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Abstract
The application of high-strength steel (HSS) is a significant trend in the development of steel structures. Two main challenges 
for HSS structures in seismic design (i.e., low energy dissipation capacity and low lateral stiffness) need to be addressed 
before HSS structures can be widely constructed in practice. To solve those problems, the seismic performance of structures 
combined of HSS frames and concentric buckling-restrained braces (BRBs) was investigated in this study. Two half-scale 
experimental specimens with different stiffness ratios between BRB and HSS frame were fabricated and tested under con-
stant vertical load and cyclic increasing horizontal load. The hysteretic response, horizontal bearing capacity, internal force 
distribution, energy dissipation capacity, and ductility of the dual system were analyzed. The results showed that the speci-
mens exhibited overall ductile performance with high elastic stiffness, significant ductility, and excellent energy dissipation 
capacity. The characteristics of both specimens in the pseudo-static test can be divided into three typical phases, which were 
described as overall elastic phase, BRB hardening phase, and failing phase. The BRB hardening phase was characterized by 
high energy dissipation capacity, and the plastic deformation was limited to the BRB, so the ductile demand of HSS member 
in HSSF-BRB was reduced. Moreover, the effect of stiffness ratio between BRB and HSS frame on seismic performance 
was discussed in this paper.
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1 Introduction

With recent advancements in metallurgy technology and 
welding techniques, the use of high-strength steel (HSS, 
steel having nominal yield strength not lower than 460 MPa) 
and ultrahigh-strength steel (UHSS, HSS having nominal 
yield strength not lower than 690 MPa) in structural engi-
neering is increasing rapidly [1]. Compared with normal 
steel with low yield strength, HSS structures are character-
ized by better economic [2], environmental and mechanical 
benefit [3]. Galambos et al. [4] highlighted the advantages 
of HSS, which include light weight, small cross-section and 

high elastic strength. Collin [5] notes that even though the 
price of structural steel increase with the steel grade, the 
overall construction costs of HSS structures is reduced own-
ing to savings in material and fabrication costs.

Nevertheless, there are challenges in the seismic applica-
tion of HSS structures that need to be addressed before those 
structures can be widely constructed in practice. Current 
methods used for evaluating the seismic response of steel 
structures are basically based on the dissipative design phi-
losophy [6]. Accordingly, the materials of steel structures 
are expected to deform plasticly when subjected to strong 
earthquakes for the purpose of dissipating seismic energy 
and reducing seismic response. Consequently, codes for 
seismic design of steel structures around the world impose 
limits on the plasticity of structural steel (e.g., elongation 
and strength ratio). Typically, HSS members, connections 
and frames exhibit poor ductility and low energy dissipation 
capacity due to limited processing process [7], and have a 
higher risk of brittle fracture and hydrogen-induced cracking 
when the material turns into plastic [8]. Hence, the applica-
tion of HSS structures in seismic region is restricted [9]
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Another challenge associated with HSS structures in 
seismic design comes from the reduced lateral stiffness, 
which is accompanied by the reduction of the column sec-
tions [10]. Tenchini et al. [11] showed that the benefit of 
using HSS in moment resisting frames for seismic appli-
cation is limited, because the design of moment resisting 
frames is conditioned to satisfy the performance limit in 
terms of story drift ratio. Hoang et al. [12] reported that 
the use of HSS in braced frames could enhance the advan-
tage of HSS, particularly for columns, because strength 
criteria determine the design of braced structure. Moreo-
ver, Andre et al. [13] found that the braced frame is char-
acterized by a significant brace-ductility demand.

Recently, the concept of “damage-free structures” has 
aroused more and more attention in the seismic design of 
HSS structures [14]. This design concept involves dual 
systems combined of HSS components and ductile mem-
bers. HSS are utilized for non-dissipative members that 
designed to deform elastically, and inelastic deformation 
is restricted to ductile and energy-dissipating members. 
Thus, the dual systems could induce an overall ductile 
mechanism in earthquakes for energy dissipation without 
plastic deformation in the HSS members. Recent studies 
[15] have shown the advantages of those dual systems in 
the overall ductile mechanism for controlling the seis-
mic response of multistory buildings and decreasing the 
ductile demand of HSS members. Moreover, compared 
to common steel frame, HSSF has larger yield drift ratio 
and lower lateral stiffness, both of which are favorable to 
maximize combined effect of BRB frames.

The structure combined of HSS frames and buckling-
restrained braces (HSSF-BRB) was developed and stud-
ied in this paper. Buckling-restrained braces (BRBs) have 
similar tensile and compressive capacities in preventing 
buckling under compressive forces, which are widely used 
in new and existing buildings sited in the seismic regions 
[16]. The BRBs in the dual system of HSSF-BRB can pro-
vide enhanced lateral stiffness, strength and energy dis-
sipation capacity. Furthermore, the strength and stiffness 
of BRB can be adjusted by specifying appropriate yield 
strength and geometric properties. Therefore, the “dam-
age-free structure” concept for HSSF-BRB can be easily 
implemented by the applying capacity-design criteria.

This study is focused on the seismic performance of the 
dual system of HSSF-BRB. The enhanced strength, stiff-
ness and energy dissipation capacity of HSSF-BRB may 
enhance the seismic application of HSS in construction 
engineering [17]. Pseudo-static tests were performed on 
two half-scaled specimens, each comprising a HSS frame 
and a BRB. The primary objective of the test was to evalu-
ate the performance of HSSF-BRBs with different stiffness 
ratios between BRB and frame. The following sections in 

this paper describe the specimen details, test setup, experi-
mental observations, and test results.

2  Experimental program

2.1  Details of test specimens

Two half-scale specimens, denoted as SP-1 and SP-2, were 
designed, constructed and tested. Each specimen consisted 
of a 1-story single-span HSS moment frame and a single 
diagonal BRB. The HSS frame in both specimens was 
extracted from the first floor of a half-scaled 12-story proto-
type planar frame, as shown in Fig. 1, which was designed 
according to the Chinese design code for steel structures 
(GB50017-2017) [18]. A dead load of 6 kN/m2 and a live 
load of 2 kN/m2 were applied to the floors and roof, and a 
wind load having a basic wind pressure of 0.5 kN/m2 was 
applied as the lateral load.

The details of the HSS steel frame in both specimens are 
shown in Fig. 2. Beams and columns were made of welded 
wide-flange steel members. Q690 UHSS (nominal yield 
strength: 690 MPa) and Q345 normal steel (nominal yield 
strength: 345 MPa) were adopted for the columns and beams, 
respectively, to maximize structural efficiency [13]. The 
beam-to-column connections were directly welded together 
to form moment-resisting connections. The cross-section 
classification for beams and columns are both noncompact. 
In addition, vertical stiffeners were fillet-welded to the col-
umn flange and base plate in each column to strengthen the 
welds in the column base. Similarly, the segments of the 
beam-to-column connections and brace-to-frame connec-
tions were strengthened using full-depth stiffeners to prevent 
the premature local buckling of the webs. The welds in the 
specimen were designed to have higher strength than the 
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Fig. 1  Prototype frame
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yield strength of the welded steel plate, so the welds were 
expected not to fail before the steel plate yields.

A BRB was concentrically connected to each steel frame 
at the beam-to-column connections using gusset plates 
through welding. The thicknesses of gusset plates were 14 
and 20 mm for SP-1 and for SP-2, respectively. The stabil-
ity and strength of the gusset plates were evaluated follow-
ing the specification of the Chinese design code for steel 
structures (GB-50017–2017) [18]. Both BRBs that attached 
to the specimens consisted of the core region, the casing 
member, and the isolation material (Fig. 3). Steel hollows 
were utilized as casing members to restrain the buckling 
of the core region and prevent the overall buckling of the 
BRB, as shown in Fig. 4. The core region was composed 
of plastic zone and the elastic zone, as shown in Fig. 5. The 
plastic zone was designed to provide stiffness and strength, 
and yield first to dissipate seismic energy. The elastic zone 
was designed to provide a connection between the plas-
tic zone and gusset plate and remain elastic at the maxi-
mum forces that the brace can develop. Moreover, the core 

region and casing member were separated by the isolation 
material. The cross-sections of the plastic zone of the core 
region, elastic zone of the core region, and steel hollow of 
the casing member were rectangular, regular cruciform, 
and square tubular, respectively. The proportion of the BRB 
was controlled based on the brace-to-frame stiffness ratio, � 
( � = Kb

/

Kf  , where Kb represents the horizontal stiffness of 
the brace, Kf  represents the horizontal stiffness of the steel 
frame), which was 2 for SP-1 and 4 for SP-2. The theoreti-
cal value of the axial yield strength of the BRB (denoted as 
Fya , Fya = fy × Ap,where fy and Ap are the yield strength and 
section area of the plastic zone, respectively), which were 
500 kN for SP-1 and 1000 kN for SP-2.

It should be note that in actual applications, the instal-
lation of BRBs is only allowed after the main structure is 
constructed to minimize the contribution of the BRB to the 
vertical force. However, owning to the limitation of the test 
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conditions, the installation of the BRB in the specimen was 
completed before the axial force was applied to the column.

2.2  Material properties

The material properties of the steel plates were determined 
through coupon tensile tests [19] except for those that were 
designed to remain elastic. Three identical specimens for 
each type of steel plates were tested, and the average values 
were obtained as the actual material properties, as shown 

in Table. 1. It should be noted that the tensile stress–strain 
curves for Q690 steel did not exhibit a noticeable yield point. 
Thus, the proof stress corresponding to 0.2% residual plastic 
strain was adopted as the equivalent yield stress, as shown in  
\* MERGEFORMAT Fig. 6. It can be inferred that with the 
increase of steel strength, the elongation decreased and the 
yield ratio increased. The elongation and yield ratio of Q690 
steel were 17% and 0.95, respectively, which exceeded the 
limits for structural steels according to the Chinese code for 
seismic design of buildings (GB50011-2010) [20].

2.3  Test setup

The overview of the test setup is shown in Fig. 7. A 2500 kN 
servo-actuator with ± 350 mm stroke length was employed 
to apply low-cyclic horizontal load at beam level. The servo-
actuator was directly connected to the specimen using high-
strength bolts. Two spherical-headed hydraulic jacks with 
2000 kN loading capacity were used to exert axial forces 
on each column. The hydraulic jacks were fixed to a slid 
rail, which was in turn fastened to the reaction frame, so 
the jacks could move horizontally along with the top end of 

Table 1  Material properties of 
specimens

t  , fy , fu,A , and Y∕T  are the thickness, yield strength, ultimate strength, elongation and yield ratio, respec-
tively

Section Steel t (mm) fy(MPa) fu(MPa) A(%) Y∕T

Frame beams Q345 10 417 554 29 0.75
Q345 8 408 538 28 0.76

Frame columns Q690 10 797 839 17 0.95
Plastic zone of BRB for SP-1 Q235 20 308 455 31 0.68
Plastic zone of BRB for SP-2 Q235 40 298 470 31 0.63

¦ Ò

¦ Å
0.2%

equivalent
yield stress

Fig. 6  Stress–strain curve and equivalent yield stress for Q690 steel

(a) Schematic diagram (b) On site photo (a) Schematic diagram (b) On site photo 

Fig. 7  Test setup
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columns. A rectangular base plate of 25 mm thickness were 
welded to each bottom end of columns, which were in turn, 
connected to the fundamental beam using M24 high-strength 
bolts. The fundamental beam was firmly fixed to the strong 
floor by fixing beams and holding down bolts. Accordingly, 
the boundary conditions of the column bases were consid-
ered to be rigid.

2.4  Loading program

Constant vertical loads and cyclic horizontal loads were 
applied to the specimens during test process. First, a con-
stant axial load of 1100 kN (corresponding to 25% of the 
nominal yield strength of the column) was applied on the hat 

plate of each column using hydraulic jacks to simulate the 
gravity load of the upper stories. Next, hysteretic horizontal 
loads were applied based on the prescribed displacement 
loading protocol. The displacement protocol recommended 
in the American Institute of Steel Construction (AISC) 
seismic provisions [21] was adopted with slight modifica-
tions (Fig. 8). Inter-story drift ratios were increased from 
0.125 to 3% and applied as the target amplitudes, and several 
complete loading cycles were included in each amplitude. 
The early amplitude of 0.125% and 0.25% were applied to 
detect any detrimental effects before the plastic behavior of 
the BRB was reached, which were not recommended in the 
AISC provisions. Because a drift ratio of 2% corresponded 
to inelastic drift limits for steel frames based on the Chinese 
seismic code, an amplitude of 3% drift ratio was applied 
to evaluate the ultimate state of the specimen. The posi-
tive and negative directions in the loading program (Fig. 8) 
corresponded to the east and west directions in Fig. 7, 
respectively.

2.5  Instrumentation

Each specimen was instrumented with displacement trans-
ducers, strain gauges, right-angled strain rosettes, and load 
cells, as shown in Fig. 9. A load cell was attached to the head 
of each actuator (LC1) and jack (LC2 and LC3) to measure 
the applied horizontal and vertical loads. Four strain gauges 
(SGa to SGd) were attached to the edges of the flanges in 
each cross-section from S1 to S8. Three strain rosettes were 
attached to both column webs at mid-height level (SR1 
and SR2) and the eastern panel zone of steel frame (SR3), 
respectively. Moreover, displacement transducers with 
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various gauge lengths were used to measure the horizontal 
displacement at the beam level (D1 and D2), the horizontal 
displacement at mid-height level (D3 and D4) and the axial 
deformation of the BRB (D9). The movements of both col-
umn base plates were also monitored horizontally (D5 and 
D7) and vertically (D6 and D8).

3  Experimental observation and failure 
modes

3.1  Specimen SP‑1

During the early-loading stages of SP-1 (i.e., the drift ratio 
from 0.125 to 1%), no significant experimental phenom-
enon was observed, and the HSS steel frame essentially 
remained elastic. As the horizontal displacement continued 
to increase, visible in-plane flexural deformation occurred 
in the ends of the columns and beams. At the drift ratio of 
2%, the flexural deformation became rather remarkable near 
column bases and beam-column connections, which indi-
cated that plastic deformation developed in these regions. In 
the first half-cycle with 3% drift ratio (i.e. actuator loaded 
to the east), local buckling occurred at the outer flange near 
the east column base just beyond the edge of gusset plate 
(Fig. 10a). In the following half-cycle with 3% drift ratio 
(i.e. actuator loaded to the west), local buckling occurred 
in the outer flange near the bottom of the west column 
(Fig. 10b) and the inner flange at the top of the west col-
umn (Fig. 10c). In the second cycle of the 3% loading stage, 
the local buckling mentioned above developed further. No 
visible cracks or fractures were formed on any of the steel 
plates or welds of SP-1.

3.2  Specimen SP‑2

The observations of specimen SP-2 were quite similar to those 
of SP-1. During the early loading stages with inter-story drift 

ratio from 0.125 to 1.5%, rotations at the ends of the columns 
and beam increased without local buckling or cracking. With 
the inter-story drift continued to increase, local buckling ini-
tially occurred in the outer flange near the west column base 
(Fig. 11a) during the second half-cycle (i.e. actuator loaded to 
the west) with 2% drift ratio. During the first half-cycle (i.e. 
actuator loaded to the east) with 3% drift ratio, significant local 
buckling occurred in the outer flange near the base of east col-
umn just beyond the edge of gusset plate (Fig. 11b). A partial 
fracture was also initiated during this half-cycle between the 
outer flange of west column and the base plate. In the sec-
ond half-cycle (i.e. actuator loaded to the west) with 3% drift 
ratio, local buckling occurred in the inner flange at the top of 
the west column (Fig. 11c). During the third half-cycle with 
3% drift ratio, the partial fracture at the base of west column 

(a) Flange buckling near base of east 
column

(b) Flange buckling at base of west 
column

(c) Flange buckling near panel zone 
of east column

Flange buckling Flange buckling

Flange buckling

Fig. 10  Failure mode of SP-1 during test

(a) Flange buckling near west 
column base

(b) Flange buckling near
east column base

(c) Flange buckling near panel
zone of west column

(d) Fractures at west column base

Flange buckling
Flange buckling

Flange buckling

Flange fracture

Web fracture

Stiffener fracture 

Fig. 11  Failure mode of SP-2 during test
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expanded to the complete flange fracture and developed to the 
web and stiffener (Fig. 11d).

Furthermore, a significant relative slip between the core 
region and casing member was observed in both positive and 
negative directions (Fig. 12), which indicated stable plastic 
deformation capacity of the core region and demonstrated the 
effectiveness of the BRB. It should be mentioned that Fig. 11 
only show the observation for SP-2, similar phenomenon could 
be observed for SP-1.

4  Test results and discussion

4.1  Horizontal load–displacement responses

According to classical mechanics theories, shear strains are 
uniformly distributed in the web section when wide flange 
members are subjected to shear force. Therefore, the horizontal 
force in each steel frame ( Fframe ) of the specimens could be 
obtained based on the strain measurements of SR1 and SR2 
(Fig. 9) by the following equations:

(1)Fframe =
∑ �1 − �2

2
sin(2�0)Aweb,

where Aweb is the section area of the column web; 
σ1 and σ2 are the principal stresses in the column web; 
�0 is the orientation angle of the principal stress in the 
column web; � is Poisson’s ratio of steel, which was 
determined as 0.3; E is Young’s modulus that is equal 
to 206 GPa. The parameters A, B, and C are related to 
the strain rosette type and were calculated using the fol-
lowing equations: A =

(

�0 + �90
)/

2 , B =
(

�0 − �90
)/

2 , 
and C =

(

2�45 − �0 − �90
)/

2 ; �0 , �45 and �90 are the strain 
quantities along 0 ◦ , 45◦ , and 90 ◦ directions, respectively.

Because it was difficult to directly measure the strain 
of the core segment of BRB when loading, the horizontal 
force of the BRB ( FBRB ) was obtained based on the equi-
librium of the horizontal force using the following expres-
sion, FBRB = F − Fframe , where F represents the inter-story 
shear.

Hysteresis curves and skeleton curves of the horizontal 
force versus the inter-story drift were plotted for over-
all structures (Fig. 13), steel frames (Fig. 14) and BRBs 
(Fig. 15). The inter-story drift in the vertical axis corre-
sponded to the actual displacement measured by D1 (see 
Fig. 9), which was slightly less than the value that required 
by the loading protocol, particularly in the negative direc-
tion, primarily due to the unfavorable deformation of 
the connecting bolts between the specimen and actuator. 
The skeleton curves were constructed from the hysteresis 
curves by sequentially connecting the end points of each 
loading amplitude for the first loop.

(2)�1=
E

1 − �
A +

E

1 + �

√
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1 − �
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√
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(4)�0=
1

2
arctan
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C
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(a) +3% loading stage (b) −3% loading stage

Fig. 12  Relative slip between casing member and core region
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 Archives of Civil and Mechanical Engineering (2021) 21:164

1 3

164 Page 8 of 13

Figure 13 shows the hysteresis curves and skeleton curves 
of the overall structures. It was found that the specimens 
enforced an overall ductile mechanism, and exhibited a 
nearly bilinear elastic–plastic hysteretic response before 
severe buckling occurred in the column bases. The hys-
teretic curves of the specimens were stable and full. The 
stiffness (i.e. slope of the curves) decreased significantly 
after the BRB yield. The lateral stiffness and energy dissipa-
tion capacity increased significantly with the stiffness ratio 
between BRB and HSS frame.

Figure 14 shows the hysteresis and skeleton curves of the 
HSS frame. The onset of the critical observations of HSS 
frame, such as flange buckling, partial flange fracture and 
complete flange fracture, was marked in the corresponding 
hysteresis curves. It is found that the HSS frame exhibited 
a large flexible deformation capacity, which were favorable 
for combined effect between BRB and steel frame. Although 
the plastic deformation could be found beyond the 1% load-
ing stage (as identified through stiffness degradation), the 
permanent drift of the HSS frame (which corresponds to dis-
tance from the intersection of hysteretic curve and transverse 

axis to the origin) did not significantly increase before local 
buckling occurred in column bases. Similar hysteretic 
responses were found for both HSS frames in elastic stage, 
and in plastic stage, the frame stiffness degrade faster with 
the increase of BRB stiffness. For SP-2, a crack developed in 
the west column base owning to high level of tensile stress, 
resulting in a sudden strength degradation in the second half 
with 3% drift ratio.

Figure 15 shows the hysteresis and skeleton curves of the 
BRBs. The hysteretic response of the BRBs showed signifi-
cant bilinear elastic–plasticity property, and characterized as 
low yield displacement and stable hardening capacity. The 
theoretical yield force ( Fy, BRB ) and ultimate force ( Fu, BRB ) 
of BRB were plotted in the figure for comparison. Fy, BRB 
and Fu, BRB were calculated based on the actual geometry and 
material properties of the BRB core by Fy, BRB = Ap�y cos � 
and Fu, BRB = Apfu cos � , where Ap, fy , fu and � represent the 
sectional area of plastic zone, yield stress of plastic zone, 
ultimate stress of plastic zone and inclination angle of 
BRB, respectively. The ratio between the actual and theo-
retical yield force were 1.01 and 0.96 for SP-1 and SP-2, 
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Fig. 14  Load–displacement curves of the frames
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respectively, which verified the reliability of the hysteretic 
curves.

Figure 16 shows the horizontal force of the HSS frame 
and BRB. As shown, the story shear was share by BRB 
and steel frame. The BRB in each specimen enhanced the 
strength of the structure, especially at low displacement lev-
els where BRB carried most of the story shear. The enhanced 
strength of the structures with low story-drift could facili-
tates flexible seismic design under frequent earthquakes.

Based on the test results and hysteresis curves, the typi-
cal characteristics of the HSSF-BRB specimens in pseudo-
static tests can be summarized in three phases, which were 
described as overall elastic phase, BRB hardening phase, 
and failing phase, as shown in Fig. 17. For overall elastic 
phase (i.e., OA in Fig. 17), both the BRB and HSS frame 
remained in the elastic range. The performance of HSSF-
BRB in this phase can be summarized as high lateral stiff-
ness and low permanent drift. For BRB hardening phase 
(i.e., AB in Fig. 17), the BRB yielded at the beginning of the 
phase, and the HSS frame essentially remained in the elastic 
state. The performance of HSSF-BRB in this phase can be 
summarized as overall ductile deformation, stable harden-
ing capacity and excellent energy dissipation capacity. For 
failing phase (i.e., BC in Fig. 17), plastic deformation devel-
oped in the steel frame with local buckling and fracture. This 
phase is not recommended for seismic design of HSSF-BRB 
due to high risk of non-ductile destruction.

4.2  Internal force distribution

The normal strains in the column flanges combined with the 
flexural strains (i.e., strains owing to bending moment) and 
axial strains (i.e., strains owning to axial force). The bend-
ing moment in each column section (i.e. S3–S8 in Fig. 9) 
was calculated according to the strain measurement in the 
flanges of the corresponding section. Based on the sectional 
distribution rule of flexural and axial strains, the following 

theoretical formula was used to calculate bending moment 
(M) in each section:

where �1 and �2 are the average normal strains in the west 
and east flanges of the columns, respectively, and Ix is the 
second moment of area about the main axis.

The axial force in the column was considered to remain 
constant within the column length. Therefore, the axial col-
umn force was determined according to the strain quantities 
in column flanges measured at the mid-span section (i.e., S5 
and S6 in Fig. 9) by:

where Acol is the sectional area of the column.
The moment distributions in the columns at various 

loading stages are depicted in Fig. 18. The position of 
each section in the horizontal axis was in proportion to 
the actual position of each section in the columns. It was 
found that the calculated results of bending moment in col-
umn ends became unreliable when the drift ratio exceeded 
1% due to inelastic strain. Therefore, the loading stages in 
Fig. 18 was limited to the loading stages from − 1 to 1%, 
where the framing members essentially remained within 

(5)M =
EIx

(

�1 − �2
)

dc
,

(6)F =
EAcol

(

�1 + �2
)

2
,
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the elastic range. For both specimens, the bending moment 
in the column varied almost linearly along the column 
length. The maximum moment appeared at both ends of 
the column, and the moment typically increased propor-
tionally with the horizontal deformation. The inflection 
point remained unchanged with various loading ampli-
tudes. A comparison between the two specimens showed 

that the effect of � on the column bending distribution was 
minimal.

The curves of the column axial force versus the horizontal 
displacement are plotted in Fig. 19. The actual initial axial 
forces in the west column of SP-1, the west column of SP-2, 
the east column of SP-1, and east column of SP-2 were 996 
kN, 1015 kN, 1039 kN, and 1044 kN, respectively. These 

Fig. 18  Moment distribution in 
the columns
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values were slightly lower than the load (1100kN) applied on 
the hat plate of each column, owing to the unfavorable con-
tribution of the BRB to the vertical load, as described previ-
ously. For the west columns in both specimens (Fig. 19a), 
with the increase of horizontal displacement, the axial forces 
varied in proportion to the component shear of the BRB, and 
the variation is larger with higher BRB stiffness. Tensile 
axial force appeared in the west column of SP-2 with large 
positive displacement. The variation of the axial force in 
the east column was relatively gentle. (Fig. 19b). Given that 
the vertical load on the column top was monitored and kept 
constant during the test, the most possible source of the axial 
force variation in east column was the frame effect.

4.3  Energy dissipation capacity

The energy dissipation capacity of a structure describes the 
ability of the structure to absorb seismic energy. The energy 

dissipation of the specimens corresponded to the area of the 
hysteretic loops. The loop energy dissipation and cumulative 
energy dissipation of the specimens are plotted in Fig. 20. 
It was found that the loop and cumulated energy dissipation 
increased with the loading process from the initial loading 
stage. The specimen with higher � had higher energy dis-
sipation capacity. The energy dissipations in the loading 
cycles with same drift ratio were almost unchanged.

The energy dissipation ratios of the frames and BRBs are 
plotted in Fig. 21. It was observed that the BRB dissipated 
most of the seismic energy, particularly in the BRB harden-
ing phase, where the dissipated energy of BRB were very 
closed to those of the overall specimen. It indicated that 
BRB provide enhanced energy dissipation capacity for the 
structure, and the inelastic deformation was limited to the 
BRB in the BRB hardening phase.

Table 2 lists the performance indexes of both specimens. 
The yield displacement ( uy1 ) and yield force of BRBs ( Fy1 ) 

Fig. 20  Cycle energy dissipa-
tion and cumulated energy 
dissipation of specimens
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of specimens
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Table 2  Performance indexes of 
specimens

uy1 is yield displacement of the BRB; Py1 is inter-story shear corresponding to uy1 ; uy2 is yield displacement 
of the HSS frame; Py2 is inter-story shear corresponding to uy2 ; Ke is initial stiffness; � is effective displace-
ment ductility ratio; s is overstrength factor; R is strength reduction factor

Specimen Direction u1(mm) �y1 Fy1(kN) u2(mm) �y2 Fy2(kN) � s R

SP-1 Positive 6.4 0.26% 522 38.4 1.5% 1098 6.0 0.48 2.9
Negative 5.1 0.20% 406 44.0 1.8% 1219 8.6 0.33 2.9

SP-2 Positive 6.7 0.27% 811 33.8 1.4% 1463 5.0 0.55 2.8
Negative 4.7 0.19% 672 38.6 1.5% 1538 8.2 0.44 3.6
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were directly obtained from the hysteresis curves in Fig. 15. 
The yield displacement ( uy2 ) and yield force ( Fy2 ) of the 
steel frames were determined based on the skeleton curves 
(Fig. 14) using the “equivalent initial stiffness method” [22], 
where the initial stiffness was obtained as the slop between 
the origin and the point that corresponded to 0.1 times the 
ultimate load (Fig. 22). The effective displacement ductility 
ratio was defined as �=uy2

/

uy1 , and the overstrength factor 
was defined as s = Fy1

/

Fy2 . According to the “equal dis-
placement rule” proposed by Newmark and Hall [23], the 
actual reduction factor was calculated as R = � × s . It was 
found that HSS frames exhibited large elastic deformation 
capacity, and the equivalent yield drift ratios for both HSS 
frames in both directions ranged from 1.4 to 1.8%. Accord-
ingly, the effective ductility ratios of the two specimens in 
both directions ranged from 5.0 to 8.6, which indicated that 
the BRB developed adequate plastic deformation in the 
BRB hardening phase. The strength reduction factors ranged 
between 2.8 and 3.6, which indicated favorable capacity for 
reducing actions of the seismic forces.

5  Conclusions

An innovative dual system combined of HSS frame and BRB 
was studied in this paper. Two half-scaled HSSF-BRB speci-
mens with different stiffness ratio between BRB and HSS 
frame were designed, fabricated and tested. The seismic 
performance of the HSSF-BRB specimens was evaluated 
based on the test results and follow-up analyses. The main 
conclusions of this study are summarized as follows:

1. The test observations of the HSSF-BRB specimens in 
the pseudo-static test can be summarized as: overall 
elastic deformation, yielding and hardening of the BRB, 
partial plastic deformation at the ends of the columns 
and beams, and fracture in the column base.

2. The specimens enforced an stable overall ductile mecha-
nism in the pseudo-static test. Both specimens exhibited 

favorable seismic performance, such as large deforma-
tion capacity, high elastic stiffness, significant effective 
ductility, excellent energy dissipation capacity and high 
strength reduction factor. Specimen with larger � had 
higher lateral stiffness, strength and energy dissipa-
tion capacity. The characteristics of both specimens in 
the pseudo-static test can be divided into three typical 
phases, which were described as overall elastic phase, 
BRB hardening phase, and failing phase.

3. The BRB hardening phase was characterized by high 
energy dissipation capacity, and the plastic deformation 
was limited to the BRB. Therefore, the ductile demand 
of HSS member in HSSF-BRB was reduced.

4. The horizontal force was shared by the BRB and the 
HSS frame. The BRB carried most of the story shear at 
low displacement levels, which was crucial for the flex-
ible seismic design under frequent earthquakes.

5. High level of tensile stress appeared in the column base 
with large story drift, particularly for those with high � , 
resulting in fracture in the column base. Therefore, the 
column base should be strengthened in practical applica-
tions.

6. Despite the detailed discussion of the test results 
reported in this paper, finite element model will be 
established based on the test data in the following inves-
tigation to provide a better understanding of the seismic 
performance of HSSF-BRB. The major seismic param-
eters of HSSF-BRB (i.e. ductility, overstrength ratio, 
strength reduction factor and so on) will be discussed 
and compared with those of common BRB frames.
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