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Abstract

This paper investigated the nonlinear seismic performance of an existing cable-
stayed bridge longitudinally subjected to a set of simulated near-fault ground
motion pulses. An elaborated non-linear finite element model of the bridge was
established which particularly considered cable sag effect, material nonlinearity of
the tower and the deck. Through non-linear dynamic response analyses, seismic
responses of the tower, deck and cables were evaluated at the yield and ultimate
state of the structure. In particular, the yield and ultimate state of the structure were
defined in the text based on damage levels of the structure and structural integrity
requirement. It is revealed that the pulse period (7,), by determining the relative
contribution of multiple modes of the structure, strongly affected the damage
process of the structure. As T, was close to the period of first vertical vibration of the
deck, the responses of the deck and cables were largely excited so that the deck
might yield prior to yield of the tower, the cables failed prior to the ultimate state of
the tower, and the deck suffered most of the damage despite of the yielding of the
tower.

Keywords: Cable-stayed bridge, Seismic damage, Pulse excitation, Damage state

1 Introduction

During recent decades, cable-stayed bridges have gained worldwide popularity, owing
to aesthetical appearance, structural efficiency and short construction period. This type
of structure, characterized by the flexibility of its cable-superstructure system, usually
contains a number of long-period modes (usually larger than 1.5s). When cable-stayed
bridges are subjected to far-field ground motions, it is consequently advantageous by
naturally providing some seismic isolation since characteristic periods of far-field
ground motions typically occur at relatively short periods (typically less than 0.5s). In
such a situation, cable-stayed bridges are normally able to remain nearly elastic under
the design seismic action which satisfies the recommendation of seismic codes like
Eurocode 8 (De Normalisation 1998) and Chinese code (MCPRC 2008) and the
reinforcement ratio of the tower legs is designed within economical range according to
the design purpose. For example, Yokohama Bay Bridge performed as expected
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subjected to a ground motion less than the design ground motions during 2011 East
Japan Earthquake (Siringoringo et al. 2013).

However, during 1999 Chi-Chi earthquake, the tower of Chi-Lu Bridge suffered se-
vere structural damage including concrete spalling, exposed plastic region and a crack
extending upward nearly to the level of the lowest cables (Chang et al. 2004). Chadwell
and Fenves (2003) conducted analytical studies to investigate the seismic damage of
Chi-Lu Bridge and speculated that ground motion pulses from near-field ground mo-
tions at bridge site might lead to the damage of the structure. Quite different from far-
field ones, near-field ground motions usually contain long-duration pulses and high
peak ground velocities (Jangid and Kelly 2001). It can largely increase the seismic re-
sponse of cable-stayed bridge since large amplitude spectral accelerations of near-field
ground motions occur at long periods where many cable-stayed bridges have significant
structural response modes (Wesolowsky and Wilson 2003). To keep the structure elas-
tic under a near-field ground motion, reinforcement ratios of the tower legs need to be
greatly increased comparing to its static loading requirement, which was not econom-
ical in engineering practices. In fact, some large cable-stayed bridges were designed
allowing some structural damage in the towers so as to reduce response uncertainties
under unexpectedly large earthquakes, as is the case of Rion-Antirion Bridge in Greece
(Combault and Teyssandier 2005) and Stonecutters in China (Kite et al. 2005). It is also
accepted in Japanese code (Japan Road Association 2002) that the main tower of cable-
stayed bridges develops plastic behavior during a design earthquake by carefully investi-
gating and designing its plastic ranges.

Several studies have been conducted to investigate structural damage of cable-stayed
bridges during earthquakes. A. Camara (Camara and Astiz 2012) used coupled nonlin-
ear pushover analysis method to estimate the complex inelastic response of cable-
stayed bridges. The author revealed that the contribution of higher modes of cable
stayed bridge (approximately between 1 Hz and 25 Hz) is significant in seismic response
and should be included by considering their purely elastic contribution via means of re-
sponse spectrum analysis. Li et al. (2009) conducted nonlinear time history analysis on
a three-tower cable-stayed bridge with rigid system, floating system and passive energy
dissipation system which were excited by one far-field ground motion and one near-
field ground motion. The results showed that plastic hinges may form either at the bot-
tom of middle tower or side tower, depending on different systems. Wang et al. (2017)
conducted shake table tests on a 1/20-scale cable-stayed bridge model with two H-
shaped towers. By exciting the model transversely, damage characteristics of the bridge
model were observed including severe damage at upper strut, repairable damage at
tower bottom and middle part, and minimal damage at lower strut. Recently, another
shake table test was carried out on 1/20 scale model of a single-tower cable-stayed
bridge which revealed the vulnerability of the tower, the cable and the bearings of the
cable-stayed bridge under near-field ground motions (Yi and Li 2017, 2019).

Despite that above studies shed light on designing the towers of cable-stayed bridges
into inelastic stage, no general agreement has been reached on the most vulnerable
components of a cable-stayed bridge under a seismic condition. The basic structural
form of a cable-stayed bridge consists of towers, the stiffening girder, stay cables, bear-
ings, piers, and foundations. In some studies, the towers suffered from the most signifi-
cant seismic damage and even failed whereas the nonlinear behavior of other
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components was not considered (Camara and Astiz 2012; Li et al. 2009). Some other stud-
ies investigated the elastic-plastic behavior of the deck as well as the effects on the seismic
performance of the bridge (Ren and Obata 1999). Meanwhile, the overloading or relax-
ation of stayed cables was captured in some numerical studies and experimental ones
(Wu et al. 2003; Zong et al. 2014). The possible reason for such difference might be that
(1) cable-stayed bridges have inherently different coupling effects in the vibrations of vari-
ous structural components as well as high-order mode effects (Calvi et al. 2010) and (2)
the earthquake ground motions, with difference in the spectral contents, would excite the
structural components at different amplitudes. There is a clear need to associate the vul-
nerable components of a cable-stayed bridge with the characteristics of ground motions
to have a good understanding of the seismic damage process of this type of bridges.

To this end, this study firstly established an elaborated non-linear finite element
model of a real cable-stayed bridge in which several nonlinear responses including
cable sag effect, material nonlinearity of the tower and the deck were carefully consid-
ered. A set of simulated near-fault pulses were then used to excite the model and the
yield and ultimate states of the structure were determined and investigated. In particu-
lar, the seismic performance of the tower, the deck and cables at the yield and ultimate
state of the structure were evaluated respectively, and the influence of pulse periods on
the response of the structure was discussed. Finally, the damage process of the struc-

ture affected by pulse periods was analyzed.

2 Modeling of cable-stayed bridges

2.1 Description of bridges

The cable bridge under study consists of a concrete tower, double-plane cables, a steel
deck and two concrete side piers (see Fig. 1). The total length of the bridge is 460 m di-
vided into two symmetric spans. The inverted Y-shaped single tower is 150 m high in total
and 60 m wide at the foundation level. The tower is divided into 34 m bottom tower, 72 m
middle tower, 44 m anchor zones for cables and a rectangular crossbeam at elevation 34
m. Hollow rectangular boxes are used for the bottom tower and middle tower. The cross
section of bottom tower decreases from 14 m x 7.5 m at the foundation level to 10.8 m x
6 m at crossbeam level with a thickness of 1.3 m at the long side and 1 m at the short side
while that of the tower middle decreases from 10.8 m x 6 m to 8.5 m x 5 m with the thick-
ness of 1.0 m and 0.8 m along the long and short side, respectively. The longitudinal steel
ratio of tower sections is around 2.17% ~ 2.51% and the axial compression ratio is around
12.1% ~ 15.9% at dead load state. The steel deck is 37.5 m wide and 3.2 m high at middle
span. It is formed into a streamlined closed box with welded flanges, webs, stiffeners and
diaphragms. Table 1 shows the design parameters of the deck. Sixty-eight parallel wire ca-
bles, forming at fan types, are used to support the deck. Each of the cables is composed by
perfectly arranged 7 mm high-strength wires with the ultimate stress of 1670 MPa. The
design parameters of cables are listed in Table 2. The deck is also supported by two con-
crete side piers at each span end and the crossbeam of the tower. Two side piers are portal
frames which have a height of 34 m and a width of 25 m. Spherical steel bearings are used
for the connection of the deck to side piers and to the tower. Bearings allow for sliding in
the longitudinal direction of the bridge but prevent relative transverse and vertical move-
ments of the deck.
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Fig. 1 Schematic of the Cable-stayed Bridge under study

2.2 Numerical model

Cable-stayed bridges, with the flexible superstructure system, are characterized by the
nonlinear behavior under dynamic loadings. The nonlinear response in this type of
structures mainly originates from (i) the cables sag effect; (ii) the action of compressive
loads on the deck and the tower; (iii) the effect of large deflections; (iv) material nonlin-
earity (Ren and Obata 1999; Nazmy and Abdel-Ghaffar 1990). In order to investigate
nonlinear dynamic response of the bridge in its longitudinal direction under a series of
near-field ground motions, a sophisticated model is established on OpenSees (open sys-
tem for earthquake engineering simulation) (Mazzoni et al. 2006).

Regarding material nonlinearity and axial force-moment interaction effect, the bot-
tom tower and the middle tower were modeled using nonlinear beam-column elements
whose cross section was discretized into unidirectional confined concrete, unconfined
concrete and steel fibers (Fiber elements). The strain-stress relationship of the confined
and unconfined concrete employed modified Kent-Scott-Park concrete constitution
model (Scott et al. 1982) and Karsan-Jirsa loading-unloading law by OpenSees system

Table 1 Design parameters of the deck
A (m?) Idm?) I, (m%) Jm*) E (MPa) f, (MPa) M, (MN-m)
219 3.56 2416 863 205x10° 345 689
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Table 2 Design parameters of cables

No. A (m?) Fo (kN) F, (kN) No. A (m?) Fo (kN) F, (kN)
Q1 420% 1073 20343 7014.0 al) 5811073 27685 9702.7
(@) 350% 1073 17242 58450 ol 581107 29345 9702.7
a 350% 107 1836.8 58450 Ci12 581x107° 31129 9702.7
c4 420% 1073 1947.1 7014.0 13 720% 107 32404 12,0240
cs 420% 1073 20794 7014.0 14 720% 1073 34239 12,024.0
c6 489x1073 2199.1 8166.3 Ci1s 720% 1073 36319 12,0240
7 489% 1073 23313 81663 Cl6 812x107 38350 13,5604
c8 489% 107> 24594 81663 c17 812x 107 41299 13,5604
9 581%107° 2602.6 9702.7

whereas the tensile strength of the concrete is neglected. The compressive strength of
confined and unconfined concrete was calculated 40.8 MPa and 32.4 MPa and the ul-
timate strains was 0.065 and 0.005, respectively, as shown in Fig. 2a and b. Especially,
the ultimate strain of confined concrete was set 0.065 so that 80% of the compressive
strength was retained. The steel fibers were represented using a bilinear strain harden-
ing model. The vyield stress was 400 MPa and the ultimate tensile strain was 0.06 (Cali-
fornia Department of Transportation 2013) with the kinematic strain hardening ratio of
1.0%, as shown in Fig. 2c.

Based on the material information and section properties provided in Figs. 1 and 2,
moment-curvature curves of the tower sections with axial force under dead load
state were constructed. As an example, Fig. 3 shows the moment-curvature curve of
the tower bottom. The yield point is determined as the outer steel bars reach the yield
strain of 0.002 whereas the ultimate point is reached as either the steel bars reach the
ultimate tensile stress or the confined concrete reaches the ultimate compressive strain.
Therefore, the yield curvature of tower section was calculated 0.000285 ~ 0.000462
from the tower bottom to the top of middle tower whereas the ultimate curvature was
0.0024 ~ 0.0035.

Anchored zones of the tower and side piers were represented by linear-elastic elem-
ent with axial force-moment interaction taken into account. For the anchored zones of
the tower, the local damage, namely concrete cracks, large strain of the section or re-
sidual deformation, caused stress concentration and slippage of the anchor device for
cables. Under such condition, anchorage failure of the cables might occur during the
earthquake and the repair is rather difficult after the earthquake. Thus, anchored zones
are expected to remain linear during the earthquake and shall be properly designed.

Stress (MPa) Stress (MPa) Stress (MPa)
-0.005 0002 4 -0.0065 -0.0046 ) a00h- - -
Strain . Strain ' .
X : Strain
| 0.002 0.006
1
“--- (324 326
40.8
(a) Unconfined concrete (b) Confined concrete (c) Steel bars
Fig. 2 Material constitutive models of the tower
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Fig. 3 Moment curvature of the section at tower bottom

And for side piers, longitudinal sliding bearings had so limited influence on the seismic
response of the whole bridge that material nonlinearity of side piers was ignored.

Regarding material nonlinearity, the deck was represented by nonlinear beam-column
elements. The inelastic behavior was assigned to the weak bending moment-curvature
(M,-¢) while linear elastic behavior was assigned to all other directions. Using the Ucfi-
ber software (Chadwell and Imbsen and Associates 2002), an original M,-¢ curve was
calculated for deck section as shown in Fig. 4 using the stress-stain relationship of steel
material showing in Fig. 2c. To apply to the finite element model, an equivalent bi-
linear curve was established instead of the original curve. The bi-linear curve had the
same yield point and ultimate point to the original curve and a strain-hardening ratio
of 0.12. For the deck, the axial load-moment interaction was neglected in that the com-
pression stress from the axial load, with a maximum value of 35 MPa under dead load,
was quite small comparing to the yield stress of the material (345 MPa).

Cables are modeled using truss element by applying material modulus and the cross
section area. Normally, sag effects of cables were approximately taken into account
based on constant equivalent elastic modulus from dead loads (Ren and Obata 1999).

However, large cable forces were observed for cable-stayed bridges during past

M. Original curve

0
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Fig. 4 M,-¢ curve of the deck
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earthquakes with anchorage failure of Ji-Lu Bridge in 1999 Chi-Chi earthquake (Chad-
well and Fenves 2003) and possible cable relaxation for Higashi-Kobe Bridge in
Hyogoken-Nanbu Earthquake (Ganev et al. 1998). Due to the drape shape, cables expe-
rienced “real-time updating” effective stiffness along with varying cable force during
earthquakes. Combining flexibilities of cables derived from the elastic material elong-
ation and the assumed parabolic cable shape straightening, a simplified formulation
was reached regarding any two conditions (Gimsing and Georgakis 2011):

272
o301  y°L 1 1
- = | —— 1
8= TE T (012 52 M

Where €)(2) and o7y represent equivalent stain and stress under condition 1/(2) of
the cable, respectively; E represents elastic modulus of wire cables which is 1.95 x 10°
MPa; y represents the density (weight per unit volume) of the cable material; and L rep-
resents longitudinal projected length of the cable.

Considering 0y and &y from deformed equilibrium configuration under dead loads, an
equivalent stain- stress relationship of cable material yields:

272
o-0op y°L 1 1
= — _ | —-— 2
e= -+, <00202 + & (2)
[20]
= — 3
=g (3)

In which, E, is effective elastic modulus of cable material based on Ernst’s equivalent
elastic modulus under dead loads.

As an example, nonlinear elastic material model for C17 is shown in Fig. 5. It can be
seen that at large stress, the tangent modulus of the cable material approaches the lin-
ear elastic stiffness while at large axial shortening, the stress and tangent modulus re-
duce to zero.

Steel bearings were modeled using a zero length element containing an elastic-plastic
material model in the longitudinal direction (see Fig. 6) and fixed connections in trans-
verse and vertical directions. Since the bridge was founded by group piles on stiff soil,
the foundation of the tower and side piers were set to be fixed, neglecting soil-
structure interaction effects. Figure 7 shows the general configuration of the finite

-
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Fig. 5 Stress-strain of the cables
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element model, which it total has 389 nodes, 120 nonlinear beam-column elements,
109 linear elastic beam-column elements and 68 truss elements.

Before nonlinear seismic analysis, dead load was applied to the model prior to nonlin-
ear dynamic analysis so that nonlinear seismic analysis starts from the equilibrium con-
figuration of the structure under dead loads (Ren and Obata 1999; Nazmy and Abdel-
Ghaffar 1990). Direct integration with Newmark-Beta constant acceleration method
was used to obtain nonlinear dynamic response of the structure. Rayleigh damping,
with 3% damping ratio assigned to first two modes of the structure, was used to incorp-

orate structural damping matrix.

2.3 Modal analysis results

The eigenvalue problem was solved based on the utilization of the tangent stiffness
matrix of the bridge at equilibrium configuration from dead loads. Figure 8 shows the
modes of the structure that have mass participation ratio larger than 0.01 in the longi-
tudinal direction. The first two modes, referring to longitudinal sliding of the deck and
vertical vibration of the deck coupling with the longitudinal vibration of the tower

Node

——— Truss element

Fix
— Elastic beam element

— Fiber element

Fig. 7 Established finite element model
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Fig. 8 Modal analysis results

respectively, have much larger mass participation than other modes and totally contrib-
ute more than 50% of mass participation. However, Fig. 8 clearly shows that many
other modes, even for very high order modes (like 82th mode), also make a certain con-
tribution to the total mass participation of the structure. This indicates the pronounced
high order effects of the case cable-stayed bridge, i.e., the high modes, besides the first
two modes, would exert a great influence on the total seismic responses of the bridge.
Besides, it is noted that several significant modes, including Mode 2, Mode 7 and Mode
12, involve the coupling of the longitudinal vibration of the tower and the vertical vi-
bration of the deck. Especially for Mode 2, it has the second largest mass participation
in the longitudinal direction. It is anticipated that the vertical vibration of the deck
would be significantly triggered under longitudinal earthquake excitations.

3 Earthquake inputs

Several pulse-type near-field ground motions were recorded from past big earthquakes
like 1994 Northridge earthquake in California, the 1995 Kobe earthquake in Japan, and
the 1999 Chi-Chi earthquake in Taiwan. Some mathematical formulations (Makris
1997; Mavroeidis and Papageorgiou 2003; Tan et al. 2005; He and Agrawal 2008) were
proposed to represent the near-field ground velocity pulses. In this paper, Type B
pulse-motions, a simple yet effective formulation proposed by Makris (1997), were used
here to characterize pulse-type near-field ground motions. Analytical expressions of
type-B pulses for the ground acceleration, velocity and displacement histories are:

A(t) = wpV, cos(wpt) (0<t<T),) (4)
V(t) =V, sin(wyt) (0<t<T,) (5)
D(t) = V,[1- cos(wyt)]/w, (0<t<T,) (6)

where V), is the amplitude of the velocity pulse; T}, is the predominant period as well
as the duration of the pulse, and T, = 271/w,,.

A set of simulated near-fault pulses were generated here with various pulse periods
(T, =0.5~7.0s). Figure 9 shows the velocity time histories and 5% damped acceleration
response spectra of generated velocity pulses, namely T, =0.5, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0
and 7.0s. In Fig. 9, the curves were normalized with respect to the amplitude of the
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Fig. 9 Simulated near-fault pulses

velocity pulse (V). It can be seen from Fig. 9 that characteristic periods of generated
pulses shifted to larger periods as pulse periods T), increased. Spectral accelerations of
the pulses with small duration (T, <2s) were quite large at short periods and rapidly
decreased to quite small values at large periods while the pulses with long duration (T},
> 2 s) had relative large spectral accelerations at long structural periods.

It is noteworthy that the horizontal and vertical ground motions are generally recom-
mended in combination to excite cable-stayed bridges in practical engineering. On the
other hand, Shrestha (2015) revealed that the vertical ground motions had a limited in-
fluence on the seismic response of the cable-stayed bridges. To simplify the analyses
for this study, the pulses were applied only in the longitudinal direction of the bridge.
Based on the spectral difference of the near-fault pulses, the vibration modes of the
cable-stayed bridge are excited at different magnitudes, thus influencing the damage
process of the bridge.

4 Damage states of the structure

As highlighted by the damage of Chi-Lu Bridge (Chadwell and Fenves 2003) and the shake
test results of the cable-stayed bridge model (Yi and Li 2017), several composing parts of
cable-stayed bridges, namely the tower, deck and cables might suffer damage during
earthquakes. However, since cable-stayed bridges represents the key points transport net-
works, only the tower was permitted with controllable damage under extreme seismic
events for Rion-Antirion Bridge (Combault and Teyssandier 2005) and also in Japanese
Code (Japan Road Association 2002). On the other hand, Stonecutters Bridge (Kite et al.
2005) was designed allowing the deck, besides the tower, with minor yielding under a se-
vere earthquake with a return period of 6000 years, but damage of the bridge shall not be
such as to endanger emergency traffic or cause loss of structural integrity. For the bridge
under study, five damage states of structural components are defined:

(1) The yield state of the tower, which was defined that the steel bar first reached its
yield strain at any section of the tower.

(2) The yield state of the deck, which was defined that the steel box first yielded at any
section of the deck.

(3) The ultimate state of the tower, which was defined that either confined concrete of
tower’s section reached the ultimate compressive strength or the reinforcing bars
reached the ultimate tension stain.
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(4) The ultimate state of the deck, which was defined that the curvature reached
maximum ductility capacity levels at any section of the deck.

(5) The failure of the cables, which was defined that any one of the cables reached its
ultimate stress (1670 MPa). For the cables, the elastic-plastic behavior or the rup-
ture of the cables was abandoned during the earthquake, the reason of which will
be discussed later.

Based on the damage states of the structural components, two damage states of the
whole structure were thus defined: the yield state of the structure and the ultimate of
the structure. The yield state of the structure was reached when either the yield state of
the tower or the deck occurred while the ultimate state of the structure was when ei-
ther the ultimate state of the tower, the deck or cables occurred. Before the yield state
of the structure, there was no structural damage during the earthquake since material
nonlinearity was avoided and no repair was needed after earthquake. After the yield
state of the structure, some structural damage and residual displacement was antici-
pated so that possible post-earthquake repair was needed after earthquake. Despite that,
structural integrity was guaranteed during the earthquake and the access to emergency
traffic was provided after earthquake. After entering into the ultimate state of the struc-
ture, the structure might be able to sustain much larger earthquakes without collapse,
but emergency traffic was endangered after the earthquake and thus more permitted
damage to the structure was abandoned.

Under a particular earthquake input, it’s desired to determine whether the yield of
the structure was attributed from the yield of the tower or the yield of the deck. Yield
indexes were defined for the tower, the deck and cables as follows. In particular, YI,
was defined here in case that the yield of the cables appeared prior to the yield of the
tower or the yield of the deck. The yield state of the structure was reached when Y7 =1.

YI, = max(ii), Yig; = max(q(i;”;)» YI. = max(ij) )

YI = max(Yl,, Yl,, YI.) (8)

where YI, YI; and YI, were the maximum yield indexes of the tower, the deck and
cables, respectively; ¢, and ¢, were the curvature and yield curvature of one tower sec-
tion; ¢; was the maximum curvature of all the deck sections; ¢,; was the yield curva-
ture, and ¢,; =0.00096; F,; and F,; were the maximum tension force and ultimate
tension force of Cable i (i=1 ~ 17); YI the yield index of the structure.

Similarly, ultimate indexes were also defined for the tower, the deck and cables. The
ultimate state of the structure was reached when UI = 1.

Ul, = max (ﬂ) Ul, = max <ﬂ> ur, = vi, (9)
¢ut ¢ud
Ul = max(Ul,, Uly, UL) (10)

Where Ul, Ul,; and Ul, were the failure indexes of the tower, the deck and cables, re-
spectively; ¢,, was the maximum curvature of one tower section; ¢, was the ultimate
curvature, and ¢,,; =0.0167; UI was the ultimate index of the structure.
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For each pulse, the acceleration waves were applied to excite the cable-stayed bridge
from low to high intensity. The yield state and the failure state of the bridge are evalu-
ated based on the damage state of different structural components under earthquake

inputs with the same amplitude.

5 Yield state of the bridge
Figure 10 shows the yield indexes at the yield state of the structure (Y7=1). It is ob-
served that except T, =4s, the yield of the tower appeared first for most cases. This
agrees with the expectation of Japanese code that permissible damage of cable-stayed
bridges occurred at the tower. However, when T, = 4s, the yield of the deck occurred
prior to the yield of the tower. As T, become larger, there was a steady increase of yield
index of the deck (Y1;) when T, < 4s while a gradually decrease when T}, > 4s. For cases
of 25 < T, < 5s, the YI; was all larger than 0.8, which means the deck was quite vulner-
able to damage as period of the pulse was within this period. For the cables, the yield
index was all below 1, showing the cables perform well at the yield state of the struc-
ture. However, YI, reached more than 0.8 for T, = 1s and T, = 3s so that the seismic re-
sponse of the cables should also be paid attention to.

In order to reveal the influence of T, on YI,, YI,; and YI,, the seismic response of the

tower, the deck and cables were investigated as follows.

5.1 Tower response

Figure 11 shows yield index curve of the tower at the yield state of the structure. Unlike
normal uniform reinforced concrete columns whose vulnerable section locates at the
bottom of the column, the maximum steel stain of the tower occurs at the middle
tower, due to the decreasing cross section along with the tower height. For all cases,
the sections where steel first yields might occur along the most part of middle tower,
depending on pulse period T),. Pulse period T, by reflecting the frequency characteris-
tics of the input pulses (see Fig. 9), affects relative contribution of multiple modes to

the total response. For this particular bridge, the first yielding section tends to decrease
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Fig. 10 Yield indexes of the tower, deck and cables at the yield state of the structure
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from the height of 97 m to 40m as T, increases from 0.5s to 7s, except for T, =3s
where yield section first occurs at bottom of the middle tower (34 m). Thus, the dam-
age section of the tower during the pulse-type earthquake can’t be previously set only

after input ground motions was determined.

5.2 Deck response

Figure 12 shows the yield index curve of the deck along the deck length at the yield
state of the structure. In Fig. 12, the contribution of pure seismic response to the yield
index (seismic index), which was obtained by the yield index minus the ratio of abso-
lute deck curvature at dead load to ¢,, was also presented. In addition, Fig. 12 includes
deck moment curvature of first and second mode from the modal analysis, which was
normalized to the maximum seismic index.

The seismic response of the deck was attributed from complex participation of sev-
eral modes of the bridge and Fig. 12 clearly shows that the contribution of each modes
was affected by pulse period T),. The seismic index curve along the deck length was al-
most alike for most cases except T, =0.5s or T, =1s. For the cases of T, =0.5s and T,
=1s, since pulse period was close to vibration period of higher modes other than Mode
1 and Mode 2, higher modes made great contribution to the total response so that the
deck seismic index curvature was quite different from Mode 1 or Mode 2. As T, 2 2s,
since the spectral acceleration become quite large for Mode 1 (T =6.94's) and Mode 2
(T =3.04 s) with largest mass participation ratios in the longitudinal direction, the con-
tribution of Mode 2 and Mode 1 becomes dominate. Especially for the cases of T, =
2s~5s when the pulse period was close to the vibration period of Mode 2, the Mode 2
had resonant response with the pulse that the vibration of the deck was largely excited
and deck seismic index curve was quite close to Mode 2. This explains why YI,; was
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Fig. 12 Yield index curve of the deck at the yield state of the structure

larger than 0.8 within these cases. As T, increased to 6 ~7s, on the other hand, the
pulse period gets so close to vibration period of Mode 1 that the most contribution to
deck response comes from Mode 1. Thus, the seismic index curve becomes close to
Mode 1. However, the section of the deck with the largest yield index was at the sec-
tion around 180 m away from the tower for all cases.

5.3 Cable response
Figure 13 shows the yield index curves of the cables at the yield state of the structure.
Similar to Fig. 12, Fig. 13 includes seismic index, which was defined as the contribution
of pure seismic response to the yield index and was obtained by the yield index minus
the ratio of cable forces at dead load to the ultimate force. In addition, Fig. 13 also pre-
sents deck moment curve of first and second modes from the modal analysis, which
was normalized to the maximum seismic index.

Similar to the deck response, pulse period T, influenced the seismic index curve as
follows:

As T, =0.5s or T, =1s, higher modes other than Mode 1 and Mode 2 contribute in-
tensively to the cable forces. Thus, seismic index curve was quite distinguished from
curve of Mode 1 or Mode 2 and the most vulnerable cables were C3 ~ C4. As T, > 2s,
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the contribution of Mode 1 and Mode 2 to the total seismic index increased and the
most vulnerable cables shifted to C17. For the cases T, = 2s~3s, the seismic index curve
resembled to that of the Mode 2 since the pulse period was close to vibration period of
this mode. But for the cases of T), > 4s, the seismic index become more resembling to
Mode 1.

6 Ultimate state of the bridge
Figure 14 shows the ultimate indexes of the tower, deck and cables at the ultimate state
of the structure (UI=1). Unlike the yield state of the structure that the tower first
yielded for most cases, the cables were the most vulnerable components except for T, =
0.5s and T, = 7s where the tower reached ultimate state first. LI, was quite sensitive to
T,. As T, increased, the UI, first decreased to quite low value and then increased. Espe-
cially for the cases of 3s< T, <5s, Ul, was relatively small since the vibration of the
deck and cables was largely excited by the pulses. For all the cases, the UI; was smaller
than 0.2, showing that the deck went through small inelastic deformation despite first
yielding for some cases.

The seismic response of the tower, deck and cables at the ultimate state of the bridge

was investigated as follows.
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6.1 Tower response

Figure 15 shows ultimate index curve of the tower at the ultimate state of the structure.
As T, < 2s, the tower bottom had the largest ultimate index while relatively large curva-
ture also occurred at top of middle tower. However, the ultimate index curves were
quite distinguished for each case due to relative contribution of higher modes. As T, >
3s where the first two modes were largely excited, the ultimate index curves, on the
other hand, were quite alike for all cases despite of variable amplitudes. The largest
curvature occurred at the bottom of middle tower while the curvature at the tower bot-
tom and top of middle tower was quite small. Attention should be paid that, unlike
common bridge piers where inelastic deformation concentrated at one or several loca-
tions, all sections of the tower might go through large inelastic deformation (like T, =
0.5s), owing to the reduced cross section along the tower height. Therefore, seismic de-
sign details required for ductile behavior should be applied for the whole tower.

6.2 Deck response

Figure 16 shows the ultimate index curve of the deck section at the ultimate state of
the structure. Except T, =0.5s that the deck kept in elastic range, some inelastic de-
formation was observed at the deck section for T, > 1s. The section with inelastic de-
formation spreads within a large region from about -200 m to -150 m and the largest
deformation occurred at around -180 m. Due to the large contribution of the Mode 2,
the inelastic deformation was quite large for cases of T, =2s~6s with the maximum
curvature ductility factor of around 4.

6.3 Cable response

Figure 17 shows the ultimate index of cables at the ultimate state of the structure.
Clearly, pulse period T, determined the ultimate index curve and the most vulnerable
cables during the excitation. As T, <2s, the ultimate index curves were quite distin-
guished from each other and the most vulnerable cables might be either C3 ~C5 or
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C17. But for cases of T, > 3s, all cases had the similar ultimate index curves with max-
imum index located at C17, in accordance with the shape of Mode 1 and Mode 2.

For cable-stayed bridges under dead loads, cables normally sustained the stress far less than
its ultimate stress. For example, the cable stress of the bridge under study was about 1/3 of its
ultimate stress at dead load state. Despite that the failure of a stay cable, possibly causing by
corrosion, abrasion or fretting fatigue, increased the axial stress of remaining cables, the struc-
ture kept similar dynamic behavior of that without the broken stay (Mozos and Aparicio
2011) since no more cables failed. However, one can see from Fig. 17 that as one of the cables
reached its ultimate tension force under pulse excitation, the cables nearby also sustained
large tension forces. Once one of the cables failed during the earthquake, nearby cables might
also fail due to the increased axial force shifting from the failure cable. This chain effect grad-
ually caused the failure of the entire cable system and as a result the collapse of the structure.
Therefore, this paper considered the failure of one cable during earthquakes to be the ultimate
state of the structure.

7 Damage process of the structure

Figure 18 shows the ductility factor development of the tower and the deck after the yield of
the structure where the hollow circle depicted the ultimate state of the structure. In Fig. 18, the
ductility factor of the tower y, and the ductility factor of the deck y,; were calculated as follows:

p; = max (%y) Hy = %‘; (11)

Where ¢, ¢, s and ¢, were defined at (7). It can be seen that as T, =0.5s, the
damage of the structure concentrated at the tower while the deck remained
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undamaged. As for T, = 1~2s and also T, = 6~7s, the damage occurred and developed
at the tower but the deck also might suffer some damage. Before the deck yielded, 4, al-
most linearly increased as the y, increased at a quite slow rate; but after deck yielded,
Y, increased faster, showing the yielding of the tower provided no relief of the deck
from seismic damage. As for T, =3~5s, the damage accumulated at the deck despite
that slight damage of the tower was also observed. This agrees with the observation
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from Figs. 10 and 14 that the components with the severest damage shift from the
tower to the deck within these periods. The reason is that as the pulse period (T, =
3~5s) gets close to the vibration period of Mode 2 (T =3.04s), Mode 2, depicting the
vertical vibration mode of the deck with the second largest mass participation in the
longitudinal direction, is extensively excited. As a result, the vibration of the deck as
well as the cable force variation is significantly triggered, leading to large seismic re-
sponses of the steel deck which suffers from section yielding and causes the structural
failure finally. Outside of T, = 3~5s, either the first mode (7= 6.94s) or the high modes
(T < 3's) are significantly excited where the tower vibrations dominate so that the dam-
age of the bridge concentrates on the tower sections which finally suffer complete
failure.

8 Conclusions

This paper focuses on the longitudinal damage of a cable-stayed bridge under near-
fault ground motions. For this purpose, a nonlinear finite element model of the bridge
was developed and a set of simulated near-fault ground motion pulses were used to ex-
cite the structure. The seismic response of the tower, deck and cables was evaluated at
the yield and ultimate state of the structure. Following conclusions are drawn.

(1) The yield state of the structure was defined that either the section of the tower or
the deck reached its yield limit while the ultimate state of the structure was that
the tower or the deck reached its ultimate limit, or the cables reached ultimate
stress. Especially, as one of the cables reached its ultimate stress under pulse
excitations, the cables nearby also sustained large tension forces. Once one of the
cables failed during the earthquake, nearby cables might consequently fail due to
the increased axial force shifting from the failure cable. Thus, the failure of cables
during an earthquake was considered to be the ultimate state of the structure.

(2) The period of the pulses determined the relative contribution of different modes of
the structure and thus affected the damage process of the structure. As T, <2s,
higher modes other than Mode 1 and Mode 2 greatly contributed and the damage
mainly occurred at the tower. As T}, > 2 s, the response of the structure mainly
results from Mode 1 and Mode 2. In particular, when T, = 3 ~ 5 s which was close
to the period of first vertical vibration of the deck (Mode 2), the responses of the
deck and cables were largely excited so that the deck might yield prior to the yield
of the tower, and the deck suffered most of the damage despite of the yielding of
the tower. Outside of T, =3 ~ 5, the tower suffered from the most severe seismic
damage and failed prior to other components.

(3) Unlike conventional piers of the bridges which have only one or several damage
regions, the sections of the whole tower legs might go through ductile behavior so
that seismic design details should be applied for the whole tower. For the deck,
damaged section concentrated at a wide region located at about 150 m to 200 m
away from the tower with the maximum curvature ductility factor less than 4. The
most vulnerable cables might be C3 ~ C5 or C17 depending on the pulse period.

The above conclusions highlight the importance of the deck and the cable design for

cable-stayed bridges in near-field regions, especially for the case that the pulse period is
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close to that of the first deck vertical vibration. For instance, the anchorage of the cable
should be strengthened to avoid premature anchorage failure of the cable and the steel
deck stiffened to prevent local buckling. A limitation of this study is that only artificial
pulses are discussed, which have slightly different spectral characteristics compared to
typical history records. Future studies are needed to investigate the influence of the real
near-field records on the damage process of cable-stayed bridges. Meanwhile, under ex-
treme conditions, the traffic loads, which was not considered in this study, would exert
a large influence whereas they are not considered in this study. Further investigations
are needed on this issue.
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