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The main purpose of this paper is to evaluate the structural response of composite steel-concrete eccentrically 
buckling-restrained braced frames (BRBFs). The finite element (FE) software ABAQUS is employed to nonlinearly 
analyse the BRBFs. Comparing the modelling and experimental test results validates the FE modelling method of 
the BRBF. Three different strong earthquake records of Tabas, Northridge, and Chi-Chi are selected for the nonlinear 
dynamic analyses. A BRBF is then designed having a shear link. Afterwards, the designed BRBF is analysed under 
the selected earthquake records using the validated modelling method. The lateral displacements, base shears, and 
energy dissipations of the frame and shear link rotations are achieved from the analyses of the BRBF. The results are 
compared and discussed. The obtained BRBF results are also compared with their corresponding steel eccentrically 
braced frame (EBF) results. It is concluded that the BRBF can generally accomplish the improved structural response 
compared with the EBF under the earthquake records. Meanwhile, the BRBF has larger base shear capacity than the 
EBF. Moreover, the BRBF dissipates more energy than the EBF.

Key words: buckling-restrained braced frame, composite, concrete, steel, lateral displacement, base shear, energy 
dissipation, dynamic analysis

INTRODUCTION

Buckling-restrained brace (BRB) is one of the latest ad-
vances in lateral-resistant structures. The BRB has been 
implemented in structures throughout the world to pre-
vent them from earthquake damages. The characteristic 
feature of the BRB is the buckling-restrained behaviour 
provided by encasing a steel core inside a buckling re-
straint system. However, research projects have suggest-
ed different ways of doing so over the years. In common 
braces, buckling of the brace against compressive forces 
is the cause of reducing its stiffness and strength which 
impedes the proper nonlinear behaviour of the structure 
and thereby decreases the ductility. Strengthening the 
brace against buckling increases its ductility and allows 
it to behave similarly against tensile and compressive 
forces. The BRB is an elastoplastic energy dissipater 
that is used to control the deformations resulting from 
lateral loads on the structure. The BRB dissipates most 
of the earthquake energy by a slender member protect-
ed against buckling. A typical BRB has a yielding steel 
core and a concrete-filled steel tube to prevent buckling 
of the core. It also includes end joints to connect the BRB 
to the building steel frame which creates the composite 
steel-concrete eccentrically buckling-restrained braced 
frame (BRBF).
The link length is an important issue in the design 
of the BRBFs and steel eccentrically braced frames 
(EBFs). Short and long links have shear and flexural 
failures, respectively. Studies have demonstrated bet-

ter performance of the short links than long links. The 
link length is limited to equation (1) in order to have 
the shear failure prior to flexural failure, accordingly, it 
is called a shear link. However, if the link length meets 
the requirement of equation (2), it is a moment link.  

(1)

(2)

where e, Mp and Vp are the link length, plastic moment 
capacity, and plastic shear capacity of the link section, 
respectively.
On the other hand, if the link length is between the rang-
es of equations (1) and (2), it has simultaneous flexur-
al-shear failure and is a moment-shear link.
Many research efforts have been directed towards the 
BRBs. A tube was utilised as a lateral support to prevent 
an axially loaded steel rod from buckling by Hollander 
[1]. The BRB has been used to avoid buckling of the tra-
ditional brace under earthquakes since the 1970s. Wak-
abayashi et al. [2] performed tests on BRBs applying dif-
ferent de-bonding materials between the brace and the 
buckling-restraint unit to decrease the friction. The prac-
tical application of BRBs was first achieved by Watanabe 
et al. [3]. Since then, the BRBs have widely been em-
ployed in tall buildings worldwide [4]. The design of the 
BRB as a damper to dissipate seismic energy was pro-

591*Alireza.Bahrami@hig.se



        Istraživanja i projektovanja za privredu ISSN 1451-4117 
Journal of Applied Engineering Science  Vol. 18, No. 4, 2020

Component
Yield 

Stress 
(MPa)

Yield 
Strain

Ultimate 
Stress 
(MPa)

Ultimate 
Strain

Steel core 297.5 0.0022 449.8 0.21

Steel tube 370 0.0025 403.4 0.33

Table 1: Material properties of steel core and tube

Component
Compressive 

Strength at 7 Days 
(MPa)

Compressive 
Strength at 28 Days 

(MPa)
Concrete 25 30

Table 2: Material properties of concrete infill

Mesh Size 
(mm)

Number of 
Elements

Maximum 
Tensile Force 

 (kN)

15 7276 226.23
20 3869 219.78
30 1716 209.10
40 923 205.03
50 693 202.74
60 575 189.87

Table 3: Results from convergence study

posed by Wada et al. [5]. Sabelli et al. [6] presented the 
seismic response of three- and six-storey concentrically 
braced frames using BRBs. Ju et al. [7] experimentally 
examined the load carrying capacity of BRBs composed 
of an H-shaped core element and an external tube. The 
contact force between the core and external restraining 
members was assessed by Jiang et al. [8] to investigate 
the performance of BRBs. The seismic behaviour of re-
inforced concrete (RC) structures retrofitted with BRBs 
was evaluated by Yang et al. [9] through testing two sin-
gle-bay and three-storey RC frames specimens. An ex-
perimental research was carried out by Tsai et al. [10] 
on a BRB with inspection windows which allowed direct 
observation of the conditions of internal components of 
the BRB. Jia et al. [11] studied self-centring dual-steel 
BRBs consisting of a low-yield-point steel and a high 
strength steel. Hysteretic response of BRBs having var-
ious core materials, steel, and aluminium alloy and with 
various end connections was numerically examined by 
Avci-Karatas et al. [12]. Sadeghi and Rofooei [13] as-
sessed the seismic performance of diagrids equipped 
with BRBs. The optimal design of steel BRBs against 
global buckling was done by Pan et al. [14]. Wang et 
al. [15] proposed a BRB with a gap-supported tendon 
protection in parallel. Zhu et al. [16] presented a study 
on the load carrying capacity and design method for a 
shuttle-shaped truss-confined BRB.
However, the investigation such as the current study 
on the evaluation of BRBFs under three different earth-
quake records of Tabas, Northridge, and Chi-Chi is rare 
which is offered herein.
This paper concentrates on the evaluation of the struc-
tural response of composite steel-concrete eccentrically 
BRBFs. The nonlinear dynamic analyses are conducted 
using the FE software ABAQUS. The validation of the 
BRBF modelling is carried out by comparing its result 
with the experimental test result. Thereafter, a BRBF 
is designed having a shear link. The validated model-
ling method is utilised for the analyses of the designed 
BRBF under three different earthquake records of Tabas, 
Northridge, and Chi-Chi. The results of the analyses are 
demonstrated as the lateral displacements, base shears, 
and energy dissipations of the frame and shear link rota-
tions. The obtained BRBF results are compared and dis-
cussed. Also, the BRBF results are compared with their 
corresponding EBF results.

EXPERIMENTAL TEST

To validate the FE modelling, an experimentally tested 
BRB [17] was modelled in this study. In the experimental 
testing, the length and cross-sectional area of the steel 
core were 100 cm and 6.4 cm2, respectively. The tube di-
mensions were 120 × 120 × 3 mm. Material properties of 
the steel and concrete are summarised in Tables 1 and 2, 
respectively. Cyclic loading was applied to the specimen 
based on the recommended provisions in FEMA 450 
[18]. The test setup is shown in Figure 1. A 300 kN actu-

ator was used to conduct the test. As it can be observed 
from the figure, the test setup consisted of a hydraulic 
actuator, two end reaction blocks, a test specimen, and 
an auxiliary rigid member that facilitated the specimen 
fitting. Moreover, the figure illustrates the location of 
the global displacement instrumentation including two 
LVDTs placed at the end of the specimen. Strain gauges 
were also installed throughout the specimen to take the 
local instrumentation into account. Pinned connections 
were utilised. Figure 2 displays the test of the BRB.

FE MODELLING

The solid element C3D8R was utilised to model the steel 
core and concrete infill of the specimen. Also, the shell 
element S4R was used for modelling the steel tube of the 
specimen. An essential part of the modelling was the ma-
terial modelling which was carried out accurately. A bilin-
ear steel material model was considered for modelling 
the steel having kinematic hardening behaviour. A con-
crete damage plasticity model was employed to model 
the concrete [19]. The same loading and boundary con-
ditions as those of the tested specimen were adopted 
in the modelling. According to the applied convergence 
study on the mesh size of the model, the mesh size of 
15 mm was found suitable for the analysis, because it 
could accomplish more accurate result. The results ob-
tained from the convergence study are listed in Table 3.  
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Figure 1: Test setup [17]

Figure 2: Test [17] Figure 3: Modelled BRB

Figure 4: Stress distribution in modelled BRB with meshing

Figure 5: Comparison of modelling result (ABAQUS) 
with experimental and numerical results

The aforementioned features of the tested specimen 
were all accounted for the modelling. The modelled BRB 
is indicated in Figure 3. Also, the stress distribution in the 
modelled BRB with meshing is elaborated in Figure 4. 
The obtained result from the modelling is illustrated in the 
form of load-displacement plot. The modelling (ABAQUS) 
result of this study is compared with the results of the ex-
perimental test and numerical study [17] in Figure 5. Also, 
the maximum compressive and tensile forces achieved 
from the modelling (ABAQUS) are compared with those 
of the experimental test in Table 4. As can be witnessed 
from the table, the obtained maximum compressive and 
tensile forces from the modelling are a little different 
from their corresponding experimental test forces. These 
approximations are within the acceptable accuracy.  
Moreover, it can be seen from Figure 5 that the model-
ling (ABAQUS), experimental, and numerical curves lie 
close to each other.Therefore, it can be concluded from 
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Force
Experimental 
Test Result 

E

ABAQUS 
Result 

A
A/E

Maximum 
compressive 

force (kN)
258 250.71 0.972

Maximum  
tensile force (kN) 243.28 226.23 0.930

Table 4: Comparison of maximum compressive and 
tensile forces from ABAQUS with experimental test

Earthquake Year
MW

(Richter Scale)
PGA 
(g)

PGV 
(cm/s)

PGD 
(cm)

Northridge 1994 6.70 0.349 32.25 9.30

Chi-Chi 1999 7.70 0.89 98 15.85

Tabas 1978 7.40 0.928 111.35 91.10

Table 5: Specifications of earthquake records

Figure 6: Modelled BRBF

Figure 7: Lateral displacement of BRBF subjected to Tabas record
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the figure and table that the proposed FE modelling is 
completely able of predicting the response of the BRBs 
accurately. Hence, the modelling method was employed 
for further analyses of the BRBs in this research.

EARTHQUAKE RECORDS 

To analyse the BRBF under the earthquake loading, 
three different accelerograms were selected. Specifica-
tions of these accelerograms are summarised in Table 5. 
MW, PGA, PGV, and PGD are respectively as the magni-
tude of the earthquake, peak ground acceleration, peak 
ground velocity, and peak ground displacement.

DESIGN OF BRBF 

This section deals with the design of a BRBF having a 
shear link. Since the response of the BRBF is also com-
pared with its corresponding EBF under the earthquake 
records in the current study, the BRBF was designed 
with the same geometrical dimensions of the EBF [20]. 
Thus, the height and width (L) of the specimen were 

selected as 3150 mm and 3660 mm, respectively. The 
BRBF was designed with the shear link as the same as 
the EBF. Accordingly, the length of the shear links of the 
BRBF and EBF was 500 mm. The dimensions and spac-
ing of the stiffeners in the link of the BRBF were also 
similar to those in the EBF. The loading on the BRBF 
was the above-mentioned earthquake records. The sol-
id element C3D8R was utilised to model the steel core 
and concrete infill of the BRBF, and the shell element 
S4R was used to model the steel tube and other steel 
members of the BRBF. The columns ends supports were 
pinned. Figure 6 demonstrates the modelled BRBF. The 
BRBF was analysed dynamically under the selected re-
cords. The results of the analyses are presented in the 
following section.

RESULTS AND DISCUSSIONS

From the obtained results, the effects of the records as 
the lateral displacement, base shear, and energy dissi-
pation of the frame and also the shear link rotation are 
discussed for the BRBF. Further, these results are com-
pared with their corresponding results of the analysed 
EBF.
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Figure 8: Lateral displacement of BRBF subjected to Chi-Chi record

Figure 9: Lateral displacement of BRBF subjected to Northridge record
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Lateral displacements 

Figures 7-9 illustrate the achieved lateral displace-
ment graphs from the analyses of the BRBF under the 
records. The maximum lateral displacements of the 
BRBF subjected to the records of Tabas, Chi-Chi, and 
Northridge are respectively as 1.9 cm, 1.2 cm, and 1.92 
cm, as shown in Figure 10. Accordingly, the maximum 
lateral displacements of the BRBF under the Tabas and 
Northridge records are respectively 58.3% and 60% larg-
er than that of the frame subjected to the Chi-Chi record.
Meanwhile, it can be seen from Figure 10 that the lateral 
displacements of the BRBF are not directly proportional 
to the PGAs of their records, whilst, they are in a direct 
proportion for the EBF (Figure 11). On the other hand,  
the results in Figure 11 elaborate that if the BRBF is 
used, the lateral displacement of the frame is reduced. It 
is due to the higher stiffness of the BRBF than the con-
ventional EBF which increases the overall stiffness of 
the system and reduces the lateral displacement of the 
frame. It should be noted that only the maximum lateral 
displacement of the BRBF under the Northridge record 
is slightly larger than that of the EBF. It is because of the 
point that many variables can also influence the dynamic 
behaviour of structures such as the ratio of the structure 
frequency to the earthquake frequency, the far or near 
fault record used, the record duration, and the earth-
quake energy. Consequently, many uncertainties are 
involved in the dynamic behaviour of structures under 
earthquake loadings that make the structural response 
against these variables unpredictable.

Base shears

The obtained base shear graphs of the BRBF subject-
ed to the records are displayed in Figures 12-14. The 
difference of the maximum base shears of the frame 
subjected to the Tabas (9361 kN) and Chi-Chi (9203 kN) 
records is small. However, the maximum base shear of 
the frame under the Northridge record is 5298 kN. There-
fore, the maximum base shears of the BRBF subject-
ed to the Tabas and Chi-Chi records are respectively 

Figure 10: Comparison of maximum lateral  
displacements of BRBF subjected to different records

Earthquake records
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Figure 11: Comparison of maximum lateral displacements of BRBF and EBF subjected to different records

Figure 12: Base shear of BRBF subjected to Tabas record

Figure 13: Base shear of BRBF subjected to Chi-Chi record
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76.7% and 73.7% greater than that of the frame under 
the Northridge record (Figure 15). In addition, it can be 
witnessed from Figure 16 that the use of the BRBF in-
creases the base shear capacity of the frame compared 
with the EBF. The reason for this issue can be attributed 
to the failure mode and the delay in starting the failure of 
the frame in the BRBF which makes the capacity of the 
structure more efficiently utilised.

Energy dissipations

Figures 17-19 show the energy dissipation graphs of the 
BRBF under the records. According to Figure 20, the 
maximum energy dissipations of the frame under the Ta-
bas, Chi-Chi, and Northridge records are respectively as 
201070 kN-cm, 23542 kN-cm, and 7440 kN-cm. Utilising 
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Figure 14: Base shear of BRBF subjected to Northridge record

Figure 15: Comparison of maximum base shears of 
BRBF subjected to different records

Figure 16: Comparison of maximum base shears of BRBF and EBF subjected to different records

Figure 17: Energy dissipation of BRBF subjected to 
Tabas record

Figure 18: Energy dissipation of BRBF subjected to 
Chi-Chi record
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the BRBF improves the energy dissipation of the frame 
compared with the EBF (Figure 21). Using the BRBF 
under the Tabas record has led to 79.4% more energy 
dissipation than employing the EBF.
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Figure 19: Energy dissipation of BRBF subjected to 
Northridge record

Figure 20: Comparison of maximum energy dissipations 
of BRBF subjected to different records

Figure 21: Comparison of maximum energy dissipations of BRBF and EBF subjected to different records

Figure 22: Comparison of maximum link rotations of 
BRBF subjected to different records
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Rotations

Figure 22 presents the comparison of the maximum 
shear link rotations of the BRBF under the records. The 
rotations of the shear link were calculated by the use of 
equation (3):

where L, e, Δ, and h are the width (frame span length), 
link length, frame lateral displacement, and frame height, 
respectively.
Since the link rotation is directly proportional to the 
lateral displacement of the frame and the hierarchy of 
the maximum lateral displacements of the frame under 
the earthquakes is Northridge, Tabas, and Chi-Chi, the 
same hierarchy can also be observed for the maximum 
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Figure 23: Comparison of maximum link rotations of BRBF and EBF subjected to different records
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link rotations, as indicated in Figure 22. Comparing the 
maximum link rotations of the BRBF and EBF under dif-
ferent records in Figure 23 implies that utilising the BRBF 
decreases the link rotation compared with the EBF. The 
maximum link rotation of the BRBF under the Tabas re-
cord is about 2 times smaller than that of the EBF which 
emphasises the effectiveness of using the BRBF. How-
ever, the same point of the previously mentioned uncer-
tainties in predicting the dynamic behaviour of structures 
under the earthquake loads can also be noticed herein 
for the maximum link rotations of the BRBF and EBF un-
der the Northridge record which have a slight difference.

CONCLUSIONS

The structural response of the composite steel-concrete 
eccentrically BRBFs was examined under three different 
earthquake records. The analyses of the BRBFs were 
performed using the FE software ABAQUS. After validat-
ing the modelling of this study by comparison of its result 
with the experimental test result, a BRBF was designed 
having a shear link. The designed BRBF was then ana-
lysed under the selected earthquake records of Tabas, 
Northridge, and Chi-Chi. The obtained results from the 
analyses were displayed as the lateral displacements, 
base shears, and energy dissipations of the frame and 
shear link rotations. These results were compared and 
discussed, as well. The obtained BRBF results were also 
compared with their corresponding EBF results. Better 
structural response of the BRBF than the EBF was con-
cluded for all the base shears and energy dissipations 
of the frame, and for most cases of the lateral displace-
ments of the frame and also the shear link rotations. The 
BRBF provided greater base shear capacity and more 
energy dissipation than the EBF. Hence, a frame consist-
ing of the BRB emerged as a practically effective option 
to resist the large lateral loads.
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