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Abstract

This paper investigated the seismic retrofitting of an existing cable-stayed bridge through

the use of a seismic isolation system. The bridge is situated in a high seismic zone. During

the Saguenay earthquake 1988, one of the anchorage plates of the bridge supports failed.

Herein, several configurations of seismic isolation system were considered to identify an

appropriate solution for the seismic retrofitting of the bridge in both the longitudinal and

transverse directions. A three-dimensional model of the bridge was created, and its seismic

behavior studied through nonlinear dynamic time-history analysis. The comparative perfor-

mance study among the five retrofitting configurations showed that the partial seismic isola-

tion of the bridge led to an enhancement of the seismic response of the bridge in one

direction only. However, the overall seismic response of the cable-stayed bridge substan-

tially improved in the longitudinal and transverse directions in cases where the isolation sys-

tems were utilized between the supports and the deck-tower connection of the bridge.

Introduction

In recent decades, the construction of cable-stayed bridges has rapidly increased around the

globe due to certain advantages, e.g., pleasing aesthetics, lighter weight, and longer span as a

result of the usage of smaller structural members, and, hence, higher load capacity. Conversely,

they are associated with a longer fundamental period, low structural damping, and greater flex-

ibility, which makes them susceptible to large amplitude oscillation under earthquake excita-

tions [1,2]. Hitherto, no approach has been able to predict the occurrence of earthquakes or

the aftershock events [3]. Accordingly, it is essential to keep the bridges in service after ground

motion excitations for emergency situations. Structural control systems have been used in

various structures [4,5], as they are useful for reducing the vibrational response of structures

with low lateral strength [6–8]. Several researchers have investigated the seismic and dynamic

behavior of cable-stayed bridges [9–13]. The sources of geometric nonlinearity in cable-stayed

bridges have been identified as the cable-sag effect, the large displacement effect, and the
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beam-column effect [14]. However, the cable-sag effect is considered to be the dominant

source of nonlinearity in cable-stayed bridges. The dynamic behavior of the cable-stayed brid-

ges is highly affected by the identified geometric nonlinearities [15].

The seismic behavior of cable-stayed bridges is significantly dominated by the connection

of the deck with the tower and the piers [16]. During seismic events, the rigid connection lim-

its the horizontal displacement of the deck, which causes the transmission of seismic forces

from the superstructure to the substructure and increases the base shear of the tower

[11,17,18]. In contrast, a floating or movable configuration increases the deck displacement

and flexibility under service loadings [19,20]. Furthermore, the shape and height of the tower

significantly influence the dynamic behavior of cable-stayed bridges [21–23].

A few researchers have studied the seismic control of cable-stayed bridges [12,24–26]. Ali

and Abdel-Ghaffar [2] developed a constitutive model for cable-stayed bridges with a passive

control system to achieve the optimal mechanical properties of the bearings. Wesolowsky and

Wilson [27] focused on the base shear reduction of isolated cable-stayed bridges for near-field

ground motions. In addition, the characteristics of near-field ground motions have been taken

into account while designing the base isolators. Seismic isolation systems are an efficient con-

trol system for protecting new or for the retrofitting of existing bridges in seismic zones, as

they are more economical compared to the conventional retrofitting of bridges [28–31]. Martı́-

nez-Rodrigo and Filiatrault [32] investigated the passive control and seismic isolation systems

retrofitting alternatives for a two-dimensional model of a cable-stayed bridge in the longitudi-

nal direction. The results confirmed that the implementation of friction pendulum bearings

and fluid viscous dampers at the deck-tower connection are the best retrofitting solution

among the passive control alternatives. Javanmardi et al. [33] thoroughly studied the charac-

teristics of a base isolated cable-stayed bridge subjected to moderate and strong earthquakes

and showed that the isolation system enhanced the overall seismic performance of the bridge.

However, the isolation system induced a torsional plane at deck level, which resulted in an

increment in the tower axial force on the substructure. Casciati et al. [34] assessed the seismic

reliability of a retrofitted cable-stayed bridge equipped with hysteric devices. Fragility curves

were developed to evaluate the performance threshold of structural members based on time

history analysis. The control strategy overcame the effect of the uncertainties involved in the

retrofitting strategies. Nevertheless, there is a lack of research on the seismic behavior of iso-

lated cable-stayed bridges with distinctive features, such as a difference in the elevation of the

abutments and irregularity of the geometry [24,25,35][36].

This paper studies the seismic response enhancement of an existing metallic cable-stayed

bridge using the seismic isolation system. One of the four anchorage plates of the bridge sup-

ports failed during the 1988 Saguenay earthquake with a magnitude of ML = 6.0 and peak

ground acceleration of 0.15g. An earlier investigation proved that the failure was due to the

high concentration of stresses under dead load and the stresses induced by seismic force

[37,38]. The bridge was repaired immediately. Further, this bridge is asymmetric in the longi-

tudinal direction with a difference in elevation between the end abutments of 7.3m. Hence, to

prevent this sort of damage to the bridge in future, a seismic isolation system is introduced to

protect the superstructure from the seismic load transmits from the substructure and to pre-

vent the brittle failure of the supports. Five different base isolator combinations for the retrofit-

ting schemes are considered in the numerical model to identify the best solution for the

seismic performance enhancement of the bridge in both the longitudinal and transverse direc-

tions. The isolation systems are designed according to AASHTO [39,40]. The bridge is mod-

eled precisely in three-dimensions including all the sources of nonlinearity and validated by

the experimental results. The evaluation of each retrofitting configuration is performed using

nonlinear time history analysis in the longitudinal and transverse directions.

Seismic isolation retrofitting of a steel cable-stayed bridge
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Methodology

Description of Shipshaw cable-stayed bridge

The Shipshaw bridge is an asymmetric cable-stayed bridge with two planes of cables arranged

in a fan shape spanning the Saguenay river, which is located in Canada. The bridge is made of

a double leg steel tower and a composite deck supported by two box girders. The overall length

of the bridge is 183.2m with four identical spans and a 4% downward slope from the East to

the West abutment in the longitudinal direction. The bridge site is classified as rock. The

tower base is hinged, which allows rotation in the longitudinal direction. The bridge abut-

ments are roller supported to allow for longitudinal displacement as well as to withhold the

uplifting of the bridge deck exhibited by the cable forces. The connection between the tower

and the deck is a rigid connection.

The deck has an 11 m wide concrete slab that is 165 mm thick with two non-structural pre-

cast parapets on the sides. In addition, five longitudinal stringers support the deck at equal

intervals of 2.4 m. Floor beams transfer the stringer loads to the box girders and are spaced

equally at 7 m intervals in the transverse direction. The dimensions of the box girder are 1.5 x

3 m with a web and flange thickness of 50 mm. The tower is 43 m tall and consists of two 2.4 x

1.5 m rectangular box girders with a flange and web thickness of 50 mm. The box girders and

tower sections are stiffened with several stiffeners at certain distances to prevent both the

global and local buckling due to axial forces. Each tower is connected by four cables to the top

flange of the box girders at equal intervals. Each cable comprises nine strands of 65.1 mm2

cross-sectional area. Fig 1 shows the geometric detailing of the bridge.

Numerical bridge modelling and validation

The bridge is modeled and analyzed using SAP2000 finite element software [41]. The modal

and nonlinear time history analyses are conducted on a three-dimensional full-scale model of

Fig 1. Shipshaw cable-stayed bridge detailing.

https://doi.org/10.1371/journal.pone.0200482.g001
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the bridge; as illustrated in Fig 2. The 0.165 m thick concrete slab is modeled as a shell element.

The tower and box girders are modeled as 3D beam elements. The tensile strength of the steel

members is 414 MPa with a modulus of elasticity of 200 GPa. The compressive strength of the

concrete deck is 27.5 MPa and it has an elastic modulus of 24.8 GPa. The cables are modeled

as a cable element with an area of 585.9 mm2. A Young‘s modulus of 175 GPA with a yield and

ultimate strength of 1500 MPa and 1725 MPa, respectively, are assigned to the cables [42]. The

pre-tensioning force of each cable is assigned to prevent the deflection of the deck under dead

load. The cable element is able to model the catenary behavior of the cable under its self-

weight. The tower base is hinged, which permits the tower to rotate along its longitudinal and

transverse axes. At the abutments, the bridge can move freely along its longitudinal axis and it

is restrained in both the transverse and vertical directions.

The failure criteria for the box girder and tower are defined as a series of plastic hinges with

different properties for the frame elements. A 3D P-M2-M3 interaction surface is considered

for the tower section. The P-M2-M3 hinge property represents the combined axial load and

biaxial-bending moment behavior of the tower. A 2D M2-M3 interaction surface is considered

for the box girder. The M2-M3 hinge property represents the biaxial bending moment behav-

ior of the box girder. The moment-rotation interaction curves for each member are calculated

using section designer in SAP2000. For all the hinges, the relevant hinge length is set to be

90% of the section depth. Since the cables are always modeled as tension members only, the

failure criterion of this element is the elongation of the member up to rupture point, which is

set to be 3.5% of the total length. Once the hinge reaches its maximum load carrying capacity it

drops to zero. The static nonlinear analysis under the self-weight of the bridge is performed

considering the material and geometrical nonlinearity to simulate the nonlinearity behavior of

the cable-stayed bridge, which is followed up by modal analysis.

A full-scale field vibration test was conducted on the bridge using seven accelerometers.

The accelerometers were placed on the top flanges of the box girders. A 44-ton truck with a

constant speed of 80 km/h was used as the source of excitation. The rolling and break tests

were performed to vibrate the bridge at different frequencies. The ULTRA [43] signal process-

ing software was used for spectral analysis. The peak picking method was used to find the

Fig 2. Finite element model of cable-stayed bridge.

https://doi.org/10.1371/journal.pone.0200482.g002

Seismic isolation retrofitting of a steel cable-stayed bridge

PLOS ONE | https://doi.org/10.1371/journal.pone.0200482 July 30, 2018 4 / 22

https://doi.org/10.1371/journal.pone.0200482.g002
https://doi.org/10.1371/journal.pone.0200482


modal parameters from the Fourier spectrum. More details of the experiment test may be

found in the research of Filiatrault et al. [38]. In the present study, a numerical analysis is car-

ried out and verified by experiment. Fig 3 shows the four flexural mode shapes of the cable-

stayed bridge from the numerical analysis. The sum of the modal mass of the first four flexural

modes is 95.3% of the total mass of the bridge. The dominating flexural mode is the second

mode with a mass participation percentage of 64.27%. The four time periods of the bridge

from the experiment [38] and numerical modal analysis are illustrated in Table 1. As the table

illustrates, the time periods of the cable-stayed bridge from the experiment and numerical

analysis have a reasonable correlation.

Generally, the isolation system separates the superstructure from the substructure at the

deck level. As mentioned earlier the deck-tower connection greatly affects the dynamic behav-

ior of the cable-stayed bridge. At the deck-tower connection, it is possible to implement isola-

tors by permitting the deck to sit on the base isolators. Nonetheless, the base isolator can be

used below the tower base by separating the tower legs from the foundation. However, the pos-

sibility of implementing base isolators at the tower base has not been taken into consideration

in practice. Accordingly, a total of five combinations of the base isolators are found to be possi-

ble to identify the appropriate retrofitting solution for the cable-stayed bridge. Fig 4 illustrates

Fig 3. The cable-stayed bridge flexural mode shapes, a) 1st flexural mode, b) 2nd flexural mode, c) 3rd flexural mode and d) 4th flexural mode.

https://doi.org/10.1371/journal.pone.0200482.g003

Table 1. Flexural time periods of Shipshaw cable-stay bridge.

Mode shape Deck Characteristic Time periods (s) Percentage difference (%)

Experimental Numerical

First Flexural Vertical/asymmetric 1.85 2.09 12.9

Second Flexural Vertical/asymmetric 0.85 0.86 1.2

Third Flexural Vertical/asymmetric 0.57 0.57 0.0

Fourth Flexural Vertical/asymmetric 0.38 0.42 10.5

https://doi.org/10.1371/journal.pone.0200482.t001
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the non-isolated and isolated cases of the bridge with schematic locations of the isolation

systems.

Earthquake ground motions

After validation of the bridge model by the experimental results, the nonlinear time-history

analyses of the modeled bridges are performed under different ground motions. Five ground

motion records are selected to assess the seismic performance of the retrofitting strategies of

the bridge. Each ground motion has two components in which the component with the greater

PGA is applied in the longitudinal direction, and the component with a smaller PGA is applied

in a transverse direction. One of the selected ground motion records corresponds to the actual

ground motion that damaged the bridge, while the other four ground motion records are

selected from the same seismic zone; as shown in Table 2. The computed response acceleration

and displacement spectra for 5% damping are shown in Fig 5. This figure helps understand the

energy-containing frequency of each ground motion employed in the analysis. The earth-

quakes are applied uniformly along all the supports, and the interaction of the soil-support is

neglected.

Fig 4. Different bridge cases with schematic locations of the isolation systems.

https://doi.org/10.1371/journal.pone.0200482.g004
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Base isolator design

Robinson and Tucker [44] invented Lead-Rubber Bearing (LRB) in 1977, since when its

application has gained popularity in civil structures located in seismic zones. In this study, the

LRBs are designed according to the Guide Specifications for Seismic Isolation Design (GSID)

AASHTO, 2010 [39] and the LRFD Bridge Design Specification (LRFD) AASHTO, 2012 [40].

The design methodology consists of five steps; as shown in Fig 6. Initially, the static analysis of

the cable-stayed bridge under its self-weight is performed. The Bridge Site seismic specification

is used in determining the i) seismic zone, ii) site class, and iii) acceleration coefficients and

site factors. Then, the bridge is analyzed using the simplified method in both directions. The

simplified method consists of several iterative processes to obtain convergence. The bilinear

hysteretic behavior of the LRB isolator can be drawn from the design values; as illustrated in

Fig 7. The initial bridge displacement, which is based on the SI system, can be assumed to be:

d ¼ 0:254SD1 ð1Þ

Where SD1 is the design spectral displacement. The characteristic strength, Qd, should be

selected so that the isolator is stiff for non-seismic forces but yield under earthquake forces;

hence, Eq 2 is found to be suitable for this purpose:

Qd ¼ 0:05W ð2Þ

Where the weight of the superstructure on each isolator is W. The post-yield stiffness, Kd, is

defined as the minimum lateral restoring force at the design displacement, which can be

obtained by:

Kd ¼ 0:05
W
d

ð3Þ

Table 2. Ground motion characteristics.

Notation Earthquake Station Country Magnitude Distance (Km) Direction PGA (g) Grms (g) IA HI (cm) Ts (Sec)

M. HL 03–82 Miramichi-1982/03 Hickey Lakes-Site 3 Canada 5 6.5 Longitudinal 0.397 0.044 0.132 5.39 0.82

Transverse 0.186 0.031 0.067 1.21 1.49

M. HL 05–82 Miramichi-1982/05 Hickey Lakes-Site 3 Canada 3.9 6.5 Longitudinal 0.111 0.011 0.017 1.33 0.69

Transverse 0.110 0.007 0.006 2.82 0.96

M. IB II 82 Miramichi-1982/03 Indian Brook II Canada 5 5.1 Longitudinal 0.342 0.042 0.124 4.21 0.28

Transverse 0.290 0.035 0.084 1.68 0.33

NH. FFD 82 New Hampshire-1982 Franklin Falls Dam USA 4.5 10.4 Longitudinal 0.313 0.016 0.076 7.37 2.63

Transverse 0.126 0.010 0.031 4.54 7.68

S. Dicky 88 Saguenay-1988 Dicky Canada 5.9 194.7 Longitudinal 0.092 0.005 0.070 6.83 21.51

Transverse 0.063 0.003 0.036 5.63 41.62

PGA = Peak Ground Acceleration

Grms = Root-Mean-Square Acceleration

IA = Arias intensity

HI = Housner intensity

Ts = Significant duration

https://doi.org/10.1371/journal.pone.0200482.t002
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The effective period and the viscous damping ratio of the bridge are calculated according to

Eqs 4 and 5, respectively:

Teff ¼ 2P

ffiffiffiffiffiffiffi
W
gKd

s

ð4Þ

z ¼
2Qdðdisol � dyÞ

PðKeff ðdisol þ dsubÞÞ
2

ð5Þ

Where disol, dy and dsub represent the isolator displacement, isolator yield displacement, and

Fig 5. a) Spectral displacement and b) spectral acceleration of five earthquakes applied in longitudinal and transverse directions for the cable-

stayed bridge with 5% damping.

https://doi.org/10.1371/journal.pone.0200482.g005
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substructure displacement, respectively. Therefore, the total displacement of the bridge is:

d ¼
0:254SD1Teff

BL
ð6Þ

Where BL is the damping coefficient. The total displacement and the initial assumed displace-

ment should have a close correlation. The iterative process in the spreadsheet is used to achieve

this.

Fisol ¼ Kisol � disol ð7Þ

Fig 6. Design flowchart of the seismically isolated bridge.

https://doi.org/10.1371/journal.pone.0200482.g006

Fig 7. The detailing and hysteresis loop of the Lead Rubber Bearing (LRB). (disol = Isolator displacement, dy = Isolator yield displacement, Fisol =

Isolator shear force, Fy = Isolator yield force, Kd = Post-yield stiffness of isolator, Kisol = Effective stiffness of isolator, Ku = Loading and unloading

stiffness (elastic stiffness), Qd = Characteristic strength of isolator).

https://doi.org/10.1371/journal.pone.0200482.g007
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Biaxial model for Lead Rubber Bearings. The forces mobilization in the isolators with

biaxial interaction can be calculated by [45]:

F2 ¼ a
FY

Y
U2 þ ð1 � aÞFY Z2 ð8Þ

F3 ¼ a
FY

Y
U3 þ ð1 � aÞFY Z3 ð9Þ

Where α, FY and Y are the post-yield stiffness to pre-yield stiffness ratio, the yield force,

and the yield displacement, respectively. U2 and U3 are the displacements of the isolators in

the local direction, as depicted in Fig 8 (2 and 3 directions); while Z2 and Z3 are the non-

dimensional quantities that represent the direction and biaxial interaction of the hysteretic

forces. Z2 and Z3 are calculated by the coupled differential equations [46]:

Y
_Z2

_Z3

 !

¼ A
_U 2

_U 3

 !
Z2

2
½gsignð _U 2Z2Þ þ b� Z2Z3½gsignð _U 3Z3Þ þ b�

Z2Z3½gsignð _U 2Z2Þ þ b� Z2
3
½gsignð _U 3Z3Þ þ b�

" #

ð10Þ

Where A, β, and γ are dimensionless quantities. The LRB in SAP2000 software is modeled

using the nonlinear link element to produce its orthotropic behavior when α and the yield

force vary in 2 and 3 directions (the local directions).

Results of modal analysis

Natural time period of the bridge

The natural time period and the relevant mass participation ratio of the bridge for non-isolated

and different isolated cases from modal analysis are illustrated in Table 3. The natural time

period of the retrofitted bridge should not exceed 1.7 times the original natural time period as

it increases the seismic displacement response of the bridge [20]. The isolation system has no

significant effect on the natural time period of the bridge in cases 1 and 2. However, in cases 3,

4, and 5 the isolation system lengthens the natural time period by 16.75%, 18.66%, and 43.54%,

respectively. Therefore, the flexibility of the cable-stayed bridge is increased in cases 3, 4, and

5. The mass participation ratio of the bridge in all isolated cases is incremented in the range of

82.68% to 92.99%. As a consequence, the first mode becomes the main contributing mode of

the bridge after the implementation of isolators in all retrofitting cases; as shown in Table 3.

The 12 modes versus the natural time periods of the bridge are illustrated in Fig 9. The

implementation of base isolators led the bridge to have higher flexibility behavior than the

original configuration. The dynamic behavior trend of the bridge is notably changed in the ret-

rofitting cases, as the natural time periods are increased compared to the original bridge time

period. For cases 1 and 2, the trend of the natural time periods is almost similar with consistent

flexibility until the 7th mode of the bridge. Consequently, it can be seen that these two have

similar seismic responses, in which the isolators are utilized along the tower base and deck-

tower connection. Furthermore, the highest impact is seen for case 5 where the fundamental

period is increased by 43.54%. These dynamic changes in the bridge are favorable, which leads

to a reduction in the seismic forces transmitted from the substructure to the superstructure.

Results of time-history analysis

Bridge displacement

Fig 10 shows the bridge displacements at the tower base, deck-tower connection, and West

and East ends for all the cases. When the isolation system is implemented at the base of the

Seismic isolation retrofitting of a steel cable-stayed bridge
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tower in cases 1 and 4, the displacements in the longitudinal and transverse directions are

observed. The maximum tower displacements in these cases are 7 mm and 3 mm under the

NH. FFD 82 earthquake in the longitudinal and transverse directions, respectively. The

bridge displacement at the deck-tower connection is increased in the longitudinal direction

Table 3. Fundamental period of the bridge.

Non-isolated Isolated-case 1 Isolated-case 2 Isolated-case 3 Isolated-case 4 Isolated-case 5

First time period (s) 2.09 2.11 2.09 2.44 2.48 3.00

Mass participation ratio (%) 2.16 92.99 89.60 82.68 89.93 92.62

https://doi.org/10.1371/journal.pone.0200482.t003

Fig 8. The schematic hysteretic behavior of LRB with biaxial shear deformation [46].

https://doi.org/10.1371/journal.pone.0200482.g008
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in all seismic isolation cases except case 3. Under the NH. FFD 82 earthquake, the longitudi-

nal displacement of this point is increased by 250%. For this point, the transverse displace-

ment is recorded for cases 1, 2, 3, 4, and 5. The maximum transverse displacement of the

deck-tower connection is 5 mm due to the NH. FFD 82 earthquake. In the longitudinal

direction, the bridge ends in the initial configuration were free to move. After the imple-

mentation of the isolation systems, the bridge end displacements increases in all cases except

for case 3. In case 3, the isolation system is installed at the bridge ends, while the deck-tower

connection and tower base has the same configuration as the non-isolated. The displace-

ment of the West and East ends of the bridge is increased up to 250% under NH. FFD 82 in

cases 1, 2, 4, and 5. In the transverse direction for non-isolated case 1 and case 2, zero dis-

placement is observed as the bridge is restrained in this direction. After the implementation

of the isolators at the bridge ends, transverse displacements are detected in cases 3, 4, and 5.

The maximum displacement increment for both the West and East ends of the bridge is

50% recorded under the NH. FFD 82 and S. Dicky 88 earthquakes, respectively. The utiliza-

tion of the seismic isolation system at the tower base or deck-tower connection has

increased the longitudinal displacement of the bridge. Hence, the rigid connection of the

deck and tower and the tower support condition are the dominating factors in controlling

the longitudinal seismic displacement of the bridge. From Fig 10 it can be seen that the

bridge displacements are relatively very small in both directions; up to a few millimeters

even after the implementation of the isolation system. The bridge displacements are limited

to the designed displacements obtained by the simplified analysis of the bridge in the design

of the seismic isolation.

Fig 9. Implementation effect of base isolators on the natural time periods of the bridge.

https://doi.org/10.1371/journal.pone.0200482.g009
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Tower response

The key structural member in cable-stayed bridges is the tower as it supports all the stay cables.

The failure or instability of the tower may cause the total collapse of the cable-stayed bridge.

Fig 10. Maximum bridge displacement under earthquake excitations.

https://doi.org/10.1371/journal.pone.0200482.g010
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Hence, it is essential to understand the seismic responses of the tower under earthquake excita-

tions. The results for the base shear and base moment responses of the tower under different

bidirectional earthquake excitations are presented for this purpose.

Base shear. One of the main aims of seismic isolation is to minimize the base shear of the

bridge under seismic excitations. The implementation of isolation systems may not always

reduce the base shear in both directions; as demonstrated in Fig 11. As the results of the

numerical study show, the base shear in cases 1 and 2 is reduced in the range of 65.53% to

85.04% in the longitudinal direction. However, in the transverse direction the base shear for

cases 1 and 2 shows a significant increase. The maximum base shear increments observed in

cases 1 and 2 are 15.10% and 14.42%, respectively, which occurred under the S. Dicky 88 earth-

quake. This is because, in the original configuration of the bridge, the tower is allowed to freely

rotate in a transverse direction while the implementation of the isolators at the tower base and

tower-deck connection restrains the transverse rotation of the tower through the stiffness of

the isolators. In case 3, in the longitudinal direction, the base shear for all the earthquakes

increases significantly. The base shear increases up to 14.9%. However, for this case, the base

shear reduces up to 90% in the transverse direction. The non-isolated bridge supports at the

abutments are free to move in the longitudinal direction but are restrained in the transverse

direction; while, in case 3, the isolators restrain the longitudinal movement of the bridge but

allow limited transverse movement. This led to an increment of the base shear in the longitudi-

nal direction and a reduction of the base shear in the transverse direction. The base shear in

both directions is reduced significantly for cases 4 and 5. In case 4, the maximum base shear

reductions in the longitudinal and transverse directions are 81.47% and 97.44%, respectively,

Fig 11. Maximum base shear response of towers subjected to earthquake excitations.

https://doi.org/10.1371/journal.pone.0200482.g011
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which occurred under the S. Dicky 88 and M. HL 05–82 earthquakes. In case 5, the base shear

reduction is 85.15% in the longitudinal direction under the S. Dicky 88 earthquake, while the

base shear is reduced by 91.7% in the transverse direction under the M. HL 03–82 earthquake.

The results prove that the implementation of base isolators at one or two supports is insuffi-

cient to reduce the base shear in both directions. A remarkable base shear reduction is

observed in the cases in which the isolation systems are implemented at three locations of the

bridge simultaneously.

Base moment. The maximum bending moments of the tower in both directions are pre-

sented in Fig 12. In the longitudinal direction, the base moment for all the cases significantly

decreases except in case 3. The maximum base moment reduction is 99.54% in case 4 under

the M. HL 05–82 earthquake. In contrast, the base moment in case 3 increases by 3% and

3.61% under M. HL 05–82 and M. IB II 82 ground motions, respectively. This is due to the

change in the configuration of the bridge abutments with the base isolators. The roller sup-

ports of the original configuration have zero longitudinal stiffness, while, the isolated cases

have stiffness.

In the transverse direction, the isolation system in cases 1 and 2 cause a notable increment

in the base moment of the tower. The base moment increments are in the range of 2% to

42.6% since the original tower base is allowed to rotate freely in both directions but the imple-

mentation of the base isolators restricts the rotation due to their stiffness. The maximum base

moment increment occurs in case 2 where it reaches 3011.7 kN-m under the S. Dicky 88 earth-

quake. Nonetheless, in cases 3, 4, and 5 the base moment reduces remarkably. In case 3, the

base moment reduces by up to 99.6%, as the original configuration of the bridge is restricted

Fig 12. Maximum base moment response of tower subjected to earthquake excitations.

https://doi.org/10.1371/journal.pone.0200482.g012
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from moving in a transverse direction at the abutments and because the base isolators omit

this restriction with movement up to the design displacement. In case 4 the base moment is

reduced to 9.7, 13.5, 12.2, 50.4 and 42 kN-m under M. HL 03–82, M. HL 05–82, M. IB II 82,

NH. FFD 82 and S. Dicky 88 ground motions, respectively. Similarly, the percentage reduction

in case 5 is 99.55%, 99.71%, 98.06%, 94.5% and 96.35% when the bridge is subjected to M. HL

03–82, M. HL 05–82, M. IB II 82, NH. FFD 82 and S. Dicky 88 earthquakes, respectively.

For cases 4 and 5, the base moment enhancement is more significant due to the combina-

tion of the isolation system along the bridge supports and the deck-tower connection.

However, the case 4 performance is still more remarkable than case 5. The base moment

reduction prevents the overturning moment of the tower during bidirectional earthquake

excitations.

Cable response

Here, since in the transverse direction the bridge is symmetric, the cables on one side of the

bridge are chosen for the investigation. The numbering of the cables from the West to the East

abutments is 1, 2, 3, and 4, respectively. The cable force should remain within the nominal

range and never approach zero. The cable force changes are with respect to their existing nom-

inal pretension force; as illustrated in Fig 13. It can be seen from the figure that the cable forces

vary during vibration of the bridge; these variations are within the range of 0.2T to 0.7T speci-

fied by Dyke et al. [47]. The implementation of base isolators causes a notable reduction in the

variations in the force in all the cables for all cases except case 3. The cable force changes are

enhanced up to 96.74% and 95.71% in the longitudinal and transverse directions, respectively.

In the longitudinal direction for case 3, the cable forces increase up to 8.5%, 5.6%, 33.1% and

8.9% for cables 1, 2, 3, and 4, respectively. However, in the transverse direction, the cable forces

in case 3 are considerably enhanced. Furthermore, the tension forces in cables 3 and 4 are

larger compared to cables 1 and 2 under earthquake excitations, because they are connected to

the box girder at closer distances to the tower.

Hysteresis response of bridge

In this section, the hysteresis behavior of the bridge for different cases is investigated. The S.

Dicky 88 earthquake is the actual event that caused the failures in the bridge; therefore, to

avoid too many hysteresis graphs, only the hysteric curves of the bridge under the S. Dicky 88

earthquake are presented in both directions. Fig 14 represents the hysteresis curves of the base

shear of the tower versus the displacement of the bridge at the deck-tower connection. As the

figure shows, the implementation of the isolation system causes a significant enhancement in

the bridge response in the longitudinal direction. However, the improvement in the response

of the bridge is not the same in all cases. In the transverse direction, the bridge response

increases for cases 1 and 2, which have almost the same hysteric curves, while in other cases

the bridge response improves through implementation of the isolation system. The original

configuration of the bridge experiences a large number of yielding cycles, while the isolated

bridge in cases 4 and 5 shows no inelastic cycles in either direction.

Overall seismic response

The overall seismic responses of the cable-stayed bridge are summarized and presented in

Table 4. However, the displacements of the bridge ends are not included since the displace-

ment values are very small and readable in Fig 10. As the table indicates, cases 4 and 5 have

similar seismic responses. These two cases are the most favorable retrofitting cases, in which

the overall seismic performance of the bridge is enhanced substantially in both directions
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under all the earthquake excitations. Subsequently, in cases 1 and 2, the longitudinal perfor-

mance of the bridge is improved while in the transverse direction no significant improvement

is observed. Finally, the seismic performance of the bridge is only improved in the transverse

direction for case 3.

Fig 13. Maximum cable tension forces of the bridge under earthquake excitations.

https://doi.org/10.1371/journal.pone.0200482.g013
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Summary and conclusions

This paper investigated the seismic performance of an existing steel cable-stayed bridge retro-

fitted with LRBs under bi-directional ground motions. The main objective was to find the

most adequate seismic retrofit configuration for the cable-stayed bridge to enhance its longitu-

dinal and transverse seismic performance. In line with this purpose, a three-dimensional finite

element model of the bridge was created and analyzed through the nonlinear time-history

analysis to evaluate each retrofitting configuration. The difference in the elevation of the abut-

ments and sources of nonlinearity of the cable-stayed bridge were taken into account during

the analysis. From the numerical analyses, the consequences of the implementation of the

Fig 14. Force-displacement hysteresis curves of the bridge subjected to S. Dicky 88 earthquake.

https://doi.org/10.1371/journal.pone.0200482.g014
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seismic isolation system in each retrofitting case of the cable-stayed bridge led to the following

conclusions:

• The base isolation retrofitting prevented the damage and failure in the tower and prevented

the occurrence of damage concentration in the cable-stayed bridge. It also reduced the trans-

mission of seismic forces from the substructure to the superstructure.

• The base isolation system at the tower base and the deck-tower connection increased the

flexibility of the bridge in the longitudinal direction while the utilization of the base isolators

at the end supports increased the flexibility of the bridge in the transverse direction, and,

hence, minimized the longitudinal and transverse induced seismic forces, respectively.

• In both directions, the cable forces variation substantially reduced in almost all the cases

except case 3. The variation of the cable forces had a significant influence on the deck

Table 4. Summary of seismic responses of the bridge for different retrofitting cases.

Earthquake Bridge Case Base shear (kN) Base moment (kN- m) Cable 1 force

(kN)

Cable 2 force (kN) Cable 3 force (kN) Cable 4 force (kN)

X Y X Y X Y X Y X Y X Y

M. HL 03–82 Non-isolated 525.1 544.7 13147.1 3772.5 4.22 0.18 7.25 0.24 8.96 0.30 10.46 0.34

Case 1 115.3 499.4 1239.7 3766.1 0.54 0.11 0.51 0.13 0.86 0.11 1.36 0.14

Case 2 144.6 548.6 1325.3 3736.8 0.54 0.11 0.50 0.13 0.86 0.11 1.37 0.14

Case 3 542.3 54.5 11534.3 19.1 4.48 0.08 7.65 0.12 9.04 0.14 11.11 0.19

Case 4 121.2 14.8 77.5 9.7 0.52 0.01 0.76 0.01 0.86 0.02 1.32 0.03

Case 5 143.9 45.2 3797.1 16.9 0.88 0.02 1.25 0.01 1.19 0.03 2.20 0.04

M. HL 05–82 Non-isolated 449.2 786.55 12033.1 5388.8 4.93 0.17 7.98 0.24 8.30 0.32 12.19 0.38

Case 1 81.3 727.0 840.2 5351.2 0.34 0.11 0.50 0.12 0.52 0.11 0.87 0.21

Case 2 154.8 787.3 861.7 5427.9 0.34 0.11 0.50 0.12 0.52 0.11 0.57 0.21

Case 3 503.5 88.2 12391.2 23.1 4.86 0.06 7.94 0.10 9.48 0.11 12.04 0.15

Case 4 86.4 20.1 54.9 13.5 0.33 0.01 0.48 0.01 0.56 0.01 0.61 0.02

Case 5 154.3 71.1 2843.5 15.5 0.56 0.01 0.78 0.01 0.91 0.02 1.11 0.02

M. IB II 82 Non-isolated 162.9 412.5 4786.6 2688.1 1.81 0.28 3.03 0.34 3.63 0.40 4.51 0.48

Case 1 37.0 382.0 418.5 2735.1 0.19 0.20 0.28 0.22 0.30 0.16 0.48 0.24

Case 2 43.0 407.0 412.2 2848.7 0.19 0.20 0.28 0.22 0.30 0.17 0.48 0.24

Case 3 164.3 69.9 4959.5 40.5 1.89 0.14 3.16 0.21 3.65 0.27 4.69 0.34

Case 4 44.0 37.8 27.9 12.2 0.18 0.02 0.27 0.02 0.30 0.03 0.46 0.07

Case 5 42.7 42.3 1299.3 52.2 0.30 0.03 0.44 0.02 0.42 0.09 0.76 0.08

NH. FFD 82 Non-isolated 544.7 508.1 21361.1 2744.1 7.63 0.73 11.93 1.04 16.62 1.37 18.72 1.78

Case 1 160.3 454.9 1761.9 3124.5 0.84 0.36 1.02 0.44 1.34 0.45 2.10 0.59

Case 2 181.5 476.9 1996.9 3231.5 0.82 0.37 1.00 0.45 1.40 0.46 2.07 0.60

Case 3 555.8 123.0 19786.9 87.0 7.69 0.24 12.56 0.38 15.08 0.48 18.85 0.62

Case 4 169.4 83.8 107.9 50.4 0.81 0.05 1.00 0.03 1.17 0.08 2.03 0.15

Case 5 181.4 68.3 6543.3 151.0 1.45 0.06 1.56 0.03 1.63 0.22 3.59 0.14

S. Dicky 88 Non-isolated 615.0 347.9 15231.9 2112.4 5.13 0.72 9.09 0.97 8.18 1.19 12.47 1.73

Case 1 107.0 400.5 1075.1 2591.3 0.45 0.48 0.66 0.54 0.71 0.47 1.14 0.62

Case 2 92.0 398.1 1108.2 3011.7 0.46 0.47 0.66 0.53 0.72 0.47 1.14 0.61

Case 3 706.6 103.1 13867.9 92.9 5.57 0.31 9.13 0.48 10.88 0.55 13.88 0.78

Case 4 113.9 66.0 72.6 42.0 0.42 0.06 0.61 0.05 0.68 0.12 1.06 0.16

Case 5 91.3 46.0 3418.1 77.1 0.71 0.10 1.02 0.04 0.98 0.19 1.77 0.24

https://doi.org/10.1371/journal.pone.0200482.t004
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stability and the reduction of the variations in the forces in the cables, which is helpful in

reducing oscillation of the deck.

• The longitudinal seismic performance of the cable-stayed bridge improved in cases 1, 2, 4,

and 5. In case 3, the seismic performance of the bridge only improved in the transverse

direction. The base isolators at the abutments limited the longitudinal movement of the

bridge, which led to an incrementation in the base shear and the base moment. Further, only

cases 4 and 5 showed significant seismic improvement in the transverse direction.

• Partial seismic isolation of the bridge only led to an improvement in the seismic response of

the cable-stayed bridge in one direction. In addition, the changes to the supports of the

cable-stayed bridge significantly influenced its seismic behavior.

• To maximize the benefits of the isolation system for the overall enhancement of the seismic

performance of the bridge in the longitudinal and transverse directions, it is necessary to uti-

lize the isolation system along the supports and deck-tower connection of the cable-stayed

bridge.
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