
Smart Structures and Systems, Vol. 28, No. 2 (2021) 229-243 
https://doi.org/10.12989/sss.2021.28.2.229 

Copyright © 2021 Techno-Press, Ltd. 
http://www.techno-press.org/?journal=sss&subpage=7                                      ISSN: 1738-1584 (Print), 1738-1991 (Online) 

 
1. Introduction 

 
The seismic vulnerability of highway bridges located in 

seismically region is of great concern to the researchers and 
engineers. The seismic isolation strategy has been proven as 
an effective and economic method in reducing seismic 
responses. The commonly used seismic isolation devices 
can be divided by two categories, namely rubber bearing 
(i.e., lead rubber bearing, laminated rubber bearing, and 
high damping rubber bearing) and sliding friction bearing 
(i.e., friction pendulum bearing, double concave sliding 
bearing, and triple friction pendulum bearing) (Wen et al. 
2019). The friction pendulum bearing (FPB) offers desired 
horizontal flexibility, energy dissipation capacity and 
durability (Han et al. 2015), making it well suited for 
application to highway bridges. However, the traditional 
FPB inevitably introduce a constant predominant period, 
which may incur resonance-like behavior in the isolated 
bridge (Pranesh and Sinha 2000) when subjected to near-
fault ground motions containing long-period components. 
Motivated by the need of solving the resonance problem, a 
novel multiple-variable frequency pendulum isolator 
(MVFPI) (Han et al. 2020) was proposed, in which the 
mathematic formulation of sliding surface is a piecewise 
function. The natural frequency of the MVFPI isolated 
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bridge could be shifted away from the predominant 
frequency of ground motion. The shape memory alloy 
(SMA) wires are introduced in MVFPI to restrict the 
deformation and improve the seismic resilience, due to the 
excellent energy dissipation and self-centering capacities of 
SMA. The mechanical properties of the MVFPI have been 
investigated by a series of quasi-static tests and parametric 
studies (Han et al. 2020). The testing and numerical results 
demonstrated that the dynamic responses of the MVFPI 
isolated structure could be controlled within the desired 
ranges, but a simplified design procedure is needed for the 
engineering practice. 

The performance-based seismic design (PBSD) 
(Ghobarah 2001) framework proposed by pacific 
earthquake engineering research (PEER) center connects 
the seismic performance with the design parameters. The 
displacement (i.e., drift ratio, material strain, and plastic 
hinge rotation) (Blandon and Priestley 2005) is an effective 
damage index to qualify the seismic performance of the 
structures. Consequently, a direct displacement-based 
design (DDBD) framework was proposed by Priestley et al. 
(2007) under the concept of PBSD. In recent decades, the 
DDBD procedure has been extended to various structural 
types, including the reinforced concrete (RC) and steel 
frames (Moehle 1992, Pettinga and Priestley 2005, Macedo 
and Castro 2012, O’Reilly and Sullivan 2016), the shear 
wall structures (Debnath and Choudhury 2017, Zeris et al. 
2020), different types of bridges (Kowalsky 2002, Dwairi 
and Kowalsky 2006, Khan 2015, Han et al. 2018), and the 
structures with soil-foundation-structure interaction 
(Paolucci et al. 2013). With the development and 
application of seismic isolation, the DDBD procedure has 
also been adapted for the isolated bridges. Jara and Casas 
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(2006) presented an extended DDBD approach for the 
bridges supported on the lead rubber bearings based upon a 
derived equivalent damping ratio, and the proposed method 
improves the displacement prediction capacity. Cardone et 
al. (2009) proposed the DDBD procedure for both existing 
and new bridges equipped with various types of seismic 
isolation systems (i.e., rubber bearing and frictional sliding 
bearing), which were validated by nonlinear time-history 
(NLTH) analyses on different configurations of the bridges. 
A new DDBD method for the isolated bridge with viscous 
dampers was presented by Sanchez and Igarashi (2012), and 
the proposed method avoids the iterative process. Amiri et 
al. (2016) proposed a DDBD procedure for a continuous 
girder bridge isolated by triple friction pendulum bearings, 
and the seismic demands were evaluated by bi-directional 
near filed ground motions. Li et al. (2018) extended the 
displacement-based seismic design to the restrainers in the 
isolated bridges based on a linearized 2-degree-of-freedom 
analytical model to determine the configuration of the 

 

 
restrainers. The DDBD methodology was also utilized in 
the bridge retrofitted by different braces to achieve the 
specified seismic performance (Xiang and Alam 2019). 

Although previous study demonstrated that the MVFPI 
is a stable and robust isolation device, the seismic resistant 
design of highway bridges isolated by MVFPI has not been 
well investigated. If the MVFPI in bridge is not designed 
properly, the seismic performance of the overall bridge may 
degrade. The aforementioned DDBD framework provides a 
viable option for the seismic design of MVFPI, but 
traditional DDBD cannot be directly applied. This study 
aims to develop the seismic resistance design procedure for 
the highway bridge equipped with MVFPIs as an extension 
of the aforementioned DDBD procedure. The objectives of 
the present research are: (1) to propose the seismic design 
procedure for the highway bridge isolated by MVFPI; (2) to 
verify the proposed design procedure by NLTH analyses; 
(3) to investigate the reliability of the isolated bridge with 
the parameters obtained from DDBD procedure. 

 
 

2. Design algorithm of MVFPI in highway bridge 
 
2.1 A Brief Introduction of MVFPI 
 
The details of the MVFPI are presented in Fig. 1(a), 

which is distinguished from FPB by its piecewise function 
of sliding surface and additional SMA-wires (Han et al. 
2020). The MVFPI is aimed at mitigating the seismic 
responses of isolated bridges under different earthquake 
intensities. The piecewise function is composed of the 
hyperbolic and exponential functions (as shown in Fig. 
1(b)), which conforms with the two-stage design philosophy 
in Chinese seismic design code (JTJ/T 2008). The 
hyperbolic function has softening stiffness to reduce the 

inertia force transferred to the substructure, and the 
exponential function provides larger stiffness to control the 
displacement. SMA-wires are also introduced to enhance 
the seismic resilience at severe earthquake. The piecewise 
geometric function of MVFPI is given by Han et al. (2020) 

 

𝑦 = ⎩⎪⎨
⎪⎧𝑏ඨ1 + 𝑥ଶ(|𝑥| + 𝑑)ଶ − 𝑏

𝑦଴𝑒೤బ′೤బ(௫ି௫బ)
𝑥 ≤ 𝑥଴𝑥 > 𝑥଴⎭⎪⎬

⎪⎫
 (1)

 
where b is the imaginary semi-axis; d is the rate of variation 
of isolator frequency; x0 is the critical displacement; y0 and 
y'0 are the value and the first derivative of the piecewise 
function at x0. 

Based on the geometric function in Eq. (1), the lateral 
force-displacement relationship of the MVFPI can be 
expressed by (Han et al. 2020) 

 

 
where mg is the gravity force on the bearing; μ is the 
friction coefficient; A is the area of single SMA-wire; n is 
the total number of the SMA-wires; σ is the tensile stress in 
the SMA-wires; x1 is the displacement when the SMA-wires 
start in tension (as shown in Fig. 1(c)). The equivalent 
damping ratio of the MVFPI depends on the geometric 
function of sliding surface and the mechanical properties of 
SMA-wires, which is also a piecewise function 

 

𝜉eq = ⎩⎪⎨
⎪⎧ 2𝜋(௬′ఓ + 1)2𝜇𝑚𝑔𝜋𝐹 + 𝐸ௌெ஺2𝜋𝐹𝑥

|𝑥| ≤ 𝑥ଵ|𝑥| > 𝑥ଵ⎭⎪⎬
⎪⎫

 (3)

 
where F is the lateral force of MVFPI in Eq. (1); ESMA is the 
energy dissipated by SMA-wires. 

The equivalent damping ratio of the MVFPI and FPB 
can be simplified as a function of the dimensionless value 
Λ, which is obtained as 

 𝜉 = 2𝜋(1 + 𝛬) (4)

 
where ξ is the equivalent damping ratio; Λ of MVFPI and 
FPB can be defined as 

 ΛMVFPI = 𝑦’/𝜇 ΛFPB = 𝐷/𝜇𝑅 (5)
 

where D and R are the limited displacement and radius of 
sliding surface of FPB. 

Considering that μ and D/R of FPB are generally 
ranging from 2% to 5% and 7.5% to 15% (Dolce et al. 
2005), the equivalent damping ratio is limited between 
7.5% and 25%. For MVFPI, the parameter y' is ranging 

𝐹 = ൜ 𝐹௥ + 𝐹௙𝐹௥ + 𝐹௙ + 𝐹SMA |𝑥| ≤ 𝑥ଵ|𝑥| > 𝑥ଵൠ    = ቊ 𝑚𝑔𝑦′(𝑥) + 𝑠𝑔𝑛(𝑥ሶ ) 𝜇𝑚𝑔𝑚𝑔𝑦′(𝑥) + 𝑠𝑔𝑛(𝑥ሶ ) 𝜇𝑚𝑔 + sgn(𝑥)𝑛𝐴𝜎 𝑐𝑜𝑠 𝜃 |𝑥| ≤ 𝑥ଵ|𝑥| > 𝑥ଵൠ 
(2)

230



 
Seismic resistant design of highway bridge with multiple-variable frequency pendulum isolator 

 
 
 

 
Fig. 2 Equivalent damping ratio of the MVFPI and FPB

 
 
 

 
 
 

from 3% to 15% (Han et al. 2020), and the corresponding 
effective damping ratio varies between 7.5% and 40%, 
which covers a larger range than FPB. For helping the 
designer in the selection of the parameters at the beginning 
of the analysis, the ranges of the equivalent damping ratio 
of MVFPI and FPB are shown in Fig. 2. 

 
2.2 Design algorithm of MVFPI 
 
The fundamentals of the DDBD algorithm are presented 

in Fig. 3, using a highway bridge as an example (Priestley 
1993). In the design procedure, an equivalent single-degree- 

 
 
 

 
2

1
ξ

π Λ




 
Fig. 1 Fundamentals of MVFPI: (a) configuration; (b) piecewise function of sliding surface; (c) principles of operation. 

(adapted from Han et al. 2020) 

 
Fig. 3 Fundamentals of DDBD with specific reference to highway bridge 
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of-freedom (SDOF) (as shown in Fig. 3(a)) is obtained by 
predefined displacement profile and the displacement 
capacities of the vulnerable components. The effective 
stiffness, damping ratio, and mass of the substitute SDOF 
can be derived (as shown in Fig. 3(b)). Then, the effective 
period of the equivalent SDOF is determined by the design 
displacement based on the displacement spectra (as shown 
in Fig. 3(c)). Finally, the shear force of SDOF can be 
calculated and equivalently assigned to the original 
structure. 

The above general DDBD procedure is adapted to the 
design of MVFPIs in the highway bridge. It is worth 
mentioning that two seismic hazard levels (E1 and E2) are 
considered in the design procedure of MVFPI. The bridge is 
required to maintain elastic and intact under E1 earthquake, 
and only limited damage is allowed under E2 earthquake. 
Based upon above requirements, the coordinated force-
displacement relationships of the pier and MVFPI at 
different hazard levels are presented in Fig. 3(d). Under E1 
seismic intensity level, the piers remain elastic and MVFPI 
exhibits softening stiffness to reduce the inertia force. 
Under E2 seismic intensity level, the piers are engaged in 
the plastic range and the MVFPI is featured by enhanced 
stiffness to reduce the displacement. The characteristics of 
the equivalent SDOF are determined by different seismic 
hazard levels in the following design procedure. 

Based on above assumptions, the design procedure of 
the MVFPI in highway bridges in transverse direction is 
presented in Fig. 4. In Step 1, the basic input data of the 
bridge are determined, which includes the design 
displacement, mass, geometry, reinforcement ratio, etc. The 
design displacement is the maximum allowable 
displacement of the bridge, which takes the deformations of 
the deck, pier, and bearings into account. Based on the 
appropriate displacement profile of structural components, 
the original bridge can be simplified into an equivalent 
SDOF (Priestley et al. 2007, Gulkan and Sozen 1974), as 
shown in Fig. 3(a), and the corresponding design 
displacement (Δd) can be derived by 

 
 

Fig. 4 Flowchart of the DDBD procedure for existing bridge
with the MVFPI 

 

𝛥ௗ = ∑ (𝑚௜ ⋅ Δ௜ଶ)௡௜ୀଵ∑ (𝑚௜ ⋅ Δ௜)௡௜ୀଵ  (6)

 
where i is the number of the piers or abutments; mi is the 
equivalent mass at the different locations; and Δi is the 
associated absolute displacement at each mi. Specifically, 
the equivalent mass of i-th Deck-Isolator-Pier (D-I-P) 
system (shown in Fig. 3(a)) in this study is obtained by 

 𝑚௜ = ൫𝑀௉,௜ ⋅ Δ௉,௜ + 𝑀஽,௜ ⋅ Δூௌ,௜൯ଶ𝑀P,i ⋅ Δ௉,௜ଶ + 𝑀஽,௜ ⋅ Δூௌ,௜ଶ  (7)

 
where MP,i is the total mass of the pier cap and one third 
pier; MD,i is the total mass of the half left span and half right 
span; ΔP,i and ΔIS,i are the design displacements of the pier 
and isolator in the i-th D-I-P system. 

In step 2, the equivalent damping ratio of the D-I-P 
system can be determined by the damping ratios of the 
MVFPIs and the damping ratios of the piers at the design 
drift ratio. The equivalent damping ratio of the i-th D-I-P 
system (ξeq,i) is given by 

 𝜉௘௤,௜ = Δ௉,௜ ⋅ 𝜉௉,௜ + Δூௌ,௜ ⋅ 𝜉ூௌ,௜Δ௉,௜ + Δூௌ,௜  (8)
 

where ξIS,i is the equivalent damping of the isolator at the 
design displacements; ξP,i is the equivalent damping of pier, 
which is a function of displacement ductility (μ) (Kowalsky 
2002) 

 𝜉P,i = 0.05 + 1 − (1 − 𝛼)/√𝜇 − 𝛼√𝜇𝜋  (9)
 

where α is the ratio between the post-elastic stiffness and 
the initial stiffness with a typical value of 0.05. 

The equivalent damping (ξe) of the SDOF is derived by 
combining the equivalent damping of each D-I-P system 
together, which is given by 

 𝜉௘ = ∑ ൫𝐹௜Δ௜𝜉௘௤,௜൯௡௜ୀଵ∑ (𝐹௜Δ௜)௡௜ୀଵ  (10)
 

where the Fi is the design strength of each D-I-P system at 
design displacement (Priestley et al. 2007). The damping 
reduction factor (Rξ) is required to derive the high damping 
response spectra, which is expressed by Eurocode 8 (1998) 

 𝑅క = ൬ 0.070.02 + 𝜉௘൰଴.ହ
 (11)

 
In step 3, the design spectrum is then determined for the 

equivalent SDOF at a specific site with the given equivalent 
damping. The effective period (Te) can be directly read from 
the spectra at a given design displacement (Δd). 

In step 4, the equivalent stiffness (Ke) of the equivalent 
SDOF system is determined by 

 𝐾௘ = 4𝜋ଶ ⋅ 𝑀௘𝑇௘ଶ  (12)
 

where Me is the equivalent mass of the SDOF, which can be 
derived based on displacement profile 
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𝑀௘ = ∑ (𝑚௜ ⋅ Δ௜)௡௜ୀଵ Δௗ  (13)

 
In Step 5, the equivalent stiffness (KIS,i) of MVFPI in the 

i-th D-I-P system can be solved by the following equation 
 1𝐾௘௤,௜ = 1𝐾௉,௜ + 1𝐾ூௌ,௜ (14)

 
where KP,i is the equivalent stiffness of the pier at the design 
displacements; the equivalent stiffness (Keq,i) of i-th D-I-P 
system is defined as Fi/Δi, in which the Fi is the inertial 
force in the i-th system 

 𝐹௜ = 𝑚௜Δ௜∑ 𝑚௜Δ௜௡ଵ 𝑉௕ (15)

 
where Vb is the base shear of the SDOF, which equals to 
KeΔd. 

In Step 6, based on the derived equivalent stiffness of 
the MVFPI, the parameters of the isolator in the i-th D-I-P 
system can be determined and consequently a new 
equivalent damping (ξ’IS,i) of MVFPI is obtained. If the 
absolute value between the new equivalent damping ratio 
and predefined damping ratio of MVFPI is more than 
specified tolerance, the previous steps are repeated to 
update the equivalent damping of MVFPI until a 
convergence is reached. 

 
 

Table 1 Material properties of concrete and steel 
reinforcement 

Material Property Value 

Concrete 
Compression strength (Mpa) 30 

Young’s modulus (Mpa) 36000 
Strain at peak stress (%) 0.2 

Steel 
Yield stress (Mpa) 420 

Young’s modulus (Mpa) 200000 
 

 
 

Finally, the new design displacements of the piers 
should be checked to guarantee the appropriate state of the 
pier. If the pier is yield in the E1 design stage, iterations are 
still needed to update the design displacement of the pier in 
Step 1 until it is in the elastic range, and also the 
displacement of pier at E2 design stage should be less than 
the design displacement (ΔP,E2). 

 
 

3. Numerical validation 
 
3.1 Bridge prototype and FE model 
 
The prototype of the highway bridge in this study is 

adapted from Priestley et al. (2007). The continuous girder 
bridge consists of four spans (40 m + 50 m + 50 m + 40 m), 
supported on three piers with unequal height of 8 m, 6 m, 
and 8 m, as shown in Fig. 5(a). The RC deck has a box 
section of 14 m wide by 2 m deep (shown in Fig. 5(b)), and 
the weight per unit of length is 190 kN/m. The MVFPIs are 
placed between the deck and piers (as shown in Fig. 5(b)). 
The RC piers have uniform circular section of 1.2 m in 
diameter, and the arrangement of the rebars is presented in 
Fig. 5(c). The material properties of concrete and steel 
reinforcement are shown in Table 1. 

 
3.2 Model numerical implement of MVFPI 
 
The three-dimensional (3D) finite element (FE) model 

of the continuous girder bridge isolated by MVFPI was 
developed in the OpenSees platform. OpenSees platform is 
an open source object-oriented framework for finite element 
analysis using C++ programming language. There are some 
bearing elements and uniaxial materials in OpenSees library 
which can be used for describing the force-displacement 
behavior of FPB and SMA, but these bearing models are 
not suitable for the MVFPI. A new “singleMVFPI” element 
was developed in the OpenSees platform, which is defined 
by two nodes with same coordinates in 3D space (Fenz 
2008, Dao et al. 2013). The mechanical model of the 
MVFPI as stated in section 2.1 is extended to a bi- 

 
 

 
Fig. 5 Prototype of the bridge: (a) bridge configuration; (b) elevation view; and (c) section view of pier. (unit: mm)
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Fig. 6 Force and displacement relationship on the MVFPI in 
3D Space 

 
 

directional model. As shown in Fig. 6, the horizontal 
displacement of the MVFPI is composed of x and y 
directions, which can be expressed as 

 𝑈 = ඥ𝑥ଶ + 𝑦ଶ (16)
 

where x and y are the sliding displacements in two 
orthogonal directions. 

Substituting Eq. (16) into Eq. (1), the geometric 
function of the sliding surface can be expressed as 

 

𝑌 = ⎩⎪⎨
⎪⎧𝑏ඨ1 + 𝑈ଶ(|𝑈| + 𝑑)ଶ − 𝑏

𝑌଴𝑒ೆబ′ೊబ(௎ି௎బ)
𝑈 ≤ 𝑈଴𝑈 > 𝑈଴⎭⎪⎬

⎪⎫
 (17)

 
where U is the horizontal displacement of the MVFPI;Y is 
the vertical displacement of the slider. The bi-directional 
force-displacement relationship of the bearing can be 
derived as Mosqueda et al. (2004) 

 

൜𝑓௫𝑓௬ൠ = 𝑁 ⎣⎢⎢
⎡𝜕𝑌𝜕𝑥 00 𝜕𝑌𝜕𝑦⎦⎥⎥

⎤ ൜𝑑𝑥𝑑𝑦ൠ + 𝜇𝑁 1ฮ𝑈ሶ ฮ ൜𝑥ሶ𝑦ሶ ൠ (18)

 
where fx and fy are the forces in two orthogonal directions; 
∂Y/∂x and ∂Y/∂y are the partial derivatives of geometric 
function Y in two orthogonal directions; N is the vertical 
load, ||𝑈ሶ || is the norm of horizontal velocity; 𝑥ሶ  and 𝑦ሶ  are 
the sliding speed of the bearing in two orthogonal 
directions. The bi-directional plasticity model with circular 
yield surface proposed by Simo and Hughes (1998) was 
implemented to develop the “singleMVFPI” element in a 
normalized domain with normalized force and stiffness. 

The numerical model of MVFPI consists of a 
“singleMVFPI” element and a zero-length element of 
SMA-wires in parallel. The SMA-wires are simulated by 
Self-Centering and Gap material in parallel. In order to 
verify the accuracy of the proposed numerical model, the 
pushover analysis was performed on the MVFPI model in 
OpenSees and compared with the test results (Han et al. 
2020). The design parameters are listed in Table 2. Fig. 7 
presents the comparison of MVFPI force-displacement 
between numerical and experimental results. It can be found 
that the MVFPI force-displacement loops of the numerical 

Table 2 The design parameters of MVFPI 
Parameter b (m) d (m) x0 (m) x1 (m) x2 (m) T0 (s)

Value 0.16 0.30 0.10 0.13 0.15 1.50
 
 

Fig. 7 Comparison of MVFPI force-displacement between 
numerical and experimental results 

 
 

analysis agree well with those of test results. The MVFPI 
element developed in OpenSees is accurate enough for the 
further practical application in the numerical analysis. 

 
3.2 FE model of the isolated continuous girder 

bridge 
 

The three-dimensional (3D) finite element (FE) model 
of the continuous girder bridge isolated by MVFPI is shown 
in Fig. 8. The deck is modeled by elastic beam-column 
elements. The values of Young’s modulus and Poisson’s 
ratio for the RC deck are taken as 36000 MPa and 0.2, 
respectively. The moment of inertia in transverse direction 
and area of the deck are 87 m4 and 6.88 m2. The MVFPI is 
consists of “singleMVFPI” element and a zero-length 
element of SMA in parallel (shown in Fig. 8). The stress-
strain relationship of SMA is shown in Fig. 8. The piers are 
simulated by 3D displacement-based beam-column 
elements with fiber sections. The section of pier is 
discretized into confined fibers, unconfined fibers, and 
rebars. The confined and unconfined concrete is described 
by Kent-Scott-Park material (Concrete01 in OpenSees). The 
parameters of the constitutive model are presented in Table 
3. The rebars are simulated by Giuffré-Menegotto-Pinto 
model, namely Steel02 in OpenSees. The Young’s modulus, 
yield stress, and hardening ratio are 2 × 105 MPa, 420 Mpa, 
and 0.01. The yield displacements of the pier B (Δy,B), 

 
 

Table 3 Parameters for Kent-Scott-Park concrete material 
model 

Concrete material parameters 
in OpenSees 

Confined 
concrete 

Unconfined 
concrete 

Compressive strength, fpc (Mpa) 39 30 
Strain at maximum stress, epsc0 (1) 0.0026 0.002 

Ultimate stress, fpcu (MPa) 7.8 6 
Strain at ultimate stress, epsU (1) 0.0143 0.004 
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C (Δy,C), and D (Δy,D) are 0.102 m, 0.059 m, and 0.102 m. 
The soil-pile interaction in the bridge is neglected, because 
the bridge is supported on the bedrock. 

 
3.2 Verification study 
 
A series of NLTH analyses were conducted on the four-

span continuous girder bridge in transverse direction to 
verify the proposed design procedure. Seven ground 
motions were artificially generated to match the design 
response spectrum, and then the PGAs of the ground 
motions were scaled to E1 and E2 hazard levels. The hazard 
levels of E1 and E2 (corresponding to 10% and 2% in 50 
years return period) have PGAs of 0.4 g and 0.6 g at the 
bridge site. The generated ground motion records and the 
corresponding individual and average displacement 
spectrum are presented in Fig. 9. 

The detailed design process of the MVFPIs in the 
continuous girder bridge along transverse direction is 
presented in Appendix I, and the final design parameters of 
MVFPI are listed in Table 4. 

Fig. 10 presents the comparison between the design 
displacements, the peak displacements obtained from NLTH 

 
 

 
 

Table 4 Final design parameters of MVFPI 

Parameter Abutment 
A & E 

Pier 
B & D 

Pier 
C 

b (m) 0.367 0.396 0.376 
d (m) 0.604 0.627 0.611 

Initial period (s) 2.000 2.000 2.000 
Design displacement 

at E1 level (m) 0.250 0.199 0.220 

Design displacement 
at E2 level (m) 0.375 0.253 0.304 

Friction coefficient (1) 0.050 0.050 0.050 
SMA wires area (m2) 2.367×10-4 8.962×10-4 8.121×10-4

 
 

analyses, and the corresponding average peak displacement 
of the MVFPIs. It can be found that the proposed 
displacement profiles agree well with these from NLTH 
analyses under both E1 and E2 hazard levels. The design 
objectives and NLTH results are compared in Table 5, in 
which DD,MVFPI and DD, pier denote the design displacement 
of the MVFPI and piers; DNL,MVFPI and DNL,MVFPI denote the 
 
 

 
Fig. 8 3D finite element model of the continuous girder bridge 
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Fig. 9 The artificial ground motions used in the NLTH analysis 
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displacement of the MVFPI and piers obtained from NLTH 
analyses. It can be seen that the discrepancies of the peak 
displacement are less than 5%, and the errors in terms of the 
displacements at the top of the piers are in the range of 1-
19%.The reasons of the discrepancies between NLTH 
analyses and proposed design procedure can be contributed 
to: (1) in the design procure, it is assumed that the 
fundamental mode dominates the seismic response in the 
highway bridge without considering the contribution of the 
higher modes; (2) the damping reduction factor is needed to 
modify the elastic design spectra when an equivalent 
linearization approach is used in the design procedure, 
which is not accurate enough to account for the energy 
dissipation capacity of the bridge (Calvi 2019). 

Fig. 11 presents the hysteretic curves of the MVFPI at 
the abutment when subjected to A-1 ground motion. As 
expected, the stiffness is softened with the increasing of the 
displacement under E1 level, as shown in Fig. 11(a). When 
the displacement of MVFPI exceeds the design displace- 

 
 

 
 

 
 

ment under E1 level, the enhanced stiffness can be 
observed. Simultaneously, SMA-wires could provide 
additional restoring force to improve the seismic resilient at 
the E2 intensity level (as shown in Fig. 11(b)). 

 
 

4. Fragility analysis of isolated highway bridge 
 
4.1 Fragility methodology 
 
Fragility analysis could assess the damage probability of 

the isolated bridge with the parameters obtained from the 
DDBD design procedure (Dezfuli and Alam 2016). In this 
section, the fragility analyses are conducted to evaluate the 
relative vulnerability of the bridge isolated by MVFPIs and 
FPBs. The probabilistic seismic demand model (PSDM) is 
employed in this study to derive the fragility functions of 
the fragile components (i.e., piers and isolators) and bridge 
system. The fragility function can be defined as the 

 
(a) E1 (b) E2 

Fig. 10 Comparison of peak displacement of MVFPI at E1 and E2 hazard levels 

Table 5 Comparison between the design objectives and NLTH results 

Level Location DD, MVFPI 
(mm) 

Mean DNL,MVFPI 
(mm) 

DD, pier
(mm)

Mean DNL,pier
(mm) 

Error of 
DMVFPI 

Error of
Dpier 

E1 
A&E 250.00 249.10 - - 0.01 - 
B&D 199.00 195.10 51 60.2 -0.02 0.18 

C 220.00 214.28 30 35.8 -0.03 0.19 

E2 
A&E 375.00 358.22 - - -0.04 - 
B&D 258.00 262.33 122 100.9 -0.04 -0.10 

C 304.00 301.45 70.8 67.0 -0.05 0.05 
 

  
(a) E1 (b) E2 

Fig. 11 Hysteresis curves of MVFPI at different intensity levels 
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conditional probability of the seismic demand (D) 
exceeding the structural capacity (C) at a certain intensity 
measure (IM), which is expressed by 

 

𝑃ሾ𝐷 ≥ 𝐶|𝐼𝑀ሿ = 𝛷 ⎣⎢⎢
⎡ 𝑙𝑛(𝜇஽/𝑆௖)ට𝛽஽|ூெଶ + 𝛽௖ଶ⎦⎥⎥

⎤
 (19)

 
where Φ is the standard normal cumulative distribution 
function; μD is the median estimate of the demand; Sc is the 
median estimation of the capacity; βc and βD|IM are the 
logarithmic standard deviation of the capacity and the 
seismic demand conditioned on the IM (Amirihormozaki 
2013). The parameters can be estimated by a linear 
regression analysis in the log-transformed space 

 𝑙𝑛(𝜇஽) = 𝑙𝑛(𝑎) + 𝑏 𝑙𝑛(IM) (20)
 𝛽஽|ூெ = ඨ∑ ൣln(𝐸𝐷𝑃௜) − ൫ln(𝑎) + 𝑏𝑙𝑛(𝐼𝑀௜)൯൧ଶே௜ୀଵ 𝑁 − 2  (21)

 
where a and b are the regression coefficients; EDPi is the ith 
seismic demand from the simulation; N is the total number 
of simulations. 

In order to investigate the seismic performance of the 
pier-isolation system, the system-level fragility functions 
are developed. The isolator and pier at different locations 
can be considered as a serial system (I-P system), the lower 
and upper bound of the system-level fragility function (psys) 
can be obtained by following equation 

 𝑚𝑎𝑥௜ୀଵ೙ 𝑝௜ ≤ 𝑝௦௬௦ ≤ 1 − ෑሾ1 − 𝑝௜ሿ௡
௜ୀଵ  (22)

 
where pi is the probability of failure of the i-th component. 
As recommended by previous study (Choi et al. 2004), the 
conservative upper bound would be a more appropriate 
selection. 

Four different damage states recommended by HAZUS 
(2003) are considered in this study, i.e., slight, moderate, 
extensive, and collapse. The damage states of the piers are 
quantified by the displacement ductility, which are listed in 
Table 6. It should be noted that there is no available data 
regarding the damage states of the friction sliding bearings. 
Therefore, when the bearing reaches or exceeds the limit 
displacements, this state is defined as slight damage (Shi 
2018). 

The highway bridge used for the fragility analysis has 
been shown in Fig. 5. The final design parameters of 
MVFPI are listed in Table 4. For comparison purpose, the 
fragility functions of the bridge isolated by FPBs are 

 
 

Table 6 Damage states of the pier (Huo and Zhang 2013) 

Component Damage 
index 

Damage states 
Slight Moderate Extensive Collapse

Pier Displacement 
ductility μ > 1.00 μ > 1.20 μ > 1.76 μ > 4.76

 

 

Fig. 12 Displacement spectra of ground motion records
 
 

also presented here. The same procedure as described in 
section 2.2 is employed to obtain the parameters of the 
FPBs. The equivalent radii are 1.6 m (A and E), 1.1 m (B 
and D), 1.3 m (C); the design displacements are 0.375 m (A 
and E), 0.253 m (B and D), 0.304 m (C); and the friction 
coefficient of the FPBs is 0.05. 

In order to consider the uncertainties and randomness of 
ground motions to develop the fragility functions, 65 
ground motion records are selected from PEER database 
(PEER 2013), which are listed in Appendix II. For the 
selected ground motion records, the PGAs vary from 0.2 to 
0.9 g. The spectra of the selected ground motions, the 
corresponding average spectrum, and the target spectrum 
used in the DDBD are shown in Fig. 12. It is obvious that 
the average spectrum agrees well with the target spectrum. 
The ground motions can be characterized by different IMs 
(i.e., PGA, spectral acceleration at the fundamental period 
(Sa,T1), PGV (peak ground velocity), and Arias Intensity 
(AI)). Previous studies have demonstrated that PGA is an 
efficient and practical IM for relating to the EDPs, 
therefore, the PGA is selected as the IM for conducting the 
seismic fragility analysis. 

 
4.2 Fragility analysis 
 
Fig. 13 presents the PSDMs of the peak displacement of 

different bearings. In order to generate the PSDMs, the 
selected ground motions are used to perform the NLTH 
analyses, from which the peak displacements are obtained 
and plotted against the PGAs in the logarithmic space. The 
linear regressions are carried out to obtain a and b in Eq. 
(20), which are listed in Fig. 13. According to the regression 
coefficients and standard deviations of the seismic demand, 
the fragility curves of the isolator can be derived based on 
Eq. (19). Fig. 14 shows the comparison of the fragility 
curves of MVFPI and FPB at different locations. In all 
cases, the MVFPI has slightly smaller damage potential 
compared with that of FPB in entire IMs. Quantitatively, the 
damage probabilities of the MVFPI and FPB at abutments 
are 18% and 22% under E2 intensity level (0.6 g), and 5% 
and 8% under E1 intensity level (0.4 g). The reason is that 
the stiffness of MVFPI is enhanced by the exponential 
function to limit the displacement, and also the SMA-wires 
could provide additional restoring force and energy 
dissipation. 

Fig. 15 shows the computed displacement ductility 
against the corresponding PGAs in logarithmic scale. Based 
on Eq. (20), the constants can be obtained by the simulation 
results, which are presented in Fig. 15. It can be observed 
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Fig. 14 Fragility curves of MVFPI and FPB
 
 
 
 

 
 

that the intercepts and slopes of the pier B and D are larger 
than those of the pier C, the pier B and D are more flexible. 
Fig. 16 presents the fragility curves of the piers isolated by 
MVFPIs and FPBs at different locations. Obviously, the 
piers in the bridge isolated by MVFPIs have smaller 
damage potential compared with that of piers in the bridge 
isolated by FPBs, and the damage probabilities of the pier B 
and D in the bridge isolated by MVFPIs reduce by 5% and 
12% at E1 and E2 levels. The damage probabilities of the 
pier C are 15% and 28% at E1 and E2 levels, which is 
larger than the other piers. 

 
 

 

 
(a) A&E (MVFPI) (b) B&D (MVFPI) (c) C (MVFPI)

 

 
(d) A&E (FPB) (e) B&D (FPB) (f) C (FPB) 

Fig. 13 The PSDMs for the peak displacements of at different locations 

 
(a) B (MVFPI) (b) C (MVFPI) (c) D (MVFPI)

 

 
(d) B (FPB) (e) C (FPB) (f) D (FPB) 

Fig. 15 The PSDMs for the piers at different locations
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Fig. 17 I-P system fragility curves with MVFPI and FPB
 
 
Fig. 17 presents the fragility curves of the I-P systems 

according the Eq. (22). It is demonstrated that the MVFPI 
isolated bridge has smaller damage probability compared 
with FPB isolated bridge. The median PGAs of the system 
fragility function are listed in Fig. 17. The median value 
represents the PGA required to achieve 50% damage 
probability (Huo and Zhang 2013). The larger IMs indicate 
smaller failure probability. One can conclude from Fig. 17 
that the MVFPI outperforms the FPB in the seismic control 
of highway bridge. 

 
 

5. Conclusions 
 
In this study, the DDBD procedure was developed for 

the highway bridge isolated by MVFPIs in its transverse 
direction. In the design procedure, an equivalent SDOF of 
the bridge was obtained based on the predefined 
displacement profile, and two seismic hazard levels (E1 and 
E2) are considered in the procedure. The proposed design 
algorithm was applied to a four-span highway bridge 
equipped with MVFPIs. A 3D FE model of the bridge 
including the new MVFPI element was built in the 
OpenSees. The NLTH analyses were conducted on the FE 
model to verify the proposed design process. Based on the 
design parameters obtained from the design procedure, the 
damage probability of the bridge with MVFPIs was 
compared with the bridge isolated by FPBs. The following 
conclusions can be drawn from this study: 

 

● The accuracy of the new MVFPI element developed 
in OpenSees platform was validated by the pseudo- 
static test. It is indicated that the proposed MVFPI 

 
 
element is accurate enough for the implementation in 
the NLTH analysis. 

● The NLTH analyses results of the isolated highway 
bridge illustrate that the proposed procedure in 
general provides the accurate results in terms of the 
displacement profiles and amplitudes. Moreover, the 
damage states of the piers remain within the 
specified limit states. 

● The fragility analyses of the isolated bridge 
demonstrate that the damage probabilities of the 
bridge isolated by MVFPIs are smaller than those of 
FPBs, which indicates the better performance of 
MVFPIs in the seismic control of highway bridge. 

● Generally, the seismic performance of MVFPI is 
superior than traditional FPB, and the design 
procedure for the highway bridge with MVFPIs can 
be easily implemented in engineering practice. 
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Appendix I 
 

 
  

Table I Design process of MVFPIs in the bridge 

  Abutment A & E Pier B & D Pier C 

Step1 

Design displacement 𝛥஺ = 0.34 𝑚 𝛥஻ = 0.24 𝑚 𝛥஼ = 0.18 𝑚
Mass 𝑚஺ = 387.75 𝑡 𝑚஻ = 892.53 𝑡 𝑚஼ = 984.44 𝑡

Equivalent displacement of SDOF E1 hazard level: 𝛥d,E1 = 0.25 𝑚 
E2 hazard level: 𝛥d,E2 = 1.5  𝛥d,E1 = 0.375 𝑚 

Equivalent mass 𝑚௘ = 3320 𝑡 

Step2 

Isolator displacement (E1) 𝛥஺ = 250 mm 
𝛥஻ = 𝛥E1 − 0.5𝛥௬,஻ = 199 mm 𝛥஼ = 𝛥E1 − 0.5𝛥௬,஼      = 220 mm

Displacement ductility u - 1.2 1.2 

Isolator 
Displacement (E2) 𝛥A,E2 = 375 mm 

𝛥B,E2 = 𝛥E2 − 𝑢𝛥௬,஻ = 253 mm 

𝛥C,E2 = 𝛥E2 − 𝑢𝛥௬,஼          = 304 mm
Damping of isolator (E1) 𝜉ூௌ,஺ = 0.250 𝜉ூௌ,஻ = 0.250 𝜉ூௌ,஼ = 0.250
Damping of pier- isolator 𝜉௘௤,஺ = 0.250 𝜉௘௤,஻ = 0.209 𝜉௘௤,஼ = 0.226

Damping of SDOF system (E1) 𝜉௘ = 0.224
Step3 Effective period from displacement spectrum 𝑇௘ = 4.62𝑠
Step4 Effective period and stiffness (E1) 𝐾௘ = 18.48 𝑀𝑁/𝑚 

Assumed friction coefficient 𝜇 = 0.05
Step5 

Inertial force (E1) 𝐹஺ = 513.25 𝑘𝑁 𝐹஻ = 1154.82 𝑘𝑁 𝐹஼ = 1283.14 𝑘𝑁
Design stiffness of isolator(E1) 𝐾ூௌ,஺ = ቀிಲଶ − 𝐹௙ቁ𝛥஺,ாଵ= 646.50 𝑘𝑁/𝑚 𝐾ூௌ,஻ = ቀிಳଶ − 𝐹௙ቁ𝛥஻,ாଵ= 1827.58 𝑘𝑁/𝑚 𝐾ூௌ,஼ = ቀி಴ଶ − 𝐹௙ቁ𝛥஼,ாଵ          = 1833.58 𝑘𝑁/𝑚

Stiffness of pier(E1) - 𝐾஻,௉ = 21459.94 𝑘𝑁/𝑚 𝐾஼,௉ = 50868.00 𝑘𝑁/𝑚
Step6 

Parameters of MVFPI (Eq.(1)) T0 = 2.00 s, μ = 0.05, 
b = 0.367 m, d = 0.604 m

T0 = 2.00 s, μ = 0.05, 
b = 0.396 m, d = 0.627 m 

T0 = 2.00 s, μ = 0.05, 
b = 0.376 m, d = 0.611 m

New damping of isolator (E1) 𝜉ூௌ,஺′ = 0.235 𝜉ூௌ,஻′ = 0.236 𝜉ூௌ,஼′ = 0.236
E2 hazard level design 

Step2 

Damping of isolator w/o SMA(E2) 𝜉ூௌ,஺ = 0.144 𝜉ூௌ,஻ = 0.160 𝜉ூௌ,஼ = 0.152
Damping of pier-isolator (E2) 𝜉௘௤,஺ = 0.144 𝜉௘௤,஻ = 0.180 𝜉௘௤,஼ = 0.162
Damping of SDOF system(E2) 𝜉௘ = 0.145

Step3 Effective period from displacement spectrum 𝑇௘ = 3.90 𝑠
Step4 Effective period and stiffness (E2) 𝐾௘ = 25.93 𝑀𝑁/𝑚 

Step5 
Design stiffness of isolator (E2) 𝐾஺ = 1187.18 𝑘𝑁/𝑚 𝐾஻ = 3966.06 𝑘𝑁/𝑚 𝐾஼ = 3662.44 𝑘𝑁/𝑚

Stiffness of isolator w/o SMA (E2) 𝐾஺,E2 = 865.27𝑘 𝑁/𝑚 𝐾஻,ாଶ = 2156.36 𝑘𝑁/𝑚 𝐾஼,ாଶ = 2299.60 𝑘𝑁/𝑚
Step6 

Design force of SMA (E2) 
𝑉ௌெ஺,஺= ൫𝐾஺ − 𝐾஺,ாଶ൯ × 𝛥஺,ாଶ= 120.72𝑘𝑁 𝑉ௌெ஺,஻= ൫𝐾஻ − 𝐾஻,ாଶ൯ × 𝛥஻,ாଶ = 457.07𝑘𝑁 𝑉ௌெ஺,஼ = ൫𝐾஼ − 𝐾஼,ாଶ൯ × 𝛥஼,ாଶ= 414.15𝑘𝑁

Damping of IS with SMA (E2) 𝜉ூௌ,஺′ = 0.151 𝜉ூௌ,஻′ = 0.170 𝜉ூௌ,஼′ = 0.162
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Table II Selected Ground Motion Records 

No. Earthq. Name Year Station Name Magnitude Rrup (km) Vs30 (m/sec) 
1 Imperial Valley 1940 El Centro Array #9 6.95 6.09 213.44 
2 Borrego 1942 El Centro Array #9 6.50 56.88 213.44 
3 Kern County 1952 LA - Hollywood Stor FF 7.36 117.75 316.46 
4 Kern County 1952 Taft Lincoln School 7.36 38.89 385.43 
5 Northern Calif-03 1954 Ferndale City Hall 6.50 27.02 219.31 
6 El Alamo 1956 El Centro Array #9 6.80 121.70 213.44 
7 Hollister-01 1961 Hollister City Hall 5.60 19.56 198.77 
8 Parkfield 1966 Shandon Array #12 6.19 17.64 408.93 
9 Parkfield 1966 Shandon Array #5 6.19 9.58 289.56 
10 Parkfield 1966 Shandon Array #8 6.19 12.90 256.82 
11 Borrego Mtn 1968 El Centro Array #9 6.63 45.66 213.44 
12 San Fernando 1971 2516 Via Tejon PV 6.61 55.20 280.56 
13 San Fernando 1971 Carbon Canyon Dam 6.61 61.79 235.00 
14 San Fernando 1971 Fairmont Dam 6.61 30.19 634.33 
15 San Fernando 1971 LA - Hollywood Stor FF 6.61 22.77 316.46 
16 San Fernando 1971 Port Hueneme 6.61 68.84 248.98 
17 San Fernando 1971 Puddingstone Dam 6.61 52.64 421.44 
18 San Fernando 1971 Santa Felita Dam (Outlet) 6.61 24.87 389.00 
19 San Fernando 1971 Whittier Narrows Dam 6.61 39.45 298.68 
20 Managua 1972 Managua_ ESSO 5.20 4.98 288.77 
21 Saguenay 1988 US.ISFL 5.85 320.51 866.70 
22 AuSableForks 2002 St-Roch-des-Aulnaies_ QC 4.99 405.14 2000.00 
23 AuSableForks 2002 Riviere-Ouelle_ QC 4.99 433.53 2000.00 
24 AuSableForks 2002 St-Simeon_ QC 4.99 468.92 2000.00 
25 ValDesBois 2010 Bathurst_ NB 5.10 735.28 2000.00 
26 ValDesBois 2010 McAlpine Lake_ ON 5.10 555.89 2000.00 
27 ValDesBois 2010 Baie Johan Beetz_ QC 5.10 1057.50 2000.00 
28 ValDesBois 2010 Victor Mine_ ON 5.10 970.42 2000.00 
29 Greentown 2010 Alfred_ ON 3.85 1063.28 2000.00 
30 Greentown 2010 Plevna_ ON 3.85 882.66 2000.00 
31 Mineral 2011 Adirondack Community College 5.74 704.24 1250.70 
32 Mineral 2011 Allegheny College 5.74 451.34 1014.90 
33 Mineral 2011 Brushton-Moira_ NY 5.74 818.25 862.60 
34 Mineral 2011 Basking Ridge_ NJ 5.74 420.84 511.50 
35 Mineral 2011 Black Rock Forest 5.74 511.85 1185.10 
36 Mineral 2011 Flat Rock_ Altona_ NY 5.74 847.67 1200.60 
37 Mineral 2011 Keystone College 5.74 442.73 689.90 
38 Mineral 2011 Middlebury College_ Vermont 5.74 786.91 1473.90 
39 Mineral 2011 Newcomb_ NY 5.74 739.45 1197.40 
40 Mineral 2011 Mohonk Preserve 5.74 533.62 1500.00 
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Table II Continued 

No. Earthq. Name Year Station Name Magnitude Rrup (km) Vs30 (m/sec) 
41 Mineral 2011 Palisades_ NY 5.74 485.48 1064.60 
42 Mineral 2011 SUNY Potsdam_ NY 5.74 786.88 555.00 
43 Mineral 2011 West Valley_ NY 5.74 498.32 1798.90 
44 Mineral 2011 NP.2549 5.74 249.71 1050.30 
45 Mineral 2011 Bancroft_ ON 5.74 785.93 2000.00 
46 Mineral 2011 Walkerton_ ON 5.74 735.26 500.00 
47 Mineral 2011 Deloro Mine_ ON 5.74 730.68 2000.00 
48 Mineral 2011 Darlington East_ ON 5.74 661.28 2000.00 
49 Mineral 2011 Medina 5.74 581.15 500.00 
50 Mineral 2011 Prince Edward County_ ON 5.74 670.19 1700.00 
51 Mineral 2011 Pelee Island 5.74 580.22 2000.00 
52 Mineral 2011 Tyneside_ ON 5.74 594.11 404.00 
53 Mineral 2011 Wesleyville_ ON 5.74 665.04 1137.00 
54 Mineral 2011 Palisades_ NY 3.97 482.68 1064.60 
55 Sparks 2011 Lake Charles_ LA 4.73 502.49 564.30 
56 Sparks 2011 Wooly Hollow 4.73 400.28 1403.00 
57 Sparks 2011 White Oak Lake 4.73 388.64 556.10 
58 Sparks 2011 French Village_ MO 4.73 619.10 635.30 
59 Sparks 2011 Olney Central College Olney 4.73 838.65 475.00 
60 Sparks 2011 St. Louis_ MO 4.73 666.37 312.00 
61 Sparks 2011 University of Arkansas 4.73 405.11 1288.00 
62 Sparks 2011 Smith Ranch_ Marlow 4.73 148.55 548.40 
63 Sparks 2011 Ozark Folk Center 5.68 417.95 592.90 
64 Sparks 2011 Wilshire Boulevard; Harrah 5.68 39.73 725.00 
65 Sparks 2011 Cathedral Cave 5.68 563.83 463.80 
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