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A new type of core-separated buckling-restrained braces, namely a core-separated battened buckling-
restrained brace (B-BRB) has been proposed. Its load-carrying capacity and hysteretic response are inves-
tigated theoretically and experimentally in this paper. The B-BRB has a remarkable advantage over a com-
mon buckling-restrained brace (BRB), in which the newly formed cross-section of the B-BRB is spread
outwards by spacing two cores, hence resulting in higher material utilization efficiency in its structural
design. In addition, the two independent all-steel BRBs, each having a single plate core simply in-filled in
a narrow hollow section, are connected by longitudinally distributed battens rather than continuous
plates. Based on the elastic-plastic FE analysis of a B-BRB under monotonic compressive load, its ultimate
resistance and failure modes are investigated numerically, considering the effect of its overall initial geo-
metric imperfection. An interaction formula between normalized slenderness ratio and buckling factor of
the B-BRB is proposed for predicting its ultimate load-carrying capacity. Consequently, the hysteretic
response of the B-BRB is explored through elastic-plastic FE analysis. The maximum normalized slender-
ness ratios of the B-BRBs required for a load-bearing type and an energy-dissipation type are proposed in
their strength designs, respectively. Ultimately, hysteretic responses of five B-BRB specimens have been
experimentally investigated. The experimental results are compared with the FE numerical analysis,
which considers plate local buckling of all components of the B-BRBs. The comparison has verified the
rationality of the proposed design method.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

A buckling restrained brace (BRB) is generally composed of an
inner core and an external restraining system. The inner core only
sustains the axial load and the external restraining system imposes
a lateral restraining action outside the core in order to prevent the
core from deforming laterally. This effectively overcomes overall
buckling of the core under axial loads. Hence, both the load-
carrying capacity under monotonic compression, and the energy-
dissipation capability under cyclic loads are increased. Therefore,
BRBs have been widely used in frame structures as concentric
loaded bracing members.

In a common BRB, the external restraining system is typically
made out of concrete or a concrete-infilled tube [Fig. 1a] [1–5].
The dimensions of common BRBs could be increased significantly
when they are subjected to higher axial forces in engineering
applications. Consequently, this results in large self-weight, diffi-
culty in their manufacture, transportation and installation. Such
heavy BRBs may also induce additional seismic actions during an
earthquake. Because of these problems, researchers have proposed
light-weight all-steel BRBs and all-steel assembled BRBs in recent
years [6–9]. The external restraining system is composed of several
profiled steels, which are connected together by high strength
bolts. This decreases the self-weight of the BRBs significantly,
and they are easy and convenient to be assembled on-site. More-
over, the yielded inner core could be easily replaced after an earth-
quake, while the external restraining system could be conveniently
inspected and reutilized. More recently, in order to meet a more
light-weight design, Guo et al. [10–11] proposed a new type of
BRBs, namely web-connecting core-separated BRB (WCCS-BRB).
This study intends to replace the continuous web plates in the
WCCS-BRB by a series of longitudinally distributed steel battens,
thus forming a core-separated battened buckling-restrained brace
(B-BRB), as illustrated in Fig. 1b and Fig. 1c. The external restrain-
ing system of the B-BRB behaves like a battened column [12]. Sim-
ilar to the WCCS-BRB, the B-BRB consists of two independent all-
steel BRBs, which are spaced and connected together by a series
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Nomenclature

f restraining ratio, dimensionless
Pcr elastic buckling load of a BRB, N
Pcr;w elastic buckling load of a WCCS-BRB, N
Py;c axial yield load of the steel cores, N
Py;c1 full cross-sectional yield load of each core, N
b compression strength adjustment factor, dimensionless
x strain hardening adjustment factor, dimensionless
b1 proposed coefficient in calculation of Pcr;w, dimension-

less
Ec1 Young’s modulus of steel core, GPa
Ic1 sectional second moment of area of steel core, mm4

Ee Young’s modulus of external restraining hollow section,
GPa

Ie sectional second moment of area of external restraining
system, mm4

Ie1 sectional second moment of area of an external restrain-
ing hollow section, mm4

Ib sum of sectional second moment of area of two steel
battens, mm4

l overall length of WCCS-BRB or B-BRB, mm
l1 distance between two central axes of adjacent steel bat-

tens, mm
ln1 net distance between adjacent steel battens, mm
Ac1 cross-sectional area of a steel core, mm2

Ae1 cross-sectional area of an external restraining hollow
section, mm2

Ab sum of cross-sectional area two steel battens, mm2

b length of core stiffener or distance between two central
axes of individual all-steel BRBs, mm

Pcr;b elastic buckling load of a B-BRB, N
a proposed coefficient in calculation of Pcr;b, dimension-

less
Ke shear stiffness of the equivalent external restraining

system, N
G shear modulus, GPa
j ratio of linear stiffness between steel batten and hollow

section segment, dimensionless
E1 Young’s modulus of each individual all-steel BRB, GPa
Eb Young’s modulus of steel batten, GPa
I1 sectional second moment of area of each individual all-

steel BRB, mm4

Mb bending moment exerted at the end of the steel battens,
kN m

i linear stiffness of steel battens, N mm
h rotation at the end of each individual all-steel BRB,

�(degree)

Pcr;1 elastic buckling load of each individual all-steel BRB, N
u buckling factor, dimensionless
ux buckling factor of B-BRB bending about x-axis, dimen-

sionless
Pu ultimate load-carrying capacity of a BRB, N
�k normalized slenderness ratio of a B-BRB, dimensionless
�k1 normalized slenderness ratio of each individual all-steel

BRB, dimensionless
�k0x normalized slenderness ratio of B-BRB bending about x-

axis, dimensionless
�k�0x critical value of normalized slenderness ratio of B-BRB

bending about x-axis as an energy-dissipation type,
dimensionless

�k��0x critical value of normalized slenderness ratio of B-BRB
bending about x-axis as a load-bearing type, dimension-
less

U1 coefficient in Ayrton-Perry equation, dimensionless
m Poisson’s ratio, dimensionless
fy,e yield strength of external restraining hollow section,

MPa
fy,c yield strength of core, MPa
fu tensile strength of steel, MPa
a ratio of yield strength of external restraining hollow

section to core, dimensionless
v0 equivalent amplitude of the initial geometric imperfec-

tion, mm
a1 back stress, MPa
�epl equivalent plastic strain, dimensionless
C kinematic hardening modulus, GPa
c kinematic hardening rate factor, dimensionless
n number of kinematic hardening model that can be

superimposed, dimensionless
Pc,max maximum compressive load, kN
Pt,max maximum tensile load, kN
lmax maximum ductility, dimensionless
lc cumulative ductility, dimensionless
bc width of a steel core plate, mm
tc thickness of a steel core plate, mm
be width of an external restraining hollow section, mm
he height of an external restraining hollow section, mm
te thickness of an external restraining hollow section, mm
hb height of a steel batten, mm
tb thickness of a steel batten, mm
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of longitudinally distributed steel battens (instead of continuous
web plates), thus forming a sectional cavity. Each of the two all-
steel BRBs is a single plate core simply in-filled in a welded narrow
hollow section. Due to the cross-section being spread outwards,
and the sectional cavity created by spacing the two all-steel
single-core BRBs, the overall sectional flexural stiffness and sec-
tional second moment of area would increase significantly. Fur-
thermore, the most direct method to significantly improve the
material utilization efficiency of the braces can be achieved by
adjusting the distance between the two all-steel single-core BRBs.
Thus, the B-BRB becomes more economical in its structural design
as compared to the common single-core BRB. In addition, the two
cores extend beyond the external restraining system of the two all-
steel single-core BRBs, and they are connected by core stiffeners at
the core ends, hence forming a stronger H-shaped cross-section
[Fig. 1c]. This remarkably increases the flexural stiffness thus
avoiding strength failure of the extension of the cores at each
end as usually happens in the common single-core BRBs [13].

Furthermore, three design requirements should be fulfilled in
order to guarantee the ductility of a BRB. Firstly, adequate restrain-
ing ratio is required to avoid overall instability of the BRB; sec-
ondly, the end extensions (including both the core and the
external restraining system) should possess sufficient stiffness
and strength to avoid strength or brittle failures that may occur
during the loading process. This is because the core ends lose
external restraint and may experience strength failure or brittle
failure due to low-cycle fatigue. Therefore, the strength and stiff-
ness of core ends have to be enhanced to maintain their elastic
behavior during the loading history; at last, the core itself has to
be sufficiently ductile or else the core would snap despite extre-
mely large external restraining stiffness, and sufficiently strong
end extensions of the BRB. In comparison to a common single-
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core BRB, the B-BRB can attain a higher sectional flexural stiffness,
and the end extensions of the cores can be more effectively
enhanced by forming an H-shaped section. Therefore, the B-BRB
could achieve the aforementioned ductility requirements more
easily than the common BRB. It should be particularly noted that,
unlike the WCCS-BRB, shear deformation of external restraining
system of the B-BRB must be taken into consideration in investi-
gating its elastic buckling and strength behavior in the theoretical
derivation, FE numerical analysis and design recommendation.
Fig. 1. Schematic Diagrams of a
In a frame structure, the BRBs can be designed as an energy-
dissipation type or a load-bearing type according to appropriate
structural design requirements. The energy-dissipation type of
BRBs not only requires its core to reach full cross-sectional yield-
ing, but also needs to satisfy relevant axial deformation require-
ment. For instance, the Chinese code for seismic design of
buildings (GB50011-2010) [14] requires that the decrease of the
key performance parameters of an energy-dissipation type of BRBs
shall not exceed 15% and no significant low-cycle fatigue should
common BRB and a B-BRB.



Fig. 2. Key geometric and sectional parameters of the B-BRB.

Fig. 3. Buckling modes for each individual all-steel single-core BRB.
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occur after 30 repetitive cycles of load. Similarly, AISC341-05 [15]
also requires that BRBs shall achieve a cumulative ductility of at
least 200. Hence, the energy-dissipation type of BRBs shall satisfy
the following two conditions: firstly, the core material needs to
have sufficient plastic deformation capability by ensuring that no
brittle fractures would occur under the required number of
tensile-compressive cycles of loads; secondly, the restraining stiff-
ness and yield strength of the restraining system shall also be
examined accordingly. This requires the external restraining sys-
tem to satisfy the lower limit of the restraining ratio of the
energy-dissipation type of BRBs. The load-bearing type of BRBs,
however, is mainly focused on its load-carrying capacity under
the static axial load, regardless of its hysteretic behavior under
the cyclic axial load.

Most of the investigations have been focused on the energy-
dissipation type of BRBs, and determines the lower limit of the
restraining ratio [1–8]. It is well known that a restraining ratio is
defined as the ratio of the overall elastic buckling load of a BRB
denoted by Pcr to the axial yield load of the core denoted by Py,c,
as expressed in Eq. (1). It should be noted that for both the load-
bearing and energy-dissipation types of BRBs to be involved in this
study, Py,c is defined as the initial axial yield load without consid-
ering strain hardening of the core for the calculation of restraining
ratio of the B-BRB. However, the effect of strain hardening and
post-yield behavior of the core has been involved in the derivation
and calculation of the lower limit of the restraining ratios of the B-
BRB [16]. This study firstly intends to investigate its elastic buck-
ling load, and to design the external restraining system such that
the restraining ratio is no less than its lower limit. This would
ensure the BRB to have sufficient restraining stiffness provided
by the external restraining system. It is therefore clear that the
investigation of elastic buckling load is a prerequisite for establish-
ing the design method of the BRBs.

f ¼ Pcr

Py;c
ð1Þ
Apparently, the lower limit of the restraining ratios of the
energy-dissipation type of BRBs must be obtained for design rec-
ommendation purposes. They are absolutely more stringent than
that of the load-bearing type of BRBs.

This paper theoretically and experimentally investigates the
elastic buckling performance, load-carrying capacity, hysteretic
response, and design recommendation for the B-BRB. Firstly, the
elastic buckling behavior of the B-BRB is discussed. Subsequently,
the normalized slenderness ratio and buckling factor are intro-
duced, in which they are two key parameters being used in the
load resistance design of the B-BRB. Secondly, the design formula
of the B-BRB as a load-bearing type is obtained through curve fit-
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ting from numerous elastic-plastic FE analytical results. This
design formula predicts the elastic-plastic load-carrying capacity
of the B-BRBs under monotonic compressive load, with the
assumption that buckling of each all-steel single-core BRB between
two adjacent battens would not occur before overall instability of
the B-BRB. Subsequently, elastic-plastic hysteretic analyses, and
experimental investigations are performed in order to obtain the
maximum normalized slenderness ratio for an energy-dissipation
type of B-BRBs. Ultimately, the design recommendation is pro-
posed and is verified through refined FE analyses as well as exper-
imental test results from five B-BRB specimens subjected to cyclic
loads.

2. Elastic buckling load of the B-BRB

Unlike the deduction of the elastic buckling load of a WCCS-BRB
by Guo et al. [10], the deduction of the elastic buckling load of the
B-BRB must take into account the following two key points. Firstly,
shear deformation of the external restraining system would signif-
icantly reduce the elastic buckling load of the B-BRB. Therefore, its
influence must be considered in the calculation of the elastic buck-
ling load when the B-BRB is bent about the x-axis, as illustrated in
Fig. 1. Secondly, the two all-steel single-core BRBs between each
two adjacent steel battens may buckle before the B-BRB buckles
globally, the elastic buckling load of each individual all-steel
single-core BRB must be determined. This is to find out the design
requirement, in which instability of each individual all-steel BRB
would not occur before the overall buckling of the B-BRB.

In a WCCS-BRB, the external restraining hollow sections and the
continuous webs are combined equivalently as an external
restraining system. Assuming the core stiffeners at the extension
of the cores are infinitely rigid, the elastic buckling load of the
pin-ended WCCS-BRB bending about x-axis is deduced, as shown
in Eq. (2) [10].

Pcr;w ¼ 4þ 3:192b1

1þ 3:192b1
� p

2ð2Ec1Ic1 þ EeIeÞ
l2

ð2Þ

b1 ¼ 2ð2Ec1Ic1 þ EeIeÞ
Ec1Ac1b

2 ð3Þ

Ie ¼ 2Ie1 þ 2Ae1ðb=2Þ2 ð4Þ
where b1 is a proposed coefficient in the calculation of Pcr;w; Ie and
EeIe are the sectional second moment of area, and the equivalent
flexural stiffness of the external restraining system respectively;
Ac1 and Ae1 are the cross-sectional area of each core and an external
restraining hollow section respectively; Ec1Ic1 is the flexural stiff-
ness of each core about its own centroidal axis; l is the overall
length of the WCCS-BRB (same as the B-BRB illustrated in
[Fig. 2c]) and b is the length of the core stiffener or the distance
between two central axes of individual all-steel BRBs, and they
are illustrated in Fig. 2.

For the B-BRB illustrated in Fig. 2, Zhang et al. [17] have consid-
ered equivalently the two external restraining narrow hollow sec-
tions and the steel battens as one external restraining system. In
addition, the elastic buckling load of the B-BRB bending about x-
axis is approximated as shown in Eq. (5) by considering the effect
of shear deformation of the external restraining system. The results
obtained from Eq. (5) are compared with FE numerical results con-
ducted by Zhang et al. [17], with a maximum error of 5%
approximately.

Pcr;b ¼ a � 2p
2Ec1Ic1
l2

þ
a � p2Ee Ie

l2

1þ a � p2Ee Ie
l2

1
Ke

ð5Þ
Ke ¼ bl1
12EIb

þ l21
24EeIe1

þ 1:2l1
bAbG

 !�1

ð6Þ

a ¼ ð4þ 3:192b1Þ=ð1þ 3:192b1Þ ð7Þ
where a is a proposed coefficient in the calculation of Pcr;b; Ke is the
shear stiffness of the equivalent external restraining system; Ie1 is
the sectional second moment of area of each hollow section bent
about its own centroidal axis; l1 is the distance between the two
central axes of the adjacent steel battens; Ab and Ib are the sum of
the cross-sectional area, and sum of the sectional second moment
of area of two steel battens respectively, and G is the shear modulus.

For the B-BRB, the ratio of the linear stiffness between the steel
batten and the hollow section segment (l1), is expressed in Eq. (8).

j ¼ EbIbl1
E1I1b

ð8Þ

where E1I1 is the flexural stiffness of each individual all-steel BRB,
and it can be calculated as the sum of Ec1Ic1 and Ee1Ie1.

Two possible buckling modes may occur for the individual all-
steel BRB of the B-BRB, namely antisymmetric buckling mode
[Fig. 3a], and symmetric buckling mode [Fig. 3b] [18,19]. Assuming
a rotation of h at the end of each individual all-steel BRB (Fig. 3),
according to the direct stiffness method or otherwise known as
the matrix stiffness method, the bending moment Mb exerted at
the end of the steel battens is expressed in Eq. (9) [20].

Mb ¼ 4ih� 2ih ð9Þ

i ¼ EbIb
b

ð10Þ

where i is the linear stiffness of the steel battens.
In the case of antisymmetric buckling mode, the direction of the

bending moment at each end of the steel batten is the same, hence:

Mb ¼ 6ih ¼ 6EbIb
b

ð11Þ

On the other hand, in the case of symmetric buckling mode, the
direction of the bending moment at each end of the steel batten
is opposite, hence:

Mb ¼ 2ih ¼ 2EbIb
b

ð12Þ

In order to balance the bending moments exerted at the end of the
steel battens, the bending moments exerted at the end regions of
the all-steel BRB due to the deformation of the steel battens become
3EbIb/b and EbIb/b under the antisymmetric and symmetric buckling
modes respectively. Hence, the rotational restraint of the all-steel
BRB provided by the steel battens under symmetric buckling mode
is less, and therefore, it is more easily to occur.

The equilibrium equation is obtained by using equilibrium
method when each individual all-steel BRB buckles locally, and a
solution can be obtained through curve fitting. Consequently, the
elastic buckling load of each individual all-steel BRB is obtained
as shown in Eq. (13).

Pcr;1 ¼ 5þ 2j
5þ j

� �2 p2E1I1
l21

ð13Þ

It can be seen from Eq. (13) that when j! 0, Pcr;1 ¼ p2E1I1=l
2
1, this

indicates that the segment of each individual all-steel BRB is pinned

at each end; when j ! 1, Pcr;1 ¼ 4p2E1I1=l
2
1, this indicates that the

segment of each individual all-steel BRB is fixed at each end. The
elastic FE analyses conducted by Zhang et al. [17] indicate that there
is a maximum of 2.3% deviation between the results obtained from
Eq. (13) and the FE analyses. The former is slightly lower than the



Table 1
Key geometric parameters for the numerical examples.

No. Core bc � tc (mm) Restraining tube be � he � te (mm) Steel batten b� hb � tb (mm) l1 (m) l (m) �k0x �k1=�k0x

Px1 180� 16 180� 36� 10 286� 160� 12 1.0 4–22 0.598–1.212 0.542–0.267
Px2 180� 16 180� 40� 12 180� 160� 12 1.0 4–22 0.567–1.610 0.480–0.169
Px3 200� 16 200� 40� 12 290� 160� 12 1.0 4–22 0.537–1.111 0.547–0.264
Px4 250� 20 250� 68� 24 248� 240� 36 1.0 6–24 0.358–1.028 0.386–0.135
Px5 200� 40 200� 50� 5 300� 200� 20 1.0 5–32 0.845–2.611 0.404–0.131
Px6 180� 16 180� 32� 8 282� 150� 10 0.5 4–22 0.570–1.508 0.472–0.178

(a) Computational model of the B-BRB bending about x-axis

(b) FE model of the B-BRB bending about x-axis

Fig. 4. Computational and FE model of the B-BRB bending about x-axis.
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latter, thus indicating a lower boundary design in the load-carrying
capacity of the individual all-steel single-core BRB would be
achieved.
3. Ultimate load-carrying capacity of the B-BRB under
monotonic axial compression

The ultimate load-carrying capacity Pu of a BRB under mono-
tonic compressive load is closely related to the restraining capabil-
ity of the external restraining system. For steel columns subjected
to axial load, both the Chinese code for design of steel structures
(GB50017-2003) [21] and Eurocode 3 [22] have established the
interaction curves between the buckling factor u and the normal-
ized slenderness ratio �k for predicting their ultimate load-carrying
capacities. This study refers to this approach, and establishes the
interaction curves between the buckling factor and the normalized
slenderness ratio of the B-BRB. In addition, this study intends to
find a maximum value of the normalized slenderness ratio, below
which the cores would reach full cross-sectional yielding before
the overall buckling occurs.

The buckling factor and normalized slenderness ratio of the B-
BRB are defined, as shown in Eq. (14) and Eq. (15). In fact, the nor-
malized slenderness ratio and the restraining ratio of the B-BRB are
both related by Eq.(15) as well [3,21].

u ¼ Pu

Py;c
ð14Þ

�k ¼
ffiffiffiffiffiffiffiffiffi
Py;c

Pcr;b

s
¼

ffiffiffi
1
n

s
ð15Þ

where the elastic buckling load Pcr,b of the B-BRB can be obtained
from Eqs. (4)–(6). Similarly, the normalized slenderness ratio of
each individual all-steel BRB is defined as:

�k1 ¼
ffiffiffiffiffiffiffiffiffi
Py;c1

Pcr;1

s
ð16Þ



(a) fy,e1=235MPa,  a1=1.00

(b) fy,e2=345MPa,  a2=1.47 

Fig. 5. The ux � �k0x interaction curves considering the overall initial geometric
imperfection of the B-BRBs.

Fig. 6. The ux � �k0x interaction curve considering the initial geometric imperfection
of each individual all-steel BRB.
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where Py,c1 is the full cross-sectional yield load of each core, and
Pcr,1 can be obtained from Eq. (13). A detailed analytical calculation
procedure of the elastic buckling load of the B-BRB, hence the nor-
malized slenderness ratios of the overall B-BRB, and the individual
all-steel BRB from one of the numerical examples is provided and
compared with the FE result in Appendix A.

Six numerical examples of the B-BRBs (Table 1) are taken to
perform elastic-plastic FE analysis under monotonic compressive
load in order to obtain their ultimate load-carrying capacities. Each
geometric parameter of the numerical examples in Table 1 is illus-
trated in Fig. 2. The normalized slenderness ratio �k0x of the B-BRB
bending about x-axis in Table 1 is obtained from Eq. (15). In each
numerical example, the value of �k0x is designed to increase as a
result of a gradual increase in the overall length l of the B-BRB.

By utilizing the FE analysis software ANSYS12.1 [23], only the
load-carrying capacity of the B-BRB bending about x-axis is simu-
lated and calculated. A beam element model is adopted because
the FE numerical simulations only investigate the effect of restrain-
ing ratio or normalized slenderness ratio on the load-carrying
capacity of the B-BRB. It is known that the beam element model
is more time efficient, and could ensure accuracy of the results
for predicting the load-carrying capacity of the B-BRB. A refined
FE model on the other hand, is extremely time consuming by
adopting the shell and solid elements, and it is generally suitable
and efficient to simulate detailed construction, end extensions,
connections, gaps, and so forth. On the other hand, if the effect of
the detailed construction of end extensions and connections is
reflected in the refined FE model, it would cause distortions and
inaccuracies in determining the lower limit of the restraining ratio
of the B-BRB. In the computational [Fig. 4a] and FE [Fig. 4b] model
of the B-BRB, only BEAM188 element is implemented for all com-
ponents including the cores, the external restraining hollow sec-
tions, the steel battens, and the core stiffeners because it is more
time efficient. The BEAM188 element is based on the Timoshenko
beam theory, which includes sectional shear-deformation effects,
and it is suitable for analyzing slender to moderately thick beam
structures. Moreover, BEAM188 element has six degrees of free-
dom at each node including translations in the x, y and z directions
and rotations about the x, y and z directions. It is noted that the
beam element model of the numerical examples ignores the effect
of the core extension at its ends by assuming same axial length for
the core and the external restraining system. In addition, the corre-
sponding nodes of the external restraining hollow sections and the
cores are coupled in y direction for the lateral displacement, while
each of the cores and external restraining hollow sections can
deform axially independently to ensure axial friction between
them is neglected. However, at the mid-span of the B-BRB, the axial
displacement of the cores and the external restraining hollow sec-
tions are all coupled in order to avoid rigid body movement. More-
over, in terms of the boundary and loading conditions, the B-BRB is
pinned at both ends. At the loading end of the B-BRB, translations
are fully restrained in x and y directions, and rotations are fully
restrained about x and z directions; at the other end of the B-
BRB, translations are fully restrained in x, y and z directions, and
rotations are fully restrained about x and z directions. In addition,
an axial load is applied directly at the core stiffeners that are rigidly
connected to the two cores at their ends.

Normally, highly ductile steel is utilized for the core in a BRB,
and the strength grade of material in the external restraining sys-
tem shall not be less than that in the core. For the B-BRB, the steel
materials of the cores and external restraining hollow sections are
assumed to follow the von Mises yielding criterion by considering
strain hardening and post-yield behavior. The hardening parame-
ter of the steel material is assumed to correspond to a 0.02Ec1
(0.02Ee) hardening after initial yielding. The Young’s moduli of
the cores and the external restraining hollow sections are taken
as Ec1 = Ee = 206 GPa and the poison’s ratio m ¼ 0:3. The yield
strength of the core is fy,c = 235 MPa. It is noted from Eq. (14)
and Eq. (15) that the effect of yield strength of the external
restraining hollow sections are not reflected in both the buckling
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factor u and the normalized slenderness ratio �k. Thus, in the
numerical examples, the yield strengths of the external restraining
hollow sections are selected respectively as fy,e1 = 235 MPa and fy,
e2 = 345 MPa. The ratio of the yield strength of the external
restraining hollow section to the core is defined as a1 = fy,e1/fy,c
and a2 = fy,e2/fy,c. It should be noted that a higher yield strength
of the external restraining hollow sections would reduce the lower
limit of the restraining ratio of the B-BRB, and it is involved in
determining the lower limit of the restraining ratio. Initial geomet-
ric imperfection is applied to the overall B-BRB in an in-plane
single-wave sinusoidal distribution, and the equivalent amplitude
of the initial geometric imperfection is defined as v0 ¼ l=500
[21]. The B-BRB is pinned at both ends, and load is applied mono-
tonically at the mid-span of the core stiffener located at the left-
hand side, as illustrated in Fig. 4. Moreover, load is increased by
controlling the axial displacement of the cores such that the
amount of axial displacement is equal to 2.00% of the core length.

The ux � �k0x interaction curves obtained from the beam ele-
ment model mentioned above is illustrated in Fig. 5. Apparently,
for a B-BRB with very small values of �k0x, which means that its
restraining ratio is sufficiently large, then full cross-sectional yield
load Py,c of the cores can be achieved absolutely. In other words,
the cores can reach a 2% axial compressive strain. As the value of
�k0x increases, the external restraint becomes weaker. When �k0x is
greater than a critical value, buckling of B-BRB would occur before
full cross-sectional yield load Py,c of the cores is achieved. An addi-
tional parameter u0 (as shown in Fig. 5), which represents the
strain hardening of the core with a maximum strain amplitude of
2% under monotonic compression, is involved in the FE analysis
of ultimate resistance of the B-BRB. The value of u0 is suggested
as 1.33 in this case, which is obtained based on the 0.02Ec1 harden-
ing of the steel core after its initial yielding. The value of u0 should
be modified when the level of hardening of the steel core and the
loading protocol are altered. Fig. 5 also illustrates the design curves
of columns (type b) in GB 50017-2003 and Eurocode3 for compar-
isons. It is clear that the existing design curves for predicting the
column strength in GB 50017-2003 and Eurocode3 cannot be
directly used as a prediction for the load-carrying capacity of the
B-BRBs.

According to the FE results from Fig. 5, and applying Ayrton-
Perry equation [22], the interactive design curve for predicting
the load-carrying capacity of the B-BRB bending about x-axis can
be obtained conservatively as shown in Eq. (17).

ux ¼
1:33

U1 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2

1 � k20x

q ; where ux 6 u0

u0 ¼ 1:33;U1 ¼ 0:5½1þ 1:3ðk0x � �k��0xÞ=
ffiffiffi
a

p þ k20x�
ð17Þ

where ux is the buckling factor of B-BRB bending about x-axis; U1 is
the coefficient in Ayrton-Perry equation; �k��0x is the critical value of
normalized slenderness ratio of B-BRB bending about x-axis as a
load-bearing type.
Table 2
Key geometric parameters of the numerical examples and summary of the hysteretic resp

No. Core bc � tc (mm) Restraining hollow
section be � he � te (mm)

Steel batten b� hb � tb (m

Hx1 180� 16 180� 36� 10 286� 160� 12

Hx2 180� 16 180� 40� 12 180� 160� 12

Hx3 200� 16 200� 40� 12 290� 160� 12

Hx4 250� 20 250� 68� 24 248� 240� 36
The interactive design curve is plotted in Fig. 5 and it predicts
very well the ultimate load-carrying capacity of the B-BRB bending
about x-axis. Furthermore, the maximum error is 8% between Eq.
(17) and the FE results, and the prediction from Eq. (17) is slightly
more conservative. The coefficient 1:3=

ffiffiffi
a

p
in Eq. (17) considers the

positive effect on the load-carrying capacity by increasing the yield
strength of the external restraining hollow sections. The FE results
indicate that the load-carrying capacity of the B-BRB increases no
more than 6% by increasing the yield strength of the external
restraining hollow sections from 235 MPa to 345 MPa (47% of
increase). According to Fig. 5, the buckling factor ux could reach
1.33 if �k0x is less than 0.68. Hence, �k��0x is suggested as 0.68 for the
B-BRB in order to achieve an axial compressive strain of 2% as a
load-bearing type of BRBs.

In terms of strength design of the B-BRB, it is expected that
buckling of each individual all-steel single-core BRB must not
occur before overall instability of the B-BRB. This can be fulfilled
by limiting the value of the slenderness ratio of each all-steel
BRB between two adjacent battens in its structural design. The
FE results obtained above indicate that the ultimate load-
carrying capacity of each numerical example is reached without
any buckling of each individual all-steel BRB. This indicates that
the slenderness ratio of each individual all-steel BRB satisfies its
limiting value.

However, additional FE numerical analyses have been per-
formed to evaluate the combined effect of both the overall initial
geometric imperfection of the B-BRB, and local initial geometric
imperfection of each individual all-steel BRB. The latter was
assigned an equivalent amplitude of l1/500 [24]. The yield strength
of the cores and the external restraining hollow sections are
defined respectively as 235 MPa and 345 MPa. The ux � �k0x inter-
action curve is obtained as illustrated in Fig. 6. Fig. 6 considers
the combined effect of both initial geometric imperfection for each
individual all-steel BRB and the overall B-BRB. It has been shown
by FE numerical analyses that the reduction of the load-carrying
capacity is no more than 5% compared to the results in which only
overall initial geometric imperfection of the B-BRB is considered.
Hence, the ultimate load-carrying capacity of the B-BRB consider-
ing the influence of the initial geometric imperfection of each indi-
vidual all-steel BRB would be expressed by multiplying a reduction
coefficient of 0.95 in Eq. (17). By investigating all the numerical
examples, a strict limit value of �k1 should be imposed, namely
�k1 6 0:5�k0x. With this limit value, it can be ensured that instability
of each individual all-steel BRB would not occur before overall
instability of the B-BRB under monotonic axial compression.
4. Hysteretic response of the B-BRB under cyclic loads

The energy-dissipation type of B-BRBs sustain cyclic loads
under seismic actions. Sufficient ductility must be possessed
according to AISC341-05 [15], which stipulates the energy-
dissipation type of BRBs shall achieve a cumulative ductility of at
least 200 under cyclic loads. The critical value of the normalized
onses.

m) l1 (m) l (m) �k0x �k1=�k0x Hysteretic response

1.0 4–6 0.598–0.649 0.499–0.542 Stable
8–22 0.701–1.212 0.267–0.462 Unstable

1.0 4–6 0.567–0.656 0.415–0.480 Stable
8–22 0.755–1.610 0.169–0.360 Unstable

1.0 4–8 0.537–0.634 0.462–0.546 Stable
10–22 0.689–1.111 0.264–0.425 Unstable

1.0 6–14 0.358–0.655 0.211–0.385 Stable
16–24 0.734–1.028 0.134–0.188 Unstable



Table 3
Loading protocol of test specimens.

Level of loading Loading phase Axial force (kN) Axial strain amplitude Loading cycles Accumulated cycles of Loading

1 Loading by axial force (elastic) ±0.5Py,c – 1 1
2 ±Py,c – 1 2

3 Loading by axial displacement (elastic-plastic) – ±0.25% 3 3–5
4 – ±0.50% 3 6–8
5 – ±0.75% 3 9–11
6 – ±1.00% 3 12–14
7 – ±1.50% 3 15–17
8 – ±2.00% 3 18–20

(a) Hx1-1, 0xλ 0xλ =0.649 

(c) Hx1-3, 0xλ 0xλ =0.760 

(e) Hx1-5, 0xλ

=0.598 (b) Hx1-2, 

=0.701 (d) Hx1-4, 

=0.970 (f) Hx1-6, 0xλ =1.048 

Fig. 7. Hysteretic curves of the B-BRB bending about x-axis (compression is taken positive).

Table 4
Key geometric parameters of test specimens.

Specimens Core bc � tc (mm) Restraining hollow section
be � he � te (mm)

Steel batten
b� hb � tb (mm)

l1 (mm) ln1 (mm) l (mm) �k0x �k1 �k1=�k0x

BC-3.4-5-6 150� 18 153� 33� 6 123� 180� 8 605 425 3400 0.620 0.283 0.456
BC-3.0-5-6 150� 18 153� 33� 6 123� 170� 8 505 335 3000 0.549 0.241 0.439
BC-2.8-5-6 150� 18 153� 33� 6 123� 160� 8 460 300 2800 0.504 0.221 0.438
BC-2.8-7-6 150� 18 153� 33� 6 123� 160� 10 300 140 2800 0.402 0.170 0.423
BC-2.8-7-10 150� 18 153� 41� 10 131� 160� 10 300 140 2800 0.352 0.129 0.366
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slenderness ratio �k��0x of B-BRBs as a load-bearing type is obtained
from Section 3. It is estimated that the requirement for the normal-
ized slenderness ratio of the energy-dissipation type of B-BRBs is
more stringent. The critical value of the normalized slenderness
ratio �k�0x of the energy-dissipation type of B-BRBs is obtained
through numerous elastic-plastic FE analyses in this section.

Elastic-plastic FE analyses were performed on the 4 groups of
numerical examples from Table 2. According to AISC341-05, the
loading protocol (Table 3) consists of two loading phases. Firstly,
the specimens were pre-loaded in the elastic range for two com-
plete cycles with the axial force equivalent to 0.5 and 1.0 times
the section capacity of the cores respectively. Subsequently, axial
load was applied by controlling the axial displacement of the cores
in the elastic-plastic range, with six levels corresponding to the
axial strain amplitude of 0.25%, 0.50%, 0.75%, 1.00%, 1.50% and
2.00% of the core length respectively. Each level of axial strain is
applied for 3 cycles of loading under tension and compression. If
the B-BRB could maintain stable load-displacement curves during
the whole loading process without failure, then it satisfies the
requirement of cumulative ductility of at least 200.

The computational and FE model illustrated in Fig. 4 is imple-
mented. Similarly, the beam elements are used to simulate the
cores, the core stiffeners, the external restraining hollow sections
and the steel battens. Generally, a bilinear kinematic hardening
rule is adopted for simulating the steel under cyclic loads for its
simplicity, where the tangent modulus of the steel after initial
yielding is taken as a small multiple of the Young’s modulus of
the steel. However, discrepancies in the hysteretic curves would
be observed between the results obtained from the FE model and
the actual tests [25–27]. Hence, a combination of the CHAB nonlin-
ear kinematic hardening rule and the BISO isotropic hardening rule
is adopted in this study for a more realistic reflection of the hys-
teretic response of the B-BRB. The formula of the back stress, a1

is expressed in Eq. (18).

a1 ¼
Xn
k¼1

Ck

ck
ð1� e�ck�epl Þ ð18Þ

where �epl is the equivalent plastic strain; n is the number of kine-
matic hardening model that can be superimposed; and Ck and ck
are the kinematic parameters which can be obtained from material
tests and curve fitting. According to the analyses and experiments
conducted by Tremblay [28], Korzekwa [29] and Hoveidae [30],
the kinematic hardening modulus C and the rate factor c are set
to be 8 GPa and 75 respectively, where, c is a material constant
for kinematic hardening in which it reflects the rate of the develop-
ment of plastic strain within the material. It can be determined
from the stress-strain curve obtained from the coupon test. In addi-
tion, the Young’s moduli for all the components of the B-BRB is
taken as 206 GPa. The yield strength of the core is taken as
235 MPa, and the rest of the components in the B-BRB is taken as
345 MPa. Six typical examples of the B-BRBs with their length cor-
responding to 4 m, 6 m, 8 m, 9 m, 15 m and 17 m, respectively from
group Hx1, are taken to perform elastic-plastic FE analysis under
cyclic loads to obtain their hysteretic curves. The obtained hys-
teretic curves from the FE model are illustrated respectively in
Fig. 7a–f. It can be seen from the figures that when �k0x ¼ 0:598
and 0.649, both of the B-BRBs maintains stable load-displacement
curves during the whole loading process without failure, thus stable
hysteretic curves are obtained; when �k0x ¼ 0:701 and 0.760, both of
the B-BRBs could reach full cross-sectional yield load of the cores
before reaching an axial strain amplitude of 1.00% and 0.5% of the
core length respectively. However, unstable hysteretic curves are
obtained since then. For the B-BRB with �k0x ¼ 0:970 and 1.048,
unloading occurs globally when the axial force reaches only 0.7
times the full cross-sectional yield load of the cores, and severely
pinched hysteretic curves are obtained. The hysteretic response of
each numerical example is summarized in Table 2.

It was found from the figures that, when �k0x 6 0:65 approxi-
mately, the hysteretic response of the B-BRB bending about x-axis
satisfies the requirement of cumulative ductility. Therefore, the
critical value of the normalized slenderness ratio in distinguishing
the energy-dissipation type of B-BRBs under cyclic loads and load-
bearing type of B-BRBs under static loads is suggested as
�k�0x ¼ 0:65.
5. Experimental investigations and numerical validation of
hysteretic performance of B-BRB

5.1. Investigations of hysteretic experiment

5.1.1. Test specimens
Five B-BRB specimens have been designed and experimentally

tested in order to investigate their hysteretic responses under cyc-
lic loads. It is expected that the design of the specimens intends to
cover different failure modes, including stable and unstable hys-
teretic responses. In addition, the experimental tests have been
conducted to further verify the critical values of �k�0x and �k��0x
obtained respectively from the FE analyses. Basic parameters of
each specimen are illustrated in Fig. 2 and listed in Table 4. Taking
specimen BC-3.4-5-6 as an example, the meaning of the numbering
in this specimen is defined as: BC represents the type of the spec-
imen to be batten-connected; 3.4 represents the overall length l
(m) of the specimen; 5 represents the number of steel battens in
the specimen; 6 represents the thickness te (mm) of each external
restraining hollow section. The dimension of the core for each
specimen is constant as bc � tc = 150 mm � 18 mm. Each external
restraining hollow section is formed by full penetration welding
four steel plates together, with sectional dimension denoted as be -
� he � te. The height and thickness of each steel batten (excluding
steel batten at the end regions) is denoted as hb and tb, respec-
tively. Considering that the shear force exerted on the steel battens
at the end regions of the specimen is larger than the rest of the
steel battens, extra 2 mm is added to the original batten thickness
tb. The net distance between adjacent steel battens is denoted as
ln1. The gap between the core and the restraining tube is 1.5 mm
to accommodate the free expansion of the core under axial com-
pression. The schematic diagram showing the relative dimensions
of the B-BRB is illustrated in Fig. 2.

Five steel battens were assigned longitudinally to the first three
specimens listed in Table 4, namely specimen BC-3.4-5-6, speci-
men BC-3.0-5-6 and specimen BC-2.8-5-6, respectively. It was
found that instability of each individual all-steel single-core BRB
of these specimens occurred during the tests. Hence seven steel
battens were assigned longitudinally to specimen BC-2.8-7-6 and
specimen BC-2.8-7-10 respectively to avoid a failure causing by
instability of individual all-steel single-core BRB. In addition, the
thickness of the external restraining hollow section of specimen
BC-2.8-7-10 was increased to 10 mm.

Taking specimen BC-2.8-5-6 as an example, its composition is
illustrated in Fig. 9. The end constructional details of the specimens
should be strengthened to avoid premature failure due to weak
end design. Limit stops [Fig. 8a] are only placed at the mid-span
of the core to prevent each external restraining hollow section
from bumping into one end of the core due to its longitudinal
movement during loading of the core [18]. In the test specimens,
a limit stop was spot welded to connect the core and the external
restraining hollow section to eliminate any axial relative move-
ment at the mid-span of the B-BRB. In addition, the body move-
ment of each external restraining hollow section is eliminated by
simulating the limit stop in the FE analysis [31]. At the end regions



(a) Exploded view of cores (b) Exploded view of external restraining 
system 

(c) Elevation 

(d) Top view 

Fig. 8. Geometry of specimen BC-2.8-5-6 (length unit: mm).

Fig. 9. Experimental setup.

Table 5
Summary of the material properties of the various components in the test specimens.

Components Steel grade Thickness (mm) E (GPa) fy (MPa) fu (MPa) fy/fu Elongation (%)

Core Q235 18 230 269 425 0.633 35.8
Restraining tube Q345 6 190 389 554 0.702 28.1
Steel batten Q345 8 202 412 560 0.736 27.4
Restraining hollow section/steel batten Q345 10 217 426 557 0.765 26.5
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of each core, the core extends beyond the external restraining hol-
low section, and its width is expanded to provide sufficient stiff-
ness and strength at the end regions [Fig. 8a]. The two core
plates are connected by a core stiffener at each end, thus forming
an H-shaped cross-section at the end regions of the cores. Some
portion (200 mm) of the H-shaped cross section is confined in



Fig. 10. Locations of the displacement gauges.
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the restraining hollow sections. Thus, a groove is made along the
inner flange of each external restraining hollow section at its end
according to the length of the core stiffener. The width of the
groove is slightly wider than the thickness of the core stiffener.
In addition, four extra stiffeners are welded longitudinally between
the external restraining hollow sections to compensate the
strength reduction on the external restraining hollow sections by
the grooves. A sealing plate at each end of the specimen is welded
to the core stiffeners and the end steel battens to form an inte-
grated external restraining system [Fig. 8d].

The material strength grade utilized for the cores and the rest of
the components are Q235 and Q345, respectively. Material tests
were conducted according to national standard GB/T228.1-2010
[32], and the results are listed in Table 5, in which E is the Young’s
modulus, fy is the yield strength, and fu is the tensile strength of the
material. According to the Chinese code for the seismic design of
buildings (GB50011-2010) [14], the ratio fy/fu should not exceed
0.85 and the percentage elongation should exceed 20% for the steel
used in earthquake-resistant structures. As shown in Table 5, the
material properties of the specimens satisfy these requirements.

5.1.2. Loading and displacement measuring protocols
The hysteretic experiment was conducted via a 6000 kN

hydraulic actuator with an in-line load cell, as illustrated in
Fig. 9. The specimens were pinned at both ends, and the diameter
of the hinge joint is 78 mm. In addition, two 40 mm thick anchor-
age plates with a grade of Q345 were welded to the hinge joint, and
a 40 mm thick loading plate with a grade of Q345 was connected to
the hinge joint through high strength bolts in order to connect the
specimen to the experimental setup. It has been checked that the
load-carrying capacity of the hinge joints, the anchorage plates
and the high strength bolts can sustain 1.8 times the full cross-
sectional yield load of the cores, respectively.

The loading consists of two phases. Firstly, the specimens were
pre-loaded in the elastic range for two complete cycles with the
axial force equivalent to 0.5 and 1.0 times the section capacity of
the cores respectively. Secondly, load was applied by controlling
the axial displacement of the cores in the elastic-plastic range in
the same way as that for the hysteretic FE analysis described in
Section 4. Therefore, six levels of axial strains with an amplitude
of 0.25%, 0.5%, 0.75%, 1.0%, 1.5% and 2.0% the core length were
applied and each level of the axial strain was applied for three
cycles of tension and compression.

The displacement measuring protocol is illustrated in Fig. 10.
The rigid body movement of the specimen or the rotations of the
loading plates may influence the measurement of axial displace-
ment, thus extra four displacement gauges were placed against
each loading plate and were equally placed from the central axis
of the specimen. The two corresponding displacement gauges at
each side of the specimen can be used to obtain the relative axial
displacements. In addition, the recorded results from the axial dis-
placement gauges can also be used to calculate the in-plane and
out-of-plane rotations of the loading plates. In order to monitor
the deformation of the specimen during loading, a vertical dis-
placement gauge is placed at the mid-span and 3/4 of the span
namely D9 and D11 respectively. Furthermore, another displace-
ment gauge namely D10 is placed at the mid-span in order to
record the out-of-plane displacement of the specimen.

5.1.3. Experimental results
The observed failure modes of the specimens under cyclic loads

are illustrated in Fig. 11. It can be observed that specimens BC-3.4-
5-6, BC-3.0-5-6 and BC-2.8-5-6 all failed in the tests at an axial
strain amplitude of 0.75% of the core length when they were
loaded under compression as a result of the instability of each indi-
vidual all-steel BRB. These failures occurred at the first segment
bounded by two steel battens from either south or north end. This
can be explained by the largest shear force being exerted at the end
regions of each individual all-steel BRB. During the loading process
of specimen BC-2.8-7-6 under compression, noises were created by
the friction occurred between the cores and the external restrain-
ing hollow sections. At an axial strain amplitude of 1.00% of the
core length for the first cycle of loading under compression, parts
of the specimens bulged down locally at the bottom of the external
restraining hollow section. In addition, at an axial strain amplitude
of 1.50% of the core length for the first cycle of loading under com-
pression, the axial force could not be further increased after reach-
ing 2791 kN, and the welding seam at the bottom of the external
restraining hollow section of the second segment were torn apart
from the south end, and this segment bulged down locally. Conse-
quently, the specimen was pushed upwards globally followed by
an enormous sound. The in-plane deflection at the mid-span
increased form �9.0 mm to �38.9 mmwhile the in-plane rotations
of the loading plates increased from 1 degree to 3.2 degrees and 2.1
degrees respectively at each end. According to the failure mode, it
can be inferred that the global ‘pushed-up’ failure of the specimen
was initiated by the local failure of the external restraining hollow
section, which occurred as a result of the welding seam being torn
apart.

During the loading process of specimen BC-2.8-7-10, the sur-
faces of the external restraining hollow sections remained flat. At
an axial strain amplitude of 1.50% of the core length after loading
for 2 cycles under tension, the axial force reached 2804 kN fol-
lowed by an enormous sound, and the axial force dropped rapidly
to 972 kN. The specimen was pushed upwards globally with the in-
plane deflection at the mid-span increased from �9.1 mm to
�35.2 mm while the in-plane rotations of the loading plates
increased from 0.5 degrees to 4.3 degrees and 2.0 degrees, respec-
tively at each end. According to the above failure mode, it can be
inferred that the global ‘pushed-up’ failure mode of the specimen



(a) Instability of individual all-steel BRB of specimen BC-3.4-5-6 
(1st cycle in compression with =0.75%) 

(b) Instability of individual all-steel BRB of specimen BC-3.0-5-6  
(2nd cycle in compression with =0.75%) 

(c) Instability of individual all-steel BRB of specimen BC-2.8-5-6 
(3rd cycle in compression with =0.75%) 

(d) Failure of specimen BC-2.8-7-6 
(1st cycle in compression with =1.50%)

(e) Core being snapped of specimen BC-2.8-7-10 
(2nd cycle in tension with =1.50%) 

Fig. 11. Failure modes of the specimens in the hysteretic experiment.

324 Y.-L. Guo et al. / Engineering Structures 136 (2017) 312–328
was due to the upper core being snapped under tension. The out-
of-plane deflection at the mid-span, and the out-of-plane rotations
of the loading plates at the ends of each specimen were not
Table 6
Force and ductility response summary of the tested specimens of the B-BRBs.

Specimens �k0x Load cycles Pc,max (kN) Pt,max (kN)

BC-3.4-5-6 0.620 8 2372 -2264
BC-3.0-5-6 0.549 9 2646 -2433
BC-2.8-5-6 0.504 10 2567 -2354
BC-2.8-7-6 0.402 14 3108 -2665
BC-2.8-7-10 0.352 15 3394 -2842
remarkable. Furthermore, the hysteretic curves obtained in the
actual tests are provided in the next section in order to compare
with the results obtained from the refined FE model.

A summary of the force and ductility response of the tested B-
BRB is listed in Table 6. The ratio b is defined as:

b ¼ Pc;max=jPt;maxj ð19Þ
where Pc,max and Pt,max are respectively the maximum compressive
and tensile load sustained by the B-BRB subjected to cyclic loading,
and b reflects the unsymmetrical loading conditions of each speci-
men under cyclic loads [33], and this ratio is referred to as the com-
pression strength adjustment factor in the AISC Seismic Provisions
[15]. The ratio x is defined as:

x ¼ jPt;maxj=Py ð20Þ
It reflects the level of strain hardening of each specimen under cyc-
lic loads [33], and this ratio is referred to as the strain hardening
adjustment factor in the AISC Seismic Provisions [15]. Both the
adjustment factorsx and b are solely dependent on the BRB details,
and they are determined by testing. It can be seen that as the nor-
malized slenderness ratios �k0x decrease, the load cycles before fail-
ure gradually increase as well as the values of b. That is, the
unsymmetrical loading conditions of each specimen under cyclic
loads become more obvious with a maximum value of 1.194. The
AISC Seismic Provisions mandate that b shall be less than 1.3 [33],
and in this case all the experimental results fulfil this requirement.
Furthermore, the values of x fall within the range from 1.559 to
1.956, which indicates that a large amount of strain hardening of
the tested specimens had occurred under cyclic loading.

According to AISC341-05 [15] that requires a BRB to reach a
maximum strain amplitude of 2% depicted in the loading protocol
(Table 3). The maximum ductility (lmax) of each specimen must
reach approximately 17 in the case of a yield strength (fy) of
269 MPa and Young’s modulus (E) of 230 GPa of the core. In addi-
tion, AISC341-05 [15] requires that the cumulative ductility (lc)
must exceed 200 for an energy-dissipation type of BRBs. However,
by looking at Table 6, none of the specimens has fulfilled such
requirements. It should be pointed out that specimens BC-3.4-5-
6, BC-3.0-5-6 and BC-2.8-5-6 were purposely designed with large
normalized slenderness ratios (�k1) for each individual all-steel
BRB, thus they were expected to fail prematurely due to instability
of each individual all-steel BRB. This was intended to explore the
upper limit of �k1, such that instability of each individual all-steel
single-core BRB would not occur before the overall buckling of
the B-BRB under cyclic loads. Due to large normalized slenderness
ratios of the individual all-steel BRB of specimens BC-3.4-5-6, BC-
3.0-5-6 and BC-2.8-5-6, where �k1=�k0x ¼ 0:456, 0.439 and 0.438
respectively, all specimens failed in the actual tests at 0.75% of
axial strain of the core length when they were loaded under com-
pression as a result of the instability of each individual all-steel
BRB. On the other hand, instability of each individual all-steel
BRB was not observed when the normalized slenderness ratios of
each individual all-steel BRB of specimen BC-2.8-7-6 and specimen
BC-2.8-7-10 reduced to �k1=�k0x ¼ 0:422 and 0.366 respectively by
adding more steel battens. Hence, it can be concluded that instabil-
ity of each individual all-steel single-core BRB would not occur
Pc,max/|Pt,max| (b) |Pt,max|/Py (x) Maximum
ductility (lmax)

Cumulative
ductility (lc)

1.048 1.559 4.4 12
1.087 1.675 6.6 20
1.090 1.621 6.6 36
1.167 1.835 8.8 72
1.194 1.956 13.1 92



(a) The cores and the core stiffeners

(b) The overall specimen 

Fig. 12. Refined FE model of the B-BRB (length unit: mm).
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before the overall buckling of the B-BRB under cyclic loads when
the length of each individual all-steel single-core BRB of the
B-BRB satisfies �k1 6 0:42�k0x.

Specimens BC-2.8-7-6 and BC-2.8-7-10 were expected to fulfil
the requirements of both the maximum ductility and cumulative
ductility. However, they both failed prematurely due to unsatisfac-
tory fabrications. This has made the B-BRBs to be less efficient than
common BRBs, as can be reflected from Table 6, where relevant
requirements have not been fulfilled to be an energy-dissipation
type of BRBs. Specimen BC-2.8-7-6 failed prematurely due to the
welding seam that was torn apart at the bottom of the external
restraining hollow section of the second segment from the south
end. Taking a closer look at the welding seam, it was found that
(a) Specimen BC-3.4-5-6  (b) Specime

(d) Specimen BC-2.8-7-6 (e) Specimen

Fig. 13. Hysteretic responses obtained from actual tests a
the welding seam did not satisfy the design requirement of a full
penetration weld, in which the penetration depth only reached
1/3 of the plate thickness. In addition, specimen BC-2.8-7-10 failed
prematurely due to snap of the core. Therefore, in the refined FE
analysis in Section 5.2, failure may not occur for both specimen
BC-2.8-7-6 and specimen BC-2.8-7-10 at an axial strain amplitude
of 2.00% of the core length after loading for 3 cycles, and this is
being verified in Section 5.2. Despite the premature failures (which
should have been avoided) of the two specimens, the normalized
slenderness ratio of each specimen is lower than the critical value
of 0.65, which is depicted in Section 4 for an energy-dissipation
type of BRBs. Based on the above discussion, it can be concluded
that for energy-dissipation type of BRBs, the specimens should
not only comply with the maximum normalized slenderness ratio,
but also the quality of the full penetration weld of the external
restraining hollow section, and the ductility of the cores must be
ensured during fabrication process. Otherwise, the specimens
would fail prematurely with brittle failures of welding seams or
cores under cyclic loads. In a word, as far as the experimental
results in this study are concerned, the proposed B-BRBs are not
as efficient as the common BRBs due to various fabrication prob-
lems. The fabrication of the B-BRBs will be improved in further
investigation. Therefore, according to the current studies that have
already been completed, the B-BRBs can only be proposed as a
more economical solution than common BRBs.
5.2. Refined FE analyses and simulations

Numerical analyses were carried out to simulate the experi-
mental loading process of the specimens. A refined FE contact
model of the B-BRB (Fig. 12) was adopted, considering that the
beam element model (BEAM188) cannot accurately simulate plate
local buckling behavior. In addition, the force distributions of the
plates, as well as the coupling relationship between the cores
and the external restraining hollow sections may not well reflected
in the beam element model.
n BC-3.0-5-6 (c) Specimen BC-2.8-5-6 

 BC-2.8-7-10 

nd refined FE model (compression is taken positive).



Table 7
Summary of the results obtained from the tests and the refined FE model.

Specimens Failure mode Axial strain level

Test FE model Test (%) FE model (%)

BC-3.4-5-6 Instability of individual all-steel BRB Instability of individual all-steel BRB 0.75 0.75
BC-3.0-5-6 Instability of individual all-steel BRB Instability of individual all-steel BRB 0.75 0.75
BC-2.8-5-6 Instability of individual all-steel BRB Instability of individual all-steel BRB 0.75 0.75
BC-2.8-7-6 Welding seam torn apart in external restraining hollow section Failure not observed 1.50 2.00
BC-2.8-7-10 Core snapped Failure not observed 1.50 2.00
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The cores, the core stiffeners and the loading plates were simu-
lated with solid element namely SOLID45. It is used for the 3D
modeling of solid structures, and the element is defined by eight
nodes having three degrees of freedom at each node including
translations in the nodal x, y and z directions. The restraining hol-
low sections and the steel battens were simulated with shell ele-
ment namely SHELL181, which is suitable for analyzing thin to
moderately-thick shell structures. It is a four-node element with
six degrees of freedom at each node including translations in the
x, y and z directions, and rotations about the x, y and z-axes. There
are three basic contact types in the ANSYS program including
node-to-node contact, nodes-to-surface contact and surface-to-
surface contact. Node-to-node contact was adopted for this partic-
ular investigation as it could save significant amount of computa-
tional time in calculation. Furthermore, in order for the nodes of
the cores and the external restraining hollow sections to be
matched up geometrically after meshing, 3-D node-to-node con-
tact elements namely CONTAC178 were defined between the
nodes of the cores and the external restraining hollow sections.

In the refined FE model, the hardening rule being adopted for
the steel is a combination of the multilinear isotropic hardening
rule and the Chaboche nonlinear kinematic hardening rule, which
was proposed by Chaboche [34]. Deng et al. [35] obtained the rel-
ative parameters from curve fitting by setting n = 3 for steel dam-
pers in the bridge, and Genna et al. [8] obtained the relative
parameters from curve fitting by setting n = 2 for assembled type
of BRBs. In this paper, n = 3 was set for the B-BRB, and the param-
eters including C1 = 7 � 109 Pa, c1 = 230, C2 = 1 � 1010 Pa, c2 ¼ 100,
C3 = 4 � 109 Pa and c3 ¼ 1000 were determined by curve fitting
from the stress-strain relationship obtained from the material
tests.

An initial geometrical imperfection on the B-BRBs was assumed
to be the first order global buckling mode with the central ampli-
tude of v0 ¼ l=500. The specimen was pinned at both ends. The
thickness of the loading plate was taken equivalent to 220 mm. It
was equal to the distance between the center point of the pin
and the end of the core, as illustrated in Fig. 12b. Boundary condi-
tions and axial displacements were applied on the loading plates in
order to perform hysteretic analysis. The results obtained from
both the tests and the refined FE models are illustrated in Fig. 13.
In addition, the FE results for the failure modes and the corre-
sponding axial strain amplitudes are compared with their test
counterparts in Table 7.

According to Fig. 13 and Table 7, it is validated that failures did
not occur in the refined FE analysis for both specimen BC-2.8-7-6
and specimen BC-2.8-7-10 at an axial strain amplitude of 2.00%
of the core length after loading for 3 cycles. Hence, it is essential
to ensure the quality of the full penetration weld of the external
restraining hollow sections and the ductility of the cores during
fabrication process for the B-BRB to fulfil the energy-dissipation
requirement. In addition, specimens BC-3.4-5-6, BC-3.0-5-6 and
BC-2.8-5-6 all failed in the refined FE model at 0.75% of axial strain
of the core length when they were loaded under compression due
to instability of each individual all-steel BRB. Again, this was pur-
posely designed to explore the upper limit of �k1. Nevertheless,
the FE results corresponds well to the actual test results.

In terms of the trend of the hysteretic curves, obviously that the
FE simulations cannot exactly 100% to reproduce the hysteretic
curves as what have been obtained from the experiments. This is
due to the fact that the conditions of the steel materials in the FE
simulations are deemed to be ideal whereas there exists inherent
discrepancies across the steel materials in reality thus showing
slightly different trends of strain hardening. However, a standard
way to determine whether or not the hysteretic curves correspond
to one another between the FE results and the experimental tests is
not solely dependent on the trend, but also to look at the amount of
area covered by the curves providing that the curves themselves
are stable and ample. As can be seen from Fig. 13, the hysteretic
curves from both the experimental tests and the FE results are
stable and ample. Moreover, the amount of area covered by the
hysteretic curves from the experimental tests and the FE results
is more or less similar to each other if not considering the prema-
ture failures of the specimens in Fig. 13d and e. Thus, it can be con-
cluded that the actual test results of each specimen correspond
well to the hysteretic curves obtained from the FE analysis. Fur-
thermore, although both specimen BC-2.8-7-6 (failed due to the
welding seam at the external restraining hollow section being torn
apart) and specimen BC-2.8-7-10 (failed due to snap of the core)
failed more prematurely than expected, the load-displacement
curves obtained in the refined FE model for each specimen still cor-
respond well to the actual test results before failure occurred. For
specimens BC-3.4-5-6, BC-3.0-5-6 and BC-2.8-5-6, in which insta-
bility of the individual all-steel BRBs occurred, the failure modes
obtained in the refined FE models are exactly the same as the
actual tests. In summary, the refined FE model provides an excel-
lent prediction for both the actual force distributions and failure
modes of the B-BRBs.

6. Conclusion

This paper proposed another type of core-separated BRBs,
namely battened BRBs (B-BRBs). The normalized slenderness ratios
of the overall B-BRB, and each individual all-steel single-core BRB
were both introduced by investigating their elastic buckling loads
respectively. Especially, static elastic-plastic ultimate load-
carrying capacities, as well as hysteretic responses of the B-BRBs
have been explored both theoretically and experimentally. The fol-
lowing conclusions are drawn:

(1) This study provides both the elastic buckling load predic-
tions for the overall B-BRB as well as for each individual
all-steel single-core BRB. The former is related to the equiv-
alent shear stiffness and equivalent cross-sectional second
moment of area of the external restraining system by con-
sidering the effect of shear deformation; the latter is related
to the ratio of the linear flexural stiffness between the steel
batten and the individual all-steel BRB. Both predictions
form a design basis for identifying whether overall buckling



Table 8
Geometrical dimensions of the B-BRB.

Length Core Restraining tube Steel batten l1
L (mm) bc � tc (mm) be � he � te (mm) b� hb � tb (mm) (mm)

6000 180 � 16 180 � 36 � 10 286 � 160 � 12 1000

Note: the Young’s modulus for the steel core plates, the external restraining tubes are all assumed to be 2.06 � 105 MPa, and the Poisson’s ratio is defined as m = 0.3. The yield
strength of the core and the external restraining hollow section are taken as 235 MPa and 345 MPa respectively. Shear modulus G is taken as 7.9 � 104 MPa.

Table 9
Cross-sectional parameters of the B-BRB.

Sectional second
moment of area of steel
core Ic1 (mm4)

Sectional second moment of area of
an external restraining hollow
section Ie1 (mm4)

Sum of sectional second
moment of area of two steel
battens Ib (mm4)

Sectional second moment of
area of external restraining
system Ie (mm4)

Sectional second moment of
area of each individual all-steel
BRB I1 (mm4)

6.14 � 104 6.45 � 105 4.68 � 107 1.62 � 108 7.07 � 105

Table 10
Cross-sectional areas of the B-BRB.

Cross-sectional
area of a steel core
Ac1 (mm2)

Cross-sectional area of an
external restraining hollow
section Ae1 (mm2)

Sum of cross-sectional
area of two steel
battens Ab (mm2)

2880 3920 6864
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of B-BRBs would occur before each individual all-steel
single-core BRB by investigating their normalized slender-
ness ratios.

(2) A design formula between normalized slenderness ratio and
buckling factor of the B-BRBs as a load-bearing type, is pro-
posed by referring to the Ayrton-Perry equation based on
numerous elastic-plastic FE analyses under monotonic com-
pression. It was found that when the normalized slenderness
ratio was less than 0.68 approximately, the B-BRBs would
achieve an axial compressive strain of 2% and maintain their
load-carrying capacities.

(3) Based on the elastic-plastic FE analyses in terms of hys-
teretic response of the B-BRB, it would fulfil the design
requirement of an energy-dissipation type of B-BRB when
the normalized slenderness ratio is less than 0.65
approximately.

(4) Five specimens have been experimentally tested under
tensile-compressive cyclic loading conditions. Accordingly,
refined FE analyses have been simulated to supplement the
actual tests. The test results verified the FE results, as well
as the feasibility of the design formulas proposed in this
paper. Both of the FE analyses and the test results indicated
that, instability of each individual all-steel single-core BRB
would not occur before the overall buckling of the B-BRB
under cyclic loads, when the length of each individual all-
steel single-core BRB of the B-BRB could satisfy �k1 6 0:42�k0x.
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Appendix A.

A detailed analytical calculation procedure of the elastic buck-
ling loads of the B-BRB, thus the normalized slenderness ratios of
the overall B-BRB and each individual all-steel BRB from one of
the numerical examples is provided and shown below.

A.1. Relevant parameters

The geometrical dimensions of a particular B-BRB is listed in
Table 8:

The cross-sectional parameters listed in Table 9 of the B-BRB
can be obtained according to Table 8.

The cross-sectional areas listed in Table 10 of the B-BRB can be
obtained according to Table 8.

A.2. Boundary conditions

The B-BRB is assumed to be pinned at both ends.

A.3. Calculation of the elastic buckling load of the B-BRB

According to the calculation formulas, b1 and a can be calcu-
lated according to Eqs. (3) and (7) respectively as:

b1 ¼ 2ð2Ec1Ic1 þ EeIeÞ
Ec1Ac1b

2 ¼ 1:373

a ¼ ð4þ 3:192b1Þ=ð1þ 3:192b1Þ ¼ 1:557

The shear stiffness of the equivalent external restraining system
is obtained from Eq. (6) as:

Ke ¼ bl1
12EIb

þ l21
24EeIe1

þ 1:2l1
bAbG

 !�1

¼ 3:089� 106 N

The elastic buckling load of the overall B-BRB bending about x-
axis is obtained from Eq. (5) as:

Pcr;b ¼ a � 2p
2Ec1Ic1
l2

þ
a � p2Ee Ie

l2

1þ a � p2Ee Ie
l2

1
Ke

¼ 2:549� 106 N

The elastic buckling load of each individual all-steel BRB is
obtained from Eq. (13) as:

Pcr;1 ¼ ð5þ 2j
5þ j

Þ
2 p2E1I1

l21
¼ 5:747� 106 N

Thus the normalized slenderness ratios of the overall B-BRB and
each individual all-steel BRB are calculated according to Eq. (15)
and Eq. (16) respectively as:

�k0x ¼
ffiffiffiffiffiffiffiffiffi
Py;c

Pcr;b

s
¼ 0:73
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�k1 ¼
ffiffiffiffiffiffiffiffiffi
Py;c1

Pcr;1

s
¼ 0:34

Consequently, the ratio of k1 to k0x is obtained as:

�k1=�k0x ¼ 0:47

As it is known, the FE solutions of elastic buckling load of the overall
B-BRB and each individual all-steel BRB obtained are 2.625 � 106 N
and 5.821 � 106 N respectively, and it is slightly higher by approx-
imately 3% and 1.3% as compared to the above analytical solutions.
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