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a b s t r a c t
This work presents a numerical model of the cyclic structural behavior of dissipative buckling-restrained
braces, commonly used as an alternative to classical concentric braces for seismic protection of building
frames and other structures. Such devices are usually composed of a slender steel core embedded in a stockiest casing that is intended to prevent its buckling when it is under compression. The casing is made either of
mortar or steel, and a sliding interface is interposed between the core and the casing to prevent excessive
shear stress transfer. The behavior of the steel core is described by a damage and plasticity model; the
behavior of the mortar casing is described by an isotropic damage model and the sliding behavior of the
interface is described by a contact penalty model. These three models are implemented in the Abaqus software package following an explicit formulation. The ability of this algorithm to reproduce the cyclic behavior of buckling-restrained braces is veriﬁed in a number of representative yet simple situations. The
accuracy of the proposed model is checked by comparison with experimental results; a satisfactory agreement is obtained. Preliminary conclusions are issued and further research needs are identiﬁed.
Ó 2012 Elsevier Ltd. All rights reserved.

1. Introduction
Energy dissipators are a convenient option for earthquakeresistant design of buildings and other civil engineering constructions since these devices absorb most of the input energy thus
protecting the main structure from damage even under strong seismic motions [17,37]; many applications have been reported [24].
Several types of devices have been proposed; those based on
plastiﬁcation of metals (commonly termed as hysteretic) are simple, economical and reliable while have shown repeatedly their
usefulness. Among them, the buckling-restrained braces are one
of the dissipators that have been mostly used, mainly for seismic
protection of building frames [43,11]. They consist of slender steel
bars connected usually to the frame to be protected either like concentric diagonal braces or like concentric chevron braces (as shown
by Fig. 1a). Under horizontal seismic excitations, the inter-story
drift motion generates axial strains in such steel bars beyond their
yielding points. The buckling of these core bars is prevented by
embedding them in a stockiest encasing; such casing is usually
composed either of steel elements [18,41] or of mortar coated with
steel (see Fig. 1b). Some sliding interface between the steel core
and the surrounding material is required to prevent excessive
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shear stress transfer, since it would reduce the longitudinal stress
in the core thus impairing the energy dissipation capacity. As well,
that interface involves some clearance between the core and the
mortar; such gap is required to allow the Poisson expansion of
the core during compression.
The buckling-restrained braces possess several relevant advantages compared to other hysteretic devices:
 These dissipators constitute themselves a bracing system and
no additional braces are required to connect each device to
the main frame.
 Since the dissipative part of the device can encompass near the
whole length of the brace, the required strain is rather low.
Therefore, the plastic excursions are moderate; as the degree
of plastiﬁcation is uniform along the whole body of the core,
expectedly the fatigue resistance will be high.
 A relevant experience is available since a number of individual
and sub-assemblage tests have been carried out [41,7,22,38,
42,21,12,25] and many realizations have been reported, mostly
in Japan [18], Taiwan [41], Canada [39] and the United States
[7]. Preliminary versions of design codes have been proposed
[19,20,31] and many references about design procedures are
available [38,42,15,6,34,9].
 The ratio between the dissipated energy and the added material
is the highest in the comparative devices [28]; such added
material comprises the dissipators, the rest of the bracing system and the connections.
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(a) Protected building frames

(b) Detail of a device

Fig. 1. Buckling-restrained braces.

In spite of the aforementioned relevant existing background
about the buckling-restrained braces, there are still some open
questions dealing mainly with the numerical modeling of the buckling behavior of these devices. The buckling design of the mortarsteel coating is based usually in simpliﬁed second-order formulations [7,42] whose parameters usually are not selected from the actual characteristics of the device but mainly from semi-empirical
considerations; hence, such models are not highly accurate and
might yield unsafe results. In Refs. [29,30], approximate expressions
of the critical axial force and maximum bending moment in the casing are derived in terms of the actual axial force and the initial
eccentricities the core and of the casing; the accuracy of this formulation is checked by comparison with experimental results. Ref. [10]
presents a similar study for buckling-restrained braces whose sliding interface consists of a small air gap. In that work, a ﬁnite element
model of the cyclic behavior of the considered devices is derived;
this model is implemented in the computer program Abaqus [1].
The von Mises yielding criterion was considered in the steel core
and restraining members; the cyclic effects were described by a
combined isotropic and kinematic hardening model. The behavior
of the concrete was assumed to be elastic. The sliding interaction between the steel core and the restraining members was modeled as a
hard contact behavior, allowing separation of the interface in tension and no penetration in compression; a friction coefﬁcient equal
to 0.1 was adopted to simulate greasy steel interfaces.
Apart from these rather simpliﬁed models, an accurate and
comprehensive numerical model of the coupled nonlinear behavior
of all the involved elements (steel core, casing and sliding interface) has not yet been proposed. This lack hinders the deep understanding of the structural behavior of these devices, compels that
the design is based on uncertain and over-conservative approaches
and prevents the proposal of innovative and daring solutions. This
work aims to close this gap by proposing an accurate and reliable
numerical ﬁnite element model of the structural behavior of buckling-restrained braces composed of a steel core surrounded by a
mortar and steel casing. This model considers the joint behavior
of the involved materials (inner and outer steel, mortar and sliding
interface) and accounts for the partial sliding between the core and
the encasing mortar. The buckling behavior of the steel core is
described by a coupled damage and plasticity model formulated
for large displacements; the behavior of the mortar casing is described by an isotropic damage model and the sliding behavior of
the interface is described by a contact penalty model. These three
models are jointly implemented in the Abaqus software package

[1] following an explicit formulation; the resulting combined
model is aimed to describe the structural behavior of buckling-restrained braces and constitutes the main contribution of this work.
The ability of the three individual models to simulate the corresponding behaviors and the capacity of the combined model to
reproduce the cyclic behavior of buckling-restrained braces are
veriﬁed in a number of simple yet representative situations. The
accuracy of the proposed algorithm is checked by comparison with
two sets of available experimental results [29,25]; satisfactory
agreements are obtained. Arising from these studies, relevant conclusions are issued and further research needs are identiﬁed.
This work belongs to a research project that aims to promote
the mass use of patent-free buckling-restrained braces for seismic
protection of buildings in developing countries. The research approach consists of: (i) designing, producing and testing individually
short length dissipators (about 400 mm long) [27,30], (ii) taking
proﬁt of the gained experience to design, produce and test individually larger prototype devices (near 3000 mm long) [29], (iii) deriving a simpliﬁed model of the buckling behavior of these devices
[29], (iv) developing an accurate numerical model of their structural behavior, (v) designing, producing and testing on sub-assemblies a number of full scale dissipators and (vi) performing a
numerical parametric study about the seismic efﬁciency of such
devices. The ﬁrst three stages are completed while the last three
ones are still in progress; this paper deals mainly with the fourth
stage. It is expected that the proposed model will allow designing
devices that are more slender than the currently available ones;
such devices might be less costly and, hence, more suitable for
mass use in developing countries.
2. Isotropic damage model for the mortar casing
The behavior of the mortar casing is described by a triaxial isotropic damage model. Damage models [23] consist basically of
describing the degradation of the material by a scalar damage index d ranging between 0 (no damage) and 1 (destruction):

r ¼ ð1  dÞ r0 ¼ ð1  dÞ E0 : e

ð1Þ

In this constitutive relation tensors r and e represent stresses
and strains, respectively; r0 is the undamaged stress tensor and
E0 contains the undamaged values of the constitutive parameters.
Eq. (1) shows that the undamaged behavior is described by a linear
elastic multiaxial model; damage arises when F(s, r) = G(s)  G(r)
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ceases to be negative, where r is the damage threshold and s is an
energy norm. Function G governs the evolution of the damage
threshold r; an exponential law is chosen [23]:

GðrÞ ¼ 1 

r C
e
r0



1rr


ð2Þ

0

Since the degradation is irreversible, r decreases continuously
after its initial value r0 = ft/(E)½ [8] where E is the initial deformation modulus and ft is the mortar tensile strength. C is a dimensionless positive parameter given by [35]:

 
Gf E



2

l ft

1
2

1
ð3Þ


In this equation Gf ¼ Gf l where Gf is the fracture energy per
unit area and l⁄ is a characteristic length of the ﬁnite elements used
in the discretization [26]. The energy norm is deﬁned accounting
for the different values of the compressive (fc) and tensile strengths
[8] as:


qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1h
s¼ hþ
r0 : E1
0 : r0
fc =ft

ð4Þ

In this deﬁnition h is a scalar variable ranging between 0 for triaxial compression and 1 for triaxial tension [8]. The loading and
unloading behavior is governed by the well-known Kuhn–Tucker
conditions [36]:

l_ P 0

Fðs; rÞ 6 0

l_ Fðs; rÞ ¼ 0

ð5Þ

l is a damage consistency parameter given by r_ ¼ l_ .
In the proposed formulation the damage problem is solved by
an iterative algorithm [8].
The ability of this model to describe the nonlinear behavior of
mortar members is veriﬁed in the simple yet representative situation described by Fig. 2. Fig. 2 shows a prismatic mortar rod that is
clamped in one of their ends and undergoes imposed axial displacements in its other end.
The bar is 500 mm long and the cross-section is square with
100 mm side; such stocky design (slenderness k = 34.64) prevents
the risk of relevant buckling. As shown by Fig. 2, the bar is discretized by 8-node hexahedron Lagrangian elements. The main
mechanical parameters of the mortar are: compressive strength
39.92 MPa, tensile strength 3.99 MPa, Poisson’s ratio 0.2 and deformation modulus 17.52 GPa. The fracture energy per unit area is
Gf = 0.104 MPa and the characteristic length l is equal to the side
of the ﬁnite element. The imposed displacements consist of two
ramp functions with ﬁnal amplitudes 0.8 and 0.08 mm in shortening (compression) and in elongation (tension), respectively. Fig. 3
shows the obtained results for the outer ﬁnite element; in Fig. 3
and in the subsequent ones, positive values correspond to tension
and to elongation. Plots from Fig. 3 depict a regular behavior.

The cyclic buckling behavior of the steel core is described by a
coupled damage and plasticity model; such model is formulated
for large displacements, yet keeping small strains, to describe the
buckling instability. The coupling between damage (stiffness degradation) and plasticity (permanent strains) has been previously
pointed out [3]. However, both issues are rather different and cannot be described with the same constitutive model; this work presents a new formulation that considers jointly damage and
plasticity. The coupling between them is only weak since each of
these mechanisms has their own threshold functions, dissipation
potentials, and consistency factors while the coupling is estab ; e.g. those distributed in
lished through the effective stresses r
the effective area (1  d) A, A being the total area. The damage is
described by the same model explained in the previous section.
The damage initiates once the failure surface is reached; the plastic-damage behavior is governed by:

r ¼ ð1  dÞr ¼ ð1  dÞE0 : ee

ð6Þ
e

In this constitutive relation e is the elastic part of the strain.
The plastic hardening can be described either by isotropic or
kinematic models [36]; the plastic behavior is governed by the
classical conditions:

  g; qÞ ¼ f ðr
  gÞ  f y 6 0 c_ P 0
Fðr

ð7Þ

In these expressions g is a hardening variable, q is an internal plastic variable, f y is the updated yielding limit, f is the yielding surface
  gÞ ¼
given by the multiaxial Von Mises criterion ðf ðr
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
3
  gÞ : devðr
  gÞÞ and c is a plastic consistency parameter
devðr
2
given by e_ p ¼ c_ @Fðr@rg;qÞ where e_ p is the plastic strain rate.
The coupling between plasticity and damage is established in
terms of the free Helmholtz energy:

wðe; rp ; q; dÞ ¼ ð1  dÞw0 ðeÞ  e : rp þ wp ðrp ; qÞ

ð8Þ

rp is the plastic stress, w0 is the energy corresponding to the
undamaged state (being given by w0 ¼ 12 e : E0 : e) and wp is a plastic
potential. This formulation provides the values of the plastic consistency parameter and the tangent plastic tensor:
2

@ w0
: @z@z
: e_


2
@ w0
@f
@f
@f
@f
 : @z@z : @ r
  ck @ g : @ r
 þ @q : h
@r
 2
  2

@ w0
@ w0
: @f  @z@z
: @@fr
@z@z @ r
@ 2 w0
T

 

E ¼
@ 2 w0
@f
@f
@f
@f
@f
@e  @e
 : @z@z : @ r
  ck @ g : @ r
 þ @q : h
@r
@f
@r

c_ ¼  @f



ð9Þ

In these expressions ck is a kinematic hardening variable and h
is a vector given by q ¼ c_ h.
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3. Damage and plasticity model for the steel core

0.8 mm
-8

0.08 mm
Fig. 2. Mortar member under imposed axial displacements.

-10
Fig. 3. Numerical simulation of the stress–strain behavior of mortar.
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In the proposed formulation the damage and plasticity problems are solved by a mapping return algorithm [8].
The ability of this model to describe the hysteretic behavior of
steel members is veriﬁed in the simple representative situation described by Fig. 4. Fig. 4 shows a prismatic steel rod that is clamped
in one of their ends and undergoes an imposed axial displacement
law in its other end.
The bar is 76 mm long and the cross-section is square with
19 mm side; as in the mortar bar (Fig. 2), such stocky design (slenderness k = 27.71) prevents the risk of relevant buckling. As shown
by Fig. 4, the bar is discretized by 8-node hexahedron Lagrangian
elements. The steel type is S355 [13], whose nominal yielding
point and ultimate strength are 355 and 470 MPa, respectively;
the deformation modulus is 210 GPa and the Poisson’s ratio is
0.3. Both kinematic and isotropic hardening have been considered;
the kinematic hardening has been assumed as HK = 21 GPa (E / 10)
while the isotropic hardening has been assumed as HI = 21 GPa. No
damage has been considered inside the model. The imposed displacements consist of a series of triangular waves with growing
amplitudes ±0.25 Dy, ±0.5 Dy, ±0.75 Dy, ± Dy and ±5 Dy; Dy is the
yielding displacement. Fig. 5 depicts the obtained hysteresis loops.
Plots from Fig. 5a and b correspond to regular kinematic and isotropic plastic behaviors, respectively.
4. Penalty contact model for the sliding interface
The sliding behavior of the interface between mortar and concrete is described by a penalty contact model [44]. The steel surface
is considered as ‘‘penetrating master’’ while the mortar one is
‘‘penetrated slave’’; the penetration is described with a penalty formulation by interposing a highly stiff spring between both surfaces. In the ﬁnite element discretization the contact has to be
established node-to-node. The ensuing minimum-distance problem is solved by minimizing the total potential energy:

P¼

1
2

Z
C

ðkn g 2n þ kt g 2t Þ dA

ð10Þ

In this equation C is the contact surface and kn and kt are positive normal and tangent penalty factors, respectively [8]. Scalars gn
and gt correspond to the normal and tangent directions, respectively, and are given by:

g n ¼ ðxm  Xs Þns

gt ¼

Z

t

_ dt
€ fk
ku

ð11Þ

t0

Vectors xm and xs represent the mortar and steel coordinates,
€ is
respectively, and ns is a unit vector normal to the surface; u
the updated steel relative acceleration and f_ is the updated convective velocity. The contact and separation conditions are governed
by the well-known Herz–Signori–Moreau conditions [44]:

76 × 19 × 19 mm

gn P 0

pn ¼

ð12Þ

kz
ðkh  mgÞ
k þ kz

ð13Þ

In this equation k is the equivalent spring constant, ke is the
penalty parameter (interposed spring constant), h is the gap between both surfaces, m is the mass associated to the node, and g
is the acceleration of gravity.
In the proposed formulation the contact problem is solved by an
iterative algorithm [8].
The ability of this model to describe the sliding contact behavior
is veriﬁed in a simple representative situation; it consists of a prismatic steel core embedded in a mortar casing as described by
Fig. 6.
Fig. 6 depicts a square steel core with 10 mm side and a
surrounding square mortar with 30 mm side; both elements are
100 mm long. As shown by Fig. 6, the steel core and the mortar
casing have been discretized by 8-node hexahedron Lagrangian
elements; noticeably, the contact between steel and mortar is
node-to-node. The sliding interface consists merely of an air gap
being 0.12 mm wide. The steel type is S275 [13], whose nominal
yielding point is 275 MPa and whose ultimate strength is
410 MPa; the kinematic hardening has been assumed as
HK = 20 GPa. The main mechanical parameters of the mortar are:
compressive strength 39.92 MPa, tensile strength 3.99 MPa, Poisson’s ratio 0.2 and deformation modulus 17.52 GPa; the fracture
energy per unit area is Gf = 0.104 MPa. In the contact model the
friction coefﬁcient is j = 0.1, the directionality is isotropic and
there is no limit in the transfer of shear stresses. A transversal displacement is imposed to the core; it consists of a ramp function
reaching 0.25 mm, followed by a constant branch. Fig. 7 depicts
the obtained time history results of the transversal displacement
of a pair of contact nodes. Fig. 7 shows that before the contact
the displacement of the mortar is zero and that after contact both
nodes remain together; noticeably, the contact behavior is properly reproduced, without spurious vibrations.
5. Integrated model for the buckling-restrained brace
The models described in the previous three sections are jointly
implemented in the Abaqus software package [1]; the subsequent
dynamic problem is solved following an explicit formulation. The
resulting combined model is aimed to describe the overall
structural behavior of buckling-restrained braces and constitutes
the main outcome of this work. The explicit formulation is chosen
because the stiffness matrix is ill-conditioned as a result of the
penalty formulation of the contact model. The integration of
the models of the mortar, the steel and the interface has been carried by imposing the energy balance equation:

Z t Z

dt þ



r : e_ dV dt ¼

V

Z t Z
0

Fig. 4. Steel member under imposed axial displacement.

g n pn ¼ 0

pn represents the normal contact force:

0

± 5 Δy

pn 6 0

Z t Z



0

r : e_ d dV dt



r : e_ e dV dt þ
V

Z t Z
0

r : e_ p dV



V

ð14Þ

V

In this equation the left-hand side corresponds to the internal
energy and the three terms in the right-hand side correspond to
the elastic, plastic and damage energies, respectively. ed is the
yielding strain tensor.
The ability of this integrated model to describe the cyclic behavior of buckling-restrained braces is veriﬁed on the simple device
considered in the previous section (see Fig. 6). The core undergoes
six triangular cycles of growing imposed axial displacements; their
amplitudes are ±Dy, ±2 Dy, ±3 Dy, ±5 Dy, ±10 Dy and ±15 Dy; Dy is

112

F. López-Almansa et al. / Engineering Structures 41 (2012) 108–117

200

150

150

100

Forrce (kN)

Force (kN)

100
50
0
-50

50
0
-50

-100
-100

-150
-200

-150
-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

-0.6 -0.4 -0.2

0.0

0.2

0.4

Displacement (mm)

Displacement (mm)

(a) Kinematic hardening

(b) Isotropic hardening

0.6

Fig. 5. Numerical simulation of hysteresis loops in an axially deformed steel bar.
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6.1. Tests in the University of Girona
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Fig. 6. Simple buckling-restrained brace considered for veriﬁcation purposes.
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Fig. 7. Numerical simulation of the sliding behavior of the contact interface.

the yielding displacement. The maximum amplitude is elected to
generate plastiﬁcation and damage in the steel core. Fig. 8 displays
the obtained monotonic behavior of the tensioned naked core (a)
and of the compressed whole device (b) and Fig. 9 displays the obtained hysteresis loops.
In Fig. 8a and b the two corner points correspond successively
to yielding and to failure of the steel core. Comparison between
Figs. 8 and 9 shows that the monotonic behavior in Fig. 8 can be
also observed in the hysteresis loops in Fig. 9.

6. Comparison between numerical and experimental results
The accuracy of the proposed model is checked by comparison
with experimental results obtained in two series of tests carried
out in the universities of Girona [29] and San Diego [25],
respectively.

These experiments consist of testing four buckling-restrained
braces under imposed axial displacements until failure [29,30].
Such devices are shaped as shown by Fig. 1b, being basically composed of a slender solid bar (cylinder) as dissipative steel core and
a round thin-wall steel tube ﬁlled with high strength mortar (without shrinkage) as restraining casing. Two two-halved steel connectors are placed at both ends to ensure a proper anchoring to the
frame. The sliding is ensured by a three-layer interface: the steel
core is coated with TeﬂonÒ, lubricated with grease and wrapped
with rubber. Fig. 10 shows a plan view of the device, an elevation
of one of their ends and two front views; the left front view includes
a steel connector while the right one shows a bare core end [29].
These end connections are basically hinged.
The four tested devices are termed D1, D2, D3 and D4; the
values of their geometrical parameters (Fig. 10) are summarized
in Table 1.
Table 1 shows that dissipators D1 and D2, as well as D3 and D4,
are designed to be alike; this allows comparing their results. Fig. 11
depicts the testing rig of device D1.
Fig. 11 shows that the tested device is connected in one of their
ends to a ﬁxed support while the other end is connected to a jack;
its motion constitutes the imposed axial displacement.
In the core and in the outer tube the steel type is S275 [13],
whose nominal yielding point and ultimate strength are 275 and
410 MPa, respectively; coupon tests were conducted, providing
average yielding points equal to 307 MPa (devices D1 and D2)
and to 300.5 MPa (devices D3 and D4) and average ultimate
strength equal to 427 MPa (devices D1 and D2) and to
423.63 MPa (devices D3 and D4). No tests about the Young’s modulus and the Poisson’s ratio were conducted, nominal values were
considered instead; such values are 210 GPa and 0.3, respectively.
The compressive strength and the deformation modulus of the
mortar were determined by testing; the average obtained values
were 39.92 MPa and 17.52 GPa, respectively. The tensile strength
and the Poisson’s ratio are estimated as 3.99 MPa and 0.2,
respectively.
The imposed displacements law consists of a number of growing-amplitude cycles followed by constant-amplitude cycles that
maintained until failure; in this last phase the half-amplitude is
5 Dy. The values of the yielding displacement Dy are estimated as
3.83 mm for dissipators D1 and D2 and 3.37 mm for dissipators
D3 and D4. The ﬁrst imposed cycles of devices D1 and D2 are displayed in Fig. 12; they encompass the ﬁrst phase (growing-amplitude cycles) and part of the second one (constant-amplitude
cycles).
These experiments have been simulated with the proposed
model. The plastic behavior of the steel core is described by a kine-
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Fig. 8. Numerical simulation of the monotonic behavior.

40

matic hardening model with hardening modulus HK = 21 GPa; no
damage has been considered. In the mortar casing the fracture energy per unit area is Gf = 0.104 N/mm2 and the characteristic length
l is equal to the geometric average of the sides of the ﬁnite element [26]. The interface is considered as an air gap; in the contact
model the friction coefﬁcient is j = 0.1, the directionality is isotropic and there is no limit in the transfer of shear stresses. The
discretization period of the imposed displacement history (see
Fig. 12) is Dt = 0.05 s. In the explicit integration the time increment
is equal to the ratio between the propagation velocity of the shear
wave inside the steel and the length l of the ﬁnite element [1].
The devices have been discretized with 8-node hexahedron
Lagrangian elements. Taking advantage of the symmetry of the
tested braces, only half length of the each device is modeled; one
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Fig. 9. Numerical simulation of the hysteresis loops.
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Fig. 10. Buckling-restrained brace tested in the University of Girona [29].

Table 1
Main geometrical parameters of prototypes D1, D2, D3 and D4.
Devices

Lco (mm)

Lcn (mm)

Ltu (mm)

Ldi (mm)

dco (mm)

dtu (mm)

ttu (mm)

dcn (mm)

D1 and D2
D3 and D4

2808
2808

200
270

2422
2152

2466
2196

10
22

90
115

3
3

80
85
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Fig. 11. Testing rig in the University of Girona [30].
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Fig. 12. Initial cycles of dissipators D1 and D2 (University of Girona) [29].
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of their ends is fully clamped while the other one is transversally
free while the axial displacement is imposed to the core. The
circular cross-sections depicted in Fig. 10 have been replaced by
an equivalent square geometry to ease the mesh generation and
to avoid having ﬁnite elements with high aspect ratios. Since the
areas of the steel core and of the mortar casing are the same in
both cases, this modiﬁcation does not alter signiﬁcantly the structural behavior. Aiming also to obtain a regular mesh, the outer steel
has been homogenized to mortar.
Fig. 13 shows a comparison between the experimental and
numerical hysteresis loops of device D1. Given the appearance of
the experimental yielding branches, kinematic hardening was considered for the numerical modeling of the steel core. Plots from
Fig. 13 show a satisfactory agreement; the pinching effect observed
in the experimental results is generated by gaps in the end connections (Fig. 10). Both the experimental and the numerical results
show that the yielding and maximum compressive forces are
slightly higher than the tensile ones; this difference is due to the
mortar casing contribution caused by the shear stress transfer generated during the buckling of the core. Conversely, in Fig. 8 both
yielding points are alike since the core is signiﬁcantly stockier.
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Fig. 14. Numerical and experimental hysteresis loop of dissipator D3 (University of
Girona).

The mortar did not experience any damage; this result ﬁts the
after-test observations [29,30].
Fig. 14 shows a comparison between an experimental and a
numerical hysteresis loop of device D3 corresponding to the cycles
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(a) Overall view

(b) Cross-section of devices 1G & 2G

(c) Cross-section of devices 3G & 4G

Fig. 15. Devices tested in the University of California [25].

with higher amplitude (5 Dy, see Fig. 12). The numerical and experimental values of the dissipated energy (area encompassed by the
loop) are 4.624 and 4.477 kNm, respectively; this agreement is
considered satisfactory.

6.2. Tests in the University of California
Two pairs of nominally-identical and full-scale buckling-restrained brace sub-assemblages (termed 1G and 2G by one side,
and 3G and 4G by the other side) were tested in the University
of California, San Diego [25]. Fig. 15 describes the tested devices;
they are composed of a steel surrounded by a grout-ﬁlled square
tube. The core of devices 1G and 2G is a ﬂat plate while the one
of devices 3G and 4G has a cruciform cross-section. Table 2 displays the values of the main geometrical parameters of the
specimens.
In Table 2, Ly is the length of the yielding segment, i.e. the one
whose cross-section is shaped as described by Fig. 15b or c.
The specimens underwent both longitudinal and transversal
imposed displacements; only the axial components are considered
for simulation. The loading protocol was a combination of those
stated in [2] and in FEMA 450 [16]. Such loading sequences are
established in terms of Dby and Dbm. Dby is the yielding displacement, and Dbm corresponds to the design story drift; Dbm was
assumed as 5 Dby.

The steel type of the core is A36 [4], whose actual average yielding point and ultimate strength are 37.5 and 70.3 ksi, respectively
(1 ksi = 6.895 MPa); such values have been obtained from coupon
tests. In the outer tube the steel type is A500 Grade B [5]. The compressive strength of the grout was obtained by testing; the average
value at 28 days was 8825 psi. The deformation modulus, the tensile strength and the Poisson’s ratio are estimated as 2541 ksi,
883 psi, and 0.2, respectively.
These experiments have been simulated with the proposed
model. In the steel core the modulus of elasticity is taken as
210 GPa and the plastic behavior is described by an isotropic and
kinematic hardening model with hardening moduli HK = HI = 21
GPa; no damage has been considered. In the grout ﬁll the fracture
energy per unit area is Gf = 0.242 N/mm2 and the characteristic
length l is equal to the side of the ﬁnite element. The sliding interface is considered as an air gap; in the contact model the friction
coefﬁcient is j = 0.1, the directionality is isotropic and there is no
limit in the transfer of shear stresses. In the explicit integration
the time increment is equal to the ratio between the propagation
velocity of the shear wave inside the steel and the length of the ﬁnite element [1].
As in the simulation of the experiments carried out in the
University of Girona, the devices have been discretized with 8node hexahedron Lagrangian elements; taking advantage of the
symmetry of the devices, only half of the total length is modeled.
Conversely to the discretization of the devices tested in the

Table 2
Main geometrical parameters of prototypes 1G, 2G, 3G and 4G (1 in. = 25.4 mm).
Devices

L (in.)

Lc (in.)

Ly (in.)

Tube (in.)

Core (in.)

1G and 2G
3G and 4G

260–1/8
250–3/16

184–3/8
164–7/16

132–1/2
144–7/16

14  14  5/16
16  16  5/16

8  1–1/2
9–3/4  9–3/4  1–1/2
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(a) Device 1G

(b) Device 3G

Fig. 16. Experimental hysteresis loops of devices tested in the University of California [25] (1 kip = 4448 N; 1 in. = 25.4 mm).
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(a) Device 1G. Isotropic hardening
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Fig. 17. Numerical simulation of tests in the University of California (1 kip = 4448 N; 1 in. = 25.4 mm).

University of Girona, the outer steel has not been homogenized to
grout.
Fig. 16 shows the experimental hysteresis loops of specimens
1G and 3G and Fig. 17 displays the corresponding numerical
simulations.
Comparison between the experimental and the numerical results showed in Figs. 16 and 17 shows a satisfactory agreement.
In both Figures, for device 3G the maximum and yielding values
of compressive and tensile forces are near alike while for device
1G the compressive forces are higher. This dissimilarity can be explained the big slenderness of the core of device 1G in its weak
direction (see Fig. 15b).
7. Conclusions
An accurate and continuum mechanics-based numerical model
of the cyclic behavior of dissipative buckling-restrained braces is
built. The proposed algorithm is oriented to devices composed of

a steel core embedded in a mortar or steel casing. The behavior
of the steel core is described by a model with a large displacement
formulation and including multiaxial plasticity and isotropic
damage. The behavior of the mortar is described by an isotropic
damage model and the sliding behavior of the interface is
described by a contact penalty model. These three models are
implemented in the Abaqus software package; an explicit formulation is chosen because of the ill-conditioning of the stiffness matrix
due to the penalty formulation of the contact problem. The integration of the models of the mortar, the steel and the interface guarantees the stability of the energy balance. The ability of the
individual and integrated models to reproduce the cyclic behavior
of buckling-restrained braces is veriﬁed in a number of representative situations. As well, the accuracy of the proposed algorithm is
satisfactorily checked by comparison with two sets of experimental results.
Further research will focus on extensive use of the proposed
model to allow for accurate and innovative design of buckling-
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restrained braces, mainly for mass use in developing countries. The
main objective will be to gain a deep understanding of the integrated core-casing buckling behavior; preliminary results show
that slender cores generate relevant shear stress transfer to the
core while this phenomenon is less noticeable for stockier cores.
It is expected that the proposed model will allow designing devices
more slender and less costly than the commercially available ones.
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