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Abstract: Since there are few studies on the performance-based
seismic evaluation of the long-span suspension bridge system
under two-level earthquake hazard in Chinese code, the
developed procedure of this study can be regarded as a general
program to assess the seismic performance of the overall
system for long-span suspension bridges. In the procedure, the
probabilistic seismic demand models of multiple bridge
components were developed by nonlinear time-history analyses
incorporating the related uncertainties, and the component-
level fragility curves were calculated by the reasonable
definition of limit states of the corresponding components in
combination with seismic hazard analysis. The bridge repair
cost ratios used to evaluate the system seismic performance
were derived through the performance-based methodology and
the damage probability of critical components. Furthermore,
the repair cost ratios of the overall bridge system that was
retrofitted with fluid viscous dampers for the main bridge and
changed restraint systems for the approach bridges were
compared. The results show that peak ground velocity and
peak ground acceleration can be selected as the optimal
intensity measurements of long-span suspension bridges using
the TOPSIS (technique for order preference by similarity to an
ideal solution). The bridge repair cost ratios can serve as
accurate evaluation indicators to provide an efficient evaluation
of retrofit measures. The seismic evaluation of long-span
bridges is misled when ignoring the interaction of adjacent
structures. However, the repair cost ratios of a bridge system
that has optimum seismic performance are less sensitive to the
relative importance of adjacent structures.
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Evaluation of seismic risk to highway bridges is the
crucial mission in the pre-earthquake design and
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post-earthquake response of transportation network,
which particularly focused on direct and indirect economic
losses caused by lifeline bridges. Fragility functions have
played a favorable role in the recovery efforts and loss es-
timation of highway bridges, which calculate the compo-
nent-level and system-level damage probability by defi-
ning the damage indices of components and employing
the related assumptions. The seismic fragility analyses
have focused on the establishment methods of fragility
models and different application objects during recent dec-

1-6]

ades'™. The small-to-medium-span highway bridges be-

came the most concerning type of bridge structures'' ™,
and the fragility was used to compare and select isolation
! for those types of
bridges. For long-span cable supported bridges, Zhong et
al. P! systematically completed the seismic fragility evalu-
ation of cable-stayed bridges. Furthermore, in the past
studies on the seismic evaluation of suspension bridges,

the effects of the spatial variations of earthquake motions

. 3 . 4
strategies'”! and retrofit measures'

were concerned in the seismic evaluation of long-span
suspension bridges'”. Nie et al.'” selected the rational
constraint systems of Xihoumen suspension bridge to opti-
mize the seismic performance through the deterministic
analysis. The seismic performance of new Tacoma Nar-
rows Bridge and Vincent Thomas suspension bridge was
studied using the fragility technique, but the emphasis
was on the component-level fragility and damaging poten-
tial of towers'* ™.

The performance objective is an acceptable risk proba-
bility of different levels of damage and loss under a given
level seismic hazard. Guidelines for Seismic Design of
Highway Bridges (JTG/T B02-1—2008) """ stipulated the
two-level fortification named El and E2 and defined the
two stage seismic performance targets. Therefore, the key
to evaluating the two-level seismic performance of bridges
from the view of damage probability should apply the fra-
gility functions to guide engineering practice. In addi-
tion, it should be noted that the adjacent spans of San
Francisco-Oakland Bay Bridge, a simply supported steel
truss bridge, fell off during the 1989 Loma Prieta earth-
quake event and caused the closure of the transportation
link""" .

tion period, lower damping and more complex vibration

Since the suspension bridges have a longer vibra-

modes than the conventional highway bridges, both the
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mutual influence and relative importance between adjacent
structures are the keys to obtaining a comprehensive eval-
uation of the overall bridge structure. A comprehensive
indicator to achieve the overall seismic performance of
long-span suspension bridges under two-level seismic haz-
ard will be appealing, but it is still in its infancy.

In this study, the seismic performance corresponding to
seismic objectives of the overall system for suspension
bridges under two-level earthquake hazard was evaluated
under the fragility function framework. A typical long-
span suspension bridge in China was selected. A set of fi-
nite element models were built using OpenSEES'” to per-
form nonlinear time-history analyses, which incorporated
the uncertainties of ground motions and structural proper-
ties. Firstly, the PSDMs and capacity models were estab-
lished and defined based on multiple bridge components,
respectively. Secondly, combined with the seismic hazard
of the bridge site, the fragility curves of various bridge
components were derived to pinpoint the critical compo-
nents and risk regions under different hazard levels. The
repair cost ratios of the overall bridge system were calcu-
lated to assess the seismic performance through the de-
rived fragility curves of critical components. In addition,
the derived repair cost ratios were used to compare the
seismic performance of as-built bridges and retrofitted
bridges under two-level seismic hazard, further validating
the availability of repair cost ratios and the effectiveness
of retrofit measures.

1 Numerical Modeling of the Suspension Bridge

This study selected a common type of suspension
bridge constructed in China. As shown in Fig. 1, the total
731 m length is made up of a simply supported main-span
suspension bridge of 636 m and a steel box-girder approach
bridge with three continuous spans of 30, 35 and 30 m.
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Fig.1 Elevation of the suspension bridge and plane layout of
the bearings (unit: cm)

The main bridge has a thin-wall steel girder along the
longitudinal direction, with an overall width of 31 m and
a height of 3 m. The gate-type tower is designed with two
RC box-section legs, of which the bottom section is 5.5 m
wide and 7.0 m high at the south side and those of north
side are 5.5 and 6.9 m, respectively. One crossbeam is in-
stalled at a distance of 10 m from the top of the tower to
boost the lateral stiffness. The bored piles with diameters
of 2.2 m are adopted to serve as the foundations of towers.

The areas of main cables and suspenders are 0. 162 6 and
0.001 316 m’, respectively. Gravity anchorage is designed
to employ the main cable anchorage on both sides. The
approach bridges are two separate bridges on the north side
with the same configurations. For each bridge, a three-
span continuous steel box-girder bridge is supported by two
double-column bents with an integral pile-shaft in middle
span. The width and depth of the steel girders are 12. 75
and 1.53 m, respectively. The circular section with a di-
ameter of 1.8 m is used in 7-m-high columns. The cast-in-
drilled-hole piles serve as the foundation, which are 1.9 m
in diameter. The pile-bent is adopted for the seat type a-
butments, in which the piles are provided by a circular
section with a diameter of 1.5 m. The height of the back-
wall of the abutment is 1. 88 m.

A detailed nonlinear 3D model of the selected bridge
A dis-
tributed plasticity fiber model was used to represent the

was built in the software package OpenSEES''*.

sections of towers and columns to account for material
nonlinearity. Simultaneously, P-A effect was captured in
the models of towers.
stress-strain relationship depending on the represented

confined concrete, unconfined concrete and longitudinal
[13]

Each fiber was simulated with a

reinforcement. Mander model and bilinear relation
were adopted to simulate the behaviors of concrete and
steel, respectively. The material mechanical indices of
the concerning sections, such as the strength, axial com-
pression ratios ( ACR), and longitudinal reinforcement ra-
tios p are listed in Tab. 1,

10
ments[ ! .

which meet the require-

The responses of main cables were simulated using the
nonlinear tension-only elements, which were modeled as
the finite large-displacement truss elements using the
Emst method"" to account for the sag effect. The re-
sponse of each suspender was also simulated using a truss
element and their initial stress was also considered in their
simulations as shown in Fig.3(a). Elastic beam elements
were used to simulate the crossbeams of towers and the
stiffening girder, as well as the girders and cap beams of
the approach bridges. The stiffness of foundations was
simulated by using both translational and rotational linear
springs at the base of the towers and columns. The elastic
and linear components are expected to remain in normal
working conditions during a seismic event.

The pot bearings were applied to the initial design
(case 1), which became significant factors in the overall
responses and functionality of the bridge. The plane lay-
out of bearings is shown in Fig. 1, where the arrows re-
present the sliding direction and the fixed bearings are de-
signed at the second pier (P2) of each approach bridge
along the north direction. The response of sliding pot
bearings ( SPB) was modeled using a bilinear material'"”',
as detailed in Fig. 2(b). Meanwhile, the response of
fixed direction was set as constraint.
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Tab.1 Materials mechanical indices for concerned sections
. . Concrete Longitudinal bar Stirrup
Section Location
Strength/MPa ACR Strength/MPa p/ % Strength/MPa  p/%
Section [ Tower bottom 55 0.159 500 3.760 400 1.256
Section [l Connection between tower and crossbeam 55 0.136 500 2.805 400 0.797
Section Il Column bottom 35 0.037 335 1.613 335 0. 800
F/kN
Stress/ L | Ka=0.00001K,
kPa K,=0.005K, 3 F/KN F/KN
| K, Au
A/mm y
. A, A/mm K=20.15 / A/mm
Initial
stress K 7
Strain ] : Fay

(a) (b)

(d) (e)

Fig.2 Force-displacement relationships of various components. (a) Cable system; (b) Sliding pot bearings; (c) Pounding; (d) Abutment

backfill; (e) Abutment pile
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Fig. 3 Mechanical behaviors of constraint of the retrofitted approach bridges. (a) Laminated elastomeric bearing; (b) Shear key; (c) Ca-

ble restrainer

The simulation diagram of seat type abutments can be
seen in Ref. [15]. A simple hyperbolic force-displace-
ment relationship is proposed by Shamsabadi et al. "
that can simulate the backfill soil stiffness per width of
the abutments, as shown in Fig. 2(d). Pile foundation
provides longitudinal and transverse stiffness to the abut-
ments. The trilinear relationship per pile associated with
the modeling parameters is presented in Fig. 2(e) accord-
ing to Caltrans'”". The pounding effects (see Fig.2(c))
were simulated using gap elements with Kelvin materi-
als, but the dissipation of hysteretic energy during poun-
ding was conservatively disregarded'™®. The stiffness of
the pounding springs between the girders and abutments
was advised to be ten times that of the backfill soil stiff-
ness!”. However, the sum of axial stiffness of adjacent
girders was served as the estimation of the impact stiff-
ness value'™'.

This study set the contrast case (case 2) to illustrate
the shortage of initial design of the overall bridge sys-
tem. The suspension span used a fluid viscous damper
equipped between the deck and each pedestal. Moreo-
ver, the restraint systems of the approach bridges were
changed, which consisted of laminated elastomeric bear-
ings, transverse concrete shear keys and longitudinal ca-
ble restrainers according to earthquake damage experi-

ence. The constitutive model of fluid viscous dampers is

expressed as
fo=Cp |ul"sgn(u) (D

where « is a positive exponent and the value depends on
the piston head orifice, which is 0.3; C, is the viscous
damping coefficient, of which the value is 4 000 kN -
m™“-s% u is the velocity of damper; and sgn(-) is the
signum function.

The laminated elastomeric bearings (LEB) have been
widely applied to the small-to-medium-span highway
bridges in China. It is noted that the bearings are simply
placed between the superstructures and substructures
without any anchoring measures. The design can protect
the substructures during earthquakes, and the piers show
relatively low damage ratios""
seismic demands of the retrofitted approach bridges, the
corresponding mechanical models of restraint system

. In order to calculate the

components were applied to this study after summarizing
the related experiment results.
According to the experimental results of laminated

P22 their force-dis-

elastomeric bearings and shear keys
placement relationships can be obtained as shown in Fig.
3(a) and (b). The two key points marked rectangles and
circles indicate the initial walking and obvious sliding
responses of laminated elastomeric bearings. For shear

keys, the detailed parameters marked A, , A,,, A,, and

ly?
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A,, represent the yield, nominal, degraded, and ulti-
mate deformations, respectively, which can be obtained
from the method proposed by Xu et al. ** according to
the realistic design. The mechanical model of shear
keys simultaneously considers the behavior of concrete
and steel under earthquakes. As shown in Fig. 3(c),
the cable restrainers were modeled as nonlinear tension-
only elements with an initial slack according to the rec-

ommendation of Paddget'.
2 Demand and Capacity Models

PSDMs employ a large number of nonlinear time-his-
tory analyses to account for the uncertainties of ground
motions, which need a wide range of intensity of the se-
lected earthquake records. This study, respectively, se-
lected a suite of 80 ground motions and 20 Los Angeles-
pertinent ground motions from the PEER strong motion
database and the SAC project database to conduct the
PSDMs, which can reflect the characteristics of the site
condition. The principle of selecting ground motions
can consult the studies presented by Refs. [23 —24].
Fig. 4 shows the distributions of peak ground accelera-
tions (PGA), earthquake magnitudes M, epicentral dis-
tances R of the selected records, and the acceleration re-
sponse spectra of two orthogonal components. The ma-
jority of earthquake records with PGA ranging from
0.1g to 0.5g. Statistically significant yet nominally
identical 100 three-dimensional numerical models of the
bridges were built using the Latin Hypercube Sampling
to account for uncertainties, such as material strength,
component properties, deck mass, and damping in the
100 bridge model-ground
motion pairs were created to perform a series of nonlin-

simulations ( see Tab.2).

ear time-history analyses, where one of the two compo-
nents of ground motions was loaded along the longitudi-
nal direction of bridges and the other component was in-
put along the transverse direction. This study selected
the geometric mean values of earthquake intensity of
two components as the representative values.

PSDMs were built using the cloud approach and the
peak seismic demands of critical components were
adopted as the engineering demand parameters ( EDP)
including cross-sections of towers and columns, bear-
ings, cable system, abutments, etc. The detailed EDP
can be seen in the vulnerability analysis of components
in the following section.

The selection of optimal intensity measure (IM) can
be implemented by logarithmic linear regressions of data
obtained from the finite element analyses. PGA, PGV,
PGD, spectral acceleration at 0.4 s (S,,) and 10 s

U721 To assess

(S,,,) were chosen as the IM candidates
the optimal IM comprehensively, the average values of
the IM candidates over the concerned bridge compo-

nents are presented in Tab. 3. B, and R* can charac-

terize efficiency, respectively,
measure practicality and proficiency. The last column is
the relative closeness ( C,) that is intended to provide a
multiple performance measurement by the TOPSIS

method'™', of which the principle is that the optimal al-

while b and ¢ can,
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Fig. 4 Characteristics of the selected ground motions.
(a) Distribution of PGA; (b) Distributions of M and R; (c) Accelera-
tion response spectra of the longitudinal direction; (d) Acceleration re-
sponse spectra of the transverse direction
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Tab.2 Uncertainty parameters incorporated into the modeling

Modeling parameter Probability distribution Mean Variation coefficient
Concrete compressive strength/MPa Normal 46.6 0. 149111
Steel yield strength/MPa Lognormal 569.6 0.0743119
Friction coefficient Uniform 0.03 0.3303)
Backfill soil passive stiffness of abutments/(kN - mm~'- m™!) Uniform 20.15 0.2501!
Per pile stiffness of abutments/(kN- mm -1 Uniform 7 0.29010
Deck-deck gap/mm Normal 760 0.21%
Deck mass Uniform 1 0.1
Damping ratio Normal 0.02 0. 151
Tab.3 Average measures and reference indices for the IM candidates
™M Baim R’ b { c’
Case 1 Case 2 Case 1 Case 2 Case 1 Case 2 Case 1 Case 2 Case 1 Case 2
PGA 0.597 0.565 0.741 0.613 1.250 0.883 0.489 0.694 0.928 0.683
PGV 0.568 0.461 0.774 0.720 1.024 0.764 0.556 0.693 0.845 0.881
PGD 0.749 0.565 0.59% 0.585 0.738 0.565 1.054 1.160 0.381 0.439
Saos 0. 667 0.592 0.690 0.580 1.173 0.836 0.577 0.759 0.777 0.593
Sat0 0.870 0.662 0.454 0.453 0.617 0.476 1.499 1.612 0.000 0. 000

ternative should have the shortest distance to the ideal so-
lution and the longest distance to the negative-ideal solu-
tion. The method follows the procedure outlined below:

1) Preprocess data based on index properties including
cost and benefit. For each IM candidate, R*> and b were
regarded as the benefit indices, while g8,,, and / were
served as cost indices. The normalized values z of the
two types of indices can be computed based on their ini-
tial average values y by the following equations:

min

yij _y,

Z[j = max min (2)
Y; -y
-

Zij = mjax mjin (3)
Y; -

where subscripts i and j indicate the IM candidates and
compared indices, respectively. This is intended to pro-
vide a performance measure along an increasing direc-
tion.

2) Calculate the normalized decision matrix. The nor-
malized decision parameter f;; is calculated as

fy == 4
2%

i=1

3) Calculate the weighted normalized decision matrix.
The weighted normalized value Z; is calculated as

Z, = wf, (5)

ij
where w, is the weight of the j-th attribute, and z w, =

1.0. The variation coefficient method can be used to cal-
culate w; as

where p; is the variation coefficient of the j-th attribute.

w;

(6)

4) Determine the ideal solution Z and negative-ideal
solution Z? .

AR {maxZU}, Z? = {minZU} (7)

J i i

5) Calculate the distance measures using the m-dimen-
sional Euclidean norm. The distances D, and D! be-
tween each alternative and the ideal and negative-ideal
solution are given, respectively

br =N/Z (z,-27)", D] =
i=l

(8)

6) Calculate the relative closeness C,; to the ideal so-
lution, which is defined as
. D;
¢ = D +D (9)
and then rank the optimal order according to C,".

After comparing the calculated C,; based on the afore-
said steps, PGA and PGV emerged as the best for two
cases. Meanwhile, PGA was given in the seismic safety
assessment report of site soil. In order to assess the per-
formance based on seismic hazard conveniently, PGA
can be selected as the optimal IM.

The definition of capacity models is the last step in de-
riving component-level fragility curves. Zhong et al. "
proposed the component classification method for long-
span bridges. The components were considered as prima-
ry, secondary and accessory ones. The simulations of
foundations, decks, and anchorages were regarded as un-
damaged components. Consistent with the research of
Ramanathan'”', component damage states were generally
defined as slight, moderate, extensive and collapse states
based on the damage progress of a type of component,
demarcated by the damage threshold values. The damage
threshold values of bearings were determined to rely on
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the pounding gaps between adjacent components, seat
widths and the damages to bearings themselves. The
general definition of damage states for SPB and LEB is
given in Fig. 5, and the corresponding bearing displace-
ment thresholds for two cases are listed in Tab. 4. Effec-
tive shear strain ( ESS) is used to describe the damage
states of laminated elastomeric bearings.

Damage progress of SPB
No Allowable | Bearing body| Pounding Inseatin
damage| movement separation | between decks g
[Slight |  [Moderate| [Extensive| [Collapse|
Damage progress of LEB
No Initial [ Pounding between |Bearing complete U :
- . nseating
damage| slipping |adjacent components damage
Slight | Moderatel [Extensive | [Collapse|

Fig.5 Definition of bearing damage state

Tab.4 Damage threshold values of bearing displacements

Bearing Slight Moderate  Extensive Collapse
SPB of the main bridge  0.25 0.31 0.76 1.555
SPB of th h
5 oL WPIOAh 5 o5 0,133 0.20  0.775
bridges (case 1)
LEB of the approach 0.053 0.133 0.213 0.75
bridges (case 2) (0.071) (0.162) (0.285) (0.57)

Note: The values in brackets indicate the damage of bearings in the
transverse direction.

The towers of suspension bridges in the geometric si-
zes, material strengths, and ACR of the sections are dif-
ferent from the columns of conventional highway bridg-
es. The necessity of the development of modal pushover
analysis considering P-A effect was noted when defining
the damage states of towers. Firstly, the equivalent tow-
er models were required to be developed with fiber beam
elements. Secondly, the inertial force distributions were
back-calculated from the multi-mode spectral analysis
using the 3D bridge model, as shown in Fig. 6. Finally,
the towers were loaded by the load mode obtained from
the last step to carry out the pushover analyses. The plas-
tic regions can be captured with the evolution of curva-
tures along the height of towers as the loading increases.
It is concluded that both Section | and Section [l in
Tab. 1 are the critical cross-sections in the transverse di-
rection, but the critical cross-section can be selected as
Section | when loaded along the longitudinal direction.
The four different damage states of tower cross-sections
in term of curvature ductility were quantified following
the physical characteristics, which are in turn the yield-
ing of reinforcing bar, formation of stable plastic hinge,
major spalling of the cover concrete and rupture of the
reinforcing bar or core concrete crushing. The moment-
curvature relationships of critical cross-sections were re-
gressed with bilinear curves based on equal area rule,
hence determining their corresponding four limit state

thresholds as shown in Fig.7. Similarly, another push-
over analysis was applied to the double-column bent of
approach bridges ( Section [l[) based on Guidelines for
Seismic Design of Highway Bridges'"”. Tab. 5 lists the
limit state thresholds of the bottom section of columns
for approach bridges. Results of the pushover analyses
indicate that the key cross-sections have a good ductility
capacity and the longitudinal ductility capacity of the
same sections is better than that of the transverse.

F—wf— I
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Fig. 6 Distributions of inertial forces for towers. (a) Longitu-
dinal; (b) Transverse
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Tab.S5 Damage threshold values of the bottom sections of
columns
Loading direction Slight Moderate  Extensive Collapse
Longitudinal 1.00 1.44 6.16 25.64
Transverse 1.00 1.31 4.32 17.31
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The nominal yield strength (i.e. 85% of the ultimate
strength) was served as the failure index to define the ex-
tensive damage threshold values of the main cables and
the collapse damage threshold values for suspenders. The
distinguishable elasticity and plasticity deformations of
abutments and shear keys can be specified as their slight
and moderate damage thresholds™ .
joints and seismic measures, only slight damage was de-
fined due to their substitutability'*'.

A value of 0. 35 was adopted for the dispersions of ca-
pacity models in the abutments and RC components in-
cluding towers and columns'”.

For the expansion

The variation coefficient
of cable systems was 0. 1, considering the low variability
¥ The descriptive dispersions of the
remaining components including bearings, shear keys,
expansion joints and seismic measures were employed to
be 0.25 and 0. 47 for the two lower-level (slight, mod-
erate) and two higher-level (extensive, collapse) dam-
age states, respectively'.

of the steel strands

3  Performance-Based Seismic Assessment of
Suspension Bridges

3.1 Component-level fragility based on seismic haz-
ard

Fragility is a conditional probability that gives the po-
tential that seismic demands of a structure reach or ex-
ceed a specified damage level under a provided earth-
quake intensity. When the component-level fragility
curves are built with the PSDM generated by the cloud
approach, the conditional probability can be written as

In(a IM”) —1In(S.)

VB +B.

where S, and S_ are the mean values of seismic demand
and structural capacity, respectively; B, and B, indicate
the dispersions of seismic demand conditioned on an IM
and structural capacity, respectively; both a and b are
log-linear regression coefficients; and @ ( - ) represents
the standard normal distribution function. It should be

P[S,=S5.|M] :gb( ) (10)

noted that S, and B, are defined based on the damage
state which has been considered.

If the seismic risk analysis is incorporated in the seis-
mic fragility of the structures, the conditional probability
for fragility can be defined as

ln( Sic) + %ln( cT)

VB + B

where the coefficients ¢ and k are related to the seismic
activity and attenuation law of the engineering site,
which can be fitted with the following equation based on
the average annual probability » and earthquake intensity
i of the engineering site"™:

P[S, =S, |T] =<15( ) (11)

v=ci* (12)

and T is the recurrence exceeding i,

1 k
T=—=" (13)
v ¢

~

According to the seismic hazard analysis of the engi-
neering site, coefficients ¢ and k in Eq. (11) were deter-
mined to be 0.019 26 and —1.881 9, respectively.

Therefore, the component-level fragility curves of sus-
pension bridges based on seismic hazard can be plotted in
Fig. 8, which can provide a better prediction of the dam-
age potential for bridge components and pinpoint the vul-
nerable components under earthquakes. In the figure, u,
8,, and §, represent the curvature ductilities of cross-sec-
tions, displacements of bearings, and abutments, respec-
tively; subscripts L and T indicate the seismic responses
along the longitudinal and transverse directions, respec-
tively; letters after the dashes represent the locations of
bridge components; S represents the tower at the south
side; M represents the main bridge; A denotes the abut-
ments of the approach bridge; P1 and P2 are the pier or-
ders of the approach bridges as shown in Fig. 1; R _ and
R, are the ratios of the maximum forces to yield values of
the main cables and suspenders, respectively.
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Fig.8 Fragility curves of components for the critical damage
states. (a) Case 1; (b) Case 2

For case 1, the pot bearings of the main bridge are
likely to be the complete damage, and a higher probabil-
ity of pounding exists between the adjacent decks along
the longitudinal direction. Even under the rare earth-
quake, the damage potential of towers forming a stable
plastic hinge is close to 13% in the transverse direction.



Performance-based system seismic assessment for long-span suspension bridges under two-level seismic hazard 471

Under the same circumstances, the extensive damage
probability is approximately zero. In addition, the longi-
tudinal seismic demands are much lower than the trans-
verse ones. The cable system is found to be safe in the
foreseeable range of earthquake intensity, where the
force values are lower than the yield values. It can be
viewed from the response data of the fragility analysis
that the high stress regions of main cables and suspenders
are, respectively, observed to locate at the top of the
towers and the side and middle of the suspension span,
as shown in Fig. 9. The mean values of their forces un-
der earthquakes are about 15% higher than the forces ob-
taining from dead loads. The columns of the approach
bridges emerge as the most fragile components due to the
application of fixed pot bearings, and the large deforma-
tions of piers can result in the complete damage of slid-
ing pot bearings, as well as the obvious pounding be-
tween decks and abutments. These actions will further
lead to the inelastic responses of abutments, which re-
flect an irrational sequence of damage state occurrences.
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Fig.9 Force distributions of the cable system. (a) Main cable;
(b) Suspender

For case 2 with the retrofit measures, dampers play a
limited role in the fragility reduction of the self-damages
of bearings in long-span bridges as ground motion inten-
sity increases, but they can effectively reduce the dam-
age potential of pounding between adjacent decks by
more than 50% under a rare earthquake with a recurrence
of 2 475 years. Also, the effect of dampers on the re-
sponses of the towers and cable system can be ignored.
The change of the restraint system for approach bridges is

beneficial for protecting the piers. Under the rare earth-
quake, the moderate damage probability of the piers in
the longitudinal direction is reduced from 99% to 16%,
and that in the transverse direction drops from 99% to
7% . The pounding probability between the decks and
abutments of approach bridges is reduced from 67% to
38% by the use of cable restrainers, whereas the obvious
sliding of laminated elastomeric bearings greatly increa-
ses the damaging potential of the shear keys due to poun-
ding. It can be concluded that the pounding between ad-
jacent decks and the constraint system of approach bridg-
es is the major factor affecting seismic performance.

3.2 System-level performance based on repair cost
ratio

Although the damage probability of pinpointed vulner-
able bridge components can be calculated by the compo-
nent-level fragility function, the damage potential of the
overall bridge system remains unclear. On the one hand,
different components may experience different damage
states and their contributions to the system vulnerability
are different; on the other hand, a given retrofit measure
may have a different effect on the different components.

. . [1-3
Previous studies'' ™

showed that the bridge system-level
fragility values can reflect the overall seismic perform-
ance of bridges. Padgett et al. "' compared the efficiency
of different retrofit measures using the overall system-
level fragility. However, their system fragility was de-
veloped by the serial connection assumptions, while joint
probabilistic seismic demand models were used to unite
the seismic demands of the components. It is important
to note in this study that a key point of the derivation of
system-level fragility for the long-span suspension bridge
with multiple components depends on the correlations
among the critical components and the relative impor-
tance between the main bridge and the approach bridges.
As illustrated in Tab.6, the two-level seismic per-
formance objectives of the overall system for suspension
bridges are different based on the relative importance of
structures and components. The bridge components can
be classified as the primary load-carrying components
such as towers and columns and secondary replaceable
components such as bearings. In addition, it can be seen
that the performance objectives of the main bridge is su-
perior to that of the approach bridges, and attention
should be paid to the fact that the differences in repair
cost and time of the main and approach bridges are sig-
nificant when the same damage state is achieved. As a
result of the findings of component-level fragility analy-
sis and the definition of damage states for bearings, the
critical components of the suspension bridge can include
towers, columns and bearings in the presented study.
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Tab.6 Seismic fortification criteria and performance objectives

Earthquake hazard Structure performance objective

Component performance

El earthquake
(475-year recurrence)

No typical emergency repair, open to normal public traffic

No damage to the primary components; possible damage in
the serviceable and replaceable components

E2 earthquake

(2 475-year recurrence) .
emergency vehicles only

Repairable damage for the main bridge, open to normal
public traffic; No collapse of the approach bridge, open to

Possible medium damage to the pylons and abutments,
etc. ; possible extensive damage to the bearings and col-

Since the critical components are neither fully correla-
ted nor totally independent under earthquakes, the repair
cost ratios can be used to estimate the repair cost as a ra-
tio of the replacement cost of structures under different
levels of seismic hazard, rather than calculating the total
cost to replace or repair critical components. Xie et
al. "' derived the repair cost ratio of the conventional
highway bridge system by performance-based methodolo-
gy, which can be given as

4 4
Ccol 2 pi, coldL col + Cbca 2 pi. bcadi, bea
R, = —= =1 (14)

rc
C + Ciea

col

where R denotes the repair cost ratio; c,, and c,,, are
the replacement costs for the columns and bearings, re-
spectively; d, ., and d, ., are the damage ratios of the
columns and bearings at the i-th damage state, respec-
tively; p, ., and p, ., are the damage probabilities of the
columns and bearings at the i-th damage state, respec-
tively. The damage ratio d is the ratio of the repair cost
to the replacement cost for evaluating the economic los-
ses. According to the suggestion of HAZUS™ and the
research of Xie et al. ™', the damage ratios of the col-
umns and bearings can be selected from Tab. 7. The
probability p, a link between the system-level perform-
ance based on the repair cost ratios and component fragil-
ity functions, is calculated as the difference of the condi-
tional probabilities for the same type of components un-
der different damage states, as shown in Fig. 10.

Tab.7 Damage ratios of columns and bearings
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Fig.10 The calculation of the probability p

The replacement costs of columns and bearings primari-
ly depend on the direct and indirect economic losses from
changing these damaged components and effect on traffic
services. The columns serve as the load-carrying compo-
nents and their damage will pose a threat to the availabili-
ty of the overall bridge system, which will result in a long
closure of traffic service. Hence, the repair costs of col-
umns should consider the majority of the cost. On the
other hand, the replacement costs of bearings are mainly
due to their extensive damage, which includes the rein-
stallation of bearings and resetting of superstructures that
may be damaged owing to pounding and unseating. These
repairs impact less on traffic services. Zhang et al.'
pointed out that two sets of weighting ratios can be ap-
plied to the replacement costs of columns and bearings,
which are 0. 85: 0. 15 and 0. 75: 0. 25, respectively.
Therefore, this study derived and discussed the closed

Component Slight ~ Moderate Extensive Collapse form expressions of the global repair cost ratios appropri-
Columns 0.03 0.08 0.25 1.00 ate for the overall system of the suspension bridge based
Bearings 0.04 0.10 0.50 1.00 .

on the foregoing context as follows:
4 4 4 4
Ceol A Z Picoabicon F Chean Z Pivea nlivear * Cowm Z Piow i owm F Coean Z P vea i vea
R - i=1 i=1 i=1 i=1

rc

where subscripts A and M represent the approach bridge
and the main bridge, respectively; the subscript tow re-
presents the towers. The other letters and the variables

(15)

ccul,A + cbeu,A + ctuw,M + cbeu.M

¢, p and d are the same as the aforesaid definitions. If
other replacement costs are normalized by the replace-
ment costs of columns ¢, ,, Eq. (15) can be given as

4 4 4 4
y(1 +pB) ( Zpi,col,Adi,m],A + azpi,hea,Adi.hea,A) +(1+a ( Zpi,mw,Mdi.mw,M +ﬁ2pi,hea,Mdi,hea.M)
_ = = = =

R

’° (1 +y(+p8(1 +a)

Where o= cbea, A/ccol.A’ B = cbea. M/me,M’ and y = ( Cbea.A +

CcoL A) /( Cbca, M + Ctow, M) .

(16)

This study recommends that 8 =0. 15: 0. 85 can be
employed for the replacement cost ratio of the towers to
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the bearings of the main bridge considering that the func-
tionality of towers is consistent with the columns of the
approach bridges, while the replacement cost of the col-
umns is 3 times as much as that of bearings for the ap-
proach bridges, that is, a =0.25: 0.75. The coefficient
v can be served as an index to reflect the relative impor-
tance between the suspension bridge and approach bridg-
es, which is generally less than or equal to 1.0. If y =
0, it implies that the effect of approach bridges is neglec-

R =

4 4
y(1 +pB) ( zpi,cul.Adi,col.A +azpi,bea,Adi,bea,
_ =1 =1

ted for the seismic evaluation of suspension bridges. It is
considered that the seismic performance objectives of ap-
proach bridges are as important as the suspension span
when y = 1. 0. In addition, the installation of supple-
mental devices such as dampers and cable restrainers will
increase the costs of the bridge system in case 2, but
their installation costs are lower than those of towers and
bearings. Hence, the repair cost ratio of bridges retrofit-
ted with the supplementary devices can be written as

4 4
A) +(1 +a) ( zpi,tow.Mdi,mw,M +szi,bea,Mdi,beu,M)
= i=

(17)

h (1 +6+y)(1 +p)(1 +a)

where 0 is the ratio of the cost of supplementary devices
to the total cost of towers and bearings. In this study,
5% 1is assigned to coefficient 6.

The difference in system-level seismic performance
based on the repair cost ratio between the main bridge
and approach bridges is illustrated in Fig. 11. Taking
case 1 as an example, the system-level repair cost ratio
will be underestimated when disregarding the effect of
approach bridges on the overall system performance (y =
0), because the system-level repair cost ratio ( black
line) is apparently higher than that of main bridge espe-
cially in the high earthquake intensity. It can be inferred
that the overall seismic performance of the as-built sus-
pension bridge is dominated by the seismic design of the
approach bridges. The repair cost ratio of the overall
bridge system is increased as the weighting ratio of the
approach bridges increases. For example, under the E2
earthquake, the repair cost ratio of the as-built bridge is

0.06

Repair cost ratio

Co,,. 0.6

e, 100

(b)
Fig.11 System-level repair cost ratio surfaces conditioned on
coefficient y and 7. (a) Case 1; (b) Case 2

much higher than that of the main bridge if the impor-
tance of approach bridges is equal to the suspension span
(y =1). Therefore, a rational range of weighting ratio y
is supposed to be useful for achieving a balance between
the repair costs of the overall bridge system and determi-
ning the repair strategies. Taking the interaction between
the main bridge and approach bridges and the influence
of the seismic performance of approach bridges on traffic
services into account, it is pointed out in this study that a
weighting ratio range of between 0. 6 and 0.8 can be a
reasonable choice.

As can be seen from Fig. 11, a reduction of RCR can
be expected if the main bridge is equipped with fluid
dampers, where the value approximates 45% under the
E2 earthquake. Dampers play an effective role in the
limitation of displacement of the suspension span. Al-
though the approach bridges feature a detailed ductility
design of columns intended to resist the rare earthquake
hazard, the repair cost ratio of the initial design is re-
duced from 49% to 5% under the E2 earthquake when
the laminated elastomeric bearings and supplemental de-
vices are fully applied to the approach bridges. It is im-
portant to mention that although the initial costs of the
overall system for the suspension bridge are increased by
implementing supplementary devices (e. g., 5% higher
cost is considered in this study for the retrofitted bridges
equipped with fluid dampers, shear keys and cable re-
strainers), the post-earthquake expenses to repair the
bridge retrofitted with supplementary devices will be de-
creased substantially. Also, the system-level repair cost
ratio is less sensitive to the relative importance of struc-
tures in the optimal seismic designs. As shown in Tab.
8, when coefficient y =0. 67, the repair cost ratio of the
as-built bridge is 23% under the E2 earthquake, whereas
the repair cost ratio for the retrofitted bridge is reduced to
3.5% . Seismic repair of the suspension bridge can be
much more cost-effective and more in line with the seis-
mic performance objectives when they are installed with
the suitable designed supplementary devices. Therefore,
the repair cost ratio considering the relative importance of
both components and structures can be a good indicator
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for evaluating the seismic performance of long-span
bridges.

Tab.8 Comparison of the repair cost ratios under two seismic
hazard

Repair cost ratio

Seismic hazard Relative value n/%

Case 1 Case 2
El earthquake 0.048 0.007 85.4
E2 earthquake 0.225 0.035 84.4

chl -R

Note: 7 = "2 % 100%, where R, and R, are the repair cost

rel

ratios of case 1 and case 2, respectively.

4 Conclusions

1) Both PGA and PGV emerged as the best IM by the
TOPSIS method and the difference was not obvious. The
damage state definition of bearings considered the struc-
tural design and self-damage. Due to the lack of experi-
mental data, the damage states of towers were defined by
developing modal pushover analyses and idealized biline-
ar fitting methods in the equivalent fiber models.

2) The component-level fragility curves pinpointed the
vulnerable bridge components and high stress regions of
suspension bridges, where the critical components in-
clude the towers, columns and bearings, and the high
stress regions are located at the top of towers and at the
side and middle of the suspension span. Comparison re-
sults of the as-built design and retrofitted design show
that the primary factors affecting bridge seismic perform-
ance are the pounding between adjacent decks and the
constraint system of the approach bridges.

3) The bridge repair cost ratios can serve as good indi-
cators to provide an efficient evaluation of seismic design
strategies under two-level seismic hazard, which can take
into account the structures with different characteristics
and relative importance. However, the repair cost ratios
of the bridge system that has the optimum seismic per-
formance are less sensitive to the relative importance of
adjacent structures.
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