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A B S T R A C T

To expand the range of applications for stainless steel in building structures, previous studies have tested the
seismic resistance of structural elements and members using a variety of types of stainless steel. Steel slit
dampers have been designed and installed for seismic retrofits of building structures. In this study, hysteresis
behaviors of austenitic stainless steel (STS316L) and carbon steel (SS275) slit dampers were investigated and
compared to demonstrate the excellent seismic performance of stainless-steel slit dampers. Monotonic and
cyclic material tests for STS316L and carbon steel were conducted. STS316L had the best seismic performance,
with much greater ductility, strength enhancement and cyclic hardening effect than SS275. STS316L with
increased nickel (Ni) and reduced chromium (Cr) contents transformed to exhibit twinning induced plasticity
(TWIP) steel after yielding under cyclic loading and thus possesses a more stable austenitic microstructure than
SS275 and STS304. Loading experiments with STS316L and SS275 slit dampers were performed according to six
loading protocols. The fracture shapes, stiffness, ductility, yield strength and energy dissipation capacity also
were compared. STS316L dampers provided greater secondary stiffness, ultimate strength, number of cycles
and energy dissipation capacity than SS275 dampers. The ultimate strength and normalized energy dissipation
capacity of the STS316L specimens were on average 1.53 times and 4.84 times larger, respectively, than those
of the SS275 specimens thanks to excellent ductility and strong cyclic hardening effects at the material level.
This study proved that the performance of austenitic stainless steel STS316L as a seismic material and slit
damper is superior to those of mild carbon steel SS275 and austenitic stainless steel STS304.
1. Introduction

Recent earthquake activity around the world has highlighted the
importance of seismic retrofitting of buildings and urban infrastructure,
and there is increasing demand for high-performance materials to
ensure human life safety. Interest in durable and eco-friendly materials
that can help achieve carbon neutrality is also growing. Stainless steel
can contribute to solving these problems. Stainless steel can be an
attractive alternative to conventional carbon steel due to its high tensile
strength, ductility, durability, resistance to fire and corrosion, and
aesthetic appearance [1–4]. Many researchers have investigated the
application of stainless steel as a reinforcement for structural members
at the materials level under monotonic tensile test results. Austenitic
stainless steels, which are the most used in the construction field,
have a lower yield strength and excellent elongation compared with
mild carbon steel, giving them an excellent deformation capacity until
fracture. According to the Steel Construction Institute (SCI) design
manual for structural stainless steel [5], austenitic stainless steel is
chosen for seismic applications because of its deformation capacity
before failure. The plastic behavior of stainless steel when subjected
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to cyclic loading forces, such as those produced by earthquakes, is
significantly different from that of conventional carbon steel, making
it necessary to demonstrate the seismic performance of stainless-steel
materials and structural members. Several studies have been conducted
on the hysteretic characteristics of stainless steels under cyclic loading.
Nip et al. [6,7] performed low-cycle fatigue tests, examined cyclic axial
loading on carbon steel and stainless steel tubular bracing members,
and studied the hysteresis response. Zhou et al. [8] conducted ex-
periments and numerical analyses to investigate the performance of
austenitic stainless steel tubular members under cyclic axial loading,
and proposed a ductility-oriented design approach for stainless steel
compressive members. Kim et al. [9] used cyclic loading tests to study
the cyclic response of three types of cold-formed square, hollow-section,
stainless-steel bracing members and reviewed the stainless-steel design
criteria for axial compressive buckling strength. Sarno et al. [10]
undertook inelastic static (pushover) and dynamic (response history)
analyses of a braced frame system (concentrically braced frames and
moment-resisting frames) retrofitted with stainless steel members. The
results showed that stainless steel braced frames can improve plas-
tic deformation and offer excellent energy-absorption capacity with
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respect to a carbon steel benchmark structure under analysis condi-
tions with the material input of monotonic tensile test results, but
not cyclic coupon test results. Steel slit dampers are considered to
dissipate seismic energy and mitigate damage to the main structural
members of a building through stable hysteretic behavior. Material
yielding steel slit dampers are widely used in the seismic reinforcement
of new and existing buildings. Most of these dampers have used carbon
steel, and many studies have been conducted on strip or slip dampers
with various designs [11–15]. Hwang et al. [16] conducted an experi-
ment under cyclic loading on a steel damper using austenitic stainless
steel (STS304) and compared the seismic performance with that of an
existing carbon steel (SS275) damper. The STS304 damper exhibited
lower deformation capacity compared with the carbon steel damper
due to brittle behavior caused by transformation-induced plasticity
(TRIP) under cyclic loading, and the energy-dissipation capacity was
low in a specimen with a large horizontal displacement. Consequently,
the total energy dissipation capacity of STS304 damper was 5% lower,
on average, than that of the SS275 damper. Nevertheless, the study
confirmed that within the specified low-cycle loading protocol and
allowable story drift of retrofitted buildings, austenitic stainless steel
STS304 slit dampers possessed excellent seismic performance.

However, in order to provide excellent seismic performance dur-
ing earthquakes and replace carbon steel dampers in terms of the
energy absorption capacity, investigation into the hysteretic behavior
of slit dampers using austenitic stainless steel that can exhibit suffi-
cient fatigue capacity and ductility even under cyclic loads is needed.
The previous study [17] revealed that STS316, an austenitic stainless
steel containing molybdenum and increased nickel (Ni) and reduced
chromium (Cr) content compared to STS304, exhibits twinning induced
plasticity (TWIP), as opposed to TRIP, after material yielding by cyclic
loading, thus increasing both ductility and strength at the material
level. Therefore, it is necessary to investigate the seismic performance
of the steel slit damper made of STS316 as a structural element using
the ductility characteristics of stainless steel under low-cycle fatigue
loading.

The purpose of this experimental study is to investigate and com-
pare the hysteresis behavior of austenitic stainless steel STS316L, which
shows TWIP under cyclic hardening, and carbon steel SS275 in steel slit
dampers with aspect ratios that differ from those used in a previous
study in order to understand the seismic response of stainless-steel
dampers. In addition, this study will provide basic information on the
material properties and hysteretic responses of austenitic stainless steel
(316 type) slit dampers subjected to cyclic loads for use in parametric fi-
nite element analysis, while also helping to calculate the reinforcement
effect as seismic devices on structural frames in buildings.

2. Experimental plan and set-up

2.1. General

The microstructural characteristics of austenitic stainless steel used
in structural engineering vary depending on the amounts of added
chromium (Cr), nickel (Ni), and molybdenum (Mo). The chemical
composition and mechanical properties provided by KS D 3705 [18]
for austenitic stainless steels STS304 and STS316L are summarized in
Table 1, which also includes mild carbon steel SS275 as a general
structure (KS D 3503) [19].

STS316 (Type 316 in ASTM [20]) is a modified version of STS304
(Type 304 in ASTM [20]) with the addition of molybdenum, which
lends superior resistance to pitting corrosion in chloride environments.
STS304L and STS316L are low-carbon and high-nickel versions of
STS304 and STS316, respectively. Reducing the carbon content to
0.03% prevents intergranular corrosion and improves machinability
and corrosion resistance. This study compares an STS316L damper
with an SS275 damper to investigate seismic performance under cyclic

loading.

2

Fig. 1. Detail of specimens (Unit : mm).

2.2. Specimen plan

Slit damper specimens used STS316L (corresponding to ASTM type
316L [20]) with a nominal thickness of 13 mm and SS275 (ASTM
A36 [21]) with a nominal thickness of 14 mm. Due to market supply
and demand forces for steel, the plate thicknesses of the stainless steel
and carbon steel specimens used in this study did not match precisely.
Twelve carbon steel SS275 damper (CS2D series) and austenitic stain-
less steel STS316L damper (SA2D series) specimens were fabricated as
listed in Table 2. The main variables of the specimens were steel grade
and loading condition. Fig. 1 depicts the shape and dimensions of the
specimens. All specimens were 480 mm wide and 406 mm high. The
specimens were designed to have an aspect ratio (𝐻∕𝐵) of 5.0 with
strut width (B) of 30 mm and strut height (H) of 150 mm, excluding
the fillet parts of both strut ends. All specimens were composed of eight
struts.

Table 2 provides the measured strut thicknesses and strut widths of
the specimens, along with loading conditions. There is one monotonic
loading protocol, two constant-amplitude cyclic loading protocols, and
three incremental-amplitude cyclic loading protocols. ‘‘CS2’’ and ‘‘SA2’’
represent carbon steel (SS275) and austenitic stainless steel (STS316L),
respectively, and ‘‘D’’ indicates a steel damper. ‘‘M1’’ denotes mono-
tonic loading, ‘‘I’’ the constant-amplitude cyclic loading protocol, and
‘‘G’’ the incremental-amplitude cyclic loading protocol. Numbers from
1 to 3 are used to differentiate among the loading patterns in a given
type of protocol. Details of the loading patterns will be described in
Section 2.3.

2.3. Loading protocols

Six types of loading protocols, described in Table 2, were planned:
one monotonic load (M1), two constant amplitudes (I2 = 30 mm,
I3 = 20 mm), and three incremental amplitudes (G1, G2 and G3).
According to the Korean Design Standards (KDS 41) [22], the maximum
considered earthquake corresponds to a return period of 2400 years,
and the minimum seismic performance target of the building is the
level of life safety. At this time, the allowable story drifts of a general
non-masonry building are 0.01h for seismic classification S in KDS
41 [22] (risk category IV in ASCE7-16) [23] and 0.015h for seismic
classification I in KDS 41 (risk category III in ASCE 7-16), where h is
the story height. Therefore, in this study, a building with a floor height
of 3.0 m was targeted for seismic retrofit, and the target maximum
story drift of the steel slit damper was set at 30 mm. To determine
the cyclic loading protocol, the displacement amplitude assumed that
the damper was parallel to the structure and resisted the horizontal
displacement corresponding to story drift. Fig. 2 depicts the cyclic
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Table 1
Chemical composition and material properties limit of damper material in Korea Industrial Standards (KS)

Material Chemical compositions (%) Mechanical properties Common

C Si Mn P S Ni Cr Mo Yield stress
(MPa)

Tensile
strength
(MPa)

Elongation
at fracture
(%)

STS304 ≤0.08 ≤1.00 ≤2.00 ≤0.045 ≤0.03- 8-10.5 18–20 – 205≤ 520≤ 40≤ KS D 3705 [20]STS316L ≤0.03 ≤1.00 ≤2.00 ≤0.045 ≤0.03 12–15 16–18 2–3 175≤ 480≤ 40≤
SS275 ≤0.25 ≤0.45 ≤1.40 ≤0.05 ≤0.05 – – – 275≤ 410–550 18≤ KS D 3503 [21]

* L : Low carbon content.
Table 2
List of specimens.

Specimen Material Measured
thickness
𝑡
(mm)

Measured
strut width
𝐵
(mm)

Height of the
straight strut part
𝐻
(mm)

Total height of
the strut
𝐻𝑇
(mm)

No.
struts
(EA)

Loading
protocol

CS2D-M1

SS275

13.97 30.03

150 170 8

Monotonic
CS2D-I2 13.96 29.89 Constant amplitude −30 mm
CS2D-I3 13.92 29.96 Constant amplitude −20 mm
CS2D-G1 13.98 29.91 FEMA 461
CS2D-G2 13.94 29.92 𝛿𝑦 based incremental amplitude
CS2D-G3 13.97 29.89 ASCE7-16

(KDS 41 17 00)
SA2D-M1

STS316L

13.17 30.00 Monotonic
SA2D-I2 13.18 29.86 Constant amplitude −30 mm
SA2D-I3 13.21 29.89 Constant amplitude −20 mm
SA2D-G1 13.19 29.97 FEMA 461
SA2D-G2 13.19 29.96 𝛿𝑦 based incremental amplitude
SA2D-G3 13.20 29.98 ASCE 7-16

(KDS 41 17 00)
loading protocols. To estimate the yield point of the specimen, tests
with the monotonic loading protocol (M1) were performed until the
lateral force reached the allowable maximum capacity of the actuator;
the cyclic tests continued until specimens failed. The steel damper
is a displacement-dependent seismic device, and fatigue cracks due
to inelastic deformation in the plastic region after damper yielding
can shorten the life of the device. To evaluate the damage level of
the steel slit damper, cyclic loading with a constant displacement
amplitude was applied. The load was applied repeatedly with constant
displacement amplitudes of 30 mm (I2) and 20 mm (I3). In addition,
the cyclic loading pattern of incremental displacement amplitudes was
applied to reflect the accumulated damage, and three loading programs
(G1, G2, and G3) were chosen. In loading protocol G1, the load was
applied as shown in Fig. 2(b) in accordance with FEMA 461 [24].
The amplitude of each loading step (𝑎𝑖) in Fig. 2(b) was planned so
that the slit dampers had sufficient accumulated plastic deformation
experience under cyclic loading. Steps 1 and 2 repeat three cycles
each with the lowest amplitude (0.44 mm and 0.62 mm), and from
the subsequent step, two cycles are repeated. From Steps 3 to 12, the
amplitude (𝑎𝑖) is applied by increasing the displacement by the same
increment (calculated by the equation 𝑎𝑖+1 = 1.4𝑎𝑖, where 𝑎𝑖+1 means
the amplitude of the next step 𝑖 + 1). After Step 12, the increment is
fixed at 5.4 mm and applied until all struts fail [16].

In loading protocol G2, the yield displacement (𝛿𝑦) of the specimen
obtained by the equation of the steel damper [25,26] and based on the
material test results is utilized for the increment of lateral displacement.
The lateral displacement was increased up to 𝛿𝑦, 2𝛿𝑦, and 4𝛿𝑦 with three
steps for each displacement, and the displacement from the 4th step
was repeated twice for each step, increasing the yield displacement by
four times as shown in Fig. 2(c). Loading protocol G3 is presented in
accordance with ASCE 7-16 criteria [23] and KDS 41 17 00 specifica-
tions [22], as can be seen in Fig. 2(d). At the maximum considered
earthquake (MCE), the load was applied repeatedly for 10 cycles, 5
cycles, and 3 cycles, at 0.33 times, 0.67 times, and 1.0 times the
expected device displacement (𝛥𝑚), respectively. Here, 𝛥𝑚 was assumed

to be 30 mm with allowable story drift (=0.01h, where h is the story

3

height) for a 3 m-story height building, and loading was performed
until failure of the steel damper.

2.4. Test set-up

Fig. 3 shows the test set-up for the specimens. One hydraulic actu-
ator with a capacity of 500 kN for cyclic loading was connected to an
upper loading beam (BEAM 2), as shown in Fig. 3(a). Lateral supports
were installed on both sides of BEAM 2 to prevent lifting and lateral
deformation of the rigid beam. Three linear variable displacement
transducers (LVDTs) were installed to measure the lateral displacement
at each position. LVDT 1 measured the lateral displacement of BEAM
2, while LVDT 2 and LVDT 3 were installed in the direction parallel to
the center line of the bolt holes between the T-shaped steel jigs at the
top and bottom of each specimen, respectively, to measure the lateral
displacement of the strut ends of the steel damper toward the loading
direction. The lateral displacement for cyclic loading was controlled by
the displacement value of LVDT 2.

2.5. Material mechanical properties under monotonic and cyclic loading

Monotonic tensile coupon and cyclic coupon tests were performed
to investigate and compare the material properties of the two steel
grades (SS275 and STS316L) used for specimens.

2.5.1. Monotonic tensile coupon tests and results
A monotonic tensile coupon test was performed to investigate the

material properties of SS275 and STS316L. Six coupons were cut along
the rolling direction with the same plate used to fabricate the speci-
mens, and three were machined for each material according to KS B
0801 [27]. The dimensions for the tensile coupon are illustrated in
Fig. 4. The monotonic tensile test was performed in accordance with
KS B 0802 [28]. The material test results are summarized in Table 3.
Yield stress (𝐹𝑦) was obtained by the 0.2% offset method.

For SS275, the mean elastic modulus (E) was 206.46 GPa and yield
stress (𝐹 ) was 293.29 MPa, which satisfies the limiting yield stress of
𝑦
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Fig. 2. Loading protocols.
Fig. 3. Test set-up.
275 MPa specified in KS D 3503 [19], and the mean tensile strength
(𝐹𝑢) was 423.97 MPa, satisfying the required range of between 410
MPa and 550 MPa specified in KS D 3705 [18]. The mean elongation
at fracture was 34.39%, which meets the minimum value of 18%.
For STS316L, the value for E was 196.34 GPa; 𝐹𝑦 was 275.85 MPa
(1.58 times higher than the minimum yield stress of 175 MPa of KS D
3705 [17]); 𝐹𝑢 was 576.66 MPa (1.20 times higher than the minimum
tensile strength of 480 MPa of KS); and the elongation was 64.22%,
which meets the requirement of more than 40% in KS.

Fig. 5 depicts the stress–strain relationship of the two steel materials
obtained from the monotonic tensile test results. For the SS275 and
4

STS316L materials used in the steel dampers, the 𝐹𝑦 of STS316L was
found to be approximately 6% lower than that of SS275, but the
𝐹𝑢 of STS316L was 1.36 times that of SS275. The mean yield ratio
(𝐹𝑦∕𝐹𝑢) of STS316L was 47.84%, dramatically lower than the mean
value (69.18%) of SS275. In addition, the ratio of the mean tensile
strength to yield stress (𝐹𝑢∕𝐹𝑦: strength enhancement) was 1.45 for
SS275, but 2.09 for STS316L (Table 3) due to strong plastic strain
hardening after yielding. STS316L also exhibited 1.87 times greater
elongation (i.e., ductility) compared with SS275. This is because the
differences in hardening effects between carbon steel and austenitic
stainless steel may be attributed to the different crystal structures
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Table 3
Material properties of SS275 and STS316L under monotonic loading.

Coupon name Actual plate
thickness
𝑡𝑒
(mm)

Young’s
modulus
E
(GPa)

0.2% offset
yield stress
𝐹𝑦
(MPa)

Tensile
strength
𝐹𝑢
(MPa)

Yield
ratio
𝐹𝑦∕𝐹𝑢
(%)

Tensile
to yield
ratio 𝐹𝑢∕𝐹𝑦

Elongation
at fracture
EL
(%)

SS275-1 13.70 206.68 292.58 421.64 69.39 1.44 34.00
SS275-2 13.71 205.10 293.45 423.18 69.34 1.44 34.76
SS275-3 13.70 207.62 293.85 427.09 68.80 1.45 34.43
Mean 13.70 206.46 293.29 423.97 69.18 1.45 34.39
COV 0.000 0.005 0.002 0.005 0.004 0.004 0.009
STS316L-1 13.16 196.84 275.31 577.81 47.65 2.10 65.23
STS316L-2 13.18 196.18 277.23 576.75 48.07 2.08 63.65
STS316L-3 13.18 196.02 275.02 575.43 47.79 2.09 63.78
Mean 13.17 196.34 275.85 576.66 47.84 2.09 64.22
COV 0.001 0.002 0.004 0.002 0.004 0.004 0.011

(Note) * Young’s modulus ratio (𝐸𝑆𝑇𝑆316𝐿∕𝐸𝑆𝑆275) = 0.95.
Yield stress ratio (𝐹𝑦−𝑆𝑇𝑆316𝐿∕𝐹𝑦−𝑆𝑆275) = 0.94.
Tensile strength ratio (𝐹𝑢−𝑆𝑇𝑆316𝐿∕𝐹𝑢−𝑆𝑆275) = 1.36.
Elongation ratio (𝐸𝐿−𝑆𝑇𝑆316𝐿∕𝐸𝐿−𝑆𝑆275) = 1.87.
Fig. 4. Dimension of tensile coupons for monotonic tensile material test (Unit : mm).
(face-centered cubic, FCC, for austenitic stainless steel as opposed to
body-centered cubic, BCC, for carbon steel, i.e., FCC metals tend to be
more dense, stable and ductile than BCC metals) and alloy contents
[Gardner].

2.5.2. Cyclic material test methods and results
During an earthquake, the steel slit damper is an energy dissipating

element that is generally subjected to a relatively small number of
cyclic loads accompanied by large plastic deformations over a short
time, compared to members with small strain fatigue [29,30]. There-
fore, the slit damper mainly depends on the geometric dimensions (the
thickness, width and height of the strut) and the hysteretic behaviors
of the material. Damper material properties can be studied by large-
strain and low cycle fatigue tests. In this study, the cyclic material test
continued until buckling or fracture of the specimen. In particular, the
test was terminated due to the risk of damage to the testing machine
caused by sudden buckling.

To experimentally investigate the hysteretic behavior of carbon steel
SS275 and austenitic stainless steel STS316L, a cyclic material coupon
test was performed according to ASTM E606/E606M [31] and KS B ISO
12106 [32].

Three round coupons with diameters of 6 mm and gauge lengths
of 14 mm were fabricated for each material, as shown in Fig. 6(a).
The test set-up for the cyclic tensile–compression test is shown in
5

Fig. 6(b), and the test was performed at room temperature using an
MTS810 machine. The strain rate was set to 0.005/s, and cyclic loading
tests used a strain control mode with a perfectly symmetric triangular
wave signal. An extensometer with a gauge length of 10 mm was
installed on the coupon to measure displacement. The strain value was
obtained by dividing the measured displacement by the gauge length
(10 mm). Cyclic material tests were performed using three different
loading protocols (Fig. 7). Three cyclic loading protocols were adopted,
including the post-yield strain at which plastic deformation was ex-
pected based on data obtained from the monotonic tensile test results.
As shown in Fig. 7(a), the P1 and P2 protocols specified constant strain
amplitudes of 1% and 3%, respectively, repeated for 50 cycles. The P3
cyclic loading protocol was repeated twice with gradually increasing
the strain by increments of 0.5% from ±0.5% to ±10.0%.

The ultimate shapes of each coupon after the tests are displayed
in Fig. 8. For coupons SS275-P1 and STS316L-P1 with a strain con-
stant amplitude of 1%, no buckling or failure was observed during
cyclic loading. In other words, there was no strength reduction during
cyclic loading. For coupons SS275-P2 and SS275-P3, tensile crack-
ing and compressive buckling were observed visually during cyclic
loading. STS316L-P2 and STS316L-P3 showed buckling and micro-
cracking (which is not visible to the naked eye) due to excellent plastic
deformation capacity after material yielding.

The stress–strain hysteresis curves and skeleton curves of the two
steels are plotted in Figs. 9 and 10, respectively. It is known that
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Fig. 5. Engineering stress–strain curves of material obtained from monotonic tensile
oupon tests.

TS316L exhibited plumper hysteresis loops than carbon steel. In ad-
ition, the strength enhancement of STS316L material due to the
oticeable cyclic hardening effect is significantly higher than that of
he SS275, as can be seen in Fig. 10(c).

The cyclic coupon test results for SS275 and STS316L are sum-
arized in Table 4. The yield stress, 𝑓𝑦 values of the materials were

determined using the 0.2% offset method. In Table 4, the average
elastic modulus (𝐸𝑐) and 𝑓𝑦 of SS275 were 216.87 GPa and 360.34
MPa, respectively. In the case of STS316L, the 𝐸𝑐 was 191.52 GPa and
the 𝑓𝑦 was 280.02 MPa. The value for maximum stress, 𝑓𝑢,𝑚𝑎𝑥 in Table 4
was the larger value of maximum tensile stress (𝑓𝑢+) and maximum
compressive stress (𝑓𝑢−) for cyclic test coupons with damage. The
average ratio of maximum stress to yield strength (𝑓𝑢,𝑚𝑎𝑥∕𝑓𝑦, strength
enhancement) of SS275 was 1.39, nearly identical to the mean value
of 1.45 shown by the monotonic tensile coupon in Table 3. However,
6

Fig. 6. Cyclic coupon test coupon details and test set-up.

the average value of 𝑓𝑢,𝑚𝑎𝑥∕𝑓𝑦 of STS16L-P2 and STS316L-P3 coupons
was 2.82, approximately 1.35 times higher than the mean value of 2.09
(see Table 3) of the monotonic tensile coupon. In Table 4, because there
was no tensile damage or compressive buckling for coupons SS275-P1
and STS316L-P1, those two coupons were excluded from the ultimate
stress (𝑓𝑢,𝑚𝑎𝑥) comparison.

2.5.3. Comparison between stress–strain curve under monotonic loading
and cyclic skeleton curve

Fig. 10 compares the monotonic tensile curves (for SS275-1 and
STS316L-1 in Fig. 5) and skeleton curves for SS275-P3 and STS316L-P3
by cyclic material tests. In Tables 3 and 4, SS275 had a higher mean
yield stress (=360.34 MPa) in cyclic test results than in the monotonic
test results (a mean value of 293.29 MPa). For STS316L, there is no
difference in the elastic modulus and yield stress between monotonic
and cyclic test results. On the contrary, the mean maximum tensile
stresses (787.94 MPa and 769.16 MPa, respectively) of STS316L-P2
and STS316L-P3 cyclic test coupons were 1.35 times larger than the
monotonic tensile results (with a mean tensile strength of 576.66 MPa)
due to cyclic hardening after yielding and ductile behavior due to
TWIP, not TRIP, under cyclic loading.

3. Experimental results and comparison of seismic behavior

3.1. Number of cycles and fracture shapes

Figs. 11 and 12 show the fracture shapes of the SS275 (CS2D series)
and STS316L (SA2D series) specimens, respectively, after the end of the
test. For all specimens, cracks first appeared at the lower ends of the slit
damper struts, followed by cracks at the upper ends of the struts, and
the fatigue damage was consistently concentrated at cracked positions
under cyclic loading. Table 5 summarizes the number of cycles prior
to the initial crack and at the test end. In specimens CS2D-I2 and
CS2D-I3, initial cracks were observed at 2 and 3 cycles, respectively,
and the experiments were terminated at 3 and 5 cycles, respectively.
Specimens CS2D-G1 and CS2D-G2 were terminated after 27 and 15
cycles, respectively, and initial cracks occurred at 25 and 13 cycles,
respectively. For specimen CS2D-G3, the test was terminated at 13 cy-
cles, and cracks occurred in all struts at 8 cycles. In specimen SA2D-I2,

an initial crack occurred at 7 cycles, and the test was terminated after
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Fig. 7. Cyclic loading protocol types for material test.
Table 4
Material properties of SS275 and STS316L under cyclic loading.

Coupon
name

Actual
diameter
𝐷𝑒
(mm)

Elastic
modulus
Ec
(GPa)

Yield
stress
𝑓𝑦
(MPa)

Yield
strain
𝜀𝑦
(%)

Maximum
tensile
stress
𝑓𝑢

+

(MPa)

Maximum
compressive
stress
𝑓𝑢

−

(MPa)

𝑓𝑢,𝑚𝑎𝑥∕𝑓𝑦 Failure
mode

SS275-P1 6.00 217.61 360.83 0.3653 384.99 395.13 – No failure

SS275-P2 6.00 219.19 362.60 0.3634 491.42 516.98 1.43 Buckling, Tensile
crack

SS275-P3 6.00 213.82 357.59 0.3683 470.12 483.93 1.35 Buckling, Tensile
crack

Mean 6.00 216.87 360.34 0.3657 1.39

STS316L-P1 6.00 193.79 279.74 0.3449 460.50 473.72 – No failure

STS316L-P2 6.00 187.69 280.84 0.3511 787.94 811.09 2.89 Buckling, micro
crack

STS316L-P3 6.00 193.07 279.48 0.3449 769.16 743.34 2.75 Buckling, micro
crack

Mean 6.00 191.52 280.02 0.3470 2.82
Fig. 8. Failure shapes of cyclic coupons at test ends.

0 cycles. For specimen SA2D-I3, initial cracks were observed at 13
ycles due to machining defects in the upper struts of Nos. 2 and 3. For
pecimen SA2D-G1, initial cracks appeared in all struts at 33 cycles. For
pecimens SA2D-G2 and SA2D-G3, initial cracks occurred at 20 cycles
nd 17 cycles, respectively. In summary, the number of cycles prior to
he initial crack was higher in specimens having a loading protocol with
small displacement for each step, but the ultimate strength and the
7

displacement at the crack decreased. Although a rapid loading speed
increased the ultimate strength at the end of the test due to the cyclic
hardening effect, it is thought that these tests were terminated early
because the damage was accelerated. Moreover, when the number of
cycles at crack initiation was compared between specimens SS275 and
STS316L, STS316L dampers (the SA2D series) exhibited initial cracks
after 5 to 10 more cycles than the SS275 dampers thanks to TWIP
effects [17].

The experimental results show that austenitic stainless steel
STS316L dampers exhibited stable and ductile behavior, not brittle, in
contrast to the behavior of SS275 carbon steel and STS304 austenitic
stainless-steel dampers described in previous reports [16]. Also, plastic
deformation and visible necking in the critical section of the top and
bottom of the struts were observed in Fig. 12, for example in the mono-
tonic and cyclic material test results of STS316L. Molybdenum is added
to STS316L stainless steel to destabilize the austenite, and nickel is also
added to form a stable structure (Table 1) for corrosion resistance.
According to studies by Shrinivas et al. [17] and Paul et el. [33],
STS316 showed an intermediate TRIP behavior against deformation,
and a higher fatigue performance than the STS304 steel. Consequently,
as a seismic material, STS316L can improve stable hysteresis behavior
and structural performance more effectively than can STS304. The
austenite microstructure of STS316L is more stable than that of STS304,
indicating STS316L materials experience few TRIP effects. Because this
study focused on the applicability of stainless-steel dampers as seismic
devices compared with carbon steel dampers, microstructure-related
studies were not treated in this study.
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Fig. 9. Cyclic hysteretic curves of coupons.
Table 5
Test results.

Specimen Initial
stiffness
(kN/mm)

Second
stiffness
(kN/mm)

Stiffness
ratio
(%)

Ultimate
strength

Maximum
displacement

Number
of cycle

Skeleton
curve

Strength
ratio

𝑃𝑢𝑒
+ (kN) 𝑃𝑢𝑒

− (kN) 𝛿𝑢𝑒
+

(mm)
𝛿𝑢𝑒

−

(mm)
at test
end

at crack
initiation

Yield
strength
𝑃𝑦𝑒 (kN)

Yield
displacement
𝛿𝑦𝑒 (mm)

𝛼 =
𝑃𝑢𝑒,𝑚𝑎𝑥 ∕𝑃𝑦𝑒

𝛼SA2D∕𝛼CS2D

CS2D-M1 69.82 3.00 4.65 355.70 77.72 128.22 1.84 2.77
CS2D-I2 67.59 3.07 4.54 217.90 209.02 30.19 29.99 3 2 131.17 1.94 1.66
CS2D-I3 72.30 2.77 3.83 185.69 183.39 20.68 20.34 5 3 133.49 1.85 1.39
CS2D-G1 72.84 1.99 2.73 168.78 163.54 18.20 17.86 27 25 136.34 1.87 1.24
CS2D-G2 74.13 2.13 2.88 180.80 175.82 19.42 20.36 15 13 143.52 1.94 1.26
CS2D-G3 76.31 3.85 5.04 173.48 167.97 20.10 12.65 13 8 128.64 1.69 1.35
Mean 72.63 2.76 3.95 134.63 1.86 1.38
COV 0.044 0.273 0.275 0.043 0.056 0.123
SA2D-M1 72.65 3.65 5.03 482.19 90.57 101.45 1.40 4.75 0.92
SA2D-I2 62.41 3.61 5.79 252.95 246.14 30.23 30.91 10 7 103.73 1.66 2.44 1.47
SA2D-I3 61.60 3.23 5.24 233.32 225.74 20.30 20.30 21 13 108.67 1.76 2.15 1.54
SA2D-G1 68.21 3.23 4.73 269.42 258.64 39.84 39.58 34 33 147.86 2.17 1.82 1.47
SA2D-G2 60.26 3.03 5.03 265.82 251.43 39.38 31.67 22 20 154.13 2.56 1.72 1.37
SA2D-G3 62.77 4.01 6.38 251.10 244.51 31.07 30.09 21 17 102.76 1.64 2.44 1.81
Mean 63.05 3.42 5.37 123.43 1.96 2.12 1.53
COV 0.048 0.114 0.122 0.205 0.203 0.159

* The mean value was calculated except for the M1 specimen.
3.2. Stiffness and strength

Skeleton curves obtained from cyclic loading tests presented in
Fig. 13 were used to investigate the relative strength, stiffness, and
deformation capacity of the specimens. The skeleton curves in Fig. 13
represent the load–displacement curves under one positive (+) loading
cycle (tensile region) for I series specimens with constant-amplitude
cyclic loading, and the curves were obtained by connecting the maxi-
mum load points at each loading step in the hysteretic curves for the G
series specimens with incremental-amplitude cyclic loading [8,12,16].

Fig. 14 is a conceptual diagram for obtaining the stiffness (𝐾1
s initial stiffness and 𝐾2 is secondary stiffness), yield strength (𝑃𝑦𝑒)
nd yield displacement (𝛿 ), ultimate strength (𝑃 ) and maximum
𝑦𝑒 𝑢𝑒

8

displacement (𝛿𝑢𝑒) on skeleton curves. The 𝑃𝑦𝑒 and 𝛿𝑦𝑒 of the dampers
were determined to ensure that the dissipated energy capacity (area)
under the skeleton curve obtained from the test was equal to the
idealized bilinear curve, as indicated by the shaded areas in Fig. 14.
The value for 𝐾2 was defined as the slope that connects the yield
strength, ultimate strength, and each displacement point. Fig. 15 shows
the comparison of load–displacement hysteresis curves obtained under
cyclic loading. The ▴ and ▿ marks indicate the ultimate strength
locations in the CS2D series and SA2D series specimens, respectively.
The SA2D series specimens exhibited greater strength compared with
the CS2D series specimens at the same lateral displacement due to
excellent strength enhancement after material yielding, similar to the
results of the comparison of the stress–strain curves of the two steel
materials shown in Fig. 3(c).
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Fig. 10. Comparison of monotonic tensile curves and cyclic skeleton curves.

The experimental values of specimens obtained from the skeleton
urves are summarized in Table 5. The initial stiffness (𝐾1) of the
TS316L dampers (SA2D series) was 13% lower than that of the SS275
ampers (CS2D series). The difference in initial stiffness, 𝐾1, (average
atio 0.88) results from the difference in Young’s modulus between
TS316L and SS275 under cyclic loading, as shown in Table 4. In con-
rast, the 𝐾2 value for the SA2D series specimens was 1.24 times higher
han that of CS2D series specimens. For the CS2D series specimens,
here was a big difference in the change according to cyclic loading
rotocols, as shown in Table 5. In the case of the SA2D series specimens,
he average 𝐾2 value was 3.42 and the deviation was lower than that
f the CS2D series specimens regardless of loading protocols. Fig. 13(c)
ompares the skeleton curves of the two material types of specimens
or the G1 and G2 loading protocols. STS316L dampers yielded earlier
han the SS275 carbon steel dampers, exhibiting similar behavior until
he displacement was less than 10 mm. The STS316L dampers exhibited
9

onsiderable cyclic hardening due to plastic deformation after yielding,
nd the maximum displacement was approximately 51% higher than
hat of SS275 dampers.

The skeleton curves indicate that higher initial stiffness (𝐾1) and
econdary stiffness (𝐾2) are more favorable in terms of energy dissi-
ation capacity based on the same lateral displacement in the elastic
egion and the initial plastic hardening region. Generally, the 𝐾2 must
e lower than the 𝐾1 of the main building to allow the seismic damper
o absorb energy by in-plane deformation; therefore, the stiffness ratio
𝐾2∕𝐾1) can be a crucial factor in estimating the seismic performance
fter the plastic region of the building system. In Table 5, the mean
2∕𝐾1 ratio is 3.95% for the CS2D series specimens and 5.37% for

he SA2D series specimens, with the exception of the M1 specimens
Table 5). The 𝐾2∕𝐾1 ratio of the SA2D specimens was approximately
.36 times higher than that of the CS2D specimens. The skeleton curves
or the specimens of G series in Fig. 13(c) revealed that although
TS316L dampers possess lower initial stiffness, their higher secondary
tiffness, ductility, strength and cycle number after yielding compared
ith those of SS275 dampers result in higher seismic performance in

erms of energy dissipation capacity.
For yield strengths of dampers from the skeleton curves of Fig. 13,

ven though the plate thickness and material yield stress of specimens
A2D-G1 and SA2D-G2 were lower than those of the CS2D specimens,
he yield strengths of two specimens calculated were larger than those
f CS2D-G1 and CS2D-G2 specimens, as can be seen in Table 5. How-
ver, for specimens with constant-amplitude cyclic loading, the SA2D-I
eries presented lower yield strengths compared with the CS2D-I series.
he strength ratio (𝛼 = 𝑃𝑢𝑒,𝑚𝑎𝑥∕𝑃𝑦𝑒) was examined to investigate the
trength enhancement by cyclic plastic hardening after yielding of the
ampers. The maximum ultimate strength (𝑃𝑢𝑒,𝑚𝑎𝑥) was the maximum
f the ultimate strengths of the positive (+) and negative (−) regions in
he hysteretic curves. The values for 𝑃𝑢𝑒,𝑚𝑎𝑥∕𝑃𝑦𝑒 of the CS2D series and
A2D series were 1.38 and 2.12, respectively, in Table 5. These were
imilar to the tensile-to-yield ratios (𝐹𝑢∕𝐹𝑦) of 1.45 and 2.09 shown in
he monotonic material tensile test results in Table 3.

In addition, because the thicknesses of the specimens of the two
teel materials were slightly different (see Table 2), the test strengths
f specimens were corrected using a modification factor (𝑚) based on
nominal plate thickness of 13 mm. Modified strengths for strength

omparison are summarized in Table 6. The modification factor was
alculated by dividing the nominal plate thickness by the measured
late thickness (𝑡𝑒) included in Table 2 (𝑚 = 13.0∕𝑡𝑒). The average of the
odified ultimate strengths (𝑃𝑢𝑒𝑚) of the SA2D series specimens was
.53 times higher than that of the CS2D series specimens. The mean
ltimate strength ratio of 1.53 (SA2D/CS2D from Table 6) was higher
han the material tensile strength ratio of 1.36 (𝐹𝑢−𝑆𝑇𝑆316𝐿∕𝐹𝑢−𝑆𝑆275
rom Table 3), due to the dominance of the cyclic hardening effect over
he strain hardening effect under monotonic loading. In other words,
n the cyclic material test results of coupons P2 and P3 with material
amage, mean ultimate strength ratio (𝑓𝑢,𝑚𝑎𝑥−𝑆𝑇𝑆316𝐿∕𝑓𝑢,𝑚𝑎𝑥−𝑆𝑆275) was
.55 in Table 4 and was close to the ultimate strength ratio of 1.53
SA2D/CS2D) of dampers.

Fig. 16 displays the ultimate strength, which is defined as the peak
oad in each cycle under a constant-amplitude cyclic loading protocol.
‘PO’’ and ‘‘NE’’ in Fig. 16 denote the loading in the positive (+) and
egative (-) directions, respectively. For the SA2D series specimens, the
ltimate strength (peak load) tended to increase with the number of
ycles due to the cyclic hardening effect, as shown in Fig. 15. SA2D-I
eries specimens with constant-amplitude testing exhibited no notice-
ble increase in ultimate strength even though the number of cycles
ncreased. However, CS2D-I series specimens showed a rapid reduction
n strength because the initiation and propagation of cracks in the
pper and lower parts of the damper struts were accelerated at high
mplitudes. This indicates that STS316L dampers provide stable and
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Fig. 11. Fracture shapes at test end (CS2D series).
Fig. 12. Fracture shapes at test end (SA2D series).
superior seismic performance under high numbers of cycles compared
to SS275 dampers.

3.3. Strain distribution

Four plastic strain gauges were attached to the struts of dampers
in order to investigate the change in strain in the upper (SG1 and
SG3) and lower (SG2 and SG4) parts according to the cyclic loading,
as shown in Fig. 17(a). Figs. 17(b) and 17(d) show the cumulative
displacement–strain relationship for two representative specimens
10
CS2D-G1 and SA2D-I3. Figs. 17(c) and 17(e) present the displacement-
strain relationship for specimens CS2D-I3 and SA2D-G1. The strain
distributions at the top end (SG1 and SG3) of the struts of all specimens
were similar to those at the bottom ends of the struts with no crack at
the beginning step, as displayed in Figs. 17(c) and 17(e). As shown in
Fig. 17(b) and (d), the tensile strain was higher than the compressive
strain, and thus the intersecting points were slightly inclined to the
positive region due to the increase of tensile strain caused by the
membrane effect [11,16].
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Table 6
Modification factor and test strength comparison.

Specimen Modification
Factor for
damper
thickness,

Modified
ultimate strength

Modified
yield strength
(kN)

𝑃𝑢𝑒𝑚,𝑚𝑎𝑥 ∕𝑃𝑦𝑒𝑚 Strength ratio (SA2D/CS2D)

𝑃𝑢𝑒𝑚
+ (kN) 𝑃𝑢𝑒𝑚

−

(kN)
Positive
(+)

Negative
(−)

𝑃𝑢𝑒𝑚,𝑚𝑎𝑥 ∕𝑃𝑝𝑒𝑚

CS2D-I2 0.93 202.92 194.65 122.15 1.66
CS2D-I3 0.93 173.42 171.27 124.67 1.39
CS2D-G1 0.93 156.95 152.08 126.78 1.24
CS2D-G2 0.93 168.61 163.96 133.85 1.26
CS2D-G3 0.93 161.43 156.31 119.71 1.35
Mean 0.93 125.43 1.38
COV 0.043 0.123
SA2D-I2 0.99 249.50 242.78 102.32 2.44 1.23 1.25 1.47
SA2D-I3 0.98 229.61 222.15 106.95 2.15 1.32 1.30 1.54
SA2D-G1 0.99 265.54 254.91 145.73 1.82 1.69 1.68 1.47
SA2D-G2 0.99 261.99 247.81 151.91 1.72 1.55 1.51 1.37
SA2D-G3 0.98 247.30 240.81 101.20 2.44 1.53 1.54 1.81
Mean 0.99 121.62 2.12 1.47 1.45 1.53
COV 0.206 0.159 0.127 0.123 0.110
Fig. 13. Skeleton curves.
11
3.4. Ductility and energy dissipation capacities

Table 7 summarizes the displacement, ductility and energy dissipa-
tion capacity of the specimens calculated from cyclic tests. The plastic
deformation capacity of the steel damper was evaluated using ductility
(𝜇 = 𝛿𝑢𝑒,𝑚𝑎𝑥 ∕𝛿𝑦𝑒) and cumulative ductility (𝜂 =

∑

𝛿𝑢𝑒 ∕𝛿𝑦𝑒). Ductility (𝜇)
is the ratio of maximum displacement (𝛿𝑢𝑒,𝑚𝑎𝑥) to yield displacement
(𝛿𝑦𝑒), and cumulative ductility (𝜂) is the sum of all displacements
(∑ 𝛿𝑢𝑒) in the positive and negative directions up to the cycle at the
time of initial cracking against yield displacement (𝛿𝑦𝑒). In the case of
the steel dampers under cyclic loading, the value of 𝜂 in both directions
becomes a more important index than 𝜇 in one direction. The SA2D
series (STS316L) specimens showed up to 1.89 times higher ductility
(𝜇) than CS2D series specimens. The SA2D series specimens experi-
enced plastic deformation exceeding 500 times the yield displacement
before cracking initiated. The cumulative ductility (𝜂) for the SA2D
series specimens was 3.20 times higher, on average, than that of the
CS2D series specimens.

The energy dissipation capacity (𝐸𝑡) can be calculated by adding
the loop area of the load–displacement curves. As shown in Table 7,
total energy dissipation capacity (𝐸𝑡𝑓 ) is the calculated loop area for
the total number of cycles until the end of the experiment, and 𝐸𝑡𝑐
is the calculated loop area up to the cycle in which the initial crack
occurs. At the end of the test, total energy dissipation capacity, 𝐸𝑡𝑓 ,
of the SA2D series specimens was on average 4.03 times higher than
that of the CS2D series specimens. Also, the average energy absorption
capacity (𝐸𝑡𝑐) in the initial crack occurrence of the SA2D series spec-
imens was 5.07 times higher than that of the CS2D specimens due to
excellent strength enhancement and ductility, and higher number of
cycles until test end. Fig. 18 shows the energy dissipation capacity for
each cycle based on the same loading protocol in all specimens. The
energy dissipation capacity of the SA2D series specimens was up to
7.78 times larger than that of the CS2D specimens until initial cracks
occurred at the top and bottom ends of the dampers. Fig. 19 shows
the ratios (𝐸𝑡𝑓𝑆𝐴∕𝐸𝑡𝑓𝐶𝑆 and 𝐸𝑡𝑐𝑆𝐴∕𝐸𝑡𝑐𝐶𝑆 ) of the energy dissipation
capacity of SA2D series specimens to those of CS2D series specimens.
To further investigate the energy dissipation capacity of specimens,
normalized energy dissipation capacity is presented in Fig. 20 in the
form of 𝐸𝑡𝑓∕(𝑃𝑦𝑒𝛿𝑦𝑒). The normalized energy dissipation capacity can
be defined as a non-dimensional value by dividing the total energy
dissipation capacity (𝐸𝑡𝑓 ) by the elastic energy dissipation capacity
(𝑃𝑦𝑒𝛿𝑦𝑒). The normalized energy dissipation capacity of the SA2D series
specimens was on average 4.38 times larger than that of the CS2D
series specimens. The austenitic stainless steel STS316L dampers ex-
perienced noticeable cyclic hardening at every loading cycle, and they
also provided higher secondary stiffness and ductility, and sufficient
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Fig. 14. Yield strength (𝑃𝑦𝑒) and yield displacement (𝛿𝑦𝑒) in the skeleton curve.

Fig. 15. Comparison of hysteresis curves.

12
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Table 7
Ductility and energy dissipation capacity.

Specimen Displacement and ductility Total energy dissipation capacity 𝐸𝑡 Normalized energy
dissipation capacityMaximum

displacement
(mm)

Cumulative
displacement
at crack
(mm)

Ductility, 𝜇 Cumulative ductility, 𝜂 At test end At initial crack

𝛿𝑢𝑒,𝑚𝑎𝑥∕𝛿𝑦𝑒 SA2D/
CS2D

∑

𝛿𝑢𝑒 ∕𝛿𝑦𝑒 SA2D/
CS2D

𝐸𝑡𝑓
(kN m)

SA2D/
CS2D

𝐸𝑡𝑐 (kN m) SA2D/
CS2D

𝐸𝑡𝑓 ∕(𝑃𝑦𝑒𝛿𝑦𝑒). SA2D/
CS2D

CS2D-I2 30.19 342.16 15.56 176.32 45 33 176
CS2D-I3 20.68 351.03 11.20 190.12 45 20 183
CS2D-G1 18.20 603.75 9.72 322.57 54 38 212
CS2D-G2 20.36 537.23 10.52 277.48 59 46 214
CS2D-G3 20.10 612.58 11.92 363.36 66 37 304
SA2D-I2 30.91 1203.85 18.60 1.20 724.32 4.11 207 4.60 145 4.40 1199 6.80
SA2D-I3 20.30 1692.19 11.51 1.03 959.12 5.04 241 5.36 157 7.78 1259 6.89
SA2D-G1 39.84 1530.05 18.38 1.89 705.81 2.19 234 4.32 204 5.36 730 3.44
SA2D-G2 39.38 1480.89 15.40 1.46 578.97 2.09 228 3.83 176 3.88 577 2.70
SA2D-G3 31.07 1515.94 18.98 1.59 925.95 2.55 224 3.40 145 3.95 1331 4.38
Mean 1.43 3.20 4.03 5.07 4.84
o

w
t

Fig. 16. Peak load according to each cycle for constant amplitude loading protocol.

enhancement strength after yielding due to the TWIP effect under cyclic
loading.

3.5. Comparison of theoretical predictions and test results

3.5.1. Design concept of slit damper
When horizontal force is applied to a steel slit damper, bending

moment and shear force are generated in the strut of the slit damper.
As the aspect ratio (the height-to-width ratio of the strut) increases, the
ultimate behavior of the damper is governed by flexure. In this study,
a simple flexure-dominant slit damper with an aspect ratio of 5.0 was
designed so that shear could be ignored. One strut can be simplified
as a model with both ends fixed, as shown in Fig. 21. The theoretical
model of the steel slit damper was derived from studies conducted by
Lee et al. [12] and Ma et al. [34]. Based on the rectangular cross-section
of the strut end, the plastic moment (𝑀 ) can be calculated by the
𝑝

13
following equation:

𝑀𝑝 = 𝐹𝑦𝑍 = 𝐹𝑦𝑡𝐵
2∕4 (1)

where 𝑍 is the plastic section modulus of the strut, 𝐹𝑦 is the yield stress
f the material, 𝑡 is the strut thickness, and 𝐵 is the strut width, as

shown in Fig. 1.
The horizontal force when the strut end reaches the plastic moment

(𝑀𝑝) denotes the plastic strength (𝑃𝑝) of the damper. The relationship
of Eq. (2) is established by the condition of the moment equilibrium,
and Eq. (3) can be obtained by substituting into Eq. (1). Because the
cross-section of the strut is rectangular, the yield strength, 𝑃𝑦 can be
obtained from Eq. (4) using the shape factor, expressed as the ratio of
plastic section modulus (Z) to elastic section modulus (S), which is 1.5.

𝑀𝑝 = 𝑃𝑝ℎ∕2 (2)

𝑃𝑝 = 2𝐹𝑦𝑡𝐵
2∕4ℎ (3)

𝑃𝑦 = 2𝐹𝑦𝑡𝐵
2∕6ℎ (4)

For a steel slit damper composed of multiple struts, the horizontal
force is distributed evenly among the struts. The whole strength of
the damper can therefore be calculated by multiplying the theoretical
strength of one strut by the number of struts.

3.5.2. Predictive formulas in previous studies
The structural performances of steel slit dampers are included in

Table 8 by applying the design formulas of yield strength, 𝑃𝑦𝑡, and yield
displacement, 𝛿𝑦𝑡, [11–14] and seismic structure design guidelines [25,
26]. Because shear and bending deformations occur simultaneously in
the structural element subjected to horizontal shear force, the smaller
of the yield strength 𝑃𝑏, 𝑦𝑡 by bending and 𝑃𝑠, 𝑦𝑡 by shear force can be
used to predict the 𝑃𝑦𝑡 of a steel slit damper in the following equations:

𝑃𝑏, 𝑦𝑡 =
𝑡𝐵2𝐹𝑦

2𝐻 ′ (5)

𝑃𝑠, 𝑦𝑡 =
2
3
𝑡𝐵𝐹𝑦
√

3
(6)

𝑃𝑦𝑡 = 𝑛 ×𝑀𝑖𝑛(𝑃𝑏,𝑦𝑡, 𝑃𝑠,𝑦𝑡) (7)

here 𝑡 is the thickness of the damper, 𝑛 is the number of struts, 𝐵 is
he strut width, 𝐻 is the height of the straight strut part, 𝐻 ′ is derived

from 𝐻 + 2𝑟2∕𝐻𝑇 , 𝐻𝑇 is defined as 𝐻 + 2𝑟, 𝑟 is the radius of the strut
end, and 𝐹𝑦 denotes the yield stress of the material.

The yield displacement of the damper (𝛿𝑦𝑡) can be calculated with
the following equation on the sum of the yield deformation by bending
and shear force:

𝛿𝑦𝑡 =
1.5𝑃𝑦𝐻𝑇

𝑛𝐸𝑡𝐵
[
(

𝐻 ′

𝐵

)2
+ 2.6] (8)

where 𝐸 is the Young’s modulus of the material.
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Fig. 17. Displacement-strain relationship the both ends of struts.
Table 8
Comparison of test results and theoretical predictions.

Specimen Test results Theoretical predictions 𝐾1∕𝐾𝑒 𝑃𝑦𝑒∕𝑃𝑦𝑡 𝛿𝑦𝑒
∕𝛿𝑦𝑡

𝑃𝑢𝑒.𝑚𝑎𝑥
∕𝑃𝑦𝑡

Modified energy dissipation
capacity and ratio

Initial
stiffness
𝐾1(kN/mm)

Yield
strength
𝑃𝑦𝑒 (kN)

Yield
displacement
𝛿𝑦𝑒
(mm)

Ultimate
strength
𝑃𝑢𝑒.𝑚𝑎𝑥 (kN)

Elastic
stiffness
𝐾𝑒(kN/mm)

Yield
strength
𝑃𝑦𝑡 (kN)

Yield
displacement
𝛿𝑦𝑡
(mm)

𝐸′
𝑡𝑓

(kN m)
SA2D/
CS2D

CS2D-I2 67.59 131.17 1.94 217.90 95.91 96.79 1.01 0.70 1.36 1.92 2.25 45
CS2D-I3 72.30 133.49 1.85 185.69 96.26 96.96 1.01 0.75 1.38 1.83 1.92 45
CS2D-G1 72.84 136.34 1.87 168.78 96.23 97.05 1.01 0.76 1.40 1.85 1.74 55
CS2D-G2 74.13 143.52 1.94 180.80 96.04 96.84 1.01 0.77 1.48 1.92 1.87 60
CS2D-G3 76.31 128.64 1.69 173.48 95.98 96.86 1.01 0.80 1.33 1.67 1.79 67
Mean 72.17 134.63 1.86 96.08

(97.18)
96.90
(97.78*)

1.01
(1.01)

0.76 1.39 1.84 1.91

SA2D-I2 62.41 103.73 1.66 252.95 85.87 85.77 1.00 0.73 1.21 1.66 2.95 206 4.54
SA2D-I3 61.60 108.67 1.76 233.32 86.30 86.14 1.00 0.71 1.26 1.76 2.87 239 5.27
SA2D-G1 68.21 147.86 2.17 269.42 86.82 86.47 1.00 0.79 1.71 2.17 3.31 231 4.23
SA2D-G2 60.26 154.13 2.56 265.82 86.74 86.41 1.00 0.69 1.78 2.56 3.27 225 3.74
SA2D-G3 62.77 102.76 1.64 251.10 86.97 86.59 1.00 0.72 1.19 1.64 3.08 221 3.32
Mean 64.65 123.43 1.96 86.54

(85.82)
86.28
(85.40*)

1.00
(1.00)

0.73 1.43 1.96 3.13 4.22

* : The value in parentheses () is the reference yield strength (𝑃𝑦𝑟) based on the nominal dimensions of the damper, strut number and the material yield stress obtained from the

monotonic tensile material test.
14
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𝐾
g
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Fig. 18. Energy dissipation capacity according to each cycle.
Fig. 19. Comparison of total energy absorption between SA2D series and CS2D series
specimens.

The elastic stiffness (𝐾𝑒) of the damper is the ratio of yield strength
𝑃𝑦𝑡) to yield displacement (𝛿𝑦𝑡) using Hook’s law,

𝑒 =
𝑃𝑦𝑡

𝛿𝑦𝑡
(9)

𝑒, 𝑃𝑦𝑡, and 𝛿𝑦𝑡 of each damper were calculated by applying the
eometric dimensions in Table 2 and the material test results in Table 3.
able 8 includes stiffness (𝐾 , 𝐾 ), yield strength (𝑃 , 𝑃 ), ultimate
1 𝑒 𝑦𝑒 𝑦𝑡

15
Fig. 20. Normalized energy dissipation capacity between SA2D series and CS2D series
specimens.

strength (𝑃𝑢𝑒.𝑚𝑎𝑥) and yield displacement (𝛿𝑦𝑒, 𝛿𝑦𝑡) obtained in both test
results and theoretical predictions.

3.5.3. Comparison of test results and theoretical predictions
Table 8 also summarizes the comparisons of theoretical predictions

and test results for all specimens. Predicted values were calculated
for elastic stiffness (𝐾𝑒), yield strength (𝑃𝑦𝑡), and yield displacement
(𝛿 ). The ratios (𝐾 ∕𝐾 ) of initial stiffness (𝐾 ) to elastic stiffness (𝐾 )
𝑦𝑡 1 𝑒 1 𝑒
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r
w
g
F
i

Fig. 21. Shape of the strut and deformed shape.

anged from 0.69 to 0.80, indicating that initial stiffness test results
ere lower than the values calculated in the above equation due to
eometric imperfections of the damper and end fixity of the set-up.
actors such as imperfections and end fixity in test specimens resulted

n initial stiffness reduction and yield displacement increase.

16
Fig. 22 shows the normalized load (𝑃𝑢𝑒,𝑚𝑎𝑥∕𝑃𝑦𝑡) of the ultimate
strength (𝑃𝑢𝑒,𝑚𝑎𝑥) of each specimen against the predicted value for 𝑃𝑦𝑡
by Eq. (3) and the mean ratio (𝐹𝑢∕𝐹𝑦) of tensile strength to yield stress
(Table 3). According to Lee et al. [12] and Hwang et al. [16], ‘①’ in
Fig. 22 denotes the strength enhancement (𝐹𝑢∕𝐹𝑦 = 1.45) expected by
strain hardening after material yielding. Because vertical deformation
is restrained in the upper and lower struts of the dampers, the tensile
resistance due to elongation in the longitudinal direction becomes
significant in the range of large displacement. Therefore, external loads
are resisted by a combination of flexure and tension. This phenomenon
is called the membrane effect. ‘②’ in Fig. 22 represents the increase in
ultimate strength due to the membrane effect and cyclic hardening. The
𝑃𝑢𝑒.𝑚𝑎𝑥∕𝑃𝑦𝑡 values ranged from 1.74 to 2.25 (with a mean of 1.91) for
the CS2D series specimens and from 2.97 to 3.31 (with a mean of 3.13)
for the SA2D series specimens, which were larger than the mean 𝐹𝑢∕𝐹𝑦
ratio (1.45 and 2.09, respectively) in material test results. Moreover,
the 𝑃𝑦𝑒∕𝑃𝑦𝑡 ratio of the measured yield strength, 𝑃𝑦𝑒, to predicted yield
strength, 𝑃𝑦𝑡, ranged from 1.21 to 1.48, except for specimens SA2D-
G1 and SA2D-G2. In contrast, the 𝑃𝑦𝑒∕𝑃𝑦𝑡 ratios of specimens SA2D-G1
and SA2D-G2 were 1.71 and 1.78, respectively. This is because the
yield strength increased rapidly near the target displacement for each
cycle without any damage due to strong cyclic plastic hardening and
membrane effects after yielding, as discussed in Lee et al. [12] and
Hwang et al. [16]. In addition, since the material properties and plate
thickness in the damper specimens are different, modified energy-

′
dissipation capacity (𝐸𝑡𝑓 ) was obtained by multiplying the total 𝐸𝑡𝑓
Fig. 22. Strength increase due to strain hardening and membrane effect.
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at test end by the ratio of the reference yield strength (𝑃𝑦𝑟) to the
calculated yield strength (𝑃𝑦𝑡) from Table 8 of each specimen, making
t possible to compare the energy absorptions of each specimen under
dentical conditions. As already stated in Section 3.5, the modified
nergy dissipation capacity of the SA2D series specimens was also 4.22
imes larger, on average, than that of the CS2D series specimens thanks
o stable hysteretic behavior and excellent enhancement strength after
ielding due to the TWIP effect under cyclic loading

. Conclusions

Steel slit dampers for seismic retrofits were designed and fabricated
sing austenitic stainless steel (STS316L, equivalent to ASTM 316L
ype) and mild carbon steel (SS275, equivalent to ASTM A36), and
yclic loading tests were conducted under various protocols. Material
roperties, hysteretic behavior and energy-dissipation capacity were
ompared. The following conclusions can be drawn.

(1) The yield stress of STS316L was approximately 6% lower than
hat of SS275, and the tensile strength was 1.36 times higher than
hat of SS275. Stainless steel STS316L also showed 1.87 times greater
longation (ductility) and 1.44 times greater mean tensile strength to
ield stress ratio (strength enhancement) compared with SS275. The
trength enhancement of cyclic test results for STS316L material was
5% higher than that of the monotonic tensile test due to signifi-
ant cyclic hardening. Both material test results indicated that the
nergy-dissipation capacity of STS316L is superior to that of SS275.

(2) The behavior of the steel dampers under monotonic loading
rotocol tended to be similar to the material tensile test results. The
umber of cycles at test end and at crack initiation for most of the
TS316L specimens under cyclic loading was larger compared to the
S275 specimens. The mean strength ratio for the dampers corre-
ponded to that of the ratio of tensile strength to yield stress at the
aterial level. The STS316L damper with added molybdenum (Mo)

nd higher nickel (Ni) contents showed ductile behavior thanks to the
WIP effect, whereas the test results of STS304 damper exhibited brittle
racture due to the TRIP effect.

(3) STS316L (SA2D series) dampers experienced significant cyclic
ardening due to plastic deformation and exhibited a ductile fracture
hape due to initial cracking at a larger displacement compared with
he SS275 specimens. The STS316L specimens showed up to 1.89 times
he ductility, and 3.20 times the cumulative ductility, of the SS275
pecimens. At the initial cracking step, the energy-absorption capacity
f the STS316L dampers was approximately 5.07 times higher than that
f the SS275 dampers. The normalized energy dissipation capacities
ith identical geometric information of the STS316L dampers were on
verage 4.38 times higher than those of the SS275 dampers. There-
ore, STS316L slit dampers can provide superior energy dissipation as
eismic devices in a building structure compared to mild carbon steel
ampers due to their excellent ductility and strength enhancement.

In the near future, based on the material properties and experi-
ental results determined under cyclic loading in this study, a finite

lement analysis model will be developed to examine the mechanism
f cyclic strain hardening and membrane effects in detail.
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