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ABSTRACT This paper discusses an experimental study investigating the behavior of the multidirectional box-shaped shearing damper (MBSD)
proposed for a bridge structures application. The MBSD consisted of a box-shaped steel plate hot coil (SPHC) material with an effective dimension
of 100 × 100 mm2 designed to dissipate earthquake excitation energy under the combined resultant forces from the longitudinal and transversal
directions. The specimens varied in two different web slendernesses, i.e., 58.8 and 27.0. Furthermore, to investigate the different load direction effects,
four different loading angles with respect to one of the web planes, i.e., 0°, 15°, 30°, and 45° to be implemented. The specimens were subjected to cyclic
loading according to AISC/ANSI 341-22. In the experiment, the shear yield strength, ultimate state behavior, and energy dissipation achievement were
evaluated. The results showed that MBSD could achieve shear strength and sufficient energy dissipation under different angles of loading directions,
ranging from yielding to ultimate deformation state. The yielding and ultimate characteristics of MBSD were similar to those of an ordinary shear panel
damper. A stockier web resulted in greater stability in stiffness after the yield point and less buckling of the web but also a slightly earlier strength
degradation due to earlier fracture damage at the welded joint. Finally, the MBSD device had feasibility for application in bridge structure as a seismic
device by considering appropriate strength and deformation capacity compatibility adjustments with the ultimate displacement limit of 0.11 rad drift
angle. In addition, a recommendation for using a better elongation capacity steel material and less welding assembly will improve the behavior and
seismic performance of the MBSD.
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1 INTRODUCTION

The hysteretic damper device composed of steel mate-
rial was adopted for use in bridge piers to reduce seis-
mic demand and structural cost (Xiang et al., 2019).
One type of hysteretic damper is a shear panel damper
(SPD), in which energy dissipation is produced from
the shear-yieldingmechanism (Nakashima et al.,1994).
The SPD was installed in a fused parallel structural
system to the pier with multi-columns and worked
in one direction of pier’s lateral deformation within
the frame system’s plane (Chen and Usami, 2007; Sun
et al., 2004; Nakamura et al., 2014). In other studies
(Tetsuhiko, 2011; Tetsuhiko et al., 2010; Haroki et al.,
2023; Santoso et al., 2024; Emilidardi et al., 2024),
the SPD was installed in series with the pier structure
and in parallel with the bearing of the simple support
or continuous bridge superstructure. However, using
a common SPD with a one-directional configuration
provides a huddle configuration of the bearing sup-
port with both longitudinal and transverse SPD on the
pier head (Awaludin et al., 2022). The circular hol-
low steel damper (Abebe et al., 2019; Kori Effendi and
Yulianto, 2023), finned-tubular multidirectional shear

panel damper (FT-MSPD) (Emilidardi et al., 2022), and
cross-web type multidirectional shear panel damper
(CW-MSPD) (Utama et al.,2022) have beenproposed for
use asmultidirectional shearing-based seismic devices.
Nevertheless, due to their complex shape and configu-
ration, their fabrication process remains challenging.
Therefore, other typical configurations of multidirec-
tional shearing damper (MSD) that are easilty fabri-
cated need to be developed.

In other studies, using a metal-based square-shaped
section hysteretic damper was studied by some re-
searchers. Shirinkam and Razzaghi (2020) studied the
box-shaped damper with a bending yielding mecha-
nismunder axial loading. Xiao et al. (2022) investigated
a shear square section steel tube damper for an in-plane
loading-only application. Then, Awaludin et al. (2022)
proposed a bidirectional shear panel damper with a
square hollow section (MBSD-SHS) for a simply sup-
ported bridge using a numerical modeling study. It
used a fully square hollow section without any welded
connection. However, achieving the appropriate high
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elongation steel material specification is challenging
when using square hollow sections (SHS). In addition,
the study by Awaludin et al. (2022) was only conducted
with numerical modeling under monotonic loading in
the edge plane without variations in loading angle di-
rection out of the plane ofweb edges. Meanwhile, in the
application of a multidirectional shearing damper for
bridge structures, the resultant superstructure seismic
motion from the longitudinal and transversal combina-
tion could be arbitrary. Thus, it is uncertain whether it
will work in the plane of the shearing damper edges.
According to the previous studies mentioned above, it
was found that no experimental studies have been con-
ducted to determine the performance of multidirec-
tional box-shaped shearing damper (MBSD) with steel
plates at different loading angle orientations. There-
fore, an experimental study of a shearing damper com-
posed of steel plates under cyclic loading and varying
loading angle directions out of the plane of web edges
needs to be conducted to examine the device’s perfor-
mance for actual implementation.

This study aimed to investigate the behavior and per-
formance of MBSD for a bridge structure’s seismic en-
ergy dissipation device. The seismic device consists of
a box-shaped steel plate as the shear panel that could
achieve yielding under shear deformation at a multi-
directional loading angle. The box-shaped steel plate
configuration of MBSD is designed for a simple fabri-
cation method. The shear-yielding deformation is ex-
pected to achieve sufficient energy dissipation below
the ultimate displacement limit. In addition, the box
shape could generate larger shear resistance out of the
plane on the web edge, which aligns with the resultant
seismic load demand on the bridge under the combi-
nation of longitudinal and transversal directions. The
shearing damper cross-section is configured with four
steel plates with welded connections to build the box
shape with an effective size of 100 × 100 × 100 mm3.
The specimens varied by two different web slenderness
and four different loading angles relative to the web di-
rection. In the testing, the specimens were subjected
to quasi-static cyclic loading following the AISC/ANSI
341-22 (Seismic Provisions for Structural Steel Build-
ings). The recorded hysteresis loops were evaluated
to capture the backbone curve along with deformation
limit state and energy dissipation.

2 MATERIALS ANDMETHODS

In this study, the process started with the preparation
of test specimen of aMBSD.The experimental workwas
carried out using four loading directions applied to the
specimen: 0°, 15°, 30°, and 45°. During the experimen-
tal work, cyclic loading was applied. All the data were
then analysed and compared to the theoretical formu-
lation.

2.1 MBSD specimens

To determine the behavior of anMBSD, as illustrated in
Figure 1 (a), the experimental variables corresponded
to the investigation of the slenderness and the direc-
tion of the loading angle was determined. For inves-
tigating the web’s slenderness (ratio of depth to thick-
ness) in relation to the seismic behavior, two variations
of the web’s slenderness of the MBSD web slenderness
were chosen, namely S-58.8 and S-27.0. To examine the
effects of the different loading angles, four variations
of loading direction, 0°, 15°, 30°, and 45°, were cho-
sen, as illustrated in Figure 1 (b). The specimens were
named according to the variations in slenderness ratio
and load angle orientation, as presented in Table 1.

For the specimens, the web sections were made of a
sheet plate hot coil (SPHC) with yield strength (fy) is
338 MPa and 258 MPa for S-58.8 and S-27.0, respec-
tively. The base plate was made from mild steel clas-
sified as SS400. The configuration of MBSD is shown
in Figure 2 (a). Four specimens for the uniaxial test on
SPHC steel material were subjected to a uniaxial test-
ing machine following the ASTM E 8-04 (Standard Test
Methods for Tension Testing of Metallic Materials). All
specimens were then tested under cyclic loading with a
linear vertical displacement transducer positioned at a
designated location location. Details of the SPHC steel
material properties for theweb plate are shown inTable
2.

2.2 Experimental setup

The loading setup system was adopted by Kurdi et al.
(2017). The experimental load setup for this study is
shown in Figure 2 (b) and consists of a load beam, bot-
tom support, column support, and bracket. The load
beam was attached to a load cell, as shown in Figure
2 (b), to apply the cyclic load to the specimen. The
load frame system supported theMBSD specimenswith
fixed boundary conditions on both the top and bottom
using two base plates. Both the upper and lower base
plates were connected to the load cell and lower sup-
port with some preloaded bolts. The bolt preload force
was set for to ensure that the frictional force between
the base plate and the load beam was greater than the
shear strength of the MBSD specimens, preventing sli-
page. The bracket was designed as a rolling support to
accommodate the frictionlessmovement of the loading
beam relative to the column support.

During the loading process, the specimens’ structural
responses were monitored with a digital measurement
system, as shown in Figure 2. The generated lateral
load generated by the actuator was monitored using
loadcell. One linear variable displacement transducer
(LVDT) was installed to measure the relative displace-
ment of the loading beam with respect to the loading
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framebase plate, as shown in Figure 3. Adigital data ac-
quisition system was installed to collect measured dis-
placement and force data from both the LVDT and load
cellat a 5Hz sampling rate. At the end of each end cy-
cle load, the deformed shape of the specimens was cap-
tured with a camera. The proposed MBSD resembled a
link element; therefore, the cyclic loading protocol test

adopted the link element according to the AISC/ANSI
314-22 (AISC, 2022) criteria. The cyclic displacement
control target was set at a 0.21 rad drift angle, accord-
ing to the predicted fracture failure state of the steel
material, at which the lateral resistance decreased by
around 85%, as shown in Figure 4.

Figure 1 Specimen illustration: (a) detail of MBSD web configuration and (b) loading direction variable.

Figure 2 The configurations of (a) the specimen configuration and (b) the overall configuration of the experimental setup.
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Figure 3 Experimental tools: (a) data acquisition and (b) LVDT.

Figure 4 Cyclic loading protocol according to AISC/ANSI 314-22
(Seismic Provisions for Structural Steel Buildings).

2.3 Analytical

In this study, the experimental data of structural re-
sponse, i.e., force and displacement, were interpreted
as a hysteretic curve. Furthermore, the hysteretic curve
was used to evaluate the achievement of deformation
and shear strength at both yield and ultimate condi-
tions, as well as the energy dissipation achieved.

To analyze shear yield strength, the experimental re-
sults were compared with theoretical predictions us-
ing an analytical approach. It involved two assump-
tions regarding the web’s part state: first, initial yield
(lower bound) (Awaludin et al., 2022), and second, fully
yielding (upper bound) (AISC, 2020) as formulated with
Equations (1) and (2), respectively. For inelastic buck-
ling and full plastic deformation of the designed web,
the value of Cv2 was assumed to be 1, as formulated in
Equations (3).

To accommodate variations in shear yield strength due
to loading angle, both Equations (1) and (2) incorpo-
rated the summation of the webs vector resistance, as
formulated in Equation (4). Vy and VRy are the shear
yield strength and the resultant shear yield strength
of the web, respectively. h, tw, a, and I are the depth,
thickness, height of thewebs, andmoment of inertia on
the shearing cross-section. Fy, τy, and E are uniaxial

Table 1. Specimen variations

Name of
specimens

Dimension (mm)
λ =
h/tw

Loading
angle

orientation
h a w tw

S-58.8-0° 100 100 100 1.7 58.8 0°

S-58.8-15° 100 100 100 1.7 58.8 15°

S-58.8-30° 100 100 100 1.7 58.8 30°

S-58.8-45° 100 100 100 1.7 58.8 45°

S-27.0-0° 100 100 100 3.7 27.0 0°

S-27.0-15° 100 100 100 3.7 27.0 15°

S-27.0-30° 100 100 100 3.7 27.0 30°

S-27.0-45° 100 100 100 3.7 27.0 45°

Table 2. Tensile test properties of SPHC steel material for the
web part

Specimens ID
fy

(MPa)
fu

(MPa)
εu εfr

SPHC-S-58.8-1 340 428.0 0.170 0.27

SPHC- S-58.8-2 336 427.0 0.160 0.29

Average SPHC-S-58.8 338 427.5 0.165 0.28

SPHC-S-27.0-1 255 389.0 0.150 0.26

SPHC- S-27.0-2 261 354.0 0.170 0.28

Average SPHC-S-27.0 258 371.5 0.160 0.27

yield stress, shear yield stress, and elastic modulus of
steelmaterial of thewebs, respectively. Cv2,kv, and are
the web shear buckling strength coefficient, web elastic
buckling coefficient under shear, and the loading an-
gle, respectively. The theoretical shear yield displace-
ment was calculated as the shear yield strength divided
by the shear modulus.

Regarding seismic performance assessment parame-
ters, energy dissipation was calculated using the trape-
zoidal numerical integral method. In addition, the ef-
fectiveness of energy dissipation was evaluated by cal-
culating the equivalent viscous damping ratio accord-
ing to Jacobsen’s theory (Jacobsen, 1930).
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Vy =
8τyI

h2 + a+2tw
2tw

[(h+ 2tw)2 − h2]
· Cv2 (1)

Vy = 2 · h · tw · τy · Cv2 (2)

h

t2
< 1.10

√
kvE

Fy
;Cv2 = 1 with kv = 5 (3)

vRy = Vy(sin γ + cos γ) (4)

3 RESULTS

3.1 S-58.8 specimens

3.1.1 Hysteresis loop

According to the experimental test of the S-58.8 speci-
mens, the stable hysteresis loop of specimens S-58.8-0°
and S-58.8-15° could achieve up to 0.16 rad drift an-
gle with slight pinching, as shown in Figure 5. Figure 6
shows the premature plastic web buckling triggered the
pinching hysteresis loop under a 0.02 rad to 0.05 rad
drift angle. However, in S-58.8-3° and S-58.8-45°, the
hysteresis loop stability could not be maintained after
the buckling occurred.

3.1.2 Shear yield strength

Based on the experimental results depicted in Figure 7
(a) and (b), the shear yield strength of the S-58.8 spec-
imens was 51 kN to 58 kN. The general trend, on the
raising of the loading angle, the shear yield strengths
of each specimen increased with a gradual pattern, as
shown in Figure 7 (b). However, the S-58.8-0° gener-
ated a slightly larger shear yield strength than S-58.8-
15°. The effect of fabrication imperfection might have
triggered a larger buckling, reducing the shear resis-
tance. In comparison, as shown in Figure 7 (b), even
though the initial shear yield strength (IY) with the an-
alytical approach of specimen S-58.8-0° exhibited a co-
incident result to the experimental result, there was a
sharper increase n trend as the larger the loading angle
direction. In addition, the full shear yield strength (FY)
of the analytical approach showed a similar trend with
a larger magnitude than the initial shear yield strength
(IY).

3.1.3 Ultimate state

On average, the ultimate shear strength obtained from
experimental results was 1.26 times greater than the
shear yield strength, as shown in Figure 7. For all S-
58.8 specimens, the ratio of ultimate shear strength to
shear yield strength achievement was 1.1 to 1.6. The
loading angle effect caused variations in drift angle ca-
pacity in the ultimate shear resistance. According to
the analytical approach, as shown in Figure 7 (a), the
full shear yield strength (FY) had a more concise re-
sult to the ultimate shear strength of SPD in the ex-

perimental test than the initial shear yield strength
(IY) of the analytical approach. However, the ultimate
shear strength occurred with a decreasing deformation
magnitude as the loading angle increased. The speci-
mens at angles 0° and 15° reached their ultimate shear
strength with values at 0.17 rad and 0.13 rad drift an-
gle, respectively. Meanwhile, the specimens with an-
gles 30° and 45° achieved the ultimate shear strength
at 0.02 rad drift angle. Even though the early buck-
ling triggered the softening at small plastic deforma-
tion levels in all specimens, the specimens at 0° and
15° could restore the post-yield stiffness to be positive
until reaching ultimate shear strength. In contrast, the
specimens 30° and 45° continued to soften untill reach-
ing themaximum deformation of cyclic loading assign-
ment.

3.1.4 Failure state

In the failure state investigation following Wang et al.
(2021), the shear resistance of 85% of maximum
strength was achieved at 0.15 rad to 0.22 rad drift an-
gle, as shown in Figure 7. The average failure deforma-
tion was 0.19 rad and 0.18 rad for positive and negative
load directions, respectively. The failure deformations
and failure mechanism (FM) visualization can be seen
in Figure 8.

Different loading angles resulted in different failure
mechanisms. Failure in S-58.8-0° and S-58.8-15° due
to diagonal web tension fracture in the middle zone
(FM-1). A combination of failure mechanisms in the
middle spot (FM-1) and corner web’s edge-to-base
plate welding interconnection (FM-2) occurred in spec-
imens S-58.8-30°. In comparison, specimen S-58.8-45°
occurred to fracture at the corner web’s edge to base
plate welding interconnection and web’s edge welding
intra-connection (FM-2 and FM-3).

3.1.5 Energy dissipation

Onaverage, significant energy dissipationwas achieved
from 0.01 rad to 0.15 rad drift angle, as shown in Figure
9 (a). In better results, S-58.8-0° and S-58.8-30° speci-
mens maintained energy dissipation up to 0.20 rad and
0.19 rad drift angles, respectively.

The S-58.8 specimens achieved 20% to 40% of the
equivalent viscous damping ratio at 0.01 rad to 0.02 rad
drift angle, as shown in Figure 9 (b). From 0.02 rad up
to 0.15 rad, a stable equivalent viscous damping ratio
with a magnitude range of 40% to 45% was preserved.
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Figure 5 Hysteresis loop and backbone curve of the S-58.8 specimens under load angles: a) 0°, b) 15°, c) 30°, and d) 45°.
*Note: the bottom and top horizontal-axis express the lateral displacement and drift angle (rotation) of MBSD, respectively; the left and right vertical-axis express the lateral
force resistance and ratio lateral force resistance to the shear yield strength.

Figure 6 The deformed shape of the S-58.8 specimens in buckling state under load angles: a) 0°, b) 15°, c) 30°, and d) 45°.

Figure 7 Shear strength of the specimens: (a) backbone curve S-58.8 specimens based on and (b) comparison of the shear yield strength
of experimental to the analytical.
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Figure 8 The deformed shape of the S-58.8 specimens with a thickness of 1.7 mm on failure state under load angles: a) 0°, b) 15°, c) 30°,
and d) 45°. Noted*; 1 is ”FM-1”; 2 is ”FM-2”; and 3 is ”FM-3”.

Figure 9 Energy dissipation achievement comparison of the S-58.8 specimens in each cycle: (a) energy dissipation and (b) equivalent
viscous damping ratio.

3.2 S-27.0 specimens

3.2.1 Hysteresis loop

According to the experimental results, the stable hys-
teresis loop of the S-27.0 specimenswas achieved in the
0.11 rad to 0.16 rad drift angles, as shown in Figure 10.
The web buckling was not significant in these states, as
shown in Figure 10 and Figure 11. Specimens S-27.0-
0 and S-27.0-45° (with ultimate deformation capacity
of 0.16 rad) showed longer stable hysteresis loops than
the S-27.0-15° and S-27.0-30° (with ultimate deforma-
tion capacity of 0.11 and 0.14 rad, respectively).

3.2.2 Shear yield strength

The backbone curve and limit state for S-27.0 speci-
mens are shown in Figure 12 (a) and (b). The shear yield
strength of the S-27.0 specimens was in the range of
100 kN to 130 kN. In general, on the increment of the
loading angle, the shear yield strengths of each speci-
men increased with a significant pattern, except the S-
27.0-15° has a lower shear yield strength than S-27.0-0
In comparison, as shown in Figure 12 (b), even though
the initial shear yield strength (IY) with analytical ap-
proach of specimen S-27.0-0° exhibited a coincident
result to the experimental result, there was a slight

sharper increment trend as the larger the loading angle
direction. In addition, the full shear yield strength (FY)
of the analytical approach showed an equal trend with
a larger magnitude than the initial shear yield strength
(IY).

3.2.3 Ultimite state

Based on the experimental results, the average ultimate
shear strength was 1.53 times greater than the shear
yield strength, as shown in Figure 12. Thus, the ulti-
mate strength to the yield strength ratio of the S-27.0
specimens was more significant than specimen S58.8.
The loading angle effect also generated a more uni-
form drift angle capacity in the ultimate shear resis-
tance. According to the analytical approach, as shown
in Figure 12 (a), the full shear yield strength (FY) had
a better similar result to the ultimate shear strength of
SPD in the experimental test than the initial shear yield
strength (IY) of the analytical approach. In addition,
the experimental result showed a trend that the larger
loading angle direction induced larger ultimate shear
yield strength than the analytical result.
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3.2.4 Failure state

According to the experimental backbone curve, the 85%
after ultimate shear strength reached 0.14 rad to 0.22
rad drift angle, as shown in Figure 12. The average ul-
timate deformation was 0.19 rad and 0.17 rad for pos-
itive and negative load directions, respectively. In this
state, the failure deformation visualizations and failure
mechanism (FM) are shown in Figure 13.

3.2.5 Energy dissipation

Based on the experimental results, significant energy
dissipation was achieved at around 0.03 rad drift angle,
as shown in Figure 14 (a). The stable energy dissipation

was maintained in the range of 0.14 rad to 0.16 rad of
the drift angle. Both specimens S-27.0-0° and S-27.0-
15° could preserve the energy dissipation achievement
until 0.15 rad of drift angle. In comparison, specimens
S-27.0-30° and S-27.0-45° could maintain the energy
dissipation until 0.14 rad and 0.16 rad of drift angles,
respectively.

The S-27.0 specimens achieved 20% to 35% of the
equivalent viscous damping ratio at a 0.03 rad to 0.09
rad drift angle, as shown in Figure 14 (b). Then, in the
range of 0.09 rad up to 0.15 rad of drift angle, the sta-
ble equivalent viscous damping ratio with a magnitude
range of 35% to 50% was preserved

Figure 10 Hysteresis loop and backbone curve of the S-27.0 specimens under load angles: a) 0°, b) 15°, c) 30°, and d) 45°.
*Note: the bottom and top horizontal axes express the lateral displacement and drift angle (rotation) of MBSD, respectively; the left and right vertical axes express the lateral
force resistance and ratio lateral force resistance to the shear yield strength.

Figure 11 The deformed shape of the S-27.0 specimens in buckling state under load angles: a) 0°, b) 15°, c) 30°, and d) 45°.
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Figure 12 Shear strength of the specimens: (a) backbone curve S-27.0 specimens based on and (b) comparison of the shear yield strength
of experimental to the analytical.

Figure 13 The deformed shape of the S-27.0 specimens with a thickness of 1.7 mm on failure state under load angles: a) 0°, b) 15°, c)
30°, and d) 45°. Noted*; 1 is ”FM-1”; 2 is ”FM-2”; 3 is ”FM-3”; and 4 is “FM-4”.

Figure 14 Energy dissipation achievement comparison of the S-27.0 specimens in each cycle: (a) energy dissipation and (b) equivalent
viscous damping ratio.

4 DISCUSSION

4.1 Hysteresis loops

In discussing the hysteresis loop character of S-58.8
specimens, the premature plastic web buckling trig-
gered the pinching under a 0.02 rad to 0.05 rad drift an-
gle. The result was in line with the study by Chan et al.
(2009) and Chen et al. (2013) which found that the slen-

der web of shearing damper exhibits more plastic buck-
ling with slight pinching hysteresis loops. Even though
web buckling started in early plastic deformation and
continued to more significant displacement, as shown
in Figure 6 and Figure 7, the shear resistance of speci-
mens 58.8-0° and S-58.8-15° wasmaintained until 0.16
rad of the drift angle. However, after the plastic buck-
ling occurred, the specimens S-58.8-30° and S-58.8-45°
could not preserve the hysteresis loop stability, possi-
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bly due to the loading direction causing relatively sig-
nificant work out-of-plane of the shearing damper web.

The stable hysteresis loop of the S-27.0 specimens
without web buckling at the 0.11 rad to 0.16 rad
drift angle align with the study by Tanaka and Sasaki
(2000), which found that a stocky web panel (slender-
ness less than 40) could achieve stable hysteresis en-
ergy performance. Thus, positive post-yield stiffness
was formed from the yielding stage until the ultimate
shear strength. After that, softening, which indicates
strength degradation occurred. The shear resistance
was preserveduntil 85%of ultimate shear strengthwith
a 0.17 rad to 0.21 rad drift angle. In addition, the hys-
teresis loop of specimen S-27.0 was plumper than that
of specimen S-58.8.

4.2 Shear yield strength

The shear yield strength of S-58.8 comparison between
the experimental and analytical approaches is shown in
Figure 7. It was found that the best estimation in quan-
tifying the observed shear yield strength came from
analytical approach, which considers the web’s initial
yielding (lower bound) in Equation (1). This aligns with
the numerical modeling study by Awaludin et al. (2022)
on the bi-directional box shear panel damper with a
square hollow section. In addition, the increase of the
shear yield strength of experimental results related to
the loading angle increment was slower than the pro-
posed analytical approach, as formulated in Equation
(4). The early plastic buckling occurrence might have
triggered this trend.

Regarding shear yield strength achievement of the S-
27.0 specimens, it also aligned more closely with the
lower bound shear yield formulation for the initial
shear yield strength (IY) web part, as the Equation (1)
as studied by Awaludin et al. (2022). Furthermore, the
general trend, the shear yield strength increased with
the increment of the loading angle of each specimen, as
formulated in Equation (4), except for specimen S-27.0-
15°. The S-27.0-15° generated a slightly smaller shear
yield strength than S-27.0-0°. The S-27.0-15° specimen
under a 15° loading angle, geometric imperfections
from fabrication process might have inflicted more se-
vere buckling in a significant out-of-plane load compo-
nent. Thus, this reduced the shear yield strength.

4.3 Ultimite state

The ratio of ultimate shear strength to shear yield
strength achievement for S-58.8 ranged of 1.1 to 1.6,
which was in line with the previous study by Chen et al.
(2013). However, a sharper loading angle might have
triggered rupture at the corner of the web’s edge where
it connects to the to base plate via welding and each

web’s edge of weld connection leading to premature
strength degradation (FM-2 and FM-3), as shown in
Figure 8. Thus, the S-58.5 specimens with loading an-
gles 0° and 15° were proper for damper devices due to
their sufficient stable shear resistance on significant
plastic deformation. In contrast, the S-58.5 specimens
with loading angles 30° and 45° were unsuitable for
damper devices due to insufficient stable shear resis-
tance during significant plastic deformation.

The ultimate shear strength for S-27.0 also ranged from
1.1 to 1.6 times the shier yield strength, coinciding
with the study result from Chen et al. (2013). In ad-
dition, positive post-yield stiffness from yielding un-
til ultimate shear strength was observed in all spec-
imens. Generally, ultimate shear strength increased
with greater loading angle, except for specimen S-27.0-
0°, which achieved a larger shear strength than S-27.0-
15°. Overall, ultimate shear strength specimens under-
went deformation in the range of 0.11 rad and 0.13 rad
of drift angle. A more consistent deformation pattern
in ultimate shear resistance across varied loading an-
gles was likely due to the stockier webs, which could
withstand premature buckling formation.

However, higher shear resistance in stockier webs led to
more severe stress concentration of the web’s bound-
ary connections, which could initiate the fracture, as
shown in Figure 13. Hence, ultimate shear strength de-
formation was achieved relatively consistently before
the fracture occurred. This unfractured deformation
state could serve as a deformation limit design crite-
rion for MBSD applications in bridge structures with
the lowest performance limit.

4.4 Failure state

In all S-58.8 specimens, diagonal tension failure oc-
curred due to diagonal tension except in S-58.8-45°.
The slender web shape provoked the inelastic buckling
formation. When inelastic buckling occurred, the shear
lateral resistancewasweakened, transferring lateral re-
sistance to diagonal tension action. At larger cyclic
displacement, the reversal of tension to compression
increased diagonal tension strain, leading to diagonal
tension fracture.

The majority failure state in specimen S-27.0 was trig-
gered by the welding connection fracture, as shown in
Figure 13. Failure due to diagonal web tension frac-
ture in the middle zone (FM-1) did not occur in any
S-27.0 specimens. Meanwhile, the majority of fail-
ure mechanisms were fractured corner web’s edge to
base plate welding interconnection (FM-2) for S-27.0-
0°, S-27.0-30°, and S-27.0-45° specimens. For S-27.0-0°
and S-27.0-30° specimens, this FM-2 failure was com-
bined with the fracture of web’s edge welding intra-
connection (FM-3) and web’s edge-to-base plate weld-
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ing interconnection (FM-4), respectively. Furthermore,
S-27.0-15° specimens only failed due to a fracture at the
web’s edge welding intra-connection (FM-3).

4.5 Energy dissipation

Compared to the elastic-perfectly plastic hysteretic en-
ergy models with initial yielding (EPP-IY) and fully
yielding (EPP-FY) approaches, the S-58.8 specimen re-
sults were in intermediate, as shown in Figure 9. Up to
a 0.14 drift angle, the energy dissipation increased with
the loading angle. This likely corresponds to the shear
strength due to the force vector from the web, as in
the previous discussion about the shear yield and max-
imum shear strength. However, with increasing load-
ing angles, themaximumdeformation for stable energy
dissipation decreased. The probable reason was that
sharper loading angle produced a higher stress con-
centration, triggering the fracture mechanism follow-
ing FM-2 and FM-3 at smaller deformation.

For S-27.0, significant energy dissipation was observed
at 0.03 drift angle, as shown in Figure 14 (a). The
stable energy dissipation could be maintained in the
range of 0.14 rad to 0.16 rad of the drift angles. Both
specimens S-27.0-0° and S-27.0-15° could preserve the
energy dissipation achievement until 0.15 rad of drift
angle. In comparison, specimens S-27.0-30° and S-
27.0-45° could maintain the energy dissipation until
0.14 and 0.16 of drift angles, respectively. Compared
to the elastic-perfectly plastic hysteresis energy with
lower bound (using IY) and upper bound (using FY)
approaches, the energy dissipation achievement of ex-
perimental results was beyond both. A highly proba-
ble reason for this is that the high over-strength ratio
generated greater energy dissipation compared to the
elastic-perfectly approach.

In terms of equivalent viscous damping ratio, a compa-
rable range of achievement was also obtained by Zahrai
(2015) for an ordinary SPD,which achieved amaximum
equivalent viscous damping in the range of 35.5% to
40.2%. Xiao et al. (2022) also found that a shear square
section steel tube damper reached 21% to 33% of an
equivalent viscous damping ratio, which indicates that
the MBSD proposed in this study could achieve a better
result.

5 CONCLUSION

The experimental study and numerical analysis of the
MBSD were performed under cyclic loading to investi-
gate its structural behavior, i.e., hysteresis loop char-
acteristics, shear yield strength, ultimate state, failure
state, and energy dissipation. Hence, some notable re-
sults could be affirmed:

MBSD could achieve shear resistance with sufficient

energy dissipation across varied loading angles in the
range from post-yield to ultimate deformation. The
increment in the loading angle directions relative to
one of the web planes increased both the shear yield
strength and ultimate shear strength, except for the
experimental results where the loading angle of 0°
achieved a larger shear strength than the specimen
with a loading angle of 15° in both the specimens of S-
58.8 and S-27.0. The increment in loading angles also
generated differences in terms of the ultimate state
and fractured state. In addition, the average quantified
equivalent viscous damping ratio under a 0.03 rad to
0.14 rad drift angle was in the range of 20% to 50%.

Generally, in both the S-58.8 and S-27.0 specimens,
the shear yield strength achievement of the experi-
mental results coincided with the upper bound analyt-
ical approach with an initial yield idealization of a web
in an ordinary shear panel damper. The ultimate to-
yield strength ratio characteristic of the experimental
MBSD was still identical to that of an ordinary shear-
ing damper with mild steel.

A stockier web generated more stable post-yield stiff-
ness with minimized web buckling. However, it trig-
gered slightly earlier strength degradation during plas-
tic deformation due to the fracture of the intra-
connection between each web and the interconnection
of the web to the base plate.

The S-27.0 specimen had sufficient seismic perfor-
mance under varied loading angles. Thus, it was vi-
able for application in a bridge structure. The lowest
performance achievement (unfractured state) of the S-
27.0 specimens with a 0.11 rad drift angle on ultimate
shear strength could be adopted for bridge structure
seismic device design. Indeed, the compatibility of the
proposed seismic device should comply with the lateral
strength and deformation capacity of the bridge struc-
tural system.

For a future study, a numerical analysis using the finite
element method needs to be conducted to investigate
the stress and deformation mechanism of MBSD. Fur-
thermore, the reliable application of MBSD in a bridge
pier structure needs to be demonstrated by experimen-
tal and numerical studies. In addition, a larger ultimate
elongation capacity of the steel material needs to be
implemented to achieve a larger deformation capacity
of MBSD.
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