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Steel shear panel dampers (SPDs) have beenwidely used in structural seismic design. The low cycle fatigue dam-
age for SPD often occurs close to the welded stiffener, significantly weakening the fatigue performance of the
damper. A novel steel shear panel damper called a buckling restrained shear panel damper (BRSPD) is proposed
in this paper. A BRSPD has two main parts, an energy dissipation plate and two restraining plates. No stiffener is
welded to the energy dissipation plate. The two restraining plates clamp the energy dissipation plate with bolts
on both sides to prevent out-of-plane buckling. Quasi-static tests offive specimenswere carried out to investigate
the performance of the BRSPDs. The test focused on the stiffness and strength of the restraining plates and the
gaps between them and the energy dissipation plate. The tests showed that the restraining plates with adequate
stiffness and strength can effectively restrain the out-of-plane buckling of the energy dissipation plate. Numerical
analysis of the BRSPD was conducted using the general finite element program, ABAQUS, to supplement the test
results. A design method for the restraining plates and the bolts is suggested based on the test and analysis
results.

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

Shear panel dampers (SPDs) arewidely used in the seismic design of
structures because of their low cost and stable energy dissipation capac-
ity [1–7]. The typical installation of SPD in a frame structure is shown in
Fig. 1. The SPD sustained large shear deformation and dissipated energy
in earthquakes. Considerable research has been carried out to improve
the low cycle fatigue performance of the SPD. This research has focused
on the effects of steel materials and the arrangement of the stiffeners of
the SPD. Nakashima et al. investigated the performance of SPDsmade of
low-yield steel [8,9]. It was observed that SPDs using low yield steel
have a better low cycle fatigue performance under cyclic loading than
those using ordinary steel. Currently most SPDs used in practical
engineering are made of low-yield steel or aluminum alloy, which has
excellent deformation capacity [10–14]. Ohsaki et al. optimized the ar-
rangement of the stiffener to maximize the energy dissipation capacity
of the SPD [15]. The simulated annealing algorithm was adopted in this
nonlinear structural optimization problem. The results showed that
with the optimal arrangement of the stiffener themaximum equivalent
plastic strain (EPS) of the SPD under cyclic loading was significantly re-
duced and the low cycle fatigue performance of the SPD was much im-
proved. Zhang et al. carried out a series of tests on the SPDwith different
shapes of the energy dissipation plate [16,17]. To avoid low cycle fatigue
damage at the heated affected zone of the weld, the central area of the
86 10 62788620.
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energy dissipation plate was intentionally weakened. The results
showed that the low cycle fatigue behavior of the SPDwith a weakened
energy dissipation plate was better than that of the conventional one.

The low cycle fatigue damage was likely to occur at the heat affected
zone of the weld for the conventional SPD when it was subjected to cy-
clic loading. The weld significantly decreased the fatigue strength of the
steel [18–20]. Some research was carried out to improve the low cycle
fatigue performance of the SPD by removing the welded stiffeners.
However, the stress distribution of the energy dissipation plate without
stiffeners changed significantly, and the plastic strain was concentrated
at the corner of the plate, which was harmful for the low cycle fatigue
performance of the SPD [21]. To avoid plastic strain concentration, Liu
et al. conducted several tests to obtain the strain distribution of SPDs
with different shapes under cyclic loading [22]. They also built a finite
element model using ABAQUS and conducted shape optimization of
the energy dissipation plate. The edge of the SPD was assumed to be
parabolic and the optimal parameters for the parabola were obtained
using regression analysis. With the optimal shape the maximum EPS
valueswere significantly less. Deng et al. adopted a simulated annealing
algorithm for the shape optimization of the energy dissipation
plate [23]. The optimal shape obtained in this study provided a more
uniformly distributed EPS according to the elastic–plastic analysis re-
sults using ABAQUS. The maximum EPS of the SPD with an optimally
shapedwebwas only about one-third of the EPS for the SPDwith a con-
ventional rectangular energy dissipation plate. However, out-of-plane
buckling may occur when the SPD sustains a large shear deformation.
Brando et al. proposed a hysteretic damper, whose main energy
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Fig. 1. Installation of SSPD.
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dissipation part is made of aluminum alloy [24]. The aluminum alloy
plate sustains shear deformation and dissipates energy through plastic
deformation. The out-of-plane deformation of the aluminum plate is
inhibited by two steel plates. The experiment proved that the inhibiting
mechanism enhanced the performance of the hysteretic damper com-
pared to the damper without the restraining plate.

A novel SPD called a buckling restrained shear panel damper
(BRSPD) is proposed in this study. The BRSPD contains two parts, an en-
ergy dissipation plate and two external restraining plates. The two
restraining plates clamp the energy dissipation plate with bolts on
both sides to prevent out-of-plane buckling. Quasi-static tests were car-
ried out to investigate the mechanical performance of the BRSPD under
cyclic loading. In total four BRSPD specimens were tested by taking the
(a) Front view

(c) Top view
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stiffness and strength of the external restraining plates and thewidth of
the gaps between the energy dissipation plate and the external
restraining plates as the major test parameters. Finite element analyses
were conducted to supplement the physical test results, and formula to
estimate the BRSPD strength was proposed based on the test and anal-
ysis results. Finally the stiffness demands of the external restraining
plates were derived based on the buckling analysis of the plates.

2. Buckling restrained shear panel damper

As shown in Fig. 2, the BRSPD consists of two parts, an energy dissi-
pation plate and two external restraining plates. The energy dissipation
plate waswelded on both the upper and lower connection plates, and it
sustained shear deformation and dissipated energy during earthquakes.
To avoid concentration of the plastic strain the optimal shape of the en-
ergy dissipation plate, obtained from reference [23], was adopted in this
study.

External restraining plates were installed on each side of the energy
dissipation plate. The gaps between the energy dissipation plate and the
external restraining plates should be accurately controlled. As shown in
Fig. 2, a gasket is installed between the two external restrainingplates to
control the gap's size. When the energy dissipation plate buckles under
cyclic loading, it will make contact with the external restraining plates.
The bolts are used to bind the two external restraining plates, so that
they can clamp the energy dissipation plate and prevent it from out-
of-plane deformation. With the external restraining plates, the energy
dissipation plate can provide a stable restoring force when subjected
to cyclic shear deformation.

As shown in Fig. 2(d), the external restraining plateswerewelded to
the lower connection plate at each end. A cut was configured at the bot-
tom of the external restraining plates to leave a space for the fillet weld
(b) Side view

(d) 3D view
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Table 2
Mechanical features of the steel.

Steel type Yield stress (MPa) Ultimate stress (MPs) Stiffness (GPa)

LY225 233 333 201
Q235B (6 mm) 293 482 207
Q235B (12 mm) 287 475 207
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of the energy dissipation plate. The external restraining plates were
welded to the lower connection plate but not connected to the upper
connection plate. With such a structure, the external restraining plates
did not provide any restoring force. The external restraining plates
should have sufficient stiffness to provide the restraining effect. To ef-
fectively restrain the out-of-plane deformation of the energy dissipation
plate, the gaps between the external restraining plates and the energy
dissipation plate should not be too large.

3. Experimental study

3.1. Test plan

As shown in Table 1, five specimens, designated S1 to S5, were de-
signed to investigate the performance of the BRSPD under cyclic load-
ing. The energy dissipation plates for S1 to S5 were identical and were
made of LY225, which have proved to have a satisfactory low cycle fa-
tigue property [25,26]. As shown in Table 2, the yield stress and the ul-
timate stress of LY225 are 233 MPa and 333 MPa, respectively. The
energy dissipation plate was 6-mm-thick, and details of the dimensions
are given in Fig. 3(a). The core energy dissipation zone lies between the
two spline edges. The width and the height of the core energy dissipa-
tion zone were both 400 mm. A fillet weld with 6 mm thickness was
adopted to connect the energy dissipation plate to the upper and
lower connection plates. At the top and the bottom of the energy dissi-
pation plate, two areas 30mmwide were configured as the heat affect-
ed zones of the welds. The steel plate in the heat affected zones of the
welds did not yield. The external restraining plate is made of Q235B,
which has a yielding stress of 290 MPa and an ultimate stress of
479 MPa. Note that the nominal strength of Q235B is 235 MPa in Chi-
nese steel design code. The size of the gaps between the external
restraining plates and the energy dissipation plate, and the stiffness of
the external restraining plates, were taken as themajor test parameters
in this study. S1 is the standard specimen with a gap of 1 mm, which
uses an8-mm-thick gasket to control the gap's size between the two ex-
ternal restraining plates. The thickness of the external restraining plates
was 12 mm, and 3 horizontal stiffeners were welded to the external
restraining plate to enhance its bending stiffness [Fig. 3(b)].

The external restraining plates are weld to the lower connection
plate. The fillet weld on the external restraining plates is 8 mm. High
strength boltswith a diameter of 10mmare used to connect the two ex-
ternal restraining plates. S2 and S3 were used to study the restraining
effect, while S4 and S5 were used to investigate the width of the gaps
between the energy dissipation plate and the external restraining
plates. S2 did not have any external restraining plates. The external
restraining plates for S3 were steel plates 6 mm thick with no stiffeners
welded to it. S4 has a gap of 2 mm, twice as large as that of S1, which
uses a 10-mm-thick gasket. No gaps were set between the energy dissi-
pation plate and external restraining plates for S5. No gasket was
equipped in S5.

As shown in Fig. 1, hs, θs, hd, and θd are the story height, story drift,
damper height and shear deformation angle of damper. Eq. (1) indicates
the relationship between story drift and shear deformation angle of
damper. In Chinese engineering practice, the story drift is usually de-
signed about 1/100 under maximum consider earthquake, and the
ratio of story height to damper height is about 6. Assuming that the
Table 1
Details for the five specimens.

Specimen Size of gap (mm) Res

S1 1 12
S2 N/A N/A
S3 1 6 m
S4 2 12
S5 0 12
connection component is rigid, the shear deformation angle of the
damper is 1/17. Considering the deformation of the connection compo-
nent, the maximum deformation angle of the BRSPD is set to 1/20.

θd ¼ hs
hd

θs ð1Þ

The loading history is shown in Fig. 4. The BRSPDs were first loaded
at amplitudes of 5 mm and 10 mm, and each amplitude was loaded for
three cycles. The BRSPDs were then loaded to an amplitude of 20 mm
for multiple cycles until failure occurred. The amplitude of 20 mm
corresponded to a shear angle of 1/20. The loading setup is shown in
Fig. 5. Totally 8 high-strength anchor bolts are used to tie the loading
frame to the ground. Each anchor bolt has a diameter of 80 mm. The
cross section of the two vertical steel components is shown on the
right side of Fig. 5. Each of the vertical steel components has an area of
45,200 mm2, ensuring adequate stiffness of the loading frame. The
upper and lower connection plates of the BRSPD were bolted to the
loading frame using high strength bolts. The frame had four pin connec-
tions, which could rotate freely. The forces exerted by the actuator were
considered equal to the restoring forces provided by the BRSPDs. A dis-
placement transducer was installed between the upper and lower con-
nection plates to control the shear deformation of the BRSPD. The
control accuracies of the force sensors and thedisplacement transducers
are 0.25 kN and 0.01 mm respectively.

3.2. Test results

The hysteresis curve for S1 is shown in Fig. 6(a). It was stable and
saturated, demonstrating the satisfactory energy dissipation capacity
of theBRSPD. Themaximum restoring force for S1was about 308 kN. Al-
though the peak restoring force does not decrease, an obvious pinching
effect can be observed on the hysteresis curve for thefirst 10 loading cy-
cles at 20 mm amplitude. This phenomenon is induced by the buckling
of the energy dissipation plate. For S1, the external restraining plates do
not “perfectly” restrain the buckling deformation of the energy dissipa-
tion plate, because the 1-mm-wide gaps give the energy dissipation
plate spaces to have tension field action. An obvious degradation of
the peak restoring force occurred at the 10th cycle of loading at an am-
plitude of 20 mm, which may induced by the low cycle fatigue damage
of the energy dissipation plate. At the 16th cycle of loading at an ampli-
tude of 20 mm, the restoring force decreased to 85% of the peak value,
indicating a failure of the damper according to the criteria prescribed
in the seismic design code [27]. Fig. 6(b) presents the ultimate failure
mode of the energy dissipation plate for S1. Low cycle fatigue damage
occurred at the free edge of the energy dissipation plate, which agreed
with the results predicted in reference [23]. Note that the external
restraining plate for S1 had no visible deformation during the test.
training plate Remarks

mm thick plate with 3 stiffeners Standard specimen
No restraining plate

m thick plate without stiffeners Weak restraining plate
mm thick plate with 3 stiffeners Large gap
mm thick plate with 3 stiffeners No gap



(a) Energy dissipation plate (b) Restraining plate
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The hysteresis curve for S2 is presented in Fig. 6(c). The restoring
force for S2 decreased from the 1st cycle of loading at an amplitude of
5mm. as shown in Fig. 6(d). Significant out-of-plane buckling of the en-
ergy dissipation plate was observed, creating a significant pinching ef-
fect on the hysteresis curve. This was because S2 did not have any
external restraining plates, and its energy dissipation plate got buckled
very early. The maximum restoring force was about 200 kN. After three
cycles of loading at an amplitude of 20 mm, the restoring force de-
creased to about 160 kN.

The external restraining plates for S3 had no stiffener, and were
6 mm thick. As shown in Fig. 6(e), S3 has a similar hysteresis curve to
S2. The hysteresis curve for S3 was slightly more saturated than that
for S2. After 4 cycles of loading, the restoring force decreased to 85% of
15
50

Disp.
transducer

BRSPD

Fig. 5. Test
the peak value, indicating unsatisfactory low cycle fatigue behavior.
The failure mode for S3 is shown in Fig. 6(f). The external restraining
plates deformed, and the energy dissipation plate buckled seriously.
The weak external restraining plates could not effectively restrain the
out-of-plane deformation of the energy dissipation plate. It should be
noted that the out-of-plane buckling pattern for S2 and for S3 were
quite different. As shown in Fig. 6(d), S2 presented an overall torsional
deformation, while, because of the inadequate restraining effect in S3,
the central area of the energy dissipation plate bulged outward. The ex-
ternal restraining plates could be taken as a simply supported beam
along the horizontal direction. The central area of the plates was
prone to bending.

S4 had 2 mm gaps between the external restraining plates and the
energy dissipation plate. The hysteresis curve for S4 is shown in
Fig. 6(g). Itwas similar to that for S1 andwas stable and saturated. How-
ever, the post-yield stiffness for S4 presentedmore notable degradation
in each cycle of loading from the 2nd to the 4th cycle. The toowide gaps
between the energy dissipation plate and external restraining plates left
too much space for the out-of-plane deformation of the energy dissipa-
tion plate. The maximum restoring force for S4 was about 308 kN, and
decreased to 85% of the peak value at the 10th cycle of loading at an am-
plitude of 20 mm. The ultimate failure pattern of the energy dissipation
plate was similar to that for S1, namely, low cycle fatigue damage ap-
peared on the spline edge.

No gap was configured between the external restraining plates and
the energy dissipation plate for S5. The hysteresis curve for S5 is pre-
sented in Fig. 6(h), andwasmore stable than that for S1. Themaximum
restoring force for S5was about 317 kN. Due to no gap left, the punching
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(a) Hysteresis curve for S1 (b) Failure mode for S1

(c) Hysteresis curve for S2 (d) Failure mode for S2

(e) Hysteresis curve for S3 (f) Failure mode for S3

(g) Hysteresis curve for S4 (h) Hysteresis curve for S5
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Fig. 6. Test results.
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effect of S5 is slighter than S1 in the beginning of 1/20 deformation
angle loading. Similar to S1, S5was damaged at the 16th cycle of loading
at an amplitude of 20mm. The failure of S5 was caused by the low cycle
fatigue damage on the free edge,whichwas identical to that of S1. Based
on the results for S5, it was concluded that the configuration of the gaps
between the core energy dissipation unit and outer restraining units for
the BRSPDwas different to that of the buckling restrained braces (BRB).
Note that generally BRB required adequate gaps between the core ener-
gy dissipation unit and outer restraining units.

According to the test, S1 and S5 performed better than others in
terms of low cycle fatigue behavior. It was concluded that the external
restraining plates should have sufficient stiffness and strength and the



Table 3
Parameters for the numerical material law (MPa).

σ0 C1 γ1 C2 γ2 C3 γ3 C4 γ4

185 22,000 300 1600 120 6000 250 600 30
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gaps between external restraining plates and energy dissipation plate
should be no more than 1 mm.

4. Numerical analysis

4.1. Numerical model

Finite element analyses were conducted to further investigate the
performance of the BRSPD. As shown in Fig. 7, the numerical model of
the BRSPD was created in ABAQUS. The S4R element, which was a 4-
node general-purpose shell that reduced the integration with hourglass
control and finite membrane strains, was adopted to simulate the ener-
gy dissipation plate and external restraining plates. Reference [23] con-
ducted a sensitive analysis on the mesh size for the shape optimization
of the energy dissipation plate. Themesh size used in this study is about
10 mm, which is identical with that recommended in reference [23].
ABAQUS provided a numerical material law for metals subjected to cy-
clic loading. The kinematic hardening stress is described as Eq. (2), in
whichCk andγk are the coefficients. As shown in Table 3, the parameters
used in this paper are determined in reference to the previous studies
presented in [28,29].

α ¼
Xn
k¼1

Ck

γk
1−e−γkε

pl
� �

ð2Þ

The contact between the energy dissipation plate and the external
restraining plates were modeled as “hard contacts”. The constitutive
model of a “hard contact” is shown in Fig. 8. Normal contact pressure
is generated when the two surfaces touch, whereas no pressure exists
when they separate. Coulomb frictionwas employed to simulate the be-
havior between the contacted surfaces in the tangential direction. The
friction coefficient was 0.3 in this study. The edge of the bolt hole on
the external restraining plates was constrained to the respective refer-
ence point. Two corresponding reference points were connected by a
spring element, which had the same stiffness as the bolt. The out-of-
plane performancewas sensitive to the initial imperfection of the plates.
Buckling analysis was conducted first. Fig. 9 shows the 1st order buck-
ling mode of an energy dissipation plate. For the energy dissipation
plate, the even-order buckling modes are anti-symmetric to the corre-
sponding odd-order buckling modes, and no imperfection can be ap-
plied if the first two buckling modes with identical magnitudes are
considered simultaneously. In addition, the higher order buckling
modes, e.g. 3rd, 5th, and 7th, have little effects on the results of the nu-
merical analyses. Therefore, only the 1st buckling mode is considered
for the initial imperfection. The maximum magnitude of the initial im-
perfection was 0.5 mm, following the suggestion given in the Code for
External 
restraining
plate

Energy dissipation plate
Bolt hole

Fig. 7. Numerical model of ABAQUS.
the design of steel structures [27]. The loading history was the same
as that adopted in the physical test.

Fig. 10 compares the results of the finite element analyses and those
of the physical tests. As shown in Fig. 10(f), the ultimate failure pattern
for S3 obtained from the numerical analysis was similar to that obtained
from the physical test, demonstrating the effectiveness of themodel for
simulating the restraining mechanism. The hysteresis curves obtained
from numerical models precisely fit those obtained from the physical
tests for the specimens with satisfactory restraining effects, whereas
discrepancies are notable for the specimens not well restrained. The en-
ergy dissipation plate buckles if it is not well restrained, and the buck-
ling behavior is sensitive to many factors, e.g. initial imperfection,
post-yield behavior of material, and mesh size. Precisely simulating
the buckling behavior is interesting and challenging, but it is not the
focus of this paper.

It should be noticed that the restoring force for S5 obtained from the
physical test was slightly larger than the value obtained from the nu-
merical analysis. A pre-tension force existed in the bolts of S5 in the
physical test, while it was not considered in the numerical analysis.
The pre-tension force induced additional friction, leading to a larger re-
storing force for S5 in the physical test. Furthermore, the numerical ma-
terial model did not consider the low cycle fatigue damage, so that the
decrease in the restoring caused by fatigue damage would not be simu-
lated in the finite element analysis results.

Fig. 11(a) presents the contact stress distribution of the external
restraining plate. It can be observed that the contact area was in a diag-
onal direction,which agreedwith the bucklingmode of the convention-
al steel shear panel.

The tensile forces on the bolts obtained from the numerical models
for S1, S4 and S5 are presented in Fig. 11(b). The bolt forces increased
with the loading cycles. Within 20 cycles of loading at an amplitude of
20 mm, the maximum total bolt forces for S1, S4 and S5 were
151.33 kN, 207.34 kN and 68.11 kN, respectively. For each BRSPD, the
forces sustained by the eight bolts were different. The bolts in the mid-
dle had the largest bolt forces, which were 45.2 kN, 46.04 kN and
33.52 kN for S1, S4 and S5, respectively. This was because the energy
dissipation plate had the largest deformation in the middle, and the
larger out-of-plane deformation led to greater contact pressure.

4.2. Parametric analysis

Because the number of test specimens was limited, more finite
element analyses were carried out to quantitatively investigate the re-
storing force for theBRSPD. The parametric analysis focuses on the spec-
imens with satisfactory restraining. As discussed above, the numerical
model has satisfactory precision for the BRSPD with reliable restraint.
Fifteen supplementary models with different energy dissipation plates
were built. The main parameters were the width and height of the
plates. The details of the supplementary models are given in Table 4.
The gaps between the energy dissipation plate and the external
restraining plates were 1 mm for all the supplementary models. The
loading history for the supplementary analyses was the same as those
adopted in the physical tests.

Fig. 12(a) presents relationship between the initial stiffness and the
width of the energy dissipation plate for the 15 supplementary models.
Fig. 12(b) presents relationship between the energy dissipation capacity
and the width of the energy dissipation plate. The dissipated energy in
Fig. 12(b) is defined as the area of the 1st loop on the hysteresis curve
for the 20 mm amplitude. In both figures, the results are plotted for
the energy dissipation plates with different heights separately. It can
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be observed that a wider energy dissipation plate leads to larger stiff-
ness and energy dissipation capacity, and a taller energy dissipation
plate induces smaller stiffness and energy dissipation capacity. Further-
more, both the stiffness and the energy dissipation capacity present
strong linear correlation to the width of the energy dissipation plate
with a correlation coefficient more than 0.99.

The ultimate restoring force is important for calculating the stiffness
demand of the external restraining plate. The ultimate restoring force
for the 15 BRSPDs is presented in Fig. 13(a). The relationship between
ultimate restoring force to the height and width of energy dissipation
plate is similar with the stiffness. For the BRSPDs with the same width,
the taller energy dissipation plate had a relatively larger cutting profile
for the optimal shape. Thus, the BRSPDwith the taller energy dissipation
plate provided a relatively smaller restoring force. Linear correlation co-
efficients are also presented in Fig. 13(a), which were no less than
0.9990, demonstrating a strong linear relationship between the restor-
ing force and the width of the energy dissipation plate. Based on the re-
sults obtained from the parametric analyses, the ultimate restoring
force for the BRSPD can be calculated using Eq. (3):

Fu ¼ α
hβ

� �
f ubtffiffiffi
3

p ; ð3Þ

where, f u=
ffiffiffi
3

p
is the ultimate shear strength of the steel, which was

179.3MPa in this study. b and t are the width and thickness of the ener-
gy dissipation plate. Thus, fubt indicates the ultimate shear strength of
Fig. 9. 1st order buckling mode.
the rectangular energy dissipation platewithout cutting,whileα / hβ in-
dicates the reduction in strength caused by the shape optimization. α
and β are the fitting parameters. The least squares methodwas adopted
when determining the fitting parameters. The parameters in this study
were α=14.17 and β=0.4901. Note that the units in Eq. (3) should be
“mm” and “MPa”.

Another twomodels are built to validate the effectiveness of Eq. (3).
The dimensions of the energy dissipation plates are 360 ∗ 450mm2 and
450 ∗ 495 mm2 for the two models, respectively. Fig. 13(b) compares
the ultimate restoring forces obtained from the numerical analysis and
those predicted by Eq. (3). According to Fig. 13(b), the maximum rela-
tive error is no more than 4%, demonstrating the effectiveness of
Eq. (3). Thus, Eq. (3) can be used to estimate the stiffness demand of
the external restraining plate.

5. Stiffness demand of the external restraining plate

The critical buckling force for the energy dissipation plate was calcu-
lated using Eq. (4) [30]. De is the bending stiffness of the energy dissipa-
tion plate, equal to Et3/12(1 − ν2). E and ν are the elastic module and
Poisson's ratio of steel. kcr is the elastic buckling coefficient. Because of
the irregular shape of the energy dissipation plate, the analytical expres-
sion of kcr was difficult to derive. A simple approach to obtaining the
buckling coefficient is regression analysis. Buckling analyses on 15
supplementary models were carried out in ABAQUS, and the buckling
coefficients for the 15 models were obtained. A simple quadratic poly-
nomial, shown in Eq. (5), was adopted to express the buckling coeffi-
cient in the regression analysis. Fig. 14 compares the elastic buckling
coefficient kcr obtained from the finite element buckling analyses and
Eq. (5). The error was no more than 8%, and the correlation coefficient
was 0.9959, demonstrating the effectiveness of the regression analysis.

Fcr ¼ kcr
π2De

b
ð4Þ

kcr ¼ 4:934
b
h

� �2
þ 0:5646

b
h

� �
−1:507 ð5Þ

The equilibrium differential equations for the energy dissipation
plate and external restraining plates are given in Eqs. (6) and (7) [30],
where ω is the out-of-plane deflection of the energy dissipation plate
and Dr is the bending stiffness of the external restraining plate. Note
that Eqs. (6) and (7) assume that the energy dissipation plate and the
external restraining plates have the same out-of-plane deformation.

−De
∂4ω
∂x4

þ 2
∂4ω

∂x2∂y2
þ ∂4ω

∂y4

 !
þ Ny

∂2ω
∂y2

þ 2Nxy
∂2ω
∂x∂y ¼ −p x; yð Þ ð6Þ



(a) Hysteresis curve for S1 (b) Hysteresis curve for S2

(c) Hysteresis curve for S3 (d) Hysteresis curve for S4

(e) Hysteresis curve for S5 (f) Failure mode for S3
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Fig. 10. Comparison between the numerical analyses and physical tests.

(a) Contact stress for S1 
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Table 4
Parameters for the supplementary models.

Width (mm) Height (mm) Total

400, 450, 500, 550, 600 300, 400, 500 15
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−Dr
∂4ω
∂x4

þ 2
∂4ω

∂x2∂y2
þ ∂4ω

∂y4

 !
¼ p x; yð Þ ð7Þ

Ny and Nxy are the normal stress and shear stress on the clamped
edge of the energy dissipation plate, expressed by Eqs. (8) and (9). Fu
is the ultimate restoring force, calculated using Eq. (3). p(x, y) is the con-
tact force.

Ny ¼
3Fub b−2xð Þ

b3
ð8Þ

Nxy ¼
6Fu b−xð Þx

b3
ð9Þ

The equilibriumdifferential equation for the energy dissipation plate
and the external plates can be derived by solving Eqs. (6) and (7).

− De þ Drð Þ ∂4ω
∂x4

þ 2
∂4ω

∂x2∂y2
þ ∂4ω

∂y4

 !
þ Ny

∂2ω
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þ 2Nxy
∂2ω
∂x∂y ¼ 0 ð10Þ
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(a) Ultimate restoring force 
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Substituting Eqs. (8) and (9) into Eq. (10), the stiffness of external
plate can be obtained as Eq. (11).

Dr ¼
bFu
kcrπ

2 −De ð11Þ

After the energy dissipation plate yield, the pots-yield stiffness is
much smaller than the initial stiffness. Thus, the elastic buckling coeffi-
cient kcr is not suitable for plastic buckling problem. Considering the
plastic buckling of the energy dissipation plate, an elasticmodule reduc-
tion factor η is used. Bleich suggested an empirical equation for the elas-
tic module reduction factor η, as shown in Eq. (12) [31]. Note that the
units in Eq. (12) are ‘N’, ‘MPa’ and ‘mm’ for force, pressure, and length,
respectively. Thus, the bending stiffness of the external plate Dr′ can
be derived as Eq. (13). The thickness tr of the external restraining
plate could be calculated as Eq. (14).

η ¼ Fu 165−Fu=btð Þ2
5:93Etb

ð12Þ

D0
r ¼

bFuffiffiffi
η

p
kcrπ

2 −De ð13Þ

tr ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12D0

r 1−ν2
� �
E

3

vuut ð14Þ

According to Eq. (14), the thickness of the BRSPD tested in the exper-
iment study should be no less than 14.43mm. The conclusion is consis-
tentwith the results obtained in the experiment study. S3 failed because
of the inadequate thickness of the external restraining plate.
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Fig. 14. Elastic buckling coefficient for the energy dissipation plate.
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Two limitations should be noted for the application of Eq. (14), First-
ly, the deformation compatibility, which was used in Eqs. (6) and (7),
requires that the gaps between the energy dissipation plate and the ex-
ternal restraining plates are small enough. Otherwise the energy dissi-
pation plate may have significant different out-of-plane deformation
with the external restraining plate. Secondly, the size of the energy dis-
sipation plate should not exceed the range of themodels used in regres-
sion analysis for estimation of the ultimate restoring force Fu. Otherwise,
Eq. (3) may lose its precision.

Two additional models, named A1 and A2, are built to validate the
effectiveness of Eq. (14). These two models have the same energy
dissipation plate with S1, but removing the stiffeners on the external
restraining plates. The external restraining plates of A1 and A2 are
12-mm-thick and 20-mm-thick respectively. After 15 cycle loading at
1/20 shear deformation, the ultimate deformations of A1 and A2 are
shown in Fig. 15. It can be observed that A1 has significant out-of-
plane buckling. As for A2, the out-of-plane deformation is well re-
strained. The maximum out-of-plane deformations of A1 and A2 are
21.4 mm and 6.9 mm respectively, Furthermore, for A2, the maximum
out-of-deformation occurred on the energy dissipation plate, demon-
strating the effective restraint from 20-mm-thick restraining plate.
Thus, Eq. (14) can be accepted.

In engineering practice, the stiffener on external restraining plate is
recommended. As for S1 in the experimental study, based on the equa-
tion I= hteq

3 /12, the equivalent thickness teq of the external restraining
plate was 48.31 mm, which provides a much more reliable restraint to
the energy dissipation plate.

6. Conclusions

A buckling restrained shear panel damper (BRSPD) is proposed in
this study. Physical tests including five specimens were carried out to
investigate the performance of the BRSPD. Numerical analyses were
(a) A1 (12mm-thick restraining plate)

Fig. 15. Ultimate deformatio
conducted to supplement the physical test results. Major conclusions
obtained in this study are as follows:

1) Too large gaps between the external restraining plates and the ener-
gy dissipation plate lead to worse hysteresis performances of the
BRSPD. Gaps not wider than 1 mm are recommended.

2) The equation for estimating the restoring force of the BRSPDwas ob-
tained based on the tests and analysis results. The ultimate restoring
force of the BRSPD can be estimated using Eq. (3).

3) An appropriately designed external restraining plate can effectively
restrain the out-of-plane buckling of the energy dissipation plate.
The external restraining plate should be stiff enough to prevent the
out-of-plane deformation of the external restraining plate. The stiff-
ness of the external restraining plates should satisfy the requirement
given in Eq. (13).
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