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ABSTRACT
Post-earthquake reconnaissance has revealed that pounding and unseating are two
main damage scenarios for bridges subjected to strong earthquakes. In this regard, a
resilient Ni-Ti shape memory alloy (SMA)-cable-based frictional sliding bearing
(SMASCFB) is proposed in this paper to prevent damages from pounding and unseating.
The SMASCFB is not only associated with characteristics of self-center, high energy
dissipation, super-elasticity, good fatigue and corrosion resistance but also with
modularity, replaceability and self-adaptability. In this paper, the modularly designed
method and working mechanism of the proposed SMASCFB are introduced in detail. In
addition, a one dimensional constitutive hysteretic model of the SMASCFB is developed
considering the slack length (gap), axial tension stiffness per unit length, self-centering,
super-elasticity and high energy dissipation effects. The proposed resilient SMASCFB is
then applied to a two-span continuous bridge. The comparative seismic performance of
an example bridge with/without the SMASCFB is investigated under seismic excitations
through the nonlinear dynamic analysis and parametric studies to evaluate the effects of
gap and axial tension stiffness. A comparative function is developed to compare the
seismic performance of the bridge with/without the SMASCFB. The made observations
indicate that the modular designed SMASCFB can substantially improve the seismic
performance associated with different structural components and protect the bridge
against the pounding and unseating.

1. INTRODUCTION
Post-earthquake investigation shows that the pounding and unseating were the two
common reasons accounting for bridge damage or collapse under large earthquakes
(Priestley et al. 1996). For instance, during the 1971 San Fernando earthquake, the
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collision between the bridge girder and abutment caused extensive damages to the
highway bridges (EERI 1995). To mitigate seismic damages of bridge structures, several
types of isolation devices have been developed, tested and installed in bridges located
in
earthquake prone regions. Basically, the isolation devices mainly include
lead-rubber bearings, high damping bearings, magneto-rheological dampers and so on
(Ghobarah and Ali 1990; Warn and Whittaker 2004; Bhuiyan et al. 2009). One
advantage of these isolation devices is that they can lengthen the natural period of the
bridge and reduce the seismic demand significantly when installed in bridges. Another
advantage is that these isolation devices are always endowed with high damping
property that can ensure the piers and girders of the bridges within the safe range of
displacement. Nevertheless, the disadvantages of these isolation devices are also
obvious considering ageing, durability, maintenance, long-term reliability and residual
displacement (Dolce et al. 2000; Dion 2011, 2012). In order to overcome the
shortcomings, the shape memory alloy (SMA), with the characteristics of high strength,
self-centering, super-elasticity, energy dissipation, good fatigue and corrosion
resistance, can be adopted to overcome the aforementioned deficiencies and provide
an alternative solution for the seismic mitigation of bridges (Song et al. 2006; Ozbulut et
al. 2011; Lecce and Concilio 2015).
Several types of SMA-based isolation devices have been invented and tested in the
past two decades. A unique SMA-cable/bar restrainer instead of steel bar restrainer was
proposed to install at in-span hinge or interface of the girder and abutment, and a series
of large scale shake table tests were carried out to demonstrate its efficiency in limiting
the hinge opening (Wilde et al. 2000; DesRoches et al. 2003; Dolce et al. 2007; Johnson
et al. 2008; Zhang et al. 2009; Padgett et al. 2010; Liu 2011). As this type of
SMA-cable/bar restrainer was not attached to the bearings, a lot of additional work
needs to be done for installation. In addition, if a SMA-bar restrainer is long, it may be
vulnerable to buckling effects. Choi et al. (2005, 2006) proposed a new isolation
elastomeric bearing equipped with SMA wires to recover the residual displacement
between adjacent decks of bridges under strong earthquakes. However, the proposed
isolation bearing cannot work well under a large shear strain (e.g., 200%), which is
beyond their super-elastic strain range. Dezfuli and Alam (2014) improved the bearing
proposed by Choi et al. and developed two types of SMA-wire-based elastomeric
bearings to recover the residual displacement between adjacent girders of bridges after
earthquakes. These types of isolation devices are effective to protect bridges against
damages under most earthquakes except for those near-fault pulse-like ground motions.
Yuan et al. (2012) proposed a frictional sliding bearing incorporated with tendons to
reduce the seismic damages to bridges under earthquakes with critical frequencies in a
broadband, whereas the tendons installed in the bearing lack the energy dissipation and
self-centering capacities.
In this paper, a new generation of frictional sliding bearing equipped with modular
SMA-cable component (SMASCFB) is proposed to provide self-centering,
super-elasticity and energy dissipation capacities for protecting bridges from pounding
and girder unseating under earthquakes including near-fault pulse-like ones. One merit
of the modularly designed SMASCFB is that it can be easily disassembled for replacing
the damaged SMA cables after earthquakes. Furthermore, the slack length (gap) and
the axial tension stiffness per unit length of the SMASCFB can be changed easily to
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adapt the horizontal displacement under servicing and earthquake loadings. To the best
knowledge of the authors, this type of bearing has not been investigated by previous
studies.
In this regard, a one dimensional (1D) constitutive model for the SMASCFB is
established firstly. The developed constitutive model can consider the sliding effect of
the frictional sliding bearing component as well as the gap, energy dissipation and
self-centering effects of the SMA-cable component. To evaluate the feasibility and
reliability of the proposed SMASCFB for the seismic retrofit of bridges, a two-span
continuous bridge built in the earthquake prone region is taken as the example. Three
cases associated with different gap sizes and the axial tension stiffness per unit length
of the SMA-cable component are presented to conduct seismic analyses of the example
bridge. In addition, an objective function is developed to evaluate the effect of the
SMASCFB on the structural seismic mitigation and identify the critical design
parameters of the SMASCFB.

2. HYSTERETIC MODEL OF THE MODULAR SMASCFB
2.1. Design of the modular SMASCFB
Besides the features of self-center, good energy dissipation, pounding and
unseating avoidance, good fatigue and corrosion resistance, the properties of modularity,
replaceability and self-adaptability are also the crucial targets of the SMASCFB. A
SMASCFB is divided into four categories considering the movement direction: one is
moveable only in the longitudinal direction of bridges; the second one is moveable only
in the transversal direction of bridges; the third one is moveable in both the longitudinal
and transversal directions; and the last one is restricted in both the longitudinal and
transversal directions. For instance, the configuration of the last type of the modular
SMASCFB is shown in Fig. 1. As indicated, the fixed modular SMASCFB consists of one
frictional sliding bearing component and two SMA-cable components. The frictional
sliding bearing component consists of the top and bottom plates with screwed holes,
Teflon plate, stainless steel plate, elastomeric pad, and shear key. The SMA-cable
component is composed of locking plates, SMA cables, screws, and spring washers. It
is noted that some screwed holes in the top and bottom plates of the frictional sliding
bearing are prepared for equipping with the modular SMA-cable component by screws
and spring washers. The conventional frictional sliding bearing can mitigate the seismic
action on piers or abutments by reducing the shear force transferring across the sliders
after the shear key is broken under severe earthquakes. In other words, once the friction
threshold and the shear capacity of the shear key are exceeded, the interface between
the sliders may slide to isolate the horizontal seismic excitation. To ensure the relative
sliding displacement between the top and bottom plates of the frictional sliding bearing
within a safe range under earthquakes, two modular SMA-cable components are
proposed and incorporated with the frictional sliding bearing component. Consequently,
the super-elasticity and high damping effects of the SMA-cable component in the
SMASCFB can be fully used to protect the bridge from the pounding and unseating
damages.
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Fig. 1 Configuration of the modular SMASCFB
2.2. Constitutive hysteretic model of Ni-Ti SMA material
The Ni-Ti SMA material has two unique properties: one is the shape memory effect
and the other is the super-elasticity effect. These properties emerge as a result of phase
shift between the austenite and the martensite. The austenite is stable at high
temperature and low stress whereas the martensite is stable at low temperature and
high stress. The austenite has a cubic crystal structure, while the martensite has a
less-ordered crystal structure, which exists in two forms depending on the crystal
orientation direction. Fig. 2 displays the schematic illustration of different phases of the
Ni-Ti SMA material. In the stress free state, the Ni-Ti SMA material has significantly
different mechanical properties in terms of four critical temperature points. Mf, Ms, Af and
As represent martensite finish temperature, martensite start temperature, austenite finish
temperature and austenite start temperature, respectively. As usual, the temperature is
sorted as Mf <Ms <As < Af.

Fig. 2 Different phases of Ni-Ti SMA material
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The shape memory effect is the ability of the Ni-Ti SMA material to recover its
original shape after deformation through a thermal cycling. If the temperature is below
Mf, the SMA will be in its twinned martensite phase. When a stress is beyond a critical
level, the material transforms to the detwinned matensite phase and keeps this phase
until the removal of the load. It can regain the initial shape when the SMA material is
heated to a temperature above Af. Heating the material above Af will cause the
formation of the austenite phase and a complete shape recovery. If a subsequent
cooling is applied to the SMA, it will transform to initial twinned martensite phase without
a permanent deformation. The shape memory effect of the SMA material is illustrated in
Fig. 3(a). The super-elasticity effect is described as the recovery of a large strain due to
the stress-induced martensitic phase transformations under a constant temperature.
The SMA is in its austenite phase with a temperature higher than Af. Applying a higher
stress than a critical value may result in the transformation of the austenite into stress
induced detwinned martensite. During the unloading scenario, the martensite becomes
unstable and a reverse transformation to the austenite state occurs, which can induce
the complete shape recovery and a substantial hysteresis loop. The super-elasticity
effect of the SMA material is schematically demonstrated in Fig. 3(b).

(a) shape memory effect
(b)
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(b) super-elastic effect
Fig. 3 Two unique properties of Ni-Ti SMA material
Generally, a linear relation can be used to describe the dependence of the critical
stresses to cause transformation with temperature (Brinson 2003). The flag-shaped
hysteretic model of the SMA material is displayed in Fig. 4 and the critical stresses and
strains at different stages can be formulated as:
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where  M s and  M s are the critical stress and strain of the SMA material at the
temperature of Ms ; CM and CA are the slopes of the transformation boundary in the
stress-temperature planes of SMA material at martensite and austenite phases,
respectively; EA and EM are the Young’s moduli of the SMA material at the austenite and
martensite phases, respectively;  M f and  M f are the critical stress and strain of the
SMA material at the temperature of Mf , respectively;  As and  As are the critical stress
and strain of the SMA material at the temperature of As, respectively;  Af and  Af are
the critical stress and strain of the SMA material at the temperature of Af, respectively; T
is the temperature of the SMA material at a reference state; and εL is the maximum
residual strain of the SMA material. Commonly, the material properties CM and CA are
assumed as equal (Liang and Rogers 1992).
Strain-stress relationship on different paths of the Ni-Ti SMA material illustrated in
Fig. 4 is given as follows:

Fig. 4 Constitutive hysteretic model of the Ni-Ti SMA material
Paths O-A and E-O are elastic (full austenite):
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where σ and ε are the stress and the strain of SMA material, respectively.
2.3. Constitutive hysteretic model of the SMASCFB
As aforementioned, the frictional sliding bearing and the SMA-cable components
are incorporated together as a parallel system to sustain external loads. The horizontal
shear resisting capacity of the shear key in the fixed SMASCFB is expected to be not
less than 10% of the vertical load capacity to resist the shear force associated with
service loadings (e.g., dead load, vehicle load, temperature load, wind load, braking
force due to vehicles). The cross-section of the fixed SMASCFB is shown in Fig. 5(a).
The lengths and widths of the top and bottom plates of the fixed SMASCFB are denoted
as A, C and B, D, respectively as shown in Fig. 5(b). The length of each slack
SMA-cable in space can be calculated, as shown in Fig. 5(c):

L = H 2 + Lxy 2 ,
(14)

Lxy  (u x  A  C ) 2  (u y  B  D) 2 ,
(15)
where H denotes the height between anchorage points where the SMA-cable
component incorporates with the frictional sliding bearing component; Lxy denotes the
projected length of the SMA-cable in the horizontal plane (i.e. XOY); The terms ux and uy
denote the free displacements (gaps) of the SMA-cable component in the longitudinal
and transversal directions, respectively.
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(a) Elevation

(b) Top plan

(c) The geometric relationships of the SMA-cable component
Fig. 5 Configuration and geometric dimensions of the SMASCFB
The seismic performance of the frictional sliding bearing is modeled using an
elastic-perfectly plastic force-displacement constitutive model as shown in Fig. 6(a). The
initial shear stiffness per unit length is represented by ke and the sliding frictional force of
the frictional sliding bearing is given by
Fs   N ,
(16)

9

where μ denotes the frictional coefficient of the bearing component; N denotes the
normal force acting on the bearing component.
If the total cross-sectional area and the gaps in both the longitudinal and transversal
directions of the SMA-cable component are known, the strain-stress constitutive model
of each SMA-wire can be converted into a 1D flag-shaped force-displacement
constitutive model of the SMASCFB as illustrated in Fig. 6(b). This model involves five
parameters: u0s represents the gap of the SMA-cable component; k0s , k1s , k2s and k3s
denote the axial tension stiffness per unit length of the slack SMA-cable component, the
initial axial tension stiffness per unit length, the yielding axial tension stiffness per unit
length, and the super-elastic stiffness per unit length of the SMA-cable component,
respectively. The initial axial tension stiffness per unit length of the SMA-cable
component can be expressed as:
E A
k1s  A S ,
L
(17)
where EA is the initial Young’s modulus of the SMA cables and As is the total
cross-sectional area of all the SMA cables in a SMA-cable component. Herein, the
frictional sliding bearing and the SMA-cable components are modeled by two
zero-length spring elements in parallel.

(a) Frictional sliding bearing component
(b) SMA-cable component
Fig. 6 Constitutive model of the SMASCFB

3. MODELING OF THE BRIDGE
3.1. Introduction of the prototype bridge
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To investigate the efficiency of the SMASCFB in seismic mitigation of bridges under
strong earthquakes, a two-span continuous steel girder bridge (50 + 50 m) is selected
as the example structure. The topological layout of the bridge is shown in Fig. 7(a). The
detailed profiles of the RC pier and the abutment are depicted in Fig. 7(b). The width of
the steel girder is 10 m. The cross-sectional dimension of the RC pier is 0.9 m × 0.9 m.
The clear height of the column is 5.80 m. The adjacent columns with the same bent are
5.12 m center to center. The width of both the bent cap and the pile cap are 7.6 m. The
back wall of the seat abutment is 1.85 m in height, 6.26 m in width and 0.42 m in
thickness. The sectional reinforcement details of the RC column are shown in Fig.
7(c).The longitudinal, transversal and vertical directions are denoted by axes X, Y and Z,
respectively. The diameters of longitudinal and transversal reinforcing bars are 22 mm
and 16 mm, respectively. The yield strength (Fy) of the reinforcing bar is 280.0 MPa. The
concrete strength is 35.0 MPa. The elastic moduli of the reinforcement (Es) and the
concrete (Ec) are 2.0×105 and 3.0×104 MPa, respectively. The conventional low type
fixed and sliding bearings are placed on the bent cap and two abutments, respectively.
The expansion joints at two abutments are both 100 mm in width. To mitigate the
seismic responses of the bridge, conventional low type bearings are replaced by the
new SMASCFB. The fixed SMASCFB and the SMASCFB that is moveable in the
longitudinal direction of the bridge are placed on the bent cap and two abutments,
respectively.
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(a) Topological layout of two-span steel continuous girder bridge (unit: cm)
A-A
1000

580

512

169

626
200

716

185

354

130

B-B
1000

1050

200

760

(b) Detailed cross-sections of substructure (unit: cm)
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(c) Transverse cross sections of girder and pier (unit: cm)

(d) Configuration of low type bearings (unit: mm)
Fig. 7 Dimensions and configuration of the continuous girder bridge
3.2. Introduction of the FE model of the prototype bridge
A 3D finite element (FE) model of the prototype bridge is established by using
OpenSees (Mazzoni et al. 2007). Fig. 8 shows the schematic model associated with
detailed modeling information of the continuous steel girder bridge. The superstructure
and RC abutment are modeled by using linear elastic beam-column elements. The low
type fixed and sliding bearings are modeled by multi-linear plastic zero-length spring
elements. The expansion joints on the left and right abutments are both modeled by
zero-length length gap elements. The RC columns are modeled by displacement-based
nonlinear fiber elements which account for the nonlinear characteristics of both concrete
and reinforcement. The soil-structure interaction (SSI) effect of the
soil-abutment-pile-foundation is modeled by several zero-length spring elements in
parallel. The restraints provided by the bearings at two abutments are free in the
longitudinal direction, whereas the restraints provided by the bearings at the pier cap are
fixed.
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Fig. 8 A 3D FE model of the prototype bridge
3.3. FE model of RC column
A type of displacement-based fiber element consisting of three types of hysteretic
material models (i.e., confined concrete, unconfined concrete and reinforcement models)
is employed to investigate the nonlinear behavior of the RC columns under earthquakes.
The constitutive behavior of the reinforcing steel is represented via a uniaxial
Menegotto-Pinto constitutive model with the linear kinematic hardening and aero
isotropic hardening (Menegotto and Pinto 1973; Barbato and Conte 2006). The uniaxial
Kent-Scott-Park concrete model (Scott et al. 1982; Karsan and Jirsa 1969) is used to
model the unconfined and confined concrete.
3.4. FE model of abutment and pile foundation
The SSI effect between the abutment, pile foundation and soil is considered in the
FE model (Maragakis 1991). A parallel zero-length spring element system, as shown in
Fig. 9, is presented to consider the SSI among the abutment, pile foundation and soil. A
tri-linear hysteretic model is assigned to a zero-length spring element to simulate the
dynamic mechanism of the SSI between the soil and abutment. The tri-linear hysteretic
model consists of three segments: (i) a zero stiffness segment accounts for the
expansion gap; (ii) a realistic stiffness segment accounts for the embankment fill
response; and (iii) a yielding stage segment with ultimate longitudinal force capacity Pbw.
The stiffness of abutment kabut and the passive pressure force Pbw at the abutment are
given by:
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kabut  ki  wbw  (

hbw
) , ki  28.7
1.7

(Unit: kN, m),

(18)

Pbw  Ae  239  (

hbw
)
1.7

(Unit: kN, m),

(19)
where wbw and hbw are projected width and height of the back wall for a seat abutment,
respectively; and Ae= wbw×hbw for seat abutment. In summary, the tri-linear model is
formulated by the following equations:

Fc  0
ui  u j  g p  0

,
Fc  kabut  (ui  u j  g p ) 0  ui  u j  g p  Pbw / kabut

Fc  Pbw
ui  u j  g p  Pbw / kabut

(20)
where Fc is the contact force; ui and uj are the displacements of pounding nodes i and j,
respectively; gp is the width of the gap to represent the expansion joint. The initial
passive stiffness of abutments due to the embankment material is estimated by a value
of 28.70 kN/mm/m (Caltrans 2010). The six linear zero-length spring elements are used
to model the SSI between the soil and pile foundation corresponding to six DOFs (i.e.
SSI-X, SSI-Y, SSI-Z, SSI-Rotx, SSI-Roty and SSI-Rotz), respectively. Caltrans (2010)
also provided a way to calculate the lateral elastic stiffness of the soil-pile-foundation
system. The contribution of pile foundation is considered by adding a lateral stiffness (i.e.
X and Z) of 7.0 kN/mm and a vertical stiffness (i.e. Y) of 175.0 kN/mm per pile (Choi
2002). Given the number of the pile, the elastic stiffness of the soil-pile-foundation
system in X, Y and Z axes (i.e. SSI-X, SSI-Y, and SSI-Z) can be calculated. The
rotational stiffness of the entire pile foundation (i.e. SSI-Rotx, SSI-Roty and SSI-Rotz) is
set as 6.09 kN.m/rad in this study.

Fig. 9 Hysteretic model of the soil-abutment-pile system
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3.5. FE models of low type bearings
The hysteretic behavior of conventional low type steel bearing in the longitudinal
and transversal directions was recommended by Mander et al. (1996). The low-type
sliding bearings are installed on the left and right abutments. The low-type fixed
bearings are installed on the bent cap. The hysteretic model of the low-type sliding
bearing in the longitudinal direction is illustrated in Fig. 10(a). The yielding strength (Fs)
of the bearing is determined as the product of the frictional coefficient (μ) and the normal
force (N) acting on the bearing. For the sliding bearing, the initial elastic stiffness per
millimeter (ke) and the frictional coefficient are 123kN/mm and 0.2 (Mander et al. 1996),
respectively. The hysteretic model of the low-type sliding bearing in the transversal
direction is a parallel system of the frictional sliding bearing component and the
constrain component, as displayed in Fig. 10(b). Both the frictional sliding bearing and
the constrain component are simulated by two zero-length spring elements. The
parameters associated with stiffness and displacement of hysteretic models of the
low-type sliding bearing in the transversal direction and the low-type fixed bearing in the
longitudinal and transversal directions are listed in Tab. 1, in which k1f denotes the
elastic

stiffness

per

millimeter;

u1f denotes

the

displacement

limitation;

k2f

and k3f denote plastic striking stiffness per millimeter; and k4f denotes unloading stiffness
per millimeter.

(a) Hysteretic model of the low-type sliding bearing
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(b) Hysteretic model of the low-type fixed bearing
Fig. 10 Hysteretic models of two low type bearings
Tab. 1 Characteristic parameters of different type of low-type bearings
Bearing Types
Sliding bearing
(Transversal direction)
Fixed bearing
(Longitudinal direction)
Fixed bearing
(Transversal direction)

u1f

ke

k1f

(mm)

(kN/mm)

(kN/mm)

0.35

3.0

123.0

0.37

0.5

0.37

0.5



k2f / k1f

k3f / k1f

k4f / k1f

35.0

0.85

0.8

2.5

356.0

210.0

0.25

0.25

1.0

356.0

350.0

0.15

0.15

1.0

4. COMPARATIVE SEISMIC PERFORMANCE
In this paper, the SMASCFB is adopted to accomplish self-adaptive seismic
mitigation of the bridge. In order to investigate the seismic performance of a bridge with
the SMASCFB, a ground motion record is selected as the external excitation. Then, the
sensitivity associated with the effects of the crucial parameters (e.g., the gap size and
axial tension stiffness per unit length of the SMA-cable component) on structural
performance is investigated. Finally, an objective function is presented to compare the
seismic performance of both the conventional bridge and resilient bridge with the
SMASCFB.
4.1. Governing equation of motion considering pounding effect
For a base-isolated bridge, the governing equation of motion in the longitudinal
direction with pounding forces can be written as (Guo et al. 2009):
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(t )  Cu (t )  Ku(t )  FP (t )  MI
Mu
u g (t ) ,
(21)
where M, C and K are the mass, damping and stiffness matrices of the bridge structure,
(t ) , u (t ) and u(t ) are the acceleration, velocity and displacement vectors
respectively; u
of the bridge structure with respect to the ground, respectively; 
u g (t ) is the time
histories of the ground motion; Fp (t ) is the impact force vector due to pounding; and I is
an identity vector. The Eq.(21) is solved numerically by using the Newmark-beta
method.
4.2. Input ground motion

6

6

4

4

2

2

0

0

-2

-2

2

Acceleration (m/s )

To evaluate the seismic performance of the bridge, the seismic record of El Centro
NS (1940) is selected as the external excitation. The time history of the seismic record is
shown in Fig. 11 and original peak ground acceleration (PGA) of the seismic records is
3.417m/s2. To facilitate seismic response comparison of the bridge, the PGA of the
seismic record is scaled to 0.7g as the investigated seismic scenario.

-4

-4
E l c e n tr o ( N S )

-6

0

10

20
T im e ( s )

30

-6
40

Fig. 11 Time histories of the original El Centro (NS) ground motion
4.3. Effects of the SMASCFB
The SMASCFB can dissipate energy and limit bridge deformation under an acting
earthquake. The investigated SMA-cable component is composed of bundled wires
made of super-elastic Ni-Ti with a diameter of 5 mm. The Young’s modulus of the Ni-Ti
wire is 1.7×104 MPa and the yielding stress of the Ni-Ti wire is 170.0 MPa. Different axial
tension stiffness per unit length of the SMA-cable component can be obtained by
changing its cross-sectional area and length. To investigate the effects of variant gap on
seismic performance of the bridge under the investigated hazard, three cases
associated with different constant axial tension stiffness per unit length of the
SMA-cable component (i.e., 41.5kN/mm, 62.3kN/mm and 72.7kN/mm) are studied. The
gaps of the three cases are 100, 150 and 200 mm, respectively. The seismic responses
of the bridge without/with SMASCFB under the three cases are listed in Tabs. 2, 3 and
4.
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Tab. 2 Peak responses of the bridge with and without retrofit (Case 1)
Axial
Tension
Stiffness

Girder

Left Bearing

Right Bearing

Left Abutment

Right Abutment

RC Column

41.5kN/mm

Dspl. (m)

Dspl. (m)

Dspl. (m)

Impact
force(MN)

Impact
force(MN)

Curvature (1/m)

Gap (mm)

Orig.

Retrofit

100
150

Orig.

0.107
0.140

200

0.126

Retrofit

Orig.

-0.077
-0.135

0.136

-0.100

Retrofit

Orig.

-0.077
0.110

-0.111

-0.098

Retrofit

Orig.

0.0
1.635

0.110

0.0

Retrofit

Orig.

0.0
1.488

1.422

0.121

Retrofit
-4.435E-04

-4.035E-04

1.148

-4.733E-04
-4.309E-04

Tab. 3 Peak responses of the bridge with and without retrofit (Case 2)
Axial
Tension
Stiffness

Girder

Left Bearing

Right Bearing

Left Abutment

Right Abutment

RC Column

62.3kN/mm

Dspl. (m)

Dspl. (m)

Dspl. (m)

Impact
force(MN)

Impact
force(MN)

Curvature (1/m)

Gap (mm)

Orig.

Retrofit

100
150

Orig.

0.094
0.140

200

0.119

Retrofit

Orig.

-0.075
-0.135

0.133

-0.088

Retrofit

Orig.

-0.075
0.110

-0.109

-0.087

Retrofit

Orig.

0.0
1.635

0.109

0.0

Retrofit

Orig.

0.0
1.488

1.371

0.0

Retrofit
-4.621E-04

-4.035E-04

1.197

-4.608E-04
-4.310E-04

Tab. 4 Peak responses of the bridge with and without retrofit (Case 3)
Axial
Tension
Stiffness

Girder

Left Bearing

Right Bearing

Left Abutment

Right Abutment

RC Column

72.7kN/mm

Dspl. (m)

Dspl. (m)

Dspl. (m)

Impact
force(MN)

Impact
force(MN)

Curvature (1/m)

Gap (mm)

Orig.

100
150
200

Retrofit

Orig.

0.101
0.140

0.116
0.131

Retrofit

Orig.

0.080
-0.135

0.085
-0.108

Retrofit

Orig.

0.080
0.110

0.085
0.108

Retrofit

Orig.

0.0
1.635

0.0
1.348

Retrofit

Orig.

0.0
1.488

0.0
1.222

Retrofit
-5.577E-04

-4.035E-04

-4.974E-04
-4.310E-04

As indicated in Tab. 2, when the axial tension stiffness is 41.5 kN/mm and the gaps
are 100 mm, 150mm and 200mm, respectively, the girder displacements in the
longitudinal direction are reduced by 23.6%, 10.0% and 2.9%, respectively, compared
with the conventional bridge. The similar conclusions can be drawn from Tabs. 3 and 4.
It demonstrates that the SMASCFB can reduce the peak displacement response of the
girder significantly under the selected earthquake. As indicated in Fig. 12, when the gap
and the axial tension stiffness per millimeter are 100 mm and 41.5kN/mm, the girder of
the conventional bridge experiences a much larger residual displacement (i.e., 37mm)
than the value of bridges with SMASCFB (i.e., 23mm). Thus, it could be concluded that
if the bridge is properly designed using the SMASCFB, it can improve the seismic
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performance of the bridge significantly. Furthermore, a smaller gap of the SMA-cable
component with the same axial tension stiffness (i.e., 41.5kN/mm) may result in a
smaller residual displacement of the girder of the bridge. Herein, the case 1 is taken as
the example to investigate the performance of the bearing, RC abutments and RC piers
in the following sections.

0.15
Low-Type Bearing
SMASCFB with 100mm Gap
SMASCFB with 150mm Gap
SMASCFB with 200mm Gap

Displacement (m)

0.10
0.05

0.023

0.00

0.037

-0.05
-0.10
-0.15
0

10

20

30

40

Time (s)
Fig. 12 Seismic responses of displacement of the girder
4.4. Comparison of two types of bearing
Fig. 13 displays variations of shear force with the displacement of two kinds of
bearing. As indicated, the blue solid line indicates that once the low-type bearing on the
right abutment reaches its yielding shear force, the shear displacement of the low-type
bearing may result in a significant peak displacement (i.e., 110 mm). However, as
indicated in Fig. 13(a) the SMA-cable component with a short gap (i.e., 100 mm) can
effectively limit the peak displacement. It should be noted that if the gap of the
SMA-cable component increases to 200 mm, the peak displacement will increase to 110
mm as shown in Fig. 13(b). Thus, the gap of the SMA-cable component has a significant
effect on the seismic performance of bridges.
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-600
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0.2

(a) SMA-cable component with gap of 100mm (b) SMA-cable component with gap of
200mm
Fig. 13 Variations of shear force vs. displacement of two kinds of bearing
The displacement of the SMASCFB consists of two parts: one is induced by the
frictional sliding bearing component as shown in Fig. 14(a) and the other is associated
with the SMA-cable component as plotted in Fig. 14(b). As indicated, the SMA-cable
component with a gap of 100 mm results in the yielding stage, which means that the
phase transformation of the SMA-cable transfers from austenite to martensite and the
SMA-cable component absorbs seismic energy to protect the bridge from severe
damages. It is obviously shown that the phase transformation from austenite to
martensite is not complete which means that the SMASCFB has the potential capacity
to resist more intensive earthquake events. When the gap of the SMA-cable component
increases to 200 mm, the peak displacement responses of the bridge with and without
SMASCFB are equivalent roughly. It implies that the gap of the SMA-cable component
plays a significant role in the seismic mitigation of the bridge. The displacement
responses of the frictional sliding bearing component and the SMA-cable component
are displayed in Fig. 15(a) and (b), respectively. It can be concluded that the SMA-cable
component does not experience the yield stage as the gap is too long to trigger the
energy dissipating and super-elastic capacities. Therefore, if the gap of a SMA-cable
component cannot be selected properly, the super-elasticity and energy dissipation
effects of the SMA-cable component cannot be activated. Similar conclusions can also
be made based on the observations of cases 2 and 3.
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Fig. 14 Variations of shear force vs. displacement of the SMASCFB with a gap of
100mm
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Fig. 15 Variations of shear force vs. displacement of the SMASCFB with a gap of
200mm
4.5. Comparison of the RC abutment
Fig. 16 displays the comparison of the peak pounding force of the left abutment.
Generally, the pounding force between the girder and the left abutment of the bridge
without retrofit is much larger than that of the bridge with the SMASCFB. When the gaps
of the SMASCFB are between 100 mm to 150 mm and the constant axial tension
stiffness per unit millimeter of the SMA-cable component is 41.5kN/mm, the pounding
forces are equal to zero. Although, when the gap of the SMASCFB increases to 200mm,
the pounding force between the left abutment and girder reaches to 1.422 MN that is still
less than the one (i.e., 1.635kN) that is resultant from the bridge without retrofitted by
the SMASCFB. Consequently, if the gap size of the SMA-cable component is
appropriately selected, the pounding hazard between the girder and the abutment of the

21

bridge can be avoided completely. The similar conclusions can also be drawn based on
results of cases 2 and 3.

Pounding Force (MN)

3

3

41.5kN/mm
2 Original

2

200mm
1

1

100mm 150mm

0

1

2

3

4

0

Fig. 16 Comparison of peak pounding force of the left abutment
4.6. Comparison of the RC column
The axial tension stiffness per millimeter and the gap of the SMA-cable component
are 41.5 kN/mm and 100 mm, respectively. The relation between moment force and
curvature of RC column is displayed in Fig. 17. As indicated, the bottom section of the
RC column with and without retrofitting measures experiences the plastic deformation
under the investigated earthquake. Although the absolute peak curvature at the bottom
of the RC column of the retrofitted bridge is larger than that of the original bridge, the
incremental ratio of the peak curvature is only 9.91%. This can be explained that once
the SMA-cable component in the SMASCFB is stretched fully, the partial inertia force of
the girder due to the earthquake event transfers to the RC columns and results in the
increment of the curvature.

Moment Force (kN-m)

600

Low-Type Bearing
SMASCFB with 100mm Gap

400
200

600
400
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0

0

-200

-200
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-0.0006

-400
-4.035E-4

-0.0003

0.0000

0.0003

-600
0.0006

Curvature (1/m)

Fig. 17 Variations of moment force vs. curvature of RC column
4.7. Identification of sensitive parameters for the SMASCFB
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To identify the sensitive parameters for the SMASCFB, an objective function
associated with the mitigation effects of seven components of the bridge is proposed
and formulated as:
5
 Vri - Voi  2
 Vrk 
  wk  abs  k  ,
Max( J )   wi  abs 
 Voi  
 Vo 
i 1

 k 1


(22)
where Max(J) represents to calculate the maximum value of the objective function J; the
weighting factors of the girder, the left bearing, the right bearing, the left abutment and
the right abutment of the bridge are denoted as wi (i=1,…5), respectively; the weight
factors of the two columns of the bridge are denoted as wk (k=1 and 2), respectively;
abs means to calculating the absolute value; the peak seismic responses of the girder,
the left bearing, the right bearing, the left abutment, the right abutment of the original
and the retrofitted bridge are denoted as Voi and Vri (i=1,…5), respectively; the peak
seismic curvature responses of the two columns of the original and the retrofitted bridge
are denoted as Vok and Vrk (k=1,…2), respectively; and
represents a numerical
operation symbol for absolute value.
For paying more attention to pounding avoidance between the girder and two
abutments, the weighting factors of w4 and w5 are both set as 2/9 and the remaining
weighting factors are 1/9. The results of the objective function associated with three
cases are displayed in Fig. 18. It is observed that if the gap and the axial tension
stiffness per millimeter are 100 mm and 62.3 kN/mm, the objective function J gets the
largest value of 0.760. Thus, if the SMASCFB is designed using the presented objective
function and assigned with the appropriate values of the sensitive parameters, the
efficiency of the structural seismic mitigation with the SMASCFB can be improved
substantially subjected to the selected earthquake event.
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2
(a) Case 1
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Fig. 18 Comparison of results of the objective function

5. CONCLUSIONS
A resilient SMASCFB is proposed in this study to prevent bridges from pounding and
girder unseating under strong earthquakes. The SMASCFB is modularly designed and
thus the damaged SMA cables due to earthquake events can be replaced conveniently
when necessary. A constitutive hysteretic model for the SMASCFB is developed for
numerical simulation, of which the friction sliding, the gap, the self-centering and energy
dissipating effects are all taken into accounted simultaneously. Then, a two-span
continuous prototype bridge is taken as the example to investigate the effectiveness of
variant gap size and constant axial tension stiffness per unit length of the SMA-cable
component on the seismic mitigation of the bridge. An objective function is developed to
identify the sensitive parameters of the SMASCFB for satisfactory seismic mitigation.
Some important conclusions from this study are summarized below:
(1). The SMASCFB has two crucial parameters (i.e., gap size and axial tension
stiffness per unit length of the SMA-cable component) that can be self-adaptively
changed to reach the goal of the bridge seismic mitigation.
(2). The proposed SMASCFB with appropriate parameters is useful to reduce the
residual displacement of bridges under earthquakes.
(3). The pounding and girder unseating damages of bridges installed with the
optimized SMASCFB can be avoided completely.
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(4). The seismic responses (i.e., curvature) of the RC column of the bridge equipped
with the SMASCFB becomes worse than that of bridge without SMASCFB because the
partial inertial force of the superstructure transfers to the pier. Fortunately, the
incremental ratio of the response locates in an acceptable range.

ACKNOWLEDGEMENT
The first author is grateful for the financial support from the natural science foundation of
the Shanghai Pujiang Program (Grant No. 16PJ1409600) and the financial support from
the Jiangsu Highway Bureau.

REFERENCES
Barbato, M. and Conte, J.P. “Finite element structural response sensitivity and reliability
analysis using smooth versus non-smooth material constitutive models,”
International Reliability Safety, 2006, 1, 3-39.
Bhuiyan, A.R., Okui, Y., Mitamura, H., Imai, T. “A rheology model of high damping rubber
bearings for seismic analysis: identification of nonlinear viscosity,” International
Journal of Solids Structures, 2009, 46 (7-8), 1778-1792.
Brinson, L.C. “One-dimensional constitutive behavior of shape memory alloys:
thermo-mechanical derivation with non-constant material functions and redefined
martensite internal variable,” Journal of Intelligent Material Systems and Structures,
1993, 4, 229–242.
California Department of Transportation (CLATRANS). “Seismic design criteria”, Version
1.6, Sacramento, California, 2010.
Choi, E., Nam, T., and Cho, BS. “A new concept of isolation bearings for highway steel
bridges using shape memory alloys,” Canada Journal of Civil Engineering, 2005, 32,
957-967.
Choi, E., Nam, T.H., Oh, J.T., and Cho, B.S. “An isolation bearing for highway bridges
using shape memory alloys,” Materials Science and Engineering A, 2006, 438-440,
1081-1084.
Choi, E. “Seismic analysis and retrofit of mid-America bridges,” Ph.D. thesis. Georgia
Institute of Technology, 2002.
DesRoches, R., Pfeifer, T., Leon, R.T. and Lam, T. “Full-scale Tests of Seismic Cable
Restrainer Retrofits for Simply Supported Bridges,” Journal of Bridge Engineering,
ASCE, 2003, 8(4), 191-198.
Dezfuli, F.H., Alam, M.S. “Performance-based assessment and design of FRP-based
high damping rubber bearing incorporated with shape memory alloy wires,” 2014,
Engineering Structures, 61,166-183.
Dolce, M., Cardone, D. and Marnetto, R. “Implementation and testing of passive control
devices based on shape memory alloys,” Earthquake Engineering and Structural
Dynamics, 2000, 29(7), 945-968.
Dion, C., Bouaanani, N., Tremblay, R., Lamarche, C.-P. and Leclerc, M. “Real-time
dynamic substructuring testing of viscous seismic protective devices for bridge
structures,” Engineering Structures, 2011, 33(12).

25

Marche, C.-P. “Real-time dynamic substructuring testing of a bridge equipped with
friction-based seismic isolators,” Journal of Bridge Engineering, 2012, 17(1), 4-14.
Dolce, M., Cardone, D. and Palermo, G. “Seismic isolation of bridges using isolation
systems based on flat sliding bearings,” Bulletin of Earthquake Engineering, 2007, 5,
491-509.
Earthquake Engineering Research Institute. “Northridge earthquake reconnaissance
report, ” Earthquake Engineering Research Institute, 1995.
Ghobarah, A., Ali, H.M. “Seismic design of base-isolated highway bridges utilizing
lead-rubber bearings,” Canada Journal of Civil Engineering, 1990, 17(3), 413-422.
Guo, A., Li, Z., Li, H., and Ou, J. “Experimental and analytical study on pounding
reduction of base-isolated highway bridges using MR dampers,” Earthquake
Engineering and Structural Dynamics, 2009, 38, 1307-1333.
Johnson, R., Padgett, J.E., Maragakis, M.E., DesRoches, R. and Saiidi, M.S. “Large
scale testing of nitinol shape memory alloy devices for retrofitting of bridges,” Smart
Materials and Structures, 2008, 17(3), doi:10.1088/0964-1726/17/3/035018.
Karsan, I.D. and Jirsa, J.Q. “Behavior of concrete under compressive loading,” Journal
of Structural Division, 1969, 95(12), 2543-2563.
Lecce, L. and Concilio, A. “Shape Memory Alloy engineering for aerospace, structural
and biomedical applications,” Butterworth-Heinemann: London, 2015.
Liang, C. and Rogers, C.A. “Design of shape memory alloy actuators,” Journal of
Mechanical Design, 1992, 144: 223–30.
Liu, J.L., Zhu, S., Xu, Y.L. and Zhang, Y. “Displacement-based design approach for
highway bridges with SMA isolators,” Smart Structures and Systems, 2011, 8(2),
173-190.
Mander, J.B., Kim, D.K., Chen, S.S. and Permus, G.J. “Response of steel bridge
bearings to the reverse cyclic loading,” Technical Report Technical Report
NCEER-96-0014 November 13, 1996.
Maragakis, E., Douglas, B. and Vrontinos, S. “Classical Formulation of the Impact
between Bridge Deck and Abutments during Strong Earthquakes,” Proceedings of
the 6th Canadian Conference on Earthquake Engineering, Toronto, Canada, 1991.
Mazzoni, S., McKenna, F., Scott, M.H., and Fenves, G.L. “Open-Sees command
language manual,” Pacific Earthquake Engineering Research Center, Univ. of
California
at
Berkeley,
Berkeley,
CA,
2007.
http://opensees.berkeley.edu/OpenSees/manuals/ (Aug. 2010).
Menegotto, M. and Pinto, P.E. “Method for analysis of cyclically loaded reinforced
concrete plane frames including changes in geometry and non-elastic behavior of
elements under combined normal force and bending,” Proceedings of IABSE
Symposium on Resistance and Ultimate Deformability of Structures Acted on by
Well-Defined Repeated Loads, Lisbon, Portugal, 1973.
Ozbulut, O.E., Hurlebaus, S. and Desroches, R. “Seismic response control using
shape memory alloys: a review,” Journal of Intelligent Material System and
Structures, 2011, 22 (14): 1531-1549.
Padgett, J.E., DesRoches, R. and Ehlinger, R. “Experimental response modification of a
four-span bridge retrofit with shape memory alloys,” Structural Control and Health
Monitoring, 2010, 17, 694-708.
Priestley. M.J.N., Seible, F. and Calvi, G.M. “Seismic design and retrofit of bridge,” Wiley:

26

New York, 1996.
Scott, B.D., Park, P. and Priestley, M.J.N. “Stress-strain behavior of concrete confined
by overlapping hoops at low and high strain rates,” Journal of American Concrete
Institute, 1982, 79(1), 13-27.
Song, G., Ma, N. and Li, H.N. “Application of shape memory alloys in civil structures,”
Engineering Structures, 2006, 28, 1266-1274.
Warn, G.P. and Whittaker, A.S. “Performance estimates in seismically isolated bridge
structures,” Engineering Structures, 2004, 26(9),1261-1278.
Wilde, K., Gardoni, P. and Fujino, Y. “Base isolation system with shape memory alloy
device for elevated highway bridges,” Engineering Structures, 2000, 22, 222-229.
Yuan, W., Wang, B., Cheung, P., Cao, X., and Rong, Z. “Seismic performance of
cable-sliding friction bearing system for isolated bridges,” Earthquake Engineering
and Engineering Vibration, 2012, 11, 173-183.
Zhang, Y., Hu, X. and Zhu, S. “Seismic performance of benchmark base isolated bridges
with superelastic Cu-Al-Be wire damper,” Structural Control and Health Monitoring,
2009, 16(6): 668-685.

27

