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Abstract: As the demand and construction of cable-stayed bridges have increased, research on the
safety of cable-stayed bridges in the event of natural disasters such as fires and explosions is actively
being conducted. If a cable-stayed bridge is damaged by an unexpected natural disaster or accident, it
can cause serious traffic congestion and huge economic losses. This study evaluates the usability of the
cable-stayed bridge in the event of cable damage. Additionally, seismic performance and the impact
of the damage are evaluated by numerical analysis. To achieve this goal, the cable-stayed bridge is
modeled using 3D BEAM elements and two-node cable elements. Then, the impact of the damage
was evaluated by gradually damaging the cable. The deflection, axial force of the girder, and cable
stress changes under far-field ground motion (El-Centro earthquake) were reviewed. A representative
dynamic analysis program LS-DYNA was utilized for the numerical analyses. The results show that
the loss of a small number of cables does not affect the usability of the bridge. However, if five or
more cables are continuously lost, or if an earthquake occurs when cables are already lost, excessive
deflections and changes in the girders’ axial forces can cause usability problems.

Keywords: seismic analysis; cable-stayed bridge; cable bridge usability evaluation; cable loss

1. Introduction

The most suitable bridge type is determined by considering various conditions, such
as the environmental requirements of the location where the bridge is proposed, economic
analysis, and harmony with the surrounding landscape. In modern times, with the de-
velopment of high-strength new materials and advanced nonlinear structural analysis
techniques, various bridge types can be selected, leading to an increase in the demand
for suspension bridges and cable-stayed bridges. As the demand and traffic volume for
long-span bridges increases, various incidents that cause damage to bridges, such as cable
fires, ship collisions, and bridge-surrounding explosions, as shown in Figure la—c, are also
increasing. Therefore, safety and usability evaluations and effective simulation methods
for long-span cable-stayed bridges are being actively researched [1-4].

In 2015, the cable loss of the Seohae Grand Bridge was caused by a fire, and the cable
of the Jirau Bridge in Taiwan was cut due to an earthquake [5]. Both bridges did not
collapse due to cable loss, but since the cable is one of the most important structural parts
of the cable-stayed bridge, the design specifications regulate that the safety of bridges with
cable loss must be reviewed. In general, research and technical trends on cable loss in
cable-stayed bridges (suspension bridges and cable-stayed bridges) include research on the
collapse risk of cable-stayed bridges due to cable collapse, fire and explosions, earthquakes,
and collisions.

Yukari Aoki [6], who studied the dynamic response of a steel cable-stayed bridge under
harsh conditions such as cable loss, explosion loads, and earthquakes using 2D bridge
models, mentions that using DAF (dynamic amplification factor) of 2.0 is not suitable in
many cases, and recommends performing dynamic analyses for each bridge rather than
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using the DAF value determined by PTI [7] uniformly. Additionally, it is suggested that
additional research is needed for concrete bridges, as this study was conducted on relatively
flexible steel bridges rather than concrete bridges.

Kao et al. [8] studied the change in stress, displacement, and structural behavior when
a single cable is lost by analyzing the static response according to the position of the lost
cable, considering the nonlinear characteristics of the cable-stayed bridge. On the other
hand, Kim et al. [9] sequentially performed the initial shape analysis, cable loss analysis,
and nonlinear analysis under live load to analyze the effect on the structural behavior of
the cable-stayed bridge under extreme load conditions.

Kim et al. [10] proposed a relative reliability index for sequential cable cutting of a
two-sided cable using the limit state response for the Incheon Bridge and presented a
structural reliability evaluation method using earthquake vulnerability for cable cutting
scenarios. Additionally, KBRC [11,12] reviewed the deflection of girders, displacement
of the tower, and cable stress under fire and explosion loads through numerical analysis
for various fire and explosion scenarios and conducted a reliability-based performance
evaluation of the cable-supported bridges currently in use.

Omran and Karani stated that cable losses cause very high levels of acceleration
in bridges, and certain cables can even cause progressive collapse when damaged [13].
Additionally, Wolff and Starossek recommended dynamic time history analysis for critical
cable losses, as cable loss can cause significant dynamic amplification effects [14].

Therefore, the purpose of this study is to evaluate the usability of cable-stayed bridges
by investigating their structural behavior when cables are lost. To achieve this, the structural
impact caused by the continuous loss of multiple cables, as well as the impact of seismic
loads in extreme situations while cables are already lost, are evaluated. The deflection of
the bridge, cable tension, and axial forces of the girders were analyzed.

The first step is to understand the changes in the initial equilibrium state according to
the position and quantity of the lost cable, and the second step is to investigate how the
bridge structure behaves when an earthquake load applies after the cable is lost. This study
analyzed the structural behavior of a cable-stayed bridge by comparing it to the current
cable bridge design guidelines, considering the dynamic amplification effect of sequential
loss of multiple cables by giving time intervals between cable losses.

Figure 1. Recent natural and man-made disasters on cable-supported bridges: (a) Seohae Bridge
(Korea, 2015); (b) Gwangan Bridge (Korea, 2019); and (c) Ulsan Bridge (Korea, 2019).

2. Three-Dimensional FE Model of the Cable-Stayed Bridge
2.1. Objective Bridge

In order to conduct this study, the cable-stayed bridge part of the Seohae Grand Bridge,
which was completed in 2000 in Korea, was selected as the target bridge. The bridge is a
3-span cable-stayed bridge with a total length of 990.0 m (60.0 + 200.0 + 470.0 + 200.0 + 60.0)
and a main span of 470.0 m. The superstructure consists of a steel —concrete composite
section with a width of 34 m, and the bridge has two H-shaped pylons measuring 182 m
in height. The cable arrangement was a semi-harp type, with 32 cables on one side of the
tower and 72 cables on the left and right sides, leading to a total of 144 cables as shown in
the Figure 2.
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Figure 2. General drawing of Seohae Bridge.

2.2. FE Model of Objective Bridge

The Seohae Bridge is composed of two H-shaped pylons (PY1 and PY2), two steel
main girders, stringers, floor beams, and a slab, which are connected by cables arranged on
two sides. The pylons (PY1, PY2), main girders, stringers, and floor beams were modeled
using 2-node beam elements, the cables were modeled using 2-node cable elements, and
the slab was modeled using 4-node shell elements. The FE model was created using the
general-purpose finite element program LS-DYNA [15]. The overall shape of the model is
shown in Figure 3.
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Figure 3. FE model of Seohae Bridge.
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The boundary conditions of the FE model were set as follows: The connection be-

tween the cross beam of a pylon and the main girder and the connection between the
main girder and the concrete slab were modeled with a rigid link using the *CON-
STRAINED_NODAL_RIGID_BODY command, and the bases of the two pylons were
constrained in all six degrees of freedom. In addition, at both ends of the main girders, the
translational displacement was constrained, but the rotation was not constrained (Figure 4).
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Figure 4. Rigid link and boundary condition of Seohae Bridge FE model.
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2.3. Material Properties and Cable Pre-Tension of FE Model

The pylons (PY1, PY2), main girder, stringer, floor beam, and concrete slab were
modeled using the elastic material model *MAT_ELASTIC offered in LS-DYNA, and the
cables were modeled using the *MAT_CABLE_DISCRETE_BEAM material model which
allows for direct input of cable pre-tension. The properties applied to the material model
are shown in Table 1, and the pre-tension forces introduced into the cables are shown in
Table 2.

Table 1. Material properties of FE model.

Elastic Yield Densit
Part Modulus Stress (ton /mg; Poisson’s Ratio
(MPa) (MPa)

Pylon 33.76 - 2.50 0.167

Main Girder 210 - 7.85 0.300

Stringer 210 - 7.85 0.300

Floor Beam 210 - 7.85 0.300

Deck Slab 33.76 - 2.5 0.167

Cable 200 1569.6 7.87 0.300

Table 2. Seohae Bridge cable list.
Element  Strand Fracture Yield Pre-tension Element Strand Fracture Yield Pre-tension

No (EA) Strength  Strength Load No (EA) Strength  Strength Load
(kN) (kN) (kN) (kN) (kN) (kN)
B6101 91 24,103 21,425 4963 B6137 91 24,103 21,425 5252
B6102 91 24,103 21,425 5117 B6138 91 24,103 21,425 5630
B6103 91 24,103 21,425 5466 B6139 75 19,865 17,658 6652
B6104 91 24,103 21,425 6917 B6140 75 19,865 17,658 6080
B6105 73 19,336 17,187 6013 B6141 71 18,806 16,716 5673
B6106 67 17,746 15,774 5853 B6142 66 17,481 15,539 5083
B6107 64 16,952 15,068 4999 B6143 64 16,952 15,068 4571
B6108 61 16,157 14,362 5153 B6144 61 16,157 14,362 4301
B6109 61 16,157 14,362 5164 B6145 61 16,157 14,362 3379
B6110 55 14,568 12,949 3931 B6146 55 14,568 12,949 3786
B6111 55 14,568 12,949 3366 B6147 55 14,568 12,949 3134
B6112 48 12,714 11,301 2895 B6148 48 12,714 11,301 3045
B6113 48 12,714 11,301 3549 B6149 48 12,714 11,301 2934
B6114 48 12,714 11,301 3395 B6150 44 11,654 10,359 2754
B6115 44 11,654 10,359 2469 B6151 44 11,654 10,359 3472
B6116 44 11,654 10,359 2365 B6152 44 11,654 10,359 3535
B6117 37 9800 8711 2460 B6153 37 9800 8711 2794
B6118 55 14,568 12,949 3662 B6154 55 14,568 12,949 4390
B6119 55 14,568 12,949 3433 B6155 55 14,568 12,949 3912
B6120 37 9800 8711 2807 B6156 37 9800 8711 2884
B6121 44 11,654 10,359 3438 B6157 44 11,654 10,359 2148
B6122 44 11,654 10,359 3265 B6158 44 11,654 10,359 2392
B6123 44 11,654 10,359 2650 B6159 48 12,714 11,301 3047
B6124 48 12,714 11,301 2702 B6160 48 12,714 11,301 3549
B6125 48 12,714 11,301 3413 B6161 48 12,714 11,301 3697
B6126 55 14,568 12,949 3515 B6162 55 14,568 12,949 3895
B6127 55 14,568 12,949 4238 B6163 55 14,568 12,949 3939
B6128 61 16,157 14,362 3803 B6164 61 16,157 14,362 4197
B6129 61 16,157 14,362 4300 B6165 61 16,157 14,362 4816

B6130 64 16,952 15,068 4394 B6166 64 16,952 15,068 5344
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Table 2. Cont.

Fracture Yield Pre-tension Fracture Yield Pre-tension
Element  Strand Element Strand

No (EA) Strength Strength Load No (EA) Strength Strength Load
(kN) (kN) (kN) (kN) (kN) (kN)

B6131 66 17,481 15,539 4700 B6167 67 17,746 15,774 5530
B6132 71 18,806 16,716 5422 B6168 73 19,336 17,187 6226
B6133 75 19,865 17,658 6404 B6169 91 24,103 21,425 6250
B6134 75 19,865 17,658 5777 B6170 91 24,103 21,425 6061
B6135 91 24,103 21,425 6063 B6171 91 24,103 21,425 5678
B6136 91 24,103 21,425 5312 B6172 91 24,103 21,425 4828

I (NN T REEER O
(©

Figure 5. Eigenvalue analysis results: (a) Mode 1; (b) Mode 2; (¢) Mode 3; and (d) Mode 4.

The cables applied to the target bridge are composed of multi-strand cables with a
bundle of 15.7 mm strands. Each 15.7 mm strand has a cross-sectional area of 150 mm?,
with an ultimate stress of 1760 MPa and a yield stress of 1570 MPa. Material property and
cable strand data were applied to the FE model by referencing the design report [16].

2.4. Verification of Dynamic Characteristics of Numerical Model

In order to evaluate the dynamic characteristics of the FE model developed, an eigen-
value analysis was conducted, and the results were compared with the measured natural
frequencies of the same bridge obtained from previous research [17]. The results of the
eigenvalue analysis for the major modes are shown in Figure 5, and the comparison results
are listed in Table 3. The differences in the vertical modes are within 2%, while those in
the horizontal modes are 13.67%, which is relatively large. Although there were relatively
large differences in the horizontal mode and torsional mode, it was deemed sufficient
for investigating the impact of cable loss on the structural system, and no further model
calibrations were made.
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Table 3. Eigenvalue comparison.

Reference FE Model

Mode Shape Eigenvalue [14] Eigenvalue E(I;Z(;r
(Hz) (Hz)
1st Vertical 0.2557 0.2611 2.07
2nd Vertical 0.3256 0.3313 1.72
1st Horizontal 0.3725 0.3227 —13.67
1st Torsional 0.4555 0.4206 —8.29

3. The Effect of Incremental Cable Loss on the Seismic Behavior
3.1. Cable Loss Scenario

The structure behaves differently depending on the location of the lost cable. Addi-
tionally, the loss of the cable that is furthest from the pylon to the center-span direction, the
longest cable, has the greatest impact on the behavior of the bridge structure. Therefore,
the cable loss scenario was classified into three categories as follows.

CASE]1 is a scenario where the cable is gradually lost from the longest cable of the
center span to the Pylon 1 direction; CASE2 is a scenario where cable loss is spread from
the longest cable of the center span to both the Pylon 1 and 2 directions; and CASE3 is a
scenario where the cable is gradually lost from the longest cable of the side-span to the
Pylon 2 direction. For comparison, CASEO is set as a state where the cable is not lost.
Additionally, in the event of cable loss on the target bridge, it is more likely that only
one side of the cable will be lost rather than both sides being damaged simultaneously.
Therefore, the damage scenario was set up so that only the left-side cable was lost.

The cables were set to be lost in sequence, up to a maximum of six, using the *CON-
TROL_STAGED_CONSTRUCTION function. The time interval between cable failures was
set to 2 s so that the next cable is lost 2 s after the previous one, considering the dynamic
effects due to successive cable losses. The damage scenario is shown in Figure 6 and Table 4.

==
Cable Fracture
Cable No. 6136~
PY1 proa, PY2
(a)
e

Cable Fracture Cable Fracture
Cable No. 6136~ Cable No. 6137~

PY1 W PY2
| 1 I
1 0 |
o
P GEERS =
Cable Fracture
Cable No. 6172~
PY1 PY2 -
Em— L

()

Figure 6. Cable loss damage scenario: (a) CASE1; (b) CASE2; and (c¢) CASE3. (Red arrows indicate
cable lost direction.)
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Table 4. Quantity of cable loss per case.

Case Element No. of Lost Cables Quantity
(EA)

0 - 0

1-1 6136 1

1-2 6136, 6135 2

1 1-3 6136, 6135, 6134 3
1-4 6136, 6135, 6134, 6132 4

1-5 6136, 6135, 6134, 6132, 6131 5

2-1 6136, 6137 2

2 2-2 6136, 6137, 6135, 6138 4
2-3 6136, 6137, 6135, 6138, 6134, 6139 6

3-1 6172 1

3-2 6172, 6171, 2

3 3-3 6172, 6171, 6170, 3
3-4 6172, 6171, 6170, 6169 4

3-5 6172, 6171, 6170, 6169, 6168 5

So that the cable breakage occurs after the bridge reaches its initial equilibrium state,
the first cable was intentionally severed 20 s after the dead load and cable pre-tension forces
were applied. In order to evaluate the structural performance after cable loss, the resulting
deflection and cable tension were compared. The limit value for deflection was determined
based on the Korean cable-stayed bridge design standards [18,19], and the cable tension
was based on the yield strength.

In the Korean highway bridge design code (LSD)—Cable Bridge Edition, deflection
due to continuous loading is limited to 1/250 of the span length (L). Therefore, in the case
of the Seohae Grand Bridge with a central span length of 470 m and side span length of
200 m, the deflection of the central and side spans is limited to 1.88 m (=470 m/250) and
0.80 m (=200 m/250), respectively.

3.2. Earthquake Loading

In order to evaluate the effect of seismic load on the target bridge, the El-Centro
earthquake, widely used in many studies, was used to conduct seismic analysis [20,21]. The
ground acceleration of the El-Centro earthquake was integrated to convert it into ground
displacement, and then applied as loading to the supports of the numerical analysis model
in both the longitudinal and transverse directions (as shown in Figure 7). For massive struc-
tures such as bridges, accurate analysis requires SSI (Soil-Structure Interaction) analysis
that takes into account the characteristics of the soil or rock under the structure during
seismic analysis [22,23]. However, the effect of the foundation was not considered in this
study since the effect of the foundation is not significant in evaluating the impact of cable
loss under seismic conditions.

The seismic load was applied after the cable’s loss behavior stabilized (after 40 s of the
last cable breakage), and the cable loss scenario was set as presented in Table 4. The effect
of the earthquake on the bridge was evaluated using changes in the compressive force of
the girders generated by the earthquake and changes in cable tension.
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Figure 7. El-Centro earthquake ground motion: (a) longitudinal acceleration; (b) longitudinal

displacement; (c) lateral acceleration; and (d) lateral displacement.

3.3. Analysis Results

The deflection of the bridge was analyzed based on the initial equilibrium state prior
to the occurrence of cable loss. Subsequently, the maximum downward and upward
deflections of the girder immediately after cable loss, as well as after the stabilization of the
vibration due to the cable loss, were examined. The shape of the instantaneous maximum
deflection is illustrated in Figure 8, and a graph comparing the deflection of each case with
the deflection limit specified in the design criteria is shown in Figure 9. Table 5 provides

the values of the downward and upward deflections for each case.

Table 5. Deflections due to cable loss.

Instantaneous After Stabilization
Case Downward  Upward Downward  Upward Note
(mm) (mm) (mm) (mm)
0 0 0 0 0 -

1-1 314.3 474 223.8 35.8 OK

1-2 579.3 101.8 5229 78.8 OK

1 1-3 995.0 137.1 904.0 119.7 OK

1-4 1524.2 179.6 1371.5 162.9 OK

1-5 2098.8 190.7 2029.8 219.8 NG

2-1 611.8 322 458.3 73 OK

2 2-2 1396 64.5 1216.4 36.5 OK

2-3 2604.6 38.2 2362 60.0 NG

3-1 218.7 127.7 142.3 83.6 OK

3-2 374.1 219.1 223.8 197.3 OK

3 3-3 635.9 379.8 559.4 348.5 OK

3-4 952.0 567.5 840.8 517.5 OK

3-5 1234.5 702.3 1196.6 680.0 OK
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Figure 9. Deflection after cable loss: (a) Case 1 instantaneous deflection; (b) Case 1 deflection after

stabilization; (c¢) Case 2 instantaneous deflection; (d) Case 2 deflection after stabilization; (e) Case 3

instantaneous deflection; and (f) Case 3 deflection after stabilization.

As a result of analyzing the effect of cable loss on deflection, it was found that, in all
cases, the deflection of the girder increases geometrically rather than linearly as the number
of lost cables increases. The maximum downward deflection occurs at the center span, and
the maximum upward deflection occurs at the side span, regardless of the location of the
lost cables. Furthermore, it was shown that if more than five cables are lost in the center
span, the design limit is exceeded.

The change in cable force due to cable loss and earthquakes was also shown in
Figure 10 according to the position of the lost cable. In all cases, the cable force shows a



Appl. Sci. 2023,13, 5636 11 of 17

large change in the cable closest to the lost cable, but it was below the yield stress. However,
in Case 1, the stress exceeded allowable stress when more than three cables were lost, and
in Cases 2 and 3, the stress exceeded allowable stress when more than four cables were lost.
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Figure 10. Cable forces after cable loss: (a) Case 1 instantaneous cable force; (b) Case 1 cable force after
earthquake; (c) Case 2 instantaneous cable force; (d) Case 2 cable force after earthquake; (e) Case 3
instantaneous cable force; and (f) Case 3 cable force after earthquake.

In addition to the changes in shape (upward or downward deflection) and cable
tension caused by cable loss on the bridge, the changes in the axial forces of the girders
were also numerically evaluated. The variation in girder axial force was examined at the
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location where the girder crosses the pylon, where the axial force is maximum. The position

of the corresponding beam element of the FE model is shown in Figure 11.

154(left) |
right)"

p ‘;:""">""' . 3
Girder No-
Girder No- 1154(

PY2

Figure 11. Location of evaluation girder for seismic load. (Red dotted lines indicate the output

elements).

Figure 12 and Table 6 show the variation in the girder axial force due to gradual cable
loss, while Figure 13 represents the axial force change due to seismic loads acting after
cable loss. The results of CASE 0 are also included so that the results before and after cable
damage can be compared. In the case of CASE 0, the left and right girders are subjected to
—282.75 tonf of axial force, showing that the compressive effect on the girder caused by the
cable tension is properly reflected.

Table 6. Cable loss analysis result by case.

Girder Axial Force After Cable Loss (tonf)

Left Girder (3154) Right Girder (1154)
_ /
case Max Min After Max Min After ©-©
Stabilization Q) — (D) ) ) Stabilization (Cc) — (D)
(A) (B) (A) (B") /
© ()
0 - - —282.75 (D) - - - —282.75 (D’) - 0
1-1 —95.54 —471.53 —244.88 37.87 —117.38 —359.97 —261.34 21.40 16.47
1-2 19.90 —484.56 —191.50 91.24 32.04  —403.60 —236.37 46.38 44.86
1 13 256.04 —672.07 —119.27 163.47 274.39  —470.36 —215.28 67.46 94.06
1-4 564.76 ~ —841.39 —4.60 278.14 511.04 —528.62 —201.45 81.30 196.85
1-5 512.38  —484.58 156.18 438.92 114.82  —437.78 —206.86 75.88 363.04
2-1 —7825 —457.59 —297.69 —14.95 —117.71 —426.39 —282.66 0.09 —15.03
2 22 60.18 —499.57 —269.16 13.59 71.96 —536.34 —291.66 —8.92 22.51
2-3 342,75 —691.91 —127.59 155.15 349.29  —872.09 —334.53 —51.78 206.93
3-1 —25450 —363.77 —296.49 —13.75 —265.04 —358.58 —300.03 —17.28 3.53
3-2 —254.50 —363.77 —316.54 —33.80 —262.17 —402.19 —326.37 —43.62 9.83
3 33 —254.09 —408.45 —340.26 —57.51 —227.51 —486.95 —361.87 —79.13 21.62
3-4 —251.12 —469.68 —367.48 —84.74 —192.71 —603.70 —407.90 —125.16 40.42
3-5 —239.12 —535.82 —393.57 —110.83 —135.95 —719.89 —453.66 —170.92 60.09
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Figure 12. Time—girder axial force diagram under cable loss: (a) Case 0; (b) Case 1-1; (c) Case 1-2;
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Appl. Sci. 2023, 13, 5636

14 of 17

< 1500
£ 1000
500

=500
1000
1500

Axial Force (ton

1500
1000
500

500 |-

1000
1500

JAxial Force (tonf)
o

1500
1000
500

=500
1000
1500

Axial Force (tonf)
o

1500
1000
500

=500
1000
-1500

Axial Force (tonf)
o

1500

g

500

=500

Axial Force (tonf)
8
S8o

-1500

1500

g
g

500

=500

Axial Force (tonf)
g
S8 o

-1500

1500

g
g

500

o

=500

Axial Force (tonf)
2
3

A
s
=
s

Lt
) %
W Mg \'\“:!»\WWM% o
40 45 50 55 60
Time (sec) .
--=-Case 0 A1154 —Case 0 B3154

(a)

40

40

(e)

)
NJAVIW"' Ty,
/ "U‘\“ ,.”\,_/W P f\,ﬁW\,\n wwm
45 50 55 60
Time (sec) )
--=-Case 1-2 A1154 ——Case 1-2 B3154
()
At
J\J "'uu o Ay -
1 = n
L L .},f“ M \/“u" . W Nmf\‘w\‘h"ﬂv\"\.\m
I
45 50 55 60
. Time (sec) )
--=-Case 1-4 A1154 —Case 1-4 B3154

40

40

. PRIV ,.M/v\r'um
o T "'\‘u,_'.;' v e T
45 50 55 60
Time (sec)
--=-Case 2-1 A1154 ——Case 2-1 B3154
N\WJM% NWWJ\WW
45 55 60

~Case 2-3 A1154

S0
Time (sec)

(i)

——Casc 2-3 B3154

: »J‘\W "JUM'\""{? ;—M" "’\B/vu.q,wh
40 45 S0 55 60
. Time (sec) .
~-=-Case 3-2 A1154 —Case 3-2 B3154
(k)
40 45 55 60

~Case 3-4 A1154

50
Time (sec)

(m)

——Case 3-4 B3154

onf)
= o
-]
[— -1}

500

=500
1000
1500

JAxial Force (ton

1500
1000
500

500 [

1000
1500

JAxial Force (tonf)
=

1500
1000
500

1000
1500

Axial Force (tonf)
=

Al :
[ Y,
,__w./]M n W \ty g™ /\m,\,-w""”\v N W, o
= 7 PSSy G am e — —
40 45 L. 50 55 60
Time (sec)
--=-Case 1-1 A1154 —Case 1-1 B3154

(b)

. .
. Mt R TIN e, [Vy prrri_
40 45 S0 55 60
Time (sec)
--=-Case 1-3 Al1154 —Case 1-3 B3154
My, iaX
Al A AT ]
S00 - i
40 45 50 55 60
. Time (sec)
~-=-Case 1-53 A1154 ——Case 1-5 B3154

1500
1000
500

=500
1000
1500

JAxial Force (tonf)
=3

1500
1000
500

=500
1000
1500

JAxial Force (tonf)
>

1500
1000
500

=500
1000
1500

JAxial Force (tonf)
>

1500
1000
500

£}

=500

JAxial Force (tonf)
=
=4
g

A
o
=3
=3

(f)

40 45 50 55 60
Time (sec)
--=-Case 2-2 A1154 ——Case 2-2 B3154

(h)

I
e

40 45 L. 50 55 60
Time (sec)
~-=-Case 3-1 A1154 —— Case 3-1 B3154

)

ol
" VJMN“"MVJU 'WWW‘
40 45 S0 55 60
Time (sec)
~-=-Case 3-3 A1154 —— Case 3-3 B3154
1
|"vM’ T
NS 0\ "\Im
A A A T A
40 45 S0 55 60
Time (sec)
~-=-Case 3-5 A1154 —— Case 3-5 B3154

(n)

Figure 13. Time-girder axial force diagram under earthquake after cable loss: (a) Case 0; (b) Case 1-1;
(c) Case 1-2; (d) Case 1-3; (e) Case 1-4; (f) Case 1-5; (g) Case 2-1; (h) Case 2-2; (i) Case 2-3; (j) Case 3-1;
(k) Case 3-2; (1) Case 3-3; (m) Case 3-4; and (n) Case 3-5.

The analysis of the variation in the girder axial force due to cable loss revealed that
as the number of lost cables increases, the amount of variation in the girder axial force
increases, and the difference in the axial force acting on the left and right girders increases.
For example, comparing CASE 1-1 and CASE 1-5, when one cable is lost, the girder axial
force undergoes significant changes but still remains within the compression range. How-
ever, when five cables are lost, the girder undergoes alternating tension and compression
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(Figure 12b,f). It is believed that such phenomena can induce fatigue on the girder due to
the alternating stresses (CASE 1-3, 1-4, 1-5, 2-2, and 2-3). In addition, after the vibration
due to cable loss stabilizes, the compressive force acting on the girder on the left side of the
bridge (3154), where the cable was lost, decreases significantly according to the amount of
cable loss. This consequently creates a difference in axial force between the left (3154) and
right (1154) girders because the decrease in the compressive force acting on the left girder
is greater than that on the right girder (Table 6, (C) — (C')).

The results of the analysis of the axial force on the girders caused by seismic loads
acting after cable loss are presented in Figure 13 and Table 7. If an earthquake occurs after
the cable loss and vibration have stabilized, the maximum compressive force (right girder)
and maximum tensile force (left girder) generated in the girders increase compared to
Case 0, where only earthquake loads act without cable damage. The amount of increase in
axial force was proportional to the number of lost cables. Comparing the changes in axial
forces in the girders due to cable loss and those due to seismic loads, it can be observed
that the difference in axial forces due to cable loss (Table 6, (C) — (D)) shows a similar trend
to the changes in axial forces due to seismic loads after cable loss (Table 7, (A) — (B)).

Table 7. Seismic analysis result by case.

Girder Maximum Axial Force

under Earthquake
Case (tonf) A) — (A)
Left (3154) Right (1154)
Max (A)  (A)—(B) Min (A") (A") — (B)

0 1022.55 (B) - —1140.25 (B") - 2162.80

1-1 1068.54 45.99 —1141.02 —-0.77 2209.56

1-2 1129.92 107.37 —1141.78 —1.53 2271.70

1 1-3 1204.24 181.69 —1143.80 —3.55 2348.04
1-4 1312.74 290.19 —1151.77 —11.52 2464.51

1-5 1455.08 432.53 —1171.37 —31.12 2626.45

2-1 1017.19 —5.36 —1143.29 —3.04 2160.48

2 2-2 1049.48 26.93 —1159.24 —18.99 2208.72
2-3 1163.16 140.61 —1205.47 —65.22 2368.63

3-1 1011.50 —11.05 —1151.12 —10.87 2162.62

3-2 995.36 —27.19 —1168.33 —28.08 2163.69

3 3-3 975.57 —46.98 —1191.10 —50.85 2166.67
3-4 952.68 —69.87 —1220.65 —80.40 2173.33

3-5 931.67 —90.88 —1251.19 —110.94 2182.86

Based on the initial equilibrium state where the compression force on the girders
was 282.75 tonf, the range of axial forces (—1140.25~1022.55 tonf) induced on the girders
by the earthquake load appears to be at a level that can impair the stability of the bridge.
However, since this is a result of linear elastic analysis, further analysis considering material
nonlinearity is necessary to more precisely analyze the seismic response. In addition, in
the case of cable breakage, it was found that the axial force in the girder caused by seismic
loads can increase up to an additional 42%, and from the perspective of the axial force in
the girder, cable loss can significantly reduce the resistance to earthquakes.

4. Conclusions

To evaluate the degradation in usability resulting from cable loss in a long-span cable-
stayed bridge, two-stage dynamic time-history analyses were conducted. In the first stage,
the dynamic behavior was analyzed by progressively removing the cable, and in the second
stage, the usability was evaluated by applying far-field ground motion to the bridge with
lost cables. The major results obtained from this are as follows:
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1. Inall cases, the stress in the cables was found to be lower than the yield stress. How-
ever, as cables were gradually lost, significant changes in tension occurred in adjacent
cables, and in some cases, the stress exceeded the allowable stress. Considering that
the cable design tension for the target bridge was 41% to 71% of the allowable stress,
indicating a considerable margin of safety, it is evident that cable loss has a non-
negligible impact on the surrounding cables. However, even in cases where several
cables were lost, the stress in the adjacent cables did not exceed the yield stress, and
therefore, the possibility of cable failure occurring in a cascading manner is deemed
to be low;

2. Inthe case of cable breakage, it was found that the axial force in the girder caused by
seismic loads can increase up to an additional 42%. From the perspective of axial force
in the girder, cable failure was found to significantly reduce the bridge’s resistance
to earthquakes.

Through this study, it was confirmed that the safety and serviceability of the bridge
are not seriously compromised even if a few cables are lost. However, if more than five
cables are lost at once, it is expected that excessive deflection and an increase in axial force
in the girder will occur, and safety and/or serviceability problems may be caused.

Additionally, due to the impact of cable loss on adjacent cables, additional reinforce-
ment is needed for the nearest cables when a stay cable is lost, the use of the bridge should
be restricted, and the deflection of the central span should be continuously monitored until
the repair work is completed. The target bridge in this study was the two-sided semi-harp
type, which is one of the most common cable arrangements for cable-stayed bridges; there-
fore, further research is needed to investigate the structural behavior according to the cable
arrangement and the shape of the pylon.
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