
.85 𝑉max, the maximum displacement is taken for calculation; 𝛥y is the
ield displacement, which can be determined by the geometric graphic
ethod, as shown in Fig. 17. Where, OA is the tangent of the skeleton

urve; D is the peak point; AD is the horizontal line; AB is the vertical
ine; C is the intersection of OB and AD; CE is the vertical line; E is the
ield point.

The characteristic coefficients of each SPSW are shown in Table 7.
able 7 shows that the ductility coefficients of specimens SW-1∼SW-6

are significantly higher than those of specimens LYSW and CSW. For
specimens SW-1∼SW-3, the ductility decreases slightly with decreas-
ing height-thickness ratio, while the influence of the stiffness of the
diagonal stiffener on the ductility coefficient is small.

4.5. Energy dissipation

Energy dissipation refers to the ability of a structure or member to
absorb energy subjected to plastic deformation under an earthquake.
Since Jacobson put forward the concept of the equivalent viscous damp-
ing ratio 𝜁 in 1930, 𝜁 has been widely used in earthquake engineering to
12
Fig. 17. Yield displacement determined by geometric graphic method.

Fig. 18. Typical hysteresis curves.

express the energy dissipation of a structure or member. 𝜁 is calculated
by Eq. (15).

𝜁 = 1
2𝜋

⋅
𝑆ABC + 𝑆CDA
𝑆OBF + 𝑆ODE

(15)

here, 𝑆ABC and 𝑆CDA are the area enclosed by the hysteresis curve,
s shown in Fig. 18; 𝑆ΔOBF and 𝑆ΔODE are the area of triangle OBF and

ODE, as shown in Fig. 18.
The equivalent viscous damping ratio 𝜁 - displacement angle 𝜃

curves of the three groups of specimens are shown in Fig. 19. It can
be seen that (1) the development trend of the 𝜁 - 𝜃 curves is the same,
and the curves increase first and then decrease. (2) A gradual trans-
formation from an elastic stage to an elastic–plastic stage is presented,
and a final energy dissipation stage subjected to a post buckling tension
field is formed.



Y. Wu, S. Fan, Y. Guo et al. Thin-Walled Structures 182 (2023) 110165

S
t
o
s
𝜃
r
t
i
s
s
s
d

s
g
t
i
r
s
c
i
𝜁
i
S
S
s
s
f

l
r

Table 7
Ductility coefficients of each SPSW.

SPSW Loading direction Yield load 𝑉y/kN Peak load 𝑉max/kN Yield displacement 𝛥y/mm Ultimate displacement 𝛥u/mm Ductility coefficient 𝜇

SW-1 Positive 140.73 153.89 4.90 27.73 5.66
Negative −128.65 −156.33 −3.67 −29.63 6.81

SW-2 Positive 188.75 203.20 6.13 28.52 4.66
Negative −186.10 −212.14 −3.64 −24.59 5.43

SW-3 Positive 240.26 260.23 6.36 27.90 4.39
Negative −233.65 −270.88 −4.11 −25.45 4.90

SW-4 Positive 211.93 234.80 5.06 26.97 5.33
Negative −199.41 −239.44 −4.65 −23.94 4.33

SW-5 Positive 197.73 234.59 5.84 26.86 4.60
Negative −198.37 −237.34 −4.62 −27.92 5.07

SW-6 Positive 146.05 171.24 5.80 29.44 5.08
Negative −136.97 −176.54 −4.03 −29.27 5.93

LYSW Positive 185.12 200.25 6.62 14.39 2.75
Negative −164.65 −205.33 −4.00 −14.71 3.68

CSW Positive 251.80 282.60 5.00 13.50 2.71
Negative −261.17 −292.80 −4.38 −11.52 2.63
Fig. 19. Equivalent viscous damping ratio 𝜁 - Displacement angle 𝜃 curves.
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Fig. 19(a) shows that (1) when 𝜃 ≤ 0.25%, the 𝜁 of specimens
W-1∼SW-3 is small, and 𝜁 increases slowly with increasing 𝜃. At
his time, the specimens are in an elastic state, the hysteresis curves
f the specimens are straight, and little external energy is absorbed,
o 𝜁 is small and the growth rate is also small. (2) When 0.25% ≤
≤ 1.50%, 𝜁 increases rapidly with increasing 𝜃, indicating that a

apid transformation from an elastic state to an elastic–plastic state of
he specimens occurs. (3) When 𝜃 ≥ 1.50%, 𝜁 decreases slowly with
ncreasing 𝜃. At this time, the overall buckling of the specimens is
erious, and the energy dissipation is reduced, but the curve decreases
lowly when subjected to the formation of a tension field. (4) 𝜁 of
pecimens SW-1∼SW-3 increases in turn, indicating that the energy
issipation improves as 𝜆 decreases.

Fig. 19(b) shows that (1) when 𝜃 ≤ 0.25%, the 𝜁 - 𝜃 curves are
imilar to those of the first group. (2) When 0.25% ≤ 𝜃 ≤ 0.75%, the
rowth of the 𝜁 - 𝜃 curves is the same, indicating that the influence of
he stiffness ratio of the diagonal stiffener 𝜂s on the energy dissipation
s small when 𝜆 = 300. (3) When 0.75% ≤ 𝜃 ≤ 1.50%, the growth
ate of 𝜁 of specimens SW-3∼SW-6 decreases as 𝜂s decreases. At this
tage, the diagonal stiffeners become increasingly significant, which
an effectively prevent the out-of-plane buckling of the steel plate to
mprove the energy dissipation of the specimens. (4) When 𝜃 ≥ 1.50%,
decreases slowly with increasing 𝜃. For specimen SW-6, the 𝜁 - 𝜃 curve

s nearly horizontal in the later stage. The 𝜁 - 𝜃 curves of specimens
W-3∼SW-5 at the later stage gradually move toward that of specimen
W-6, indicating that the buckling of the diagonal stiffener is more
erious and that the diagonal stiffener has stopped working at the later
tage of loading. The energy dissipation is mainly borne by the tension
ield.

Fig. 19(c) shows that (1) when 𝜃 ≤ 0.25%, the 𝜁 - 𝜃 curves are simi-
ar to those of the first group. (2) When 0.25% ≤ 𝜃 ≤ 1.0%, 𝜁 increases
apidly with increasing 𝜃, indicating that a rapid transformation from
13
n elastic state to an elastic–plastic state occurs. 𝜁 of specimen LYSW
s the largest, and 𝜁 of specimen CSW is the smallest, indicating that
he lower the yield strength of the steel, the earlier it enters an elastic–
lastic energy dissipation stage. A strong nonlinearity of stainless steel
s shown, which leads to an earlier elastic–plastic stage of specimen
W-3 than specimen CSW. (3) When 𝜃 ≥ 1.0%, the difference between
he curves of specimen SW-3 and specimen CSW is small. At this stage,
he advantage of the energy dissipation of stainless steel is not obvious.
4) The 𝜁 - 𝜃 curve of specimen LYSW is higher than that of specimen
W-3 and specimen CSW, indicating incomparable advantages of the
nergy dissipation of low-yield-strength steel.

. Finite element analysis

.1. Finite element model

A refined finite element model of the stainless SPSWs was es-
ablished using the software ABAQUS. The geometric model of the
pecimen was mainly composed of 6 parts: steel plate, diagonal stiff-
ner, peripheral stiffener, end stiffener, normal stiffener and connec-
ion plate, which were simulated by S4R shell element, as shown in
ig. 20(a). The automatic meshing technology was adopted, and the
esh size was finally controlled below 10 mm after a mesh sensitivity

nalysis, as shown in Fig. 20(b).
The boundary conditions and loading system were consistent with

he test. The bolt holes of the upper and lower connection plates of
he SPSW were coupled to two reference points, respectively. The dis-
lacement constraints in Y and Z directions and rotation constraints in
, Y and Z directions were applied to the upper reference point. While

he displacement constraints and rotation constraints in all directions
ere applied to the lower reference point. The upper end of the SPSW
as a directional support and the lower end was a fixed support. The
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Fig. 20. Geometric model, mesh generation and first-order elastic buckling mode.
Fig. 21. Comparison of the failure phenomena.
nitial geometric imperfection measured in Table 6 was introduced
sing the distribution of the first-order elastic buckling mode, as shown
n Fig. 20(c).

The seismic behavior of each specimen with material constitutive
odels under monotonic loading and cyclic loading was obtained

espectively. The constitutive model of stainless steel under monotonic
oading and cyclic loading adopted the average values of the test, which
ere illustrated in Section 2.

.2. Finite element verification

Since the failure modes of stainless SPSWs are similar, only the
omparison between the finite element results and test results of the
ailure phenomena of specimens SW-5 and SW-6 is shown in Fig. 21,
here D stands for the finite element model with material constitutive
odel under monotonic loading and X stands for the finite element
odel with material constitutive model under cyclic loading. Due to the

hin stainless steel plates, asymmetric deformation was inevitable dur-
ng manufacturing and transportation. However, these effects cannot be
14
considered in the initial geometric imperfection introduced by the first-
order elastic buckling mode. For SW-6, there is no diagonal stiffener
which leads to a more obvious difference. Overall, it can be seen from
Fig. 21 that the tension field formed by the stainless SPSW model using
the material constitutive model under cyclic loading is more accurate
and the stress is more concentrated in the tension field.

The comparison between the finite element results and test results
of the hysteresis curves is shown in Fig. 15, where D and X stands for
the same meaning as above. It can be seen from Fig. 15 that: (1) the
finite element results of the two models are in good agreement with the
test results. A pinch occurs and a zero stiffness or even negative stiffness
near the zero point appears. The finite element results with the material
constitutive model under monotonic loading are fuller than the test
results, and the finite element results of the load near the zero point are
higher than the test results. Compared with the material constitutive
model under monotonic loading, the hysteresis curves of the material
constitutive model under cyclic loading is closer to the test results.
Especially near the zero point, an obvious difference between the finite
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Fig. 22. Skeleton curves.
Fig. 23. Equivalent viscous damping ratio 𝜁 - Displacement angle 𝜃 curves.
Table 8
Peak load and initial stiffness of stainless SPSWs.

SPSW Peak load (kN) Deviation (%) Initial stiffness (kN/mm) Deviation (%)

Test FEM-D FEM-X DPFEM−D DPFEM−X Test FEM-D FEM-X DSFEM−D DSFEM−X

SW-1 156.3 173.2 159.2 10.81 1.86 46.0 55.1 49.2 13.86 1.70
SW-2 212.1 213.6 226.6 0.71 6.84 60.5 65.3 63.3 3.82 0.69
SW-3 270.9 275.8 300.7 1.81 11.00 71.8 83.9 81.7 13.23 10.21
SW-4 239.4 236.5 250.6 −1.21 4.68 69.6 76.8 75.0 11.13 8.51
SW-5 237.3 241.0 256.4 1.56 8.05 64.9 68.7 68.8 5.91 6.06
SW-6 176.5 199.2 197.6 12.86 11.95 59.5 64.2 57.2 17.60 4.62

Note: 1. FEM-D and FEM-X are the finite element results determined with the material constitutive model under monotonic and cyclic loading, respectively;
2. DPFEM−D = (FEM-D – Test)/Test, DPFEM−X = (FEM-X – Test)/Test, for peak load; DSFEM−D = (FEM-D – Test)/Test, DSFEM−X = (FEM-X – Test)/Test, for initial stiffness.
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lement results of the material constitutive model under monotonic
oading and the test results is presented.

The comparison between the finite element results and test results of
he skeleton curves and equivalent viscous damping ratio 𝜁 - displace-
ent angle 𝜃 curves is shown in Figs. 22 and 23, where D and X stands

or the same meaning as above. Limited to space, only the results of
W-1 and SW-5 were given. It can be seen from Figs. 22 and 23 that:
1) the skeleton curves of the test and two finite element models are
ery close, especially in the initial loading stage. For SW-5, in the later
oading stage, the load of two finite element models is slightly higher
han that of the test; (2) for 𝜁 - 𝜃 curves, the results of the model under
yclic loading are closer to the test. The results of the model under
onotonic loading are higher than that of the test, especially for SW-5.

The comparison of the peak load and initial stiffness between the
inite element results and test results is shown in Table 8. It can be seen
rom Table 8 that: (1) for peak load, both the model under monotonic
oading and the model under cyclic loading are in good agreement with
he test, and most of the deviations are within 10%; (2) for initial
tiffness, the results of the model under cyclic loading are in better
greement with the test.
 d
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Overall, the finite element model established herein can accurately
imulate the seismic behavior of stainless SPSWs. Compared with the
aterial constitutive model under monotonic loading, the finite ele-
ent results of the material constitutive model under cyclic loading

re closer to the test results. Therefore, in the following research,
t is recommended to use the stainless SPSW model established by
he material constitutive model under cyclic loading for parametric
nalysis.

. Parametric analysis of the hysteretic performance

Based on the verified finite element model, a parametric analysis
f the hysteretic performance of diagonally stiffened stainless SPSWs
nder low cyclic loading was conducted, mainly considering the influ-
nce of aspect ratio 𝛼, height-thickness 𝜆, stiffness ratio of periphery
tiffener 𝜂f and stiffness ratio of diagonal stiffener 𝜂s on the hysteretic
erformance. The energy dissipation mechanism and characteristics
ere revealed which provided an important reference for the seismic
esign of stainless SPSWs.
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Fig. 24. Skeleton curves of single parameter analysis.
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6.1. Single parameter analysis

The skeleton curves of stainless SPSWs with different 𝛼, 𝜂f , 𝜂s and 𝜆
are shown in Fig. 24. It can be seen from Fig. 24 that: (1) the effective
cross sectional area increases with 𝛼 increasing, leading to an increase
of the bearing capacity of stainless SPSWs. When 𝛼 < 1.0, a slight
decrease appears. When 𝛼 ≥ 1.0, no obvious decrease appears. The
larger the 𝛼 is, the stronger the nonlinearity of the skeleton curves
is; (2) when 𝜂f or 𝜂s = 0, because the side of the SPSW is not
restrained, it is easy to have an out of plane buckling under a low
load, resulting in a low initial stiffness and yield load. When 𝜂f or
𝜂s < 30, its effect on the skeleton curves is significant. The bearing
capacity of stainless SPSWs decreases with 𝜂f decreasing. When 𝜂f or 𝜂s

30, its effect on the skeleton curves is small; (3) the effective cross
ectional area is determined by 𝜆, so the influence of 𝜆 on the skeleton
urves is significant. The effective cross sectional area increases with 𝜆
ecreasing, leading to an increase of the bearing capacity. The smaller
he 𝜆 is, the stronger the nonlinearity of the skeleton curves is. No
bvious decrease of the skeleton curves corresponding to different 𝜆
ccurs, indicating that stainless SPSWs have a good ductility.

The 𝜁 - 𝜃 curves of stainless SPSWs with different 𝛼, 𝜂f , 𝜂s and 𝜆
re shown in Fig. 25. It can be seen from Fig. 25 that: (1) for different
, when 𝜃 < 2.0%, 𝜁 increases with 𝜃 increasing, indicating that the
nergy dissipation increases. When 𝜃 ≥ 2.0%, subjected to the pinch

of the hysteresis curves, 𝜁 decreases with 𝜃 increasing, indicating that
the energy dissipation decreases; (2) for different 𝜂f and 𝜂s, when 𝜂f
or 𝜂s < 30, the 𝜁 - 𝜃 curves decrease in the later stage. When 𝜂f or 𝜂s
becomes smaller, the decrease occurs earlier. When 𝜂f or 𝜂s ≥ 30, the
effect is not significant; (3) for different 𝜆, when 𝜃 < 0.75%, the 𝜁 - 𝜃
curves are basically consistent, indicating that no out of plane buckling
occurs. when 𝜃 ≥ 0.75%, the energy dissipation becomes stronger with
𝜆 decreasing. When 𝜆 < 300, no obvious decrease of the 𝜁 - 𝜃 curves
occurs. When 𝜆 ≥ 300, a decrease occurs in the late stage of the 𝜁 - 𝜃
curves. When 𝜆 becomes larger, the decrease occurs earlier.
16
6.2. Multi-parameter analysis

The influences of single parameter 𝛼, 𝜆, 𝜂f and 𝜂s on the hysteretic
performance of stainless SPSWs were analyzed in Section 6.1. The
results show that 𝛼 and 𝜆 are important factors affecting the hysteretic
performance. When 𝜂f or 𝜂s ≥ 30, the effect is small. Therefore, in the
multi-parameter analysis, 𝜂s was taken as 30 for safety. 𝜂f was taken
s 60 to prevent the periphery stiffener from buckling earlier than the
iagonal stiffener. 𝛼 was taken as 0.5, 0.75, 1.0, 1.25, 1.5, 1.75 and 2.0
nd 𝜆 was take as 100, 200, 300, 400, 500 and 600. The height 𝐻e of
PSWs was uniformly taken as 3000 mm, with a total of 42 models.

The skeleton curves are shown in Fig. 26. It can be seen from
ig. 26 that: (1) an obvious nonlinearity of the skeleton curves of SPSWs
ppears and no significant decrease occurs in the later stage of loading,
ndicating that stainless SPSWs have a good ductility; (2) when 𝜆 is
onstant, the effective cross sectional area of SPSWs increases with 𝛼
ncreasing, resulting in an increase of the bearing capacity of SPSWs.
he increase of load at each characteristic point is approximately the
ame, indicating that the bearing capacity is approximately linear with
; (3) 𝜆 is the key factor affecting the skeleton curves of stainless
PSWs. The effective cross sectional area decreases with 𝜆 increasing,
esulting in a decrease of the peak load.

The energy dissipation curves are shown in Fig. 27. It can be seen
rom Fig. 27 that: (1) when 𝜆 = 100, 𝜁 corresponding to different 𝛼
ncreases with 𝜃 increasing. When 𝜃 < 0.5%, 𝜁 increases fast. When
≥ 0.5%, 𝜁 increases slowly; (2) When 𝜆 ≥ 200, 𝜁 corresponding to

ifferent 𝛼 increases fast at the beginning and then decreases slowly
ith 𝜃 increasing. When 𝜃 < 0.5%, 𝜁 increases faster and the 𝜁 - 𝜃 curves
re basically consistent. When 𝜃 ≥ 0.5%, the 𝜁 - 𝜃 curves corresponding
o different 𝛼 decrease. Nevertheless, no obvious law appears with

increasing; (3) the influence of 𝜆 on 𝜁 is greater than that of 𝛼,
ndicating that 𝜆 is the key factor affecting the energy dissipation of
tainless SPSWs.
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Fig. 25. 𝜁 - 𝜃 curves of single parameter analysis.
Fig. 26. Skeleton curves of multi-parameter analysis.
. Limitations and conclusions

Although numerous experimental studies and parametric analyses
ere carried out herein, there were some limitations. Since this is an
arly study of stainless SPSWs, no design method for stainless SPSWs
as proposed. In addition, as the design methods of diagonally stiffened
PSWs with two-side connections in design standards are scarce, no
pplicable methods can be assessed. In the future research, we will
17
conduct more in-depth studies on the basis of the experiments and
propose a design method applicable to diagonally stiffened stainless
SPSWs with two-side connections.

To promote the development of stainless steel in seismic structures
and the early application of the new lateral force resisting system of
stainless SPSWs in building structures, mechanical property tests under
monotonic loading and cyclic loading were conducted first, and then a
low cyclic loading test of 8 diagonally stiffened steel plate shear walls
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Fig. 27. 𝜁 - 𝜃 curves of multi-parameter analysis.
was carried out. Based on the experimental study, a parametric analysis
was conducted to expand the range of the investigation parameters. The
main conclusions are as follows:

(1) Through the mechanical property test, S30408 austenitic stain-
less steel has a good energy dissipation capacity. The hysteretic behav-
ior of stainless steel combines the characteristics of isotropic strength-
ening and kinematic hardening. The cyclic strengthening of the speci-
mens is significant.

(2) In the low cyclic loading test, a transition from an elastic state
to an elastic–plastic energy dissipation state is presented for all spec-
imens. A good ductility of stainless SPSWs is presented, and stainless
SPSWs more easily to form a tension field after buckling. When the
displacement angle exceeds the value of 1/50, a good bearing capacity
is presented. However, a poor ductility of specimens LYSW and CSW is
presented, and a serious corner tearing of the steel plate occurs in the
later stage of loading.

(3) For specimen LYSW, an earlier yield state occurs when subjected
to low yield strength. The energy dissipation of specimen LYSW is
better than that of specimens SW-1∼SW-6 and CSW in the whole load-
ing process. Compared with Q235 steel, stainless steel has an obvious
nonlinearity and can enter the energy dissipation stage more quickly.
The energy dissipation of specimens SW-1∼SW-6 is better than that of
specimen CSW.

(4) For specimens SW-1∼SW-3, the energy absorption and dissipa-
tion capacity become stronger, the pinch of the hysteresis curves is
delayed and the initial stiffness and bearing capacity are improved as
the height-thickness ratio 𝜆 increases. For specimens SW-3∼SW-5, the
pinch of the hysteresis curves is more serious, the energy dissipation
becomes worse and the bearing capacity is reduced as the diagonal
stiffener stiffness ratio 𝜂s decreases. The energy dissipation and bearing
capacity of the specimens with the diagonal stiffener are significantly
better than those without the diagonal stiffener.

(5) The aspect ratio 𝛼, height-thickness 𝜆, stiffness ratio of periphery
stiffener 𝜂f and stiffness ratio of diagonal stiffener 𝜂s have different
effects on the hysteretic behavior of stainless SPSWs. The influence of 𝜆
is greater than that of 𝛼, indicating that 𝜆 is the key factor affecting the

energy dissipation. The bearing capacity is approximately linear with 𝛼.

18
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