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A B S T R A C T   

A novel all-steel assembled buckling-restrained brace with a perforated plate core (PSBRB) is proposed. The 
seismic performance of the PSBRB is evaluated and compared with that of traditional all-steel assembled 
buckling-restrained braces with an imperforate plate core (SBRB). Two groups of PSBRBs and SBRBs with the 
same design parameters are tested and numerically simulated, focusing on their mechanical properties, fatigue 
properties, energy dissipation capacity, stress distribution, and high-order deformation patterns. The results are 
summarized as follows: 1) SBRBs and PSBRBs have similar mechanical properties; however, the novel PSBRB 
exhibits better ductility, fatigue properties, and cumulative energy dissipation capacity; 2) A high-stress con-
centration develops at the junction of the stopper and yield segment of the SBRB, but this problem can be solved 
by perforating the core and using the new bolt anti-skid method of the PSBRB; 3) The high-order deformation 
patterns of the PSBRB are different from those of the SBRB under compression; 4) It is recommended that the 
design restraining ratio of the PSBRB should be greater than 1.5.   

1. Introduction 

Braces can effectively increase the lateral stiffness of frame struc-
tures, as they are one of the main lateral force-resisting members. 
However, braces are prone to buckling under compression during 
earthquakes, resulting in a decrease in their load-carrying capacity. 
Buckling-restrained braces (BRBs) have been proposed to maintain the 
load-carrying capacity of braces under compression. Since their inven-
tion in the late 1980s [1–3], BRBs have been thoroughly studied and 
widely adopted globally. BRBs commonly comprise a core, restraining 
components, and unbonding materials. The core is the main energy 
dissipation component and typically consists of low-yield steel. The 
restraining components, commonly comprising concrete or metal, limit 
core buckling under compression, while unbonding materials reduce the 
friction between the core and restraining components [4–8]. BRBs have 
several advantages, including a buckling-restrained load-carrying ca-
pacity that does not decrease under compression and yielding capabil-
ities to dissipate seismic energy to protect structural members from 
earthquake damage [4–8]. 

Concrete-filled steel tube BRBs are currently the most popular and 
mature configuration. However, they have several disadvantages, 

including their heavy weight, large size, and complicated curing process 
for materials such as concrete or mortar [4–8]. Therefore, researchers 
and practitioners have proposed different types of BRBs to overcome 
these disadvantages. All-steel BRBs have the advantages of being light-
weight, highly compact, and easy to process. They are made of steel 
plates or tubes and are only assembled by bolts or welding. To date, 
various all-steel BRBs have been proposed. Kato et al. [9] proposed a 
double steel tube BRB, composed of an inner-core steel tube and an outer 
restraining steel tube, and performed an analytical study. They found a 
problem with the double steel tube BRB, where the inner-core steel tube 
is prone to inward depression buckling under compression. Haganoya 
et al. [10] and Takeita et al. [11] solved this problem by installing an 
inner restraining steel tube inside the inner-core steel tube made of a 
triple steel tube BRB. They conducted a series of tests and numerical 
simulations to investigate the mechanical properties and energy dissi-
pation capacity of the triple steel tube BRB. Due to the limitations of 
steel tube specifications, the design of BRBs cannot be adapted to meet 
specific load-carrying capacity requirements. Therefore, scholars have 
proposed all-steel BRBs, with lattice section or in-line section cores. 
Narihara et al. [12] and Koetaka et al. [13] proposed a steel tube 
restrained lattice section all-steel BRB, with a core restrained by four 
square steel tubes at each side of the core web. Fukuda et al. [14] 
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proposed an angle steel restrained lattice section all-steel BRB, with a 
core restrained by four angle steels connected by high-strength bolts. 
Zhou et al. [15,16] proposed an all-steel plate assembled BRB with an in- 
line section core to simplify the manufacturing of BRBs. The cores, 
stiffeners, restraining steel plates, and filling plates of their BRB were 
made of steel plates cut by a laser. All the parts were assembled using 
high-strength bolts, except for the welding between the core plate and 
the stiffeners, thus significantly reducing the manufacturing time. As a 
metallic damper, BRBs dissipate seismic energy mainly through plastic 
deformation, and early plasticity improves their energy dissipation ca-
pacity. The core-perforated BRBs exhibit this characteristic. The yield 
force is reduced by opening the holes in the core, inducing plasticity and 
dissipating seismic energy. Many researchers have proposed core- 
perforated BRBs. Zhou et al. [17] and Deng et al. [18] proposed and 
investigated the application of a triple steel tube perforated BRB using a 
core steel tube with slit holes. Cahís et al. [19] and Piedrafita et al. [20] 
proposed an all-steel plate perforated BRB and carried out further 
experimental research. Although these core-perforated BRBs show 
excellent performance, mass production is a challenge due to the high 
cost and complex processing. 

In this study, a novel all-steel assembled buckling-restrained brace 
with a perforated plate core (PSBRB) is proposed. It combines the ad-
vantages of all-steel plate assembled BRBs and core-perforated BRBs, 
such as a small volume, lightweightedness, ease of fabrication, and ease 
of yield under earthquake conditions. The components of the proposed 
PSBRB consist only of steel plates cut by a laser and assembled by bolts. 
A traditional BRB usually needs to cure concrete or mortar for 

approximately one month. However, the proposed PSBRB does not 
require this process and can be used immediately, significantly reducing 
the time costs. Furthermore, the proposed PSBRB is sufficiently thin to 
hide inside the wall. The seismic performance of this novel PSBRB is 
studied and compared with that of a traditional all-steel assembled plate 
buckling-restrained brace with an imperforate plate core (SBRB) [15]. 
Two groups of PSBRBs and SBRBs with the same design parameters 
(stiffness, yield strength, yield displacement, and core yield length) are 
tested and numerically simulated to analyze their mechanical proper-
ties, fatigue properties, energy dissipation capacity, stress distribution, 
and high-order deformation patterns. 

2. Specimen composition and design 

2.1. Specimen description 

The composition of the proposed PSBRB and SBRB are shown in 
Fig. 1(a) and Fig. 1(b), respectively. Both the PSBRB and SBRB were 
designed to include the following main components: (1) steel core; (2) 
two restraining plates; (3) unbonding material; (4) two filling plates; (5) 
high-strength bolts. The steel core was the main energy dissipation 
component. Two restraining plates and two filling plates formed the 
restraining component, preventing the core from buckling under 
compression. There was a gap of 1 mm between the core and restraining 
component to avoid excessive global buckling under compression, and 
the rubber, as an unbonding material, was filled for lubrication. High- 
strength bolts were used to connect the restraining and filling plates. 

Abbreviations 

BRB buckling-restrained brace 
SBRB steel plate assembled buckling-restrained brace 
PSBRB core-perforated steel plate assembled buckling-restrained 

brace 
FEA finite element analysis 
CPD cumulative plastic deformation 

Symbols 
L total length of the specimens 
Ly total length of the yield segments 
Ay cross-section area of the yield segment 
Lc total length of the connection segments 
Ac cross-section area of the connection segments 
Lt total length of the transition segments of SBRB 
At equivalent cross-section area of the transition segments of 

SBRB 
Lt1 total length of the core transition segments of PSBRB 
Lt2 total length of the core connection transition segments of 

PSBRB 
At1 cross-section area of the core transition segment of PSBRB 
At2 equivalent cross-section area of the connection transition 

segment of PSBRB 
Ls length of the stopper of SBRB 
As cross-section area of the stopper of SBRB 
t thickness of the core 
E Young's modulus 
fy yield stress of steel 
E' post-yield Young's modulus 
fu ultimate strength of steel 
δ elongation of steel 
Fy yield force 
K initial stiffness 
d yield displacement 

t thickness of the core 
KPSBRB stiffness of PSBRB 
KSBRB stiffness of SBRB 
Kc total stiffness provide by two connection segments 
Kt total stiffness provide by two transition segments 
Ky total stiffness provide by the yield segment 
Kt1 total stiffness provide by two connection segments of 

PSBRB 
Kt2 total stiffness provide by two connection transition 

segments of PSBRB 
ξ restraining ratio 
PE overall elastic buckling load 
Ir moment of inertia of restrained components 
α post-yield stiffness ratio 
β compression strength adjustment factor 
ζ equivalent viscous damping ratio 
Δci maximum compression deformation at the i-th loading 

cycle 
Δti maximum tensile deformation at the i-th loading cycle 
ε strain 
σ0 yield stress at zero plastic strain 
Q∞ maximum change value of yield surface 
b change range of yield surface size with the development of 

plastic strain 
C1 1st initial follow-up strengthening modulus 
C2 2nd initial follow-up strengthening modulus 
C3 3rd initial follow-up strengthening modulus 
γ1 1st reduction rate of the follow-up strengthening modulus 

with plastic deformation 
γ2 2nd reduction rate of the follow-up strengthening modulus 

with plastic deformation 
γ3 3rd reduction rate of the follow-up strengthening modulus 

with plastic deformation  
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I. Overall configuration of PSBRB

II. Assembly of PSBRB

III. Configuration of the core

(a) PSBRB

I. Overall configuration of SBRB 

II. Assembly of SBRB

III. C onfiguration of the core

(b) SBRB

Fig. 1. Configuration of PSBRB and SBRB.  
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The difference between the PSBRB and SBRB was the perforation of the 
core. SBRB limited the restraining component to sliding by a stopper, 
which is a short segment with a cross-sectional area slightly larger than 
that of the middle yield segment. PSBRB limited the restraining 
component to sliding by central bolts (bolt anti-skid method). 

The assembly process of the specimens was as follows: 1) all-steel 
components were cut using a laser; 2) stiffeners were welded on the 
core plate; 3) rubber was pasted onto the core; 4) all components were 
assembled using high-strength bolts. 

2.2. Theoretical derivation 

(1) Initial stiffness: 
The initial stiffness of the PSBRB (KPSBRB) can be calculated using Eq. 

(1) as follows: 

KPSBRB =
1

1
Kc
+ 1

Kt2
+ 1

Kt1
+ 1

Ky

(1)  

where Kc, Kt2, Kt1, and Ky are the total stiffness provided by the two 
connection segments, two connection transition segments, all core 
transition segments, and all yield segments, respectively. These pa-
rameters can be calculated using Eq. (2) as follows: 

Kc =
E⋅Ac

Lc
;Kt2 =

E⋅At2

Lt2
;Kt1 =

E⋅At1

Lt1
;Ky =

E⋅Ay

Ly
(2)  

where E is Young's modulus; Ac, At2, At1, and Ay are the cross-sectional 
area of the connection segments, equivalent cross-sectional area of the 
connection transition segments, cross-sectional area of the core transi-
tion segments, and cross-sectional area of the yield segments, respec-
tively; Lc, Lt2, Lt1, and Ly are the total lengths of the connection segments, 
connection transition segments, core transition segments, and yield 
segments, respectively. Because the length of the curved segments in 
openings is small, and the variation of the cross-section of the curved 
segments is also small, the variation of the cross-section of the curved 
segments has little effect on the initial stiffness of the PSBRB; therefore, 
for ease of calculation, the cross-sectional area of the curved segments is 
assumed to be the same as that of the yield segments. And as the cross- 
sectional area of the connection transition segments (At2) varies linearly, 
it can be equivalently calculated according to Eq. (3): 

At2 =
Ac − At1

lnAc − lnAt1
(3) 

The initial stiffness of the SBRB (KSBRB) can be calculated using Eq. 
(4) as follows: 

KSBRB =
1

1
Kc
+ 1

Kt
+ 1

Ky
+ 1

Ks

(4)  

where Kc, Kt, Ky, and Ks are the total stiffness provided by two connection 
segments, two transition segments, the whole yield segment, and the 
stopper, respectively. They can be calculated using Eq. (5) as follows: 

Kc =
E⋅Ac

Lc
;Kt =

E⋅At

Lt
;Ky =

E⋅Ay

Ly
;Ks =

E⋅As

Ls
(5)  

where Ac, At, Ay, and As are the cross-sectional areas of the connection 
segments, equivalent cross-sectional area of the transition segments, 
cross-sectional area of the yield segment, and cross-sectional area of the 
stopper, respectively. Lc, Lt, Ly, and Ls are the total lengths of the 
connection segments, transition segments, yield segment, and stopper, 
respectively. The equivalent cross-sectional area of the transition seg-
ments (At) can be calculated according to Eq. (6): 

At =
Ac − Ay

lnAc − lnAy
(6) 

(2) Yield force: 
The yield force (Fy) of both the PSBRB and SBRB can be calculated 

using Eq. (7) as follows: 

Fy = Ay⋅fy (7)  

where fy is the yield stress of the steel. 
(3) Yield displacement: 
The yield displacement (d) of both the PSBRB and SBRB can be 

calculated using Eq. (8) as follows: 

d =
Fy

K
(8)  

where K is the initial stiffness of the BRBs. 
(4) Restraining ratio: 
The restraining ratio (ξ) can be calculated using Eq. (9) [1] as 

follows: 

ξ =
PE

Fy
(9)  

where PE is the overall elastic buckling load of the BRBs, which can be 

Fig. 2. Designed BRB for RC frame [21].  
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Fig. 3. Configurations of assembly components. 
(All units in mm, t represents the thickness of the component) 
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calculated using Eq. (10) as follows: 

PE =
π2⋅E⋅Ir

L2 (10)  

where E is the Young's modulus, Ir is the moment of inertia of the 
restraining components, which is calculated based on the cross-section 
of the restraining components where the yield segment is, L is the 
total length of the BRB. 

2.3. Specimen design 

The specimens were designed for a 1/2 scale RC frame [21], as 
shown in Fig. 2. The stiffness of the designed frame was 40.43 kN/mm, 
and the required length of the BRB was 2200 mm. Two groups of SBRB 
and PSBRB specimens were designed with a stiffness ratio (the ratio of 
lateral stiffness provided by BRBs to the lateral stiffness provided by the 
frame) of 2:1 (BRB stiffness was approximately 80.9 kN/mm) and 3:1 
(BRB stiffness was approximately 121.3 kN/mm), respectively. The 
SBRB and PSBRB with the same stiffness ratio had the same design pa-
rameters (stiffness, yield force, yield displacement, and total length of 
the yield segment). The SBRB and PSBRB with stiffness of 80.9 kN/mm 
were named as SBRB1 and PSBRB1, respectively; those with stiffness of 
121.3 kN/mm were named as SBRB2 and PSBRB2, respectively. 

The dimensions of all the components of the four specimens are 
shown in Fig. 3. Green, brown, and blue dimensions represent the core, 
restraining plates, and filling plates, respectively. The dimensions of 
each segment of the core for the four specimens are listed in Table 1. All 
components of the four specimens were made of mild steel Q235, widely 
employed in structural engineering in China. The material properties 

obtained from the coupon tests are presented in Table 2. Based on the 
coupon test results, the main design mechanical properties of the four 
specimens were calculated, as listed in Table 3. The restraining ratio (ξ) 
of all specimens was greater than 6.20, exceeding the recommended 
limit of greater than 1.5 in [1], indicating that the restraining compo-
nent had sufficient restraint to the core. 

Fig. 3. (continued). 

Table 1 
Core dimensions.  

Specimen Yield segment Transition segment Connection segment Stopper Total length 
L 

(mm) Ly 

(mm) 
t 

(mm) 
Ay 

(mm2) 
Lt 

(Lt1/Lt2) 
(mm) 

At 

(At1/At2) 
(mm2) 

Lc 

(mm) 
Ac 

(mm2) 
Ls 

(mm) 
As 

(mm2) 

SBRB1 

1200 
10 

600 360 1265 580 2300 60 800 

2200 
PSBRB1 600 500/180 1200/1691 320 2300 – – 
SBRB2 20 1000 360 2164 580 4000 60 1400 
PSBRB2 1000 500/180 2200/3011 320 4000 – – 

(t is the thickness of the core) 

Table 2 
Material properties of steel.  

Steel E 
(GPa) 

fy 

(MPa) 
E' 

(GPa) 
fu 

(MPa) 
δ 

(%) 

Q235 205 279.1 3.23 401 28 

(E is the Young's modulus, fy is the yield stress, E' is the post-yield Young's 
modulus, fu is the ultimate strength, and δ is the elongation) 

Table 3 
Design mechanical properties.  

Specimen Fy 

(kN) 
K 

(kN/mm) 
d 

(mm) 
Restraining ratio 

(ξ) 

SBRB1 167 78.9 2.11 6.16 
PSBRB1 77.3 2.16 6.14 
SBRB2 

279 
132.5 2.11 13.77 

PSBRB2 131.4 2.22 13.69  
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(a) Experimental setup.

(b) Directional control device

Reaction wall 

MTS reaction

support

MTS actuator

Directional

control device

BRB

Support

Jack

Slides

Steel
connector

Outer steel 

frame

Slides Bolts

Bolts

                

c) Axial displacement gauges                          (d) Vertical displacement gauge 

Vertical displacement gaugeAxial displacement gauges

Steel onnecting plate

Fig. 4. Experimental setup and measuring devices.  
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3. Experimental program 

3.1. Experimental setup and measuring devices 

The experimental setup for the specimens is illustrated in Fig. 4(a), 
including a MTS actuator, directional control device, support, and jack. 

The load and displacement capacities of the MTS actuator were ±
1000 kN and ± 50 mm, respectively. A directional control device, shown 
in Fig. 4(b), was used to prevent the loading end of the MTS actuator 
from straying during the test. It consisted of an outer steel frame, a steel 
connector used to connect the loading end of the MTS actuator to the 
specimens, and four slides at the four sides to reduce the friction be-
tween the steel connector and the outer steel frame. The bolts on the left 
and right sides of the outer steel frame could be screwed inward or 
outward to align the MTS actuator, steel connector, and specimen. There 
was a jack at the end of the support; a pressure of 30 MPa was applied to 
the support by the jack before the test to prevent the support from 
sliding. 

The specimens were installed in the experimental setup after all 
components of the experimental setup were completely installed and 
debugged. In the installation process of the specimens, the steel con-
necting plates were welded to both ends of the specimens. The steel 
connecting plates were then connected to the experimental setup using 
high-strength bolts. 

The measuring devices comprised two axial displacement gauges, a 
vertical displacement gauge, and several strain gauges. As shown in 
Fig. 4(c), two axial displacement gauges were installed at the top and 
bottom of the specimen to measure the axial net deformation of the 
specimens. As shown in Fig. 4(d), a vertical displacement gauge was 
installed at the middle of the specimen, to measure the global bending 
deformation of the specimens. 

3.2. Loading protocol 

The loading protocol was developed according to the Specification for 
Seismic Tests of Buildings (JGJ/T 101–2015) [22] in China. The four 
specimens were subjected to the same loading protocol, as shown in 
Fig. 5. Negative values are under compression and positive values are 
under tension. The experiments included tests of the mechanical and 
fatigue properties. In the mechanical properties test, the specimens were 
subjected to incremental cyclic displacements with amplitudes of 3, 6, 9, 
12, 18, 24, and 30 mm to obtain their mechanical properties, and each 
amplitude was repeated three times. After the mechanical property test 
was completed, the specimens were subjected to cyclic displacements 
with an amplitude of 24 mm until they were damaged, to obtain their 
fatigue properties. The loading rate during the entire test process was 1 
mm/s. 

4. Experimental results 

4.1. Failure modes 

No global buckling or local buckling was observed during the tests of 
the four specimens. The actual loading cycles at each loading amplitude 
for the four specimens are listed in Table 4. All specimens were damaged 
under tension. Specimen SBRB2 was damaged during the 1st loading 
cycle under a displacement of 30 mm in the mechanical property test. 
Specimens SBRB1, PSBRB1, and PSBRB2 completed all the mechanical 
property tests and were damaged at the 5th, 26th, and 1st loading cycles 
in the fatigue properties test, respectively. 

After the test, the restraining components were removed to observe 
the failure modes of the core. The failure modes of the four specimens 
are illustrated in Fig. 6. The failure of both SBRB specimens was located 
at the junction of the stopper and yield segment; the failure of both 
PSBRB specimens was located at the perforated yield segment at one of 
the holes. 

4.2. High-order deformation characteristics 

As all specimens were damaged in tension, high-order deformation 
characteristics could not be realized by observing the core. However, 
when the specimens were under compression, unbonding materials were 
extruded because of the high-order deformation generated by the core. 
Therefore, the wavenumber of the high-order deformation generated by 
the core can be inferred by observing the extrusion shape of rubber on 
the restraining plate. The rubber shapes on the restraining plates of the 
four specimens are shown in Fig. 7. For ease of interpretation, a sche-
matic diagram of the observation is presented. The shaded parts in the 
figure indicate where the rubber was extruded. By observing the number 
of crests and troughs generated in the rubber, the maximum 

Fig. 5. Loading protocol.  

Table 4 
Actual loading cycles.   

Loading 
amplitudes 

(mm) 

SBRB1 PSBRB1 SBRB2 PSBRB2 

Mechanical 
properties 

test 

3 3 3 3 3 
6 3 3 3 3 
9 3 3 3 3 
12 3 3 3 3 
18 3 3 3 3 
24 3 3 3 3 

30 3 3 
Damaged 

at 1st 
cycle 

3 

Fatigue 
properties 

test 
24 

Damaged 
at 5th 
cycle 

Damaged 
at 26th 
cycle 

– 
Damaged 

at 1st 
cycle  
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wavenumber of high-order deformation generated by the core can be 
inferred. As seen from Fig. 7, for specimen SBRB1, there were a total of 
23 crests and troughs on the rubber, and the core could generate 12 
orders of deformation. For specimen SBRB2, there was a total of 10 
crests and troughs on the rubber, and the core could generate five orders 
of deformation. For specimen PSBRB1, there were three crests and 
troughs on the rubber on each yield segment at each hole, and each yield 
segment could generate three orders of deformation. For specimen 
PSBRB2, there were two crests and troughs on the rubber on each yield 
segment at each hole, and each yield segment could generate two orders 
of deformation. The above results show that the high-order deformation 
patterns of PSBRBs under compression are different from those of SBRBs. 
The wavenumber of the high-order deformation of SBRB1 and PSBRB1 
with thinner cores was significantly greater than that of SBRB2 and 
PSBRB2 with thicker cores. 

4.3. Hysteretic loops 

The hysteretic loops of the axial force read by the MTS actuator 
compared to the axial deformation read by the axial displacement 
gauges of the four specimens are shown in Fig. 8. The backbone curves of 
the four specimens were obtained by connecting the maximum axial 
force at each loading amplitude in the hysteretic loops, as shown in 
Fig. 9. The mechanical properties of the four specimens were obtained 
based on the hysteretic loops and backbone curves listed in Table 5. 

As shown in Fig. 8, the hysteretic loops of the four specimens were 
stable, plump, and symmetrical. Specimens SBRB1, PSBRB1, and 
PSBRB2 completed all the mechanical property tests with a maximum 

displacement of 30 mm. However, specimen SBRB2 only completed 
three loading cycles under a displacement of 24 mm and was damaged at 
the 1st loading cycle under a displacement of 30 mm in the mechanical 
properties test. PSBRB2 showed better ductility than SBRB2, indicating 
that PSBRB had better ductility than SBRB with the same design pa-
rameters. Specimens SBRB1, PSBRB1, and PSBRB2 completed all the 
mechanical property tests and were damaged at the 5th, 26th, and 1st 
loading cycles in the fatigue properties test, respectively. PSBRB1 can be 
loaded for 21 more cycles than SBRB1 in the fatigue property test, 
exhibiting much better fatigue properties than SBRB1, indicating that 
PSBRB has better fatigue properties than SBRB with the same design 
parameters. 

As shown in the backbone curves in Fig. 9, the axial force of the four 
specimens increased as the loading amplitude increased. The backbone 
curves of the four specimens exhibited a clear bilinear relationship. The 
shape of the backbone curve of specimen SBRB1 was similar to that of 
PSBRB1, and the axial force at the same loading amplitude was similar 
as the maximum difference was smaller than 10%; similar characteris-
tics were observed for specimens of SBRB2 and PSBRB2. From Table 5, 
the differences in the actual mechanical properties (initial stiffness, yield 
force, and yield displacement) between specimens SBRB1 and PSBRB1 
were within 10%; similar characteristics were observed for specimens of 
SBRB2 and PSBRB2. The above results show that SBRBs and PSBRBs 
with the same design parameters have similar mechanical properties. 

The compression strength adjustment factor (β) can be calculated 
using Eq. (11) as follows: 

Fig. 6. Failure modes.  

Z. Yun et al.                                                                                                                                                                                                                                     



Journal of Constructional Steel Research 193 (2022) 107288

10

Fig. 7. Extrusion shape of the rubber.  
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Fig. 9. Backbone curve.  
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β =
Cmax

Tmax
(11)  

where Cmax is the maximum compression under maximum loading 
amplitude; Tmax is the maximum tension under maximum loading 
amplitude. 

From Table 5, the maximum β of the four specimens was 1.11. The β 
values of all specimens are in line with the design code [23], which 
specifies values of less than 1.30, indicating that both the SBRB and 
PSBRB have good mechanical symmetry. 

4.4. Equivalent viscous damping ratio 

The equivalent viscous damping ratio (ζ) is an important parameter 
for evaluating the energy dissipation capacity of BRBs. The larger ζ is, 
the better the energy dissipation capacity of the BRBs. ζ can be calcu-
lated using Eq. (12) as follows [24]: 

ζ =
1

2π⋅
SABC + SCDA

SOBE + SODF
(12)  

where SABC, SCDA, SOBE, and SODF are illustrated in Fig. 10. 
The ζ values of the four specimens at each loading amplitude are 

shown in Fig. 11, where the values are the averages of the three loading 
cycles under each loading amplitude. From Fig. 11, the ζ values of the 
four specimens increased as the loading amplitude increased. The ζ 
values of specimens SBRB1 and PSBRB1 were similar at the same 
loading amplitude, while the ζ value of specimen PSBRB2 was slightly 
larger than that of SBRB2 at a larger loading amplitude; however, the 
difference at each loading amplitude was within 5%. The above results 
indicate that the SBRB and PSBRB with the same design parameters have 
similar energy dissipation capacities. 

4.5. Cumulative energy dissipation capacity 

The cumulative energy dissipation capacity of BRBs can be evaluated 
by the cumulative plastic deformation (CPD) coefficient, calculated 
using Eq. (13) [22]: 

CPD =
∑n

i=1

[
2(|Δci| + |Δti|

d
-4
]

(13)  

where n represents the total number of cyclic loadings, Δci and Δti are the 
maximum compressive and tensile deformations at the i-th loading 
cycle, respectively, and d is the yield displacement. 

The CPD coefficients calculated for the four specimens are listed in 
Table 6. The CPD coefficient of PSBRB1 is 2.19 times that of SBRB1, and 
the CPD coefficient of PSBRB2 is 1.76 times that of SBRB2. The PSBRB 
showed a much better cumulative energy dissipation capacity than the 
SBRB with the same design parameters. 

5. Numerical simulation 

ABAQUS 6.14 [25] software was used to establish finite element 
models to analyze the stress distribution and high-order buckling char-
acteristics of the specimens during the test. 

5.1. Finite element modeling 

The finite element models were established based on the size of the 
test specimens. As high-strength bolts have a strong connection ability to 
the restraining plates and filling plates, the restraining component can 
be simulated using both plates as they have no bolt holes and tie 
together. All components, including the core, restraining plates, filling 
plates, and bolts, were modelled using solid elements. The restraining 
plates and filling plates were very regular, therefore, C3D8I could be 
used as the elements of these components. To accurately reveal the stress 
distribution in the core, the element C3D20R, which is sensitive to stress 
concentration, was used as the elements of the core. C3D8R was used as 
the central bolt elements. The modeling and mesh of specimens PSBRB1 
and SBRB1 are shown in Fig. 12. As the restraining plates and filling 
plates had sufficient strength that might not yield during analysis, the 
mesh size of these components was to a large size of 40 mm, and the 
mesh size of the core and bolts was approximately 10 mm. A local fine 
mesh was applied to the stopper and transition segments, which were 

Table 5 
Mechanical properties of the four specimens.  

Specimen K 
(kN/mm) 

Fy 

(kN) 
d 

(mm) 
α 

(%) 
β 

SBRB1 75.8 159.6 2.11 3.70 1.11 
PSBRB1 76.1 165.1 2.17 3.58 1.10 

Difference 0.39% 3.44% 3.33% 3.35% 0.91% 
SBRB2 128.1 275.2 2.14 4.44 1.06 

PSBRB2 129.2 280.3 2.17 4.28 1.02 
Difference 0.85% 1.82% 1.38% 3.74% 3.92% 

(Fy denotes the yield force, K is the initial stiffness, d is the yield displacement, α 
is the post-yield stiffness ratio, β is the compression strength adjustment factor) 

X

F

A O

B

C

E

F

D

Fig. 10. Illustration of calculation method for equivalent viscous damp-
ing ratio. 

Displacement (mm)

ζ(
%
)

Fig. 11. Equivalent viscous damping ratio.  

Table 6 
Cumulative plastic deformation.  

Specimen CPD 

SBRB1 723 
PSBRB1 1584 
SBRB2 332 
PSBRB2 585  
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prone to stress concentration. An initial bending imperfection of 2.2 mm 
(L/1000) was applied to the specimens before the analysis. 

The constitutive model was based on the mixed hardening model 
[26], the parameters of which were obtained by fitting the material 
properties of Q235 steel, as shown in Table 2. The parameters are listed 
in Table 7. 

Surface-to-surface contact was adopted between the core and the 
restraining component. Normal behavior was set as hard contact and 

tangential behavior was set as a penalty. As the core was pasted with 
rubber for lubrication, the friction coefficient between the core and 
restraining component was set to 0.1, and the friction coefficient be-
tween the other components was set as 0.3. The same frictional coeffi-
cient was considered in similar analyses conducted by Chou & Chen [27] 
and Hoveidae & Rafezya [28]. The cross-sections at both ends of the core 
were coupled, as shown in Fig. 13. One side was fixed and the other side 
was loaded, similar to the experiments. The loading protocol was the 
same as in the experiments, but the fatigue properties were not tested. 

5.2. Numerical results 

5.2.1. Hysteretic loops 
Fig. 14 shows a comparison of the hysteretic loops between the test 

and numerical simulation results. The hysteretic responses of the nu-
merical simulations were approximately equal in the test results, and the 
analysis results can accurately and objectively reflect the real state of the 
specimens. 

5.2.2. Stress distribution 
The stress contours of the cores of the four specimens under a tensile 

displacement of 30 mm are shown in Fig. 15. The red circles in the figure 
represent the locations of the maximum stress, and the value next to the 
circle represents the maximum stress value. 

As seen from Fig. 15, the maximum stresses of specimens SBRB1 and 
SBRB2 were located at the junction of the stopper and yield segment, 
and the maximum stresses of specimens PSBRB1 and PSBRB2 were 
located at the opening yield segment. The maximum stresses of the 
specimens SBRB1 and SBRB2 were 491.3Mpa and 489.2Mpa respec-
tively, significantly larger than those of the specimens PSBRB1 and 
PSBRB2, 425.4Mpa and 424.7Mpa, respectively. 

5.2.3. Equivalent plastic strain 
The equivalent plastic strain (PEEQ) of the cores of the four speci-

mens during the entire analysis process is shown in Fig. 16. The position 
of the high PEEQ of the SBRB was mainly located at the junction of the 
yield segment and stopper and at the peaks of high-order waves. The 
maximum PEEQs of specimens SBRB1 and SBRB2 were located at the 
junction of the yield segment; the values were 0.711 and 0.677, 
respectively. The PEEQ was evenly distributed at the opening yield 
segments of the PSBRB. The maximum PEEQ values of PSBRB1 and 
PSBRB2 were 0.618 and 0.611, respectively, significantly lower than 

(a) Core (a) Core

(b) Restraining component (b) Restraining component

(c) Overall configuration (c) Overall configuration

(a) SBRB1                                                       (b) PSBRB1

Fig. 12. Modeling and mesh of the specimens SBRB1and PSBRB1.  

Table 7 
Constitutive model parameters of steel.  

σ0 

(MPa) 
Q∞ 

(MPa) 
b C1 

(MPa) 
γ1 C2 

(MPa) 
γ2 C3 

(MPa) 
γ3 

231.6 150 2.4 10,000 100 12,000 320 4000 1000 

(σ0 is the stress at 0 equivalent plastic strain; Q∞ is the maximum change value of 
the yield surface; b is the change range of the yield surface size with the 
development of plastic strain; C1, C2, and C3 are the 1st, 2nd, and 3rd initial 
follow-up strengthening modulus, respectively; γ1, γ2, and γ3 are the 1st, 2nd, and 
3rd reduction rate of the follow-up strengthening modulus with plastic defor-
mation, respectively). 

Fig. 13. End coupling.  
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those of SBRB1 and SBRB2. 
Combined with the stress contour in Section 5.2.2, the maximum 

stress and PEEQ of the PSBRB were significantly lower than those of the 
SBRB with the same design parameters. This is because there was a 
section mutation at the junction of the stopper and the yield segment of 
the SBRB, prone to producing a high stress concentration; thus, there 

was a high plastic strain. Once the cumulative plastic strain exceeded the 
fatigue limit of the steel, the brace fractured. Therefore, the ductility and 
fatigue properties of the yield segment of the SBRB could not be fully 
utilized because of the failure caused by the stress concentration at the 
junction of the stopper and the yield segment. However, this disadvan-
tage can be addressed by perforating the core and applying the bolt anti- 

Displacement (mm) Displacement (mm)

(a)SBRB1                              (b)PSBRB1

Displacement (mm) Displacement(mm)

(c)SBRB2                                                       (d)PSBRB2
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Fig. 14. Comparison of test and FEA.  

(a) SBRB1

(b) PSBRB1

(c) SBRB2

(d) PSBRB2

Stress 

concentration 

at stopper

Fig. 15. Stress distributions.  
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skid method used in the PSBRB. Using smooth stopper bolt holes to 
replace the traditional stopper and opening holes in the core increased 
the load-carrying capacity of the core transition segment. Therefore, the 
stress concentration was reduced, with the maximum core stress located 
at the yield segment, implying that the ductility and fatigue properties of 
the yield segments of the PSBRB could be fully utilized. This is also the 
reason for the corresponding failure modes caused by the four specimens 
and the better ductility and cumulative energy dissipation performance 
of the PSBRB in the test. It should be noted that the design method of the 
core of the SBRB specimens in this study is used by some manufacturers; 
enlarging the radius of the edge of the stopper to reduce the rapid 
change in the cross-section might reduce the stress concentration and 
improve the ductility. 

5.2.4. High-order deformation patterns 
The high-order deformations of the four specimens under compres-

sive displacements of 6, 18, and 30 mm are shown in Fig. 17. For ease of 
interpretation, the deformation in the weak axis of the BRB was 
magnified 20 times. 

As seen from Fig. 17, the high-order deformation formation process 
of the SBRB was that 1st-order buckling was generated at the yield 
segment, and higher-order buckling was generated at the yield segment 
as the compressive displacement increased. In the PSBRB, 1st-order 
buckling was generated at each yield segment at each hole, and 

higher-order buckling was generated at each yield segment as the 
compressive displacement increased. The wavenumbers of the higher- 
orders of specimens SBRB1 and PSBRB1 with thinner cores were 
significantly higher than those of specimens SBRB2 and PSBRB2 with 
thicker cores, under the same compressive displacement. 

5.2.5. Impacts of restraining ratio 
Fujimoto et al. [1] recommended that the restraining ratio of the 

imperforate dog-bone core BRBs should be greater than 1.5. PSBRB1 and 
PSBRB2 with different restraining ratios were analyzed to study the 
influence of different restraining ratios on the stability of PSBRB. The 
restraining ratio was changed by changing the thickness of the 
restraining plate (tr), and the relationship is shown in Table 8. 

(a) SBRB1

(b) PSBRB1

(c) SBRB2

(d) PSBRB2

High PEEQ at 

stopper

Fig. 16. Equivalent plastic strain.  

6mm 18mm 30mm

(a) SBRB1

6mm 18mm 30mm

(b) PSBRB1

6mm 18mm 30mm

(c) SBRB2

6mm 18mm 30mm

(d) PSBRB2

Fig. 17. High-order deformation under different compressive displacement.  

Table 8 
Relationship between restraining plate and restraining ratio  

Specimens tr 
(mm) 

restraining ratio 
(ξ) 

PSBRB1-5 mm 5 0.42 
PSBRB1-6 mm 6 0.56 
PSBRB1–8 mm 8 0.92 
PSBRB2-5 mm 5 0.67 
PSBRB2–6 mm 6 0.83 
PSBRB2-8 mm 8 1.22  
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The hysteretic loops of the PSBRB with different restraining ratios 
obtained by the analysis are shown in Fig. 18, and the global deforma-
tion of the BRB under the maximum displacement is shown in Fig. 19. As 
seen from Figs. 18 and 19, PSBRB1 and PSBRB2 did not buckle when the 
restraining ratio reached or exceeded 0.92 and 0.83, respectively. 
PSBRB1 and PSBRB2 buckled when the restraining ratios were less than 
0.56 and 0.67, respectively, and the buckling mode was C-shaped. Ac-
cording to the above analysis results, buckling of the PSBRB can be 
avoided when the restraining ratio is larger than 1.0. However, 
considering the safety surplus, the restraining ratio of the PSBRB is 
recommended to exceed 1.5, which is consistent with the recommended 
value in Fujimoto et al. [1]. 

6. Conclusion 

In this study, a novel all-steel assembled buckling-restrained brace 
with a perforated plate core (PSBRB) was proposed. Two groups of 
PSBRBs and traditional all-steel assembled plate buckling-restrained 
braces (SBRBs) with the same design parameters (equal stiffness, yield 
strength, yield displacement, and yield length of the core) were tested 
and numerically simulated to study their mechanical properties, energy 
dissipation capacity, stress distribution, and high-order deformation 
patterns. The following results were obtained: 

(1) The proposed PSBRB exhibited good mechanical properties, 
stability, and energy dissipation capacity. 

(2) The experimental results show that the difference in mechanical 
properties (yield stress, yield displacement, and initial stiffness) be-
tween the SBRB and PSBRB groups with the same design parameters was 
less than 5%, indicating that SBRB and PSBRB have similar mechanical 
properties. However, PSBRB showed much better ductility, fatigue 
properties, and cumulative energy dissipation capacity. 

(3) A high-stress concentration was easily produced at the junction of 

the stopper and the yield segment of the SBRB, resulting in a high PEEQ. 
Therefore, failure usually occurs at this location. However, this issue can 
be addressed by perforating the core and the bolt anti-skid method used 
in the PSBRB. 

(4) The high-order deformation formation process of the SBRB was 
that 1st-order buckling was generated at the yield segment, and higher- 
order buckling was generated at the yield segment as the compressive 
displacement increased. In the PSBRB, 1st-order buckling was generated 
at each yield segment at each hole, and higher-order buckling was 
generated at each yield segment as the compressive displacement 
increased. 

(5) In the finite element analysis, models PSBRB1–8 mm and 
PSBRB2–6 mm with a restraining ratio less than 1.0 did not buckle. 
Therefore, buckling could be avoided when the restraining ratio of the 
PSBRB exceeded 1.0. Considering the safety margin, the restraining ratio 
of the PSBRB is recommended to be greater than 1.5. 
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Fig. 18. Hysteric loops.  
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Fig. 19. Global deformation in weak axial.  
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