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Abstract: Cable-supported bridges, such as suspension bridges, cable-stayed bridges, and tied-arch bridges, play impor-
tant roles in the transportation infrastructure systems. Failure of these bridges can lead to heavy casualties and significant
economic losses. However, the resistance to system-level failure under specified member-loss scenario(s), also called
structural robustness, of these types of bridges and the key limit states for structural evaluation have not been adequately
studied. In this paper, push-down analysis is presented as a method to identify the key limit states of cable-supported
bridges for structural robustness evaluation. The above analysis was conducted in LS-DYNA® on three disparate long-
span cable-supported bridges, that is, a suspension bridge, a cable-stayed bridge, and a tied-arch bridge. The failure of key
structural components of the bridges was monitored closely during push-down analyses, and several key limit states were
identified. Bridges with single-member loss were also pushed down, and their responses were compared to the behavior
of the corresponding intact bridges to evaluate the effect of member loss on push-down capacity in the context of the
identified limit states. The results show that the three mentioned cable-supported bridges exhibit similar bilinear load—
displacement curves during push-down analysis. Comparison of the overall performance of the identified key limit states
indicates high capacity for the design live loads. The overall performance is affected negatively by cable loss, and the effects
vary depending on the location of the cable loss and the pattern of live-load distribution. Despite these adverse effects,
the capacities of the identified key limit states for these bridges under damaged scenarios are not reduced significantly.
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Introduction

Cable-supported bridges, such as suspension bridges, cable-
stayed bridges, and tied-arch bridges, are widely used around
the world. They usually play important roles in the trans-
portation infrastructure systems. However, failures of these
types of bridges have been observed in the past. The
Kutai Kartanegara Bridge, a suspension bridge, collapsed
on November 26, 2011, resulting in at least 20 fatalities.'
Morandi’s Polcevera Viaduct, a cable-stayed bridge, col-
lapsed on August 14, 2018, leading to 43 deaths.’> The
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Nanfang’ao Bridge, a tied-arch bridge, collapsed on October
1, 2019, causing 6 deaths.’> The failures of these bridges
resulted in not only heavy casualties but also significant
economic losses. Hence, it is important to ensure the struc-
tural robustness, the resistance to system-level failure under
different initiated member-loss scenario(s), of cable-support
bridges. Moreover, understanding the key limit states (LSs)
of these bridges is crucial to maintaining their structural
integrity and robustness.

Some investigators have investigated structural robustness
in terms of load capacity-based measures. Frangopol and
Curley* proposed a deterministic indicator in terms of the
reserve strength of the damaged and intact structures and
applied it to two simple truss examples subjected to dif-
ferent damage scenarios. In a series of NCHRP research
studies,”” three load factors were used to quantify the struc-
tural redundancy of typical short-to-medium-span bridges.
These factors correspond to the LSs of first-member fail-
ure, ultimate capacity, and damage condition. Robustness
of a simple structural system was evaluated by Maes et
al.® through residual system strength. Wisniewski et al.’
evaluated the robustness and overall system capacity of a set
of existing railway bridges. Izzuddin et al.'® measured the
structural robustness of multistory buildings due to sudden
column loss by system pseudo-static capacity. The robust-
ness of building systems was investigated by Khandelwal and
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El-Tawil'! in terms of overload factor under different push-
down methods. Shoghijavan and Starossek!” evaluated the
robustness of cable-supported bridges using a simplified par-
allel load-bearing system. However, only the stress increase
ratio of the cable adjacent to the failed cable in a cable-loss
scenario was investigated.

The abovementioned research mainly focused on build-
ings, short-to-medium-span bridges, or simplified models for
long-span cable-supported bridges. Chen et al.!* proposed a
reliability-based framework, which was designed to evaluate
the structural robustness of short-, medium-, and long-span
cable-supported bridges. The proposed approach notably
enables the evaluation of structural robustness for user-
specified LSs on a common and unified basis, and it was
applied to different examples of long-span cable-supported
bridges. However, due to the length constraints of that publi-
cation, this paper discusses the rationale behind the selection
of the key LSs and the common characteristics among them
across different long-span cable-supported bridges.

In this paper, push-down analysis is presented as a method
to identify the key LSs of cable-supported bridges for struc-
tural robustness evaluation. During the push-down analyses,
the failure of key structural components was closely mon-
itored, leading to the identification of several key LSs.
Furthermore, this study compared the responses of bridges
subjected to push-down analysis after the loss of a sin-
gle member with the behavior of the corresponding intact
bridges. This comparison was made to assess the impact
of member loss on push-down capacity concerning the
identified key LSs. The above analysis was conducted in
LS-DYNA"! on three disparate long-span cable-supported
bridges, that is, a suspension bridge, a cable-stayed bridge,
and a tied-arch bridge, as shown in Fig. 1. The explicit finite
element (FE) analysis capabilities provided by LS-DYNA"
are preferable when dealing with scenarios that entail highly
nonlinear material behavior, large deformations, contact,
and rapid load application associated with sudden mem-
ber loss.

The simulation process of push-down analysis mainly
includes two steps: (1) applying dead loads (DLs) and live
loads (LLs) on the bridges (intact bridges or damaged
bridges with single-member loss) and (2) pushing the bridges
down with an incrementally increasing LL, which was pro-
portionally scaled during the analysis. Further details can
be found in Agrawal et al.’’. In this study, only single-
member-loss cases (loss of one suspender, stay cable, or
hanger) were considered, as these represent the most com-
mon damage scenarios considered in the design guidelines
for cable-supported bridges. For example, PTI'° requires that
all cable-stayed bridges shall be capable of withstanding the
loss of any cable without the occurrence of structural insta-
bility. Nevertheless, the proposed push-down framework is
readily extendable to other types of failures, including pro-
gressive multimember failures.
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Suspension Bridge

As shown in Fig. la, a three-span suspension bridge
was selected as the first prototype bridge. The prototype
bridge was designed in accordance with the 1961 AASHO
Specifications.!” It consists of a 655.32-m center span and
two 228.60-m side spans. The two steel towers are 127.43 m
high. The sag ratio of the main cables at the center span is
1:10. The longitudinal stiffening truss girders are supported
by 69 pairs of suspenders, and each suspender consists of
four steel ropes. There are two types of suspenders: (i) Type
I—made of steel ropes with a diameter of 58.74 mm and
(i1)) Type II—made of steel ropes with a diameter of 63.50
mm. Eleven pairs of suspenders at the middle of the cen-
ter span are Type II, and the other suspenders are Type
I. The suspender spacing is 15.81 m in the center span
and 15.37 m in the side spans. The suspender IDs increase
from left to right (Fig. 2). The FE model of the suspension
bridge developed in LS-DYNA" is shown in Fig. 3. The
design uniform LL for the prototype suspension bridge was
32.836 kN/m. Three LL distributions were presented in this
paper: (1) LL1—uniform LL applied on all three spans;
(2) LL2—uniform LL applied on the two side spans only;
and (3) LL3—uniform LL applied on the center span only.
The details about the model’s construction, calibration and
validation, material nonlinearity consideration, LL applica-
tion, and member removal simulation process can be found
in Wang et al.'®!,

Analysis results of intact bridge

Push-down analyses of the intact bridge (PDI) were first
conducted under the three live-load distributions, that is,
LL1-LL3, and they are denoted by PDI1, PDI2, and PDI3,
respectively. With the increasing LL, both axial forces in
the main cables and bridge deflection increased. Finally,
the main cables reached the ultimate capacity and ruptured,
leading to the collapse of the entire bridge in cases PDI1
and PDI3. Before the collapse, the bridge had already expe-
rienced a large downward deflection, especially in the center
span. In the case of PDI2, although the bridge did not
collapse at the end of the simulation time, it had extremely
large deflections in all three spans, which were significantly
above the allowable values, and thus it was regarded that the
ultimate state was reached.

Key LSs of the prototype suspension bridge

As the LL increased gradually, some structural members of
the bridge started to fail, even though the entire bridge was
still intact, and more members failed progressively. Finally,
the entire bridge failed after reaching its ultimate state. All
these member-failure events were recorded. Table 1 shows
the events of first-member failures captured in the case of
PDI1 by their occurrence sequences and the corresponding
LL factors (LLFs). For each type of key structural com-
ponent, only the first-member failure is presented. In total,
17 failure events are summarized. The first failure event
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Figure 2. Suspender ID designation

is the sudden start of slipping of the main cable over a
tower saddle, and the second one is the yield of a main
cable. Similarly, these events were also observed in cases
PDI2 and PDI3. Moreover, the global behavior of the bridge
was significantly affected by them. In addition, although
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the yielding of a suspender in Table 1 occurred later than
many other events, a suspender is a key structural component
that is very vulnerable to loss. Thus, to evaluate the bridge
performance for the intact and damaged states, three events
in total are selected as the key LSs: (i) LS1—slipping of main
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Figure 3. The FE model of the suspension bridge

cable over tower saddle; (i1) LS2—yielding of main cable; and
(iii) LS3—yielding of suspender, which are summarized in
Table 2.

Of all three LL cases, LS1 was reached in the case of PDI3
with a minimum LLF of 1.62. LS2 was reached in the case of
PDI1 with a minimum LLF of 8.25, while it was not observed
in the case of PDI2, since the main cables were still elastic at
the end of the stimulation time. LS3 was reached in the case
of PDI2 with a minimum LLF of 19.67.

Bridge deflection

The maximum deflections of the bridge (both downward
and upward) during each push-down analysis are plotted
against LLF in Fig. 4, with LS highlighted. In the case of
PDI1, all three spans deflected downward, with the maxi-
mum deflection occurring at the center span. As represented
by the blue solid line in Fig. 4a, the deflection pattern gen-
erally follows a “bilinear” trend divided into two “linear”
phases around the second limit state (LS2). After the main
cable yields, the deflection rate notably accelerates after LS2.
In the case of PDI2, the side spans went downward, while
the center span went upward. The maximum downward
deflection in the center span and the maximum upward
deflection in the side spans are plotted against LLF, as
represented by the red dashed-and-dotted lines in Figs. 4a
and 4b, respectively. Overall, the deflections increase with
the increase of LLF until the end of the simulation, and this
is more significant in the side spans. In the case of PDI3, the
center span deflected downward, while the side spans went
upward. The maximum downward deflection in the center
span and the maximum upward deflection in the side spans
are plotted against LLF, as represented by the black dashed
lines in Figs. 4a and 4b, respectively. Similarly to the case of
PDI1, the curve of downward deflection versus LLF exhibits
an approximately “bilinear” trend, with two “linear” stages
distinguished by LS2. Overall, the upward deflection in the
side spans increases with the increase of LLF.
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Slipping of the main cable

Under DL and LL, although the main cable forces at the
two sides of the tower saddles were unbalanced, no slipping
occurred because of the friction between the main cables and
saddles. During push-down analyses, the unbalanced forces
near the tower saddles kept increasing gradually as the LL
increased. There was still no slipping at the initial stage with
a lower LLF. However, slipping initiated suddenly once the
unbalanced forces breached the friction threshold and led to
unwanted deflections in the bridge deck. It occurred much
earlier in cases PDI2 and PDI3 than in the case of PDII,
since the LL was applied on the side spans (case PDI2) or
the center span (case PDI3) only, and the unbalanced forces
increased more rapidly, especially in the case of PDI3. The
slipping also led to readjustments in the geometrical config-
uration and tension of a main cable. Once the unbalanced
cable force fell below the friction threshold, slipping stopped,
and a rebalanced state was achieved in the main cable.

In all three cases, the first failure event is slipping of the
main cable over the tower saddle. The slippages of Main
Cable 1 over Saddle 1 or Saddle 3 are selected and plotted
against LLF in Fig. 5. As shown in Fig. 5a, Main Cable
1 overall slipped three times in the case of PDII, in spite
of temporary rebalanced states during each time. It started
to slip for the first time (i.e., LS1) at LLF = 4.44, and
it continued to slip with the increase of the LL until the
slippage reached 0.167 m at LLF = 8.29, which was slightly
after LS2. Then, no further slipping occurred until the LLF
reached 21.14. Afterward, the main cable slipped twice, and
finally, the slippage reached 0.275 m when the main cable
ruptured at LLF = 22.04. As shown in Fig. 5b, after LS1, the
slippage in cases PDI2 and PDI3 increases monotonically
with LLF, that is, the main cable continued to slip over the
saddle until the end of the simulation. This is significantly
different from the slipping in the case of PDI1, in which it
occurred in spurts. Moreover, LS1 occurred much earlier in
these two cases with lower LLF, that is, at LLF = 2.04 in
the case of PDI2 and at LLF = 1.62 in the case of PDI3,
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Table 1. Failure events for intact bridge during push-down analysis—Case PDI1

No. Events Deflection LLF
(m)

1 Slip of main cable over tower saddle, start (first slip) 2.176 4.44
2 Yield of main cable 4.497 8.25
3 Slip of main cable over tower saddle, end (first slip) 4.517 8.32
4 Buckling of diagonal member, side span 4.638 8.59
5 Yield of top chord (Type I) 12.384 11.53
6 Yield of bottom chord (Type II) 13.535 11.86
7 Yield of bottom chord (Type 11I) 13.634 11.89
8 Yield of bottom chord (Type I) 13.857 11.95
9 Buckling of diagonal member, main span 14.065 12.00
10 Buckling of tower link, main span 14.641 12.16
11 Yield of top chord (Type II) 15.447 12.39
12 Yield of tower link buckling (side span) 23.902 15.50
13 Yield of vertical member (Type IT) 31.451 18.71
14 Slip of main cable over tower saddle, start (second slip) 37.662 21.14
15 Slip of main cable over tower saddle, end (second slip) 37.932 21.21
16 Yield of suspender (Type I) 38.973 21.94
17 Rupture of main cable 39.278 22.04

Table 2. Limit states from push-down analyses on intact bridge

No. Limit states LLF

PDI1 PDI2 PDI3
LS1 Slip of main cable 4.44 2.04 1.62
over tower saddle
LS2 Yield of main cable  8.25 N.A. 8.73
LS3 Yield of suspender 21.94 19.67 21.84

respectively. The plot of slip versus LLF for the case of
PDI2 follows approximately a “linear” trend. The slipping
in the case of PDI3 increased more rapidly after the slippage
reached 1.210 m with an LLF of 16.64. Finally, the slippages
reached 4.091 m in the case of PDI2 and 3.847 m in the case
of PDI3, respectively, which are around 14 times the slippage
in the case of PDI1. Additionally, the slipping time histories
of the main cables over the four saddles in the case of PDI3
are shown in Fig. 5c representatively. It is observed that the
main cables started to slip simultaneously at t = 21.86 s,
corresponding to an LLF of 1.62. Then, they continued to
slip from the side spans to the center span until the end of
the simulation.

Analysis results of damaged bridge with single-
member loss

Following the simulation steps described for the intact
bridge, push-down analyses of damaged bridges (PDD)
were also conducted, that is, after they suffered single-
suspender loss. Thirty-five single-suspender-loss scenarios
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were considered for the prototype suspension bridge. The
35 single-suspender-loss scenarios were loss of SUS.01 to
SUS.35, as shown in Fig. 2. All 35 single-suspender-loss sce-
narios were investigated for the three live-load distribution
patterns LL1 to LL3. In this study, only single-suspender-
loss cases were investigated. Correspondingly, they are
divided into three groups, which are denoted by PDDI,
PDD2, and PDD3, respectively. The three key LSs (i.e., LS1—
LS3) were also evaluated during the push-down analyses of
the damaged bridges.

The LLFs of PDD1 are shown in Fig. 6a. For LS1 (slip
of main cable over tower saddle), the LLFs are in a narrow
range of 4.35-4.45, and the relative differences are less than
2.0% in comparison with the LLF of LS1 in the case of PDI1.
The load factors of PDD1 for LS2 (yield of main cable) show
only slight deviations up to 1.5% from the LLF of LS2 in the
case of PDI1. Notably, LS3 (yield of suspender) displays a
significant drop in LLFs in most damaged cases of PDDI,
except for the case SR35 (removal of suspender No. 395), the
LLFs of all other damaged bridges are lower than that of
the intact bridge (case PDI1), and the relative differences
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Figure 4. Limit states for intact bridge during
push-down analyses

with respect to that of the intact bridge are in the range of
—41.2% to —12.5%. For each damaged bridge case, the sus-
penders adjacent to the removed suspender dominate LS3.
Thus, for cases SRO1-SR30, the LLFs are dominated by the
Type I suspenders (i.e., SUS02-SUS29) and for cases SR31-
SR35, the LLFs are dominated by the Type II suspenders
(i.e., SUS30-SUS34). Since Type II suspenders have a larger
cross-section, the LLFs of cases SR31-SR34 increase by
approximately 3.0 with respect to those of cases SR24-SR 30.
Due to the support provided by towers, the influence of
single-suspender loss on LLFs close to towers is found to
be less significant. Thus, the LLFs of SR14 and SR15 are
larger than the LLFs of other cases nearby. Additionally,
from SRO8 to SR14, the LLF increases gradually, whereas
the LLF decreases gradually from SR15 to SR27.

The LLFs of PDD2 are shown in Fig. 6b. For LSI (slip of
main cable over tower saddle), it was slightly affected when
the SSR occurred in the side span, and the relative differences
are less than 2.3%. However, for an SSR in the center span,
LS1 may be affected significantly. Overall, the LLFs of cases
SR15-SR35 are less than that of the intact bridge, and the
maximum relative difference is 19.0%. The minimum LLF
is 1.65, which occurred in the case of SR28. Similarly in the
case of PDI2, LS2 (yield of main cable) was not reached in
the group of PDD2. The influence of SSR on LS3 (yield of
suspender) is mainly observed in side spans where the LLs
were applied. The LLFs of the damaged bridges for cases
SRO1-SR14 are all less than that of the intact bridge (case
PDI2). The minimum LLF is 13.70, which occurred in the
case of SRO8 with a relative difference of —30.4%. Similar
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influence is also found in the center span, but limited to cases
SR15 and SR16, in which SRs were very close to Tower 1.
The LLFs of other SSR scenarios in the center span (i.e.,
cases SR17-SR15) are very close to the LLF of PDI2, and
the maximum difference is —1.8%.

The LLFs of PDD3 are shown in Fig. 6¢. For LS1 (slip
of main cable over tower saddle), the LLFs are in a narrow
range of 1.58-1.64, and the relative differences are less than
2.7% in comparison with the LLF of LS1 in the case of PDI3.
For LS2 (yield of main cable), the LLFs are in a narrow range
of 8.71-8.74, and the relative differences are less than 0.2%
in comparison with the LLF of LS2 in the case of PDI3. The
effect of SSR on LS3 (yield of suspender) varies significantly
with the location of suspender loss. Specifically, only a slight
effect is observed when the SR occurs in side spans (e.g.,
cases SRO1-SR12), while a significant effect is observed
when it occurred in the center span. However, for cases SR13
and SR 14, although the suspender loss occurred in Side Span
1, the influence increases because of their location close to
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SR 15 to SR30, the LLF decreases monotonically at first and

Tower 1, and the LLF drops to around 19.0 from a value

then fluctuates slightly around 13.0. The minimum is 12.96,

of 21.84 for the intact bridge. A more noticeable effect of

which occurred in the case of SR27 with a relative difference

suspender loss on LS3 is observed in the center span. From
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Figure 8. The FE model of the prototype
cable-stayed bridge

of —40.6%. The declining trend terminates at case SR30.
Afterward, the LLF increases abruptly and stays around
16.0 for cases SR31-SR 35, since Type II suspenders start to
dominate LS3 from case SR31.

Cable-Stayed Bridge

As shown in Fig. 1b, a cable-stayed bridge was selected as
the second prototype bridge. It consists of a 471.2-m center
span, two 98.1-m side spans, and two 68.6-m approach side
spans. Two longitudinal steel edge girders continue over the
center span and two side spans, and they are supported
by 64 pairs of cables in a semi-fan arrangement, with a
cable spacing of 14.33 m at the deck level, except for the
four backstays near each anchor pier. The bridge is 42.7 m
wide, accommodating eight traffic lanes and one walkway
on the south side. The diamond-shaped concrete pylons are
175.0 m high. The cable IDs (Fig. 7) increase from left
(west side) to right (east side). Here, “S (or N)” represents
South Plane (or North Plane). The FE model of the cable-
stayed bridge developed in LS-DYNA" is shown in Fig. 8.
The details about the model’s construction, calibration and
validation, material nonlinearity consideration, load appli-
cation, and member removal simulation process can be
found in Chen et al.?”.

Three LL distributions were presented in this paper as
follows: (1) LL1—uniform LL was applied on all five spans;
(2) LL2—uniform LL was applied on the two side spans
only; and (3) LL3—uniform LL was applied on the center
span only.
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Analysis results of intact bridge

Push-down analyses were first conducted on the intact
bridge under the three live-load distributions, that is, LL1—
LL3, and they are denoted by PDI1, PDI2, and PDI3,
respectively. As the LL increased, the forces increased in
the major structural components of the cable-stayed bridge,
which include the bridge pylons, stay cables, and main
girder members. Finally, the stay cables reached the ultimate
capacity and ruptured, leading to the collapse of the entire
bridge in cases PDI1 and PDI2. In the case of PDI3, due
to large, unbalanced loads between the center span and side
spans during push-down analysis when the applied LL at the
center span increased, the bridge pylon failed, leading to the
collapse of the entire bridge.

Key LSs of the prototype cable-stayed bridge

The maximum vertical downward displacement of the bridge
deck with respect to the LLFs for case PDI1 is illustrated by
the solid blue line in Fig. 9. In the case of PDI1 of the cable-
stayed bridge, the first cable (Cable S.22) reached its yield
strength at an LLF of 7.95, which is the first-member failure
and marked by a circle along the solid blue line. The rate of
displacement at the deck level remained steady after the first
cable yielded. As the LL continued to increase, more cables
yielded, causing the main girder to become highly stressed as
it lost support from the cables. When the first girder member
yielded at an LLF of 8.92, marked by a diamond along the
blue solid line, the maximum vertical displacement suddenly
increased, as reflected by the reduced slope of the curve.
At this point, 46 out of 128 cables had reached their yield
strength. As the LL further increased, more cables and girder
members yielded, leading to a significant decrease in bridge
stiffness. The lateral bearing connecting the bridge pylon
and girder failed when the LLF reached 9.74. At this stage,
80 out of 128 cables had reached their yield strength. The
first cable (Cable S.22) ruptured when the LLF reached 9.89
just after failure of the lateral bearing, marked by a triangle
along the solid blue line. With a further small increase in the
LLF, many more cables reached their ultimate strength and
ruptured, leading to the collapse of the whole bridge.

The maximum vertical downward displacement of the
bridge deck with respect to the LLFs for case PDI2 is illus-
trated by the red dashed-and-dotted line in Fig. 9. In the case
of PDI2 of cable-stayed bridge, the first main girder member
reached its yield strength first at an LLF of 3.59, marked by
a diamond along the red dashed-and-dotted line. The rate of
displacement at the deck level remained steady after the first
girder member yielded. As the LL continued to increase, the
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Table 3. Limit states from push-down analyses on intact bridge (cable-stayed bridge)

No. Limit states LLF

PDI1 PDI2 PDI3
LS1 Yield of main girder 8.92 3.59 4.18
LS2 Yield of stay cable 7.95 7.35 5.75
LS3 Bridge collapse 9.89 11.14 7.63

first cable yielded at an LLF of 7.35, marked by a circle along
the red dashed-and-dotted line, and the maximum vertical
displacement also suddenly increased after reaching this
limit state. As the LL was further increased, more cables and
girder members yielded, leading to a significant decrease in
the bridge stiffness. The first cable (Cable ID S.12) ruptured
(the third limit state) when the LLF reached 11.14, marked
by a triangle along the red dashed-and-dotted line. With a
further small increase in the LLF, many more cables reached
their ultimate strength and ruptured, leading to the collapse
of the whole bridge.

The maximum vertical downward displacement of the
bridge deck with respect to the LLFs for case PDI3 is
illustrated by the green dashed line in Fig. 9. In the case of
PDI3 of cable-stayed bridge, the first main girder member
reached its yield strength first at an LLF of 4.18, marked by a
circle along the green dashed line. The rate of displacement at
the deck level remained steady after the first girder member
yielded. As the LL continued to increase, the first cable
LS would yield at an LLF of 5.75, the maximum vertical
displacement suddenly increased after the first cable yield, as
reflected by the reduced slope of the curve. As the LL was
further increased, more cables and girder members yielded,
leading to a significant decrease in the bridge stiffness. The
lateral bearing connecting the bridge pylon and girder failed
when the LLF reached 7.41. At this stage, 24 out of 128
cables had reached their yield strength. As the LL continued
to increase, the center span and the side span were subjected
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to large, unbalanced loads, and the bridge pylons were under
large bending moments. The bridge pylons failed when the
LLF reached 7.63 just after failure of the lateral bearing.
With a further small increase in the LLF, many more cables
reached their ultimate strength, leading to the collapse of the
whole bridge.

Although the failure modes and sequences differ
among the three cases due to different LL configurations,
they exhibit some common characteristics. The load-
displacement curves indicate that the bridge behaves
elastically with stable deflection until the first-member
failure occurs, as shown by the initial steep slopes of the
curves. As the LL increases further, a slight decrease in
the bridge’s stiffness is observed, reflected by the changing
slopes of the curves. With continued increments in LL,
a more significant reduction in stiffness occurs, indicated
by the flattening of the curves, and the bridge eventually
reaches its ultimate capacity and collapses. Three key LSs
were identified for all three push-down cases, as summarized
in Table 3. Of all three push-down cases, LS1 (yield of main
girder member) was first reached in the case PDI2 with the
lowest LLF of 3.59, followed by an LLF of 4.18 in PDI3.
In contrast, in the case of PDI1, LS1 occurred after LS2
(vield of stay cable), indicating that the main girder member
is more vulnerable under an unbalanced LL configuration
between the side span and center span. LS1 (yield of stay
cable) was first reached in the case of PDI3 with the lowest
LLF of 5.75, followed by an LLF of 7.35 in PDI2 and an
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LLF of 7.95 in PDI1. LS3 (bridge collapse) was first reached
in the case of PDI3 with the lowest LLF of 7.63, followed
by an LLF of 9.89 in PDII. In contrast, the LLF for LS3
in PDI2 is slightly more distant from LS2 compared to the
other cases. This is because the LL is applied only to the side
span, which is relatively shorter, requiring a larger LLF to
cause the collapse of the entire bridge.

Analysis results of damaged bridge with single-
member loss

Following the simulation steps described for the intact
bridge, push-down analyses were also conducted on dam-
aged bridges, that is, after they suffered single stay-cable loss.
A total of 32 single-cable-loss scenarios were considered for
the prototype cable-stayed bridge, corresponding to the loss
of Cables S.01-S.32, as shown in Fig. 7. All 32 cable-loss
scenarios were investigated for the three live-load distribu-
tion patterns LL1-LL3. Correspondingly, they are divided
into three groups, which are denoted by PDD1, PDD?2, and
PDD3, respectively. The three LSs (i.e., LS1-LS3) were also
evaluated during the push-down analyses of the damaged
bridges.

The LLFs of PDDI are shown in Fig. 10a. The loss of
the long cables at the side span (Cables S.01-S.06) had a
relatively smaller effect on the LLF for the first cable yield,
first girder member yield, and ultimate collapse LSs, since
these cables were near the support provided by the auxiliary
pier and their spacing is relatively small compared to other
cables. The loss of the cables near the bridge pylon (Cables
S.15-S.18) had a relatively small effect on the first cable
yield and ultimate collapse LSs, because the cable forces in
these cables were relatively smaller than in the other cables
and the bridge ultimate collapse initiated by cable rupture in
PDD1. However, the loss of the cables near the bridge pylon
(Cables S.15-S.18) had a relatively large effect on the first
girder yield limit state, because the girder members near the
bridge pylon were under large compression force. The girder
member yields prior to first stay-cable yield in PDD1 with
loss of the cables near the bridge pylon (Cables S.15-S.18).
The loss of cables at the center of the side span and middle
span caused a larger drop in the LLF for all three LSs. Loss
of Cable S.10 in the side span and loss of Cables S.23-S.25 in
the center span were the most critical cases with the lowest
LLFs for the first cable yield and ultimate collapse LSs; loss
of Cables S.31 and S.32 were the two most critical cases for
the first girder member yield limit state.

The LLFs of PDD2 are shown in Fig. 10b. The LLFs
corresponding to all the three LSs show a similar trend. Since
the LL was applied only on the side span, the cables at the
side span played a significant role during the push-down
analysis. The loss of cables at the center of the side span
(S.05-S.10) and middle span (S.30-S.32) caused a larger drop
in the LLF for the first girder LSs. The loss of other cables
had a relatively smaller effect on the LLF for the girder yield
limit state. The loss of cables at the center of the side span
(S.07-S.14) had a relatively larger effect on the cable yield
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limit state, and the loss of cables at the center of the side
span (S.07-S.16) had a relatively larger effect on the ultimate
collapse limit state. Overall, loss of Cable S.10 in the side span
was the most critical case with the lowest LLFs for the first
cable yield LS and ultimate collapse LS.

The LLFs of PDD3 are shown in Fig. 10c. Since the
LL was applied only on the center span, there were large,
unbalanced loads between the center span and side spans
during push-down analysis when the applied LL at the center
span increased. Hence, the cables at the side span played
a significant role against the unbalanced load at the center
span, especially the longest cables at the side span (Cable IDs
S.01-S.04). In all LSs, the first girder yield, first cable yield,
and ultimate collapse LSs, the loss of the longest cables at
the side span (Cable IDs S.01-S.04) had a relatively larger
effect on the LLF. The loss of the longest cables at the center
span (Cable IDs S.28-S.32) also had a relatively larger effect
on these LSs, because the cable forces in these cables were
relatively larger than in the other cables. The loss of other
cables had a relatively smaller effect on the LLF for these
three LSs. Overall, loss of Cable IDs S.01 and S.02 in the side
span were the most critical cases with the lowest LLFs for all
the LSs.

Tied-Arch Bridge

As shown in Fig. Ic, a single-span tied-arch bridge was
selected as the last prototype bridge. The bridge is
146.30 m long and 30.58 m wide, accommodating four traffic
lanes and a shared path for pedestrians and bicycles on the
south side. The two steel main arches are 23.16 m high,
and they are connected transversely with eight X-shaped top
bracings and two transverse beams. The two tie girders are
supported by 36 pairs of hangers in a network arrangement
from the arches. The hanger spacing is 3.66 m at the girder
level (i.e., anchor points). The hanger ID information is
shown in Fig. 11. The hanger IDs increase from left (north
side) to right (south side). Here, “W (or E)” represents West
Plane (or East Plane). A three-dimensional FE model of
the bridge was also developed in LS-DYNA®, as shown in
Fig. 12. HL-93 design LL, which consists of a combination
of the design truck and lane load, was applied on the bridge
as per AASHTO LRFD.?' The details about the model’s
construction, calibration and validation, material nonlin-
earity consideration, LL application, and member removal
simulation process can be found in Chen et al.?>.

Analysis results of intact bridge

Like the other two prototype bridges, push-down analysis
was first conducted on the intact bridge under the design
LL. With the increasing LL, the bridge deflection increased,
and three LSs were identified. The LLF versus the maximum
vertical deflection of the deck during push-down analysis
is shown in Fig. 13. The first hanger to reach its yield
strength, at an LLF of 11.95, was W.03. As the LL was
further increased, more hangers yielded, and eventually the
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Figure 13. Load-displacement curve of push-down
analysis of intact bridge (arch bridge)

maximum vertical displacement increased suddenly as the
LLF reached 14.35. This corresponded to the second limit
state: arch member yield. As the LL further increased, more
hangers yielded, and the yield zone in the arch spread,
causing the stiffness of the bridge to decrease significantly.
Eventually, the third LS was reached, that is, hanger rup-
ture. This occurred at W.03 at an LLF of 15.01. With a
small increase in the LLF at this point, many more hangers
reached their ultimate strength and ruptured, leading to
the collapse of the entire bridge. The girder members only
reached their yield strength and ultimate strength after the
bridge started to collapse.
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Analysis results of damaged bridge with single-
member loss

Following the simulation steps described for the intact
bridge, push-down analyses were also conducted on dam-
aged bridges that experienced a single hanger-loss event.
Eighteen single-hanger loss scenarios were considered for
the prototype tied-arch bridge, corresponding to the loss of
hangers W.01-W.18, as shown in Fig. 11. The load factors
for the damaged bridge at the three LSs, the first hanger yield
(blue bars with diagonally hatched pattern), first arch yield
(green bars with horizontally hatched pattern), and bridge
collapse (yellow bars with cross-hatched pattern), as identi-
fied earlier during the push-down analysis, are presented in
Fig. 14.

Similar to the intact bridge, the damaged bridge exhibits
a consistent trend across different hanger-loss scenarios. The
first hanger yields at a lower LLF, followed by the yield
of the arch member, and ultimately leading to the collapse
of the bridge. In the push-down analysis of the damaged
bridge, the simulations showed that the arch moved upward
at the hanger-loss location and eventually buckled due to the
combined effect of compressive force and biaxial bending
moment in the arch. As a result, the hangers adjacent to the
lost hanger reached their ultimate strength and eventually
ruptured, leading to the collapse of the entire bridge.

The loss of hangers slanted backwards, such as W.01,
W.03, and W.05, had a lower LLF than the loss of hangers
slanted forward. Additionally, the loss of hangers near the
center span of the bridge was found to be less critical than
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Figure 14. Load factors of push-down analysis of damaged bridge (arch bridge)

the loss of hangers in the end zones. Among all the hanger-
loss scenarios, the loss of hanger W.03 was the most critical
case with the lowest LLF corresponding to all the three LSs.

Conclusions

In this paper, the key LSs for structural robustness evalu-
ation of three prototype long-span cable-supported bridges
were investigated through push-down analyses for both the
intact states and the damaged states due to single cable loss.
The main conclusions are summarized as follows:

For each example bridge, push-down analysis was con-
ducted on the intact bridge under the selected live-load
distributions. Based on the analysis of the three bridges,
they exhibited similar overall behavior during the push-down
analysis. Initially, they showed a near-linear elastic response,
where the structures deformed proportionally to the load
without any permanent damage. This stage was followed
by a progressive stiffness degradation as critical compo-
nents yielded and load redistribution occurred. Ultimately,
each bridge reached its capacity and collapsed eventually.
Key structural components of the bridge were monitored
closely during the push-down process, such as main cables,
suspenders/stay cables/hangers, main girders, main arches,
and so on. Based on the bridge behavior during push-
down analysis, three key LSs were identified for each bridge,
each LS reflecting a distinct change in structural behavior.
The first key LS corresponds to the initial member failure,
marking the point where a structural component first yields
and the bridge exceeds its design requirements. The second
LS indicates major stiffness degradation, where small load
increments result in large deflections. The third key LS
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represents ultimate collapse, where the bridge can no longer
sustain any additional load.

For the suspension bridge, three key LSs were identified:
(1) slip of main cable over tower saddle, (2) main cable
yield, and (3) suspender yield. For the cable-stayed bridge,
three key LSs were identified: (1) stay-cable yield, (2) main
girder yield, and (3) stay-cable rupture. For the tied-arch
bridge, three LSs were identified: (1) hanger yield, (2) main
arch yield, and (3) hanger rupture. The LLF corresponding
to each LS was recorded as the index to evaluate the LS
quantitatively. It should be noted that the key LSs are also
strongly influenced by the live-load configuration of the
bridge and the design safety factors of individual compo-
nents. For example, suspender yielding occurs last in the
failure sequence during the push-down analysis, primarily
because suspenders are designed with a large safety factor
compared to other components and the applied LL config-
uration in the suspension bridge was distributed over a large
portion of the spans.

The key LSs identified from the intact bridges were also
investigated during the push-down analyses on the damaged
bridges induced by single-cable loss, and the corresponding
LLFs were compared with the LLFs of the intact bridges.
The results showed that: (1) all three bridges have very high
capacity for the design LLs, (2) the overall performances of
the bridges were affected negatively by cable loss, and the
effects varied with the location of cable loss and live-load
distribution patterns, and (3) even with such adverse effects,
the capacities of the damaged bridges were not reduced
significantly.
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