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+is paper reports a damage survey and seismic analysis of a bridge. In the first part, the damage survey of some bridges that were
affected by the 2016 Kumamoto Earthquake was discussed. Among these bridges, the Tawarayama Bridge, which is a plate girder
bridge located very close to an active fault line, was particularly considered. +is bridge incurred severe damage because of the
earthquakes’ epicenters very close to the bridge. +e damage mechanism that can occur in this type of bridge was elucidated.
During the damage survey, parts of Tawarayama Bridge were examined to determine the damage in order to examine the factors of
occurrence and damage mechanism. In the second part, the seismic responses of Tawarayama Bridge were analyzed using
ABAQUS software, and beam elements were applied for the structural members. Firstly, the time-history responses were analyzed
using both longitudinal and transverse direction earthquake ground motions separately and simultaneously to investigate the
dynamic response of the bridge. Both undamped and damped conditions were considered. For the dynamic response analysis, the
recorded earthquake acceleration data of Ozu Station were applied for both undamped and damped conditions considering both
east-west (EW) and north-south (NS) directions simultaneously and the damped condition for these directions separately. In
addition, a damped model was analyzed by applying design earthquake input data obtained from the Japanese Seismic Design
Specifications for Highway Bridges. Consequently, five cases were established for seismic response analysis. Subsequently, the
seismic responses of Tawarayama Bridge were investigated, and the behavior of the lower lateral members was examined
considering the observed buckling of these members during the damage survey. +e field survey and dynamic response analysis
indicate that the buckling design of the lower lateral members should be considered in the future design of bridges.

1. Introduction

A series of earthquakes occurred in Kumamoto, Japan, in
April 2016. +e first earthquake with a magnitude of 6.5
(Japan Meteorological Agency (JMA) seismic intensity of 7)
occurred on April 14. +is earthquake was a foreshock, and
it was followed by a mainshock with a magnitude of 7.3
(JMA seismic intensity of 7) on April 16. Within two days
after the mainshock, more than 140 aftershocks, including at
least 11 with a magnitude of 4.5 and one with a magnitude of
6, occurred in this region [1]. Mashiki town and Higashi
Ward of Kumamoto were severely affected as the epicenters

were located there. Many buildings and transportation in-
frastructures were damaged by these earthquakes. According
to the records, the total fatality after the mainshock was 69
individuals, 364 individuals were seriously injured, and
1,456 suffered minor injuries, as of June 30, 2016. Overall,
8,044 buildings totally collapsed, 24,274 were half or partially
destroyed, and 118,222 suffered moderate damage. Many
bridges too were damaged [2, 3].

+is study focuses on the damage incurred by bridges,
especially plate girder bridges, during this series of earthquakes.
Usually, buckling design is rarely considered in the design of
lower lateral members of bridges. However, after the 2016
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Kumamoto Earthquake, considering the observed buckling of
the lower lateral members during the damage survey, concerns
arose about the need for a buckling design for these members.
It is essential to confirm the buckling of lower lateral members
in a bridge by analytical methods to decide whether the
buckling design of these members should be incorporated in
future bridge designs. +erefore, a seismic response analysis of
a plate girder bridge, whose lower lateral members underwent
buckling, was carried out using the recorded earthquake
motion data of the 2016 Kumamoto Earthquake.

+e first section of this paper presented the introduction.
+e second one details the damage survey of bridges. +e
third one presents an overview of a plate girder bridge,
namely, Tawarayama Bridge. +e next two sections present
the damage survey and seismic response analysis of Tawar-
ayama Bridge. +e response of the bridge subjected to the
recorded motion of the 2016 Kumamoto Earthquake is then
presented. Finally, some important findings and conclusions
of the site survey and numerical analysis are presented.

2. Damage Survey of Bridges

2.1. Summary of Earthquake Data. According to the JMA,
seven earthquakes with a high intensity (four with a mag-
nitude of 5.4-5.9, two with a magnitude of 6.4–6.5, and one
with a magnitude of 7.3) occurred in the same area between
April 14 and 16. +e epicenter was at Mashiki town in
Kumamoto Prefecture [1].

Table 1 lists the time of occurrence, magnitude, and
maximum seismic intensity of the largest earthquakes that
occurred on April 14–16. Figure 1 shows a map presenting
the locations of Kumamoto, Mashiki, and Mount Aso.

2.2. Overview of Bridge Damage. Among the 3,000 bridges
in Kumamoto Prefecture, about 40 bridges, including Aso
Bridge and Minami-Aso Bridge, were affected severely by
the earthquake. Furthermore, 70 bridges under the
Kumamoto Prefecture administration were damaged. In
addition, the JR Kyushu Shinkansen (bullet train) was
suspended because of the damage to the bridge on Kyushu
Expressway. Although most bridge piers were not damaged
after the foreshock, many bridges were severely damaged
after the mainshock. In the Kumamoto region, pier set-
tlement was the characteristic damage observed [2, 3].
Observation of the locations of damaged bridges on the
map shows that most of these bridges were concentrated
near faults, as shown in Figure 2 [4].

Bridges on Tawarayama Bypass, which is an important
route connecting Kumamoto and Miyazaki Prefectures,
were also damaged. Figure 2(a) is derived from an active
fault database compiled by the National Institute of Ad-
vanced Industrial Science and Technology [4]. +e thin red
line at the center of the figure and the thick blue line show
the Futagawa active fault and Prefectural Road No. 28, re-
spectively. +ere are six bridges on Tawarayama Bypass;
most of these bridges are curved bridges as the route passes
through mountains. +ey were constructed in compliance
with the 1996 version of specifications for highway bridges.

2.3. Overview of Damage to Ookirihata Bridge. Ookirihata
Bridge is a five-span continuous curved bridge with a total
length of 265.4m. Girders supported by laminated rubber
bearings and rubber joint load bearings are used as end
supports. During this large-scale earthquake, the laminated
rubber bearings underwent shear destruction, and the girder
experienced a relative displacement of about 70 cm in the
transverse direction. +e main girder section prevented
direct contact (collision) in the abutment parapet, pre-
venting damage to the superstructure. +is can be clearly
seen in Figure 3(a). Figure 3(b) shows that a large step
occurred at the expansion joint of Ookirihata Bridge [2, 3].
+e bridge collapse-prevention cable was also deformed in
a direction perpendicular to the bridge’s axis. +is led to
rupture, and the girder fell down from its rubber bearing.
+is situation is depicted in Figure 3(c).

2.4. Overview of Damage in Other Bridges. Among the
damaged bridges, Aso Bridge and Furyo First Bridge, sit-
uated on the prefectural road across the Kyushu Express-
way, collapsed totally. Aso Bridge collapsed because of
a huge landslide, about 710m high, with a dip angle of
33°. Figures 4(a) and 4(b) show the collapse of Aso Bridge
and Furyo First Bridge, respectively.

Some bridges, such as Hatanaka Dai-ichi Bridge, had to be
urgently demolished. In Hatanaka Dai-ichi Bridge, the tops of
piers completely collapsed, as shown in Figure 5. Figure 6
shows the damaged condition of Yokoe Bridge in Yatsushiro.
In this bridge, the intermediate pier settled by about 2.3 m,
causing the detachment of the bridge and sidewalk stairs [2, 3].

3. Overview of Tawarayama Bridge

Tawarayama Bridge is located on Prefectural Road No. 28,
which is a route connecting Takamori with the vicinity of the
downtown area of Kumamoto city center. It is a three-span
girder bridge with a total length of 140m, a maximum span
length of 61.5m, and an effective width of 8.5m. +e sub-
structure consists of inverted T-type abutments (A1 and A2)
and overhung piers (P1 and P2), and the foundation consists
of caisson piles.+e location of Tawarayama Bridge is shown
in Figure 7. Figure 8 shows the longitudinal profile of the
bridge. Figure 9 shows the plan view of the bridge; here, A1
represents the abutment on the Kumamoto side and A2
represents that on the Takamori side.

Furthermore, in the plan view, piers P1 and P2 represent
the piers on the Kumamoto side and Takamori side,

Table 1: Time of occurrence, magnitude, and maximum seismic
intensity [1].

Time of occurrence Magnitude Maximum seismic intensity
4/14 21:26 6.5 7
4/14 22:07 5.8 6 (lower)
4/15 00:03 6.4 6 (upper)
4/16 01:25 7.3 7
4/16 01:45 5.9 6 (lower)
4/16 03:55 5.8 6 (upper)
4/16 09:48 5.4 6 (lower)

2 Advances in Civil Engineering



Kumamoto

(a)

Mashiki Mount Aso

50.8 km

12.7 km

Kumamoto

(b)

Figure 1: (a)�e location of Kumamoto. (b) Distances between Kumamoto andMashiki andMount Aso. Source: https://www.google.co.jp.

Advances in Civil Engineering 3

https://www.google.co.jp


respectively. Figure 10 shows a cross section of the super-
structure. Abutments A1 and A2 are constructed as single
columns with a deep foundation. �e bridge is nearly
straight and has a cable-type girder collapse-prevention
structure, which connects the girder and the bridge abut-
ment parapet. Rubber bearings are used, and side blocks are
provided at the girder ends only.

4. Site Survey of Tawarayama Bridge after
the Earthquake

A site survey of Tawarayama Bridge was carried out. �e
damage was investigated by the Structural Mechanics Labo-
ratory of Kumamoto University, led by Professor Toshitaka
Yamao and Professor Akira Kasai, as the bridge was seriously

Prefectural road no. 28
(Tawarayama Bypass) 

Active fault lines

(a)

N

Ookirihata Bridge

Susukinohara BridgeKuwazuru Bridge

Tawarayama BridgeOoginosaka Bridge

Active fault

(b)

Figure 2: (a) Futagawa fault [4]. (b) Tawarayama Bypass and locations of bridges.
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damaged owing to its proximity to the active fault line. �e
deformation of the whole bridge can be seen in Figure 11,
which was generated using a three-dimensional (3D) scanning
technique that was developed by Yuta Ushitsuka.

According to the site survey data, all piers and abutments
moved in the NE direction, and the movement and settle-
ment of each abutment and pier were as follows:

(i) Abutment 1 moved 1,759mm toward Takamori and
1,924mm toward the valley and underwent a set-
tlement of 410mm.

(ii) Pier 1 moved 1,369mm toward Takamori and
1,201mm toward the valley.

(iii) Pier 2 moved 680mm toward Takamori and
1,006 mm toward the valley.

(iv) Abutment 2 moved 501mm toward Takamori and
769mm toward the valley.

�e settlements of each bridge’s abutments and piers are
shown in Figure 11(c).

70cm

Bridge girder displaced
to the valley side 

(a)

(b)

Connection hole Broken prevention cable

Rubber bearing

(c)

Figure 3: (a) Relative displacement of the girder, (b) damage to the
expansion joint, and (c) damage to the bearing in Ookirihata
Bridge.

(a)

(b)

Figure 4:�e collapse of (a) Aso Bridge and (b) Furyo First Bridge.

Figure 5: Damage to the tops of the piers of Hatanaka Dai-ichi
Bridge.

Figure 6: Damage and detachment of the bridge and sidewalk
stairs of Yokoe Bridge.
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4.1. Damage at Abutments. �e settlement of the deck slab
occurred at the east side (A2 side) of the bridge because of
the girders falling o� from the rubber bearings and tilting of
the abutment. A deck slab settlement of 53 cm was observed
(Figure 12). �e movement of the abutment by about 80 cm
toward Takamori and the falling of the girder from the
rubber bearing at abutment A2 are shown in Figure 13.

At the west side (A1 side, Figure 14), the road em-
bankment collapsed because of the soil movement, exposing
the pile foundation under the abutment. �e base of
abutment A1 was severely damaged, as shown in Figure 15.
�e shear deformation of the rubber bearing at abutment A1
is clearly seen in Figure 16.

250 mm

250 mm

500 mm

A1

P1 P2

A2

34.75 m

140.0 m

138.5 m

42.25 m
500 mm

61.5 m

10.0 m

25.0 m
23.0 m

7.0 m

Figure 8: Longitudinal pro�le.

A1 P1

35.5 m
140.0 m

61.5 m 43.0 m

P2 A2

Figure 9: Plan view.

G1
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Figure 10: Cross section of the superstructure.

Figure 7: Location of Tawarayama Bridge.
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Figure 11: (a) Overall deformation of Tawarayama Bridge, (b) horizontal displacement of abutments and piers, and (c) settlement of
abutments and piers.

53cm

Figure 12: Damage to abutment A2 (exterior).
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4.2. Damage to the Piers. +e rubber bearings at P2 were
seriously damaged. One of the four rubber bearings under
girder 1 completely collapsed. Many cracks that formed at
the base of the pier were investigated. +e following figures
show the damage to the rubber bearing and the cracks that
formed at the base (Figures 17–19).

4.3. Damage to Girders. Figure 20 shows the deformation of
the main girder and pier P1 as seen from the A1 side. +e
main girder bent and underwent inward deformation about
20m from the A1 side while moving toward P1. Bucking in
the vicinity of the lower lateral structure was confirmed near
P1 and P2. +e deformation of girder G3 is shown in
Figure 21.

Move ~80 cm to
Takamori side 

(a)

(b)

Figure 13: Damage to abutment A2 (interior).

Figure 14: Damage to abutment A1 (exterior).

Figure 15: Damage to abutment A1 (interior).

(a)

(b)

Figure 16: Damage to the dampers at abutment A1 (interior).

(a)

(b)

Figure 17: Damage to the piers.
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4.4. Damage Mechanism. Figure 22 shows the original and
deformed shapes of Tawarayama Bridge. +e dotted line
shows the original shape, and the solid line shows the de-
formed shape.

According to the damage survey presented in Sections
5.1–5.3, the impinging of the lower horizontal members
buckling may be attributed to the compressive force acting
on the bridge deck from both abutments A1 and A2 or to the
displacement of the abutments toward the bridge girder.
Figure 23 illustrates the deformation mechanism of the main
girder and lower lateral members.

In this study, this event is considered the most important
destructive mechanism. +e extent of the compressive force
that should be assumed for the seismic design of the bridge
girder has not been verified yet. In addition, the actual
ground motion was larger than what was assumed. +ere-
fore, there is a need to identify the ground motion at the
sites. According to this survey, in the future, the seismic
design of bridge girders should be considered on the basis of

the buckling phenomenon of these girders in response to
ground motion corresponding to a seismic intensity of 7.

5. Seismic Response Analysis

+ere were many papers concerning the seismic response
analysis, seismic design specification of the bridges, and
damages of bridges published bymany researchers. Aso et al.
[5] carried out nonlinear earthquake response analysis of PC
cable-stayed bridge. Nazmy [6] presented seismic analysis
and design evaluation of continuous plate-girder bridges
with the help of a case study. Itani et al. [7] emphasized on
seismic behavior of steel girder bridge superstructures to
know the behavior of steel plate girder bridges during the
earthquakes. Park et al. [8] simulated the seismic perfor-
mance subjected to near-fault ground motion. Usami et al.
[9] performed dynamic analysis to evaluate the seismic
performance of steel arch bridges against major earthquakes.
Kawashima and Unjoh [10] summarize the seismic design
specifications for highway bridges after the 1995 Kobe
Earthquake. Altın et al. [11] carried out dynamic analysis of
suspension bridges and full-scale testing in which the effects
of large deflections are taken into account. Takahashi and
Hoshikuma [12] explored the damages of road bridges in-
duced by the ground motion in the 2011 Great East Japan
Earthquake and summarized the characteristics of damage
to road bridges induced by the ground motion. Cahya et al.
[13] also investigated seismic response behavior using static
pushover analysis and dynamic analysis of half-through steel
arch bridge under strong earthquake. +e 2016 Kumamoto
Earthquake survey report published by the Asia-Pacific
Economic Cooperation [14] and an overview of damage to
roads and bridges in Nishihara area by Narazaki and Kong
[15] presented the damage conditions of bridges during the
2016 Kumamoto Earthquake. +ere was a research on the
collapse process of cable-stayed bridges under strong seismic
excitations by Wang et al. [16]. According to all these re-
search works, it is obvious that the seismic response analyses
and seismic design specifications of bridges as well as
damage survey of bridges are essential. So, in the present
study, a seismic response analysis of a plate-girder bridge,
whose lower lateral members underwent buckling, was
carried out using the recorded earthquakemotion data of the
2016 Kumamoto Earthquake. ABAQUS (Simulia, 2017)
software [17] was used to create a finite element (FE) model
of Tawarayama Bridge. In this model, beam elements were
used to study the buckling behavior. According to the design
drawing sheets, L-, T-, I-beams were used for cross-bracing,
top and bottom chords, and cross-beams, respectively. For
rubber bearings, spring elements were applied in the FE
model. +e material properties of the model used in the
numerical analysis were SM490 with a yield stress (σy) of
315MPa and a Young’s modulus (E) of 205GPa for the main
girder steel beams, SMA400w with a yield stress (σy) of
245MPa and a Young’s modulus (E) of 205GPa for all
bracing members, and concrete with a Young’s modulus (E)
of 30.35GPa.

+e nonlinearity of the material was considered for
the steel elements, which are the main elements of the

(a)

(b)

Figure 18: (a) Deformed rubber bearing under girder 1 at pier 2.
(b) A rubber bearing that fell on the ground.

Figure 19: Cracks at the base of the pier.

Advances in Civil Engineering 9



plate girder and lower lateral members. Beam elements
were used for concrete piers. +e equivalent Young’s
modulus was used to account for steel reinforcements
too. +e equivalent Young modulus used for P1 and P2
is 36.18 GPa and 38.14 GPa, respectively. In the present
study, the elastic linear hardening model was used to
consider the elastoplastic behavior of steel. +e elastic
linear hardening models of SM490 and SMA400w
grade steels are shown in Figure 24 [18, 19]. +e FE model
created using ABAQUS CAE software is shown in
Figure 25.

Beam type B31 (two-node linear beam) was used in the
FE model. Spring elements were installed between piers and
girders in all six directions to represent the rubber bearings
in the real bridge. Dashpot coefficients were also applied, and
the equation used and values are shown in the next section.
A detailed calculation of the spring stiffness is presented in

the next section. Multipoint constraint (MPC) beam type
was used between the girders and connections of the bracing
members.

5.1. Calculation of Spring Stiffness from the Properties of
Rubber Bearings. In the FE model of Tawarayama Bridge,
spring elements were used for rubber bearings between
girders and piers and abutments. +e following for-
mulae were used to calculate the spring stiffness in the
model [20].

For the horizontal direction,

Kso �
G0A

 te
,

Kst �
G0A

 te
.

(1)

For the vertical direction,
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(2)

where Kso, Kst, and Ky are the spring stiffnesses in the
horizontal and vertical directions,G0 is the shear modulus, A
is the area of the rubber bearing, te is the thickness of the
laminated rubber, E is Young’s modulus, S is the shape
factor, a is the width of the rubber bearing, and b is the
length of the rubber bearing.

+e springs were installed at A1, P1, P2, and A2 between
abutments or piers and girders. At each abutment and pier,
four springs are installed under each girder. +e values of
each parameter used and the calculated spring stiffnesses are
listed in Table 2.

5.2. Seismic Input Data. +e recorded earthquake data
from Ozu Station were used as seismic input data. +e
earthquake acceleration waves for the north-south (NS) and
east-west (EW) directions are shown in Figures 26 and 27
[21]. +e maximum acceleration occurred around 26 s in
both directions. +e values and times of occurrence are also
shown in the figures. For Tawarayama Bridge, EW is the
longitudinal direction and NS is the transverse direction.
Both directions were considered to investigate the seismic

(a)

(b)

Figure 20: Deformation of the main girders and buckling of the
lower lateral members.

Figure 21: Deformation of girder 3.
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response of the bridge. In addition to the recorded earth-
quake data, analyses using the design earthquake data,
considering level II, type II ground, ground motion type I,
were also carried out [1, 20].

5.3. Numerical Analysis. For the numerical analysis, a con-
stant time step of 0.01 s was utilized. MPC beam constraints
were applied for the contacts between themembers.�emodel

was assumed to have no residual stresses and no initial
crookedness modes. �e elastoplastic behavior of the steel
material was considered during the analysis. First, an eigen-
value analysis was carried out in order to understand the vi-
bration characteristics of the bridge. �e values of the Rayleigh
damping coe£cients, α and β, as determined from this analysis,
are 0.6 and 0.002, respectively, for concrete and 0.11 and 0.0005,
respectively, for steel materials. �e seismic response analysis
with a ground acceleration input and a constant dead load was

Original shape
Deformed shape

A1 P1 P2 A2

Buckling of the lower
horizontal member

Bending of the
main girder

Inward deformation
of the main girder

Abutment was pushed,
and it fell down

Dropping of
rubber bearing

Kumamoto
side

Takamori
side

Figure 22: Deformation mechanism of the whole bridge.

Inward rotation

Compressive
force 

Deformation of lower lateral members

(a)

Deformation of side
girders due to axial
compression force

Inward rotation of the
girder due to rigidity

of the deck 

(b)

Figure 23: Deformation mechanism of the main girder and lower lateral members.
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performed using the FEM ABAQUS program, which can
account for geometric and material nonlinearities. In the
analysis, both undamped and damped conditions were applied.
For the undamped model, both transverse and longitudinal
earthquake waves were applied simultaneously. For the
dampedmodel, three cases were examined. In the �rst case, the
earthquake wave was applied only in the EW direction. In the
second one, the wave was applied only in the NS direction.
Finally, in the last one, the wave was applied in both longi-
tudinal and transverse directions. In addition to Ozu Station
data, level II, type II ground, ground motion type I, and
earthquake data were also applied under the damped condi-
tion, and both EW and NS directions were considered in the
analysis. �e dashpot coe£cients, c, that were used in the
analysis are listed in the following Table 3. �e dashpot co-
e£cient equation used is as follows [17]:

c � 2kξ
ω
, (3)

where c is the dashpot coe£cient, k represents sti�ness, ξ is
the damping ratio, and ω is the natural frequency.

6. Seismic Response Behavior of the Plate
Girder Bridge

�e seismic response behaviors of the plate girder bridge will
be discussed in this session for four di�erent parts. First, the
stress states in the lateral bracing members are presented,
and then, the behavior of the spring is discussed. �ereafter,
the trajectory curves of the piers are illustrated. Finally, the
behavior of the lower lateral bracings is examined.

6.1. Stress States in the Lateral Bracing Members. �e stress
states of all lateral bracing members for all �ve cases are
presented in this section. �e locations of all bracings are
shown in Figure 28, and the stress states and maximum
stress locations are shown in Figure 29.

0
100
200
300
400
500
600
700
800

0 0.05 0.1 0.15 0.2

St
re

ss
 (M

Pa
)

Strain

(a)

0
100
200
300
400
500
600
700
800

0 0.05 0.1 0.15 0.2

St
re

ss
 (M

Pa
)

Strain

(b)

Figure 24: Stress-strain relationship for (a) SM490 and (b) SMA400w grade steels.
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Figure 25: FE model of Tawarayama Bridge.
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�e present bridge has a total of 394 lateral bracing
members. Among them, 66 members in the undamped case,
16 members in the design earthquake (EQ) case, and six
members in the EW and NS case exceed the σ/σy value of 1,
and for the EW case and NS case, the σ/σy value of no
members exceeds 1. For each of the abovementioned cases,
the number of members whose σ/σy values are between 0.8
and 1 is 100, 13, 2, 5, and 10, respectively. �e σ/σy values of
other members are less than 0.8. �e maximum σ/σy value is
1.59 in the undamped case. Detailed data are listed in Table 4.
�e member with the maximum σ/σy value is an inclined
member of P-bracing (bracing at piers) between G1 and G2.
Most of the members with σ/σy values close to 1.5 are found
near P1 and P2 (P-bracing and bottom bracing). �e σ/σy
values ofmost of the bracings andA-bracingmembers are less
than 0.8. �e minimum σ/σy value of 0.02 was found at
A-bracing (bracing at abutments).

6.2. Deformation of the Spring Element. �is section dis-
cusses the deformation of the spring elements, which were

used as rubber bearings in the bridge. Springs were installed
at 16 locations (four for each pier and abutment) between
the girder and piers/abutments, which are shown in
Figure 30. Figure 31 presents the load-displacement re-
lationship curves of a spring at P2 under the undamped
condition in both longitudinal and transverse directions.
�e dotted lines in the �gure show the theoretical dis-
placement criteria of spring elements.

�e theoretical displacement criteria of spring elements
for each pier and abutment are listed in Table 5.

�e displacement of all springs in all cases except in the
undamped case was within their displacement criteria. In the
undamped case, the displacement of springs at A2, P1, and
P2 in the longitudinal direction and that of P2 in the
transverse direction exceed the displacement criteria. �e
maximum displacement of springs occurred between 25.5 s
and 26.8 s, which is close to the time when the maximum
acceleration occurred.

At A1 and P1, displacements of the springs in the
transverse direction are greater than those in the longitu-
dinal direction for the design EQ case and NS case, whereas

Table 3: Dashpot coe£cients, c, for each abutment and pier.

(A1, dir 1,3) (A1, dir 2) (A2, dir 1,3) (A2, dir 2) (P1, dir 1,3) (P1, dir 2) (P2, dir 1,3) (P2, dir 2)
k 794.117 461637 1132.87 561661 4254.54 1.43E+ 06 6250 1.13E+ 06
c 15.88234 9232.74 22.6574 11233.22 85.0908 28528.2 125 22683.8
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Figure 26: Earthquake input acceleration wave in the NS direction.

Table 2: Properties of the rubber bearings and spring sti�nesses.

Part G0 (N/mm2) a (mm) b (mm) A (mm2) te (mm) n ∑ te (mm) S E (N/mm2) Kso (Nm/mm) Kst (tf/cm) Kv (tf/cm)
A1 0.785 450 450 202500 12 17 204 9.375 456.064 794.117 794.117 461637
P1 1.177 600 650 390000 22 5 110 7.091 392.883 4252.54 4252.54 1420410
P2 1.177 750 750 562500 36 3 108 5.208 213.555 6250 6250 1134190
A2 0.785 450 450 202500 13 11 143 8.654 388.961 1132.87 1132.87 561661
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Figure 27: Earthquake input acceleration wave in the EW direction.
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the longitudinal displacements of the springs are more
dominant in the other cases. For A2 and P2, the maximum
spring displacements in the longitudinal direction are
greater than those in the transverse direction in all other
cases, except for the NS case. �e ratio of longitudinal to
transverse displacements of P2 for EW and NS cases is 1.9,
which is larger than the values of others (around 1).�is fact
and the fact that the spring displacement of P2 exceeds the

displacement criteria in both longitudinal and transverse
directions may be the reason why one of the rubber bearings
at the P2 pier fell down. �e displacements of springs in the
longitudinal and transverse directions for all cases are shown
in Figure 32.

6.3. Trajectory Curve of Piers. �e trajectory curves of
piers were established in order to determine their
response during the earthquake. �ese curves are shown in
Figure 33. Among the �ve cases, the undamped case is more
dominant, followed by the design earthquake one. It is clear
that the displacements in the EW (longitudinal) and NS
(transverse) directions are only dominant in their re-
spective direction for both P1 and P2. �e undamped
displacements of both piers are more dominant in the

σmax/σy=1.59

Figure 29: Members with the maximum σ/σy value.

Table 4: Number of members according to σ/σy values.

σ/σy value Undamped Design EQ EW NS EW and NS
σ > 1 66 16 0 6 0
0.8< σ ≤ 1 100 13 2 5 10
σ < 0.8 228 365 392 383 384
Max. σ 1.59 1.2 0.85 1.2 0.97

Y

XZ

A bracing
Bottom bracing
Bottom bracing 1

Bottom bracing 2
Bracing

Main girder and cross beam
P bracing

Figure 28: Locations of bracings.
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transverse direction. �e design EQ displacements are also
dominant in the transverse direction, although they are not
very di�erent from the undamped displacement, whereas
the EW and NS displacements are nearly identical in both
directions.

6.4. Behavior of Lower Lateral Bracings. �e time history
displacement response curves and force-displacement
curves of some lower lateral bracing members were
plotted in order to understand the behavior of lower lateral
bracing members. �e stresses of some of these members
exceeded the maximum stresses, leading to hardening.
Hence, some members exhibited an elastoplastic behavior,
whereas some exhibited an elastic behavior only. Among
the ten selected members shown in Figure 34, eight
members buckled in the undamped case, �ve buckled in

the design EQ, and two each buckled in the EW and the
EW and NS cases. In the NS case, no member buckled.
Figure 35 shows that the members around P2 have
a greater tendency to buckle, especially under the damped
condition.

�e lengths of the members, maximum forces, Euler’s
buckling load, and buckling conditions for the undamped
case are listed in Table 6. �e buckling conditions for all
bracing members for each case are presented in Table 7. No
member buckled only in the EW case. In all the other cases,
members exhibited a buckling behavior under earthquake
motion. �ese data imply that the damper plays an im-
portant role in the buckling of members.

7. Discussion and Conclusion

In this study, �eld surveys of Tawarayama Bridge were
conducted in order to review the actual conditions and
damage mechanism that could have caused the deformation
observed in the �rst part of this study. According to this
damage survey, the following conclusions can be drawn.

(1) A large ground motion occurred near Tawarayama
Bridge. �is led to the movement of the entire
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Figure 31: Force-displacement curves for the spring at pier 2.

Table 5: Displacement criteria of spring elements.

Pier/abutment Displacement criteria (mm)
Pier 1 275
Pier 2 270
Abutment 1 510
Abutment 2 375

A1

A2

P1

P2

Y

XZ

Figure 30: Location of springs.
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bridge in the NE direction (toward Takamori side
in the longitudinal direction and toward the
valley in the transverse direction). As a result,
a large compressive and rotational force acted on
the bridge girder.

(2) �e lower lateral members buckled, and the rubber
bearings underwent shear deformation.�emovements
weremuch larger in A1 and P1, and so the deformations
of the bridge girder in both the ¨ange and the web could
be clearly seen.
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Figure 33: Trajectory curve for (a) pier 1 and (b) pier 2.

3 4
5

21 6 7

10
98

Figure 34: Locations of the buckled lower bracing members.
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Figure 32: Spring displacement of the spring in each abutment and pier for all cases: (a) longitudinal direction and (b) transverse direction.
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(3) Extensive damage occurred in every abutment
and pier. �e most serious damage included
the exposure of the pile foundation and shear
deformation of rubber bearings at abutment A1,
the tendency of overturning of abutment A2,
buckling at P1, and the falling o� of one of the four
rubber bearings at P2.

(4) �e possible damage mechanism may be attributed to
the compressive force acting on the bridge deck from
both abutments A1 and A2 or to the approaching of
the abutments toward the bridge girder.

�e second part of the study was a numerical analysis of
Tawarayama Bridge. �e numerical analysis is subdivided
into eigenvalue analysis and seismic response analysis
subject to the ground motion. �e seismic analysis was
carried out with the earthquake acceleration input data for
longitudinal and transverse directions separately and si-
multaneously in order to investigate the seismic behavior of
the bridge. �e current �ndings and conclusions of these
analyses are summarized as follows:

(1) According to the eigenvalue analysis, the displace-
ment in the transverse direction is dominant inmode

1, whereas that in the longitudinal direction is clear
in mode 3. �e movements of the bridge in both
directions occurred in the real situation too. In mode
2, a vertical rotation is noticeable. �is behavior is
similar to the rotation of the bridge girder toward the
valley side during the 2016 Kumamoto Earthquake.

(2) �e relative stresses in most bracing members are
lower than 0.8 when considering the earthquake input
data in only one direction. For the recorded bilateral
earthquake input data of Ozu Station, the relative
stresses of ten members exceeded 0.8 and those of the
other members were below 0.8. For design earthquake
data, the σ/σy values of 16 members exceeded 1, those
of 13 members exceeded 0.8, and those of the rest
were less than 0.8. For the undamped model, the
numbers of the members with σ/σy exceeding 1 and
0.8 were 66 and 100, respectively.

(3) While observing the displacement of springs, which
represent the rubber dampers in the actual condi-
tion, spring displacements beyond the displacement
criteria can be found only in the undamped case,
especially for the springs at P2.

Table 6: Buckling conditions of ten selected members under the undamped condition.

Member 1 2 3 4 5 6 7 8 9 10
Length (mm) 3895 3895 3895 3895 1947 3695 3695 3695 3695 1847
Max. force (N) 543107 552285 571835 541638 577698 597243 532315 581386 528864 567483
Euler’s buckling load (N) 192618 192618 192618 192618 770471 214057 214057 214057 214057 856228
Buckle or not Buckle Buckle Buckle Buckle Not buckle Buckle Buckle Buckle Buckle Not buckle

Table 7: Buckling conditions of all members in di�erent earthquakes.

Undamped Design EQ EW NS EW and NS
Number of buckled members 66 16 0 6 39
Number of unbuckled members 100 378 394 388 355
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Figure 35: Maximum forces and Euler’s buckling forces for each case.

Advances in Civil Engineering 17



(4) +e performance of piers differs according to the
cases. For the undamped and design earthquake
cases, displacement in the transverse direction is
dominant, and for the EW and NS case, displace-
ments in both directions are quite similar. +e
displacements in the EW and NS case are dominant
in their respective directions. Among the five cases,
the undamped cases are dominant.

(5) No buckling behavior is observed in the EW case,
whereas six members buckled in the NS case. It is
observed that some members exhibit a buckling
behavior even in the design earthquake case. Overall,
39 members buckled under the recorded earthquake
motion in the EW and NS directions. Here, 66
members buckled during the analysis under the
undamped condition. In the real situation, it was
confirmed that the rubber bearings underwent shear
deformation, and one rubber bearing from P2 fell off.
+e buckling of lower lateral members was also
clearly observed.

(6) +us, it can be concluded that the buckling of the
lower lateral members should be given due impor-
tance in further bridge designs, especially for bridges
with lower damping.

In the present work, only the recorded acceleration was
considered as the input data for dynamic analysis, and large
geometric deformations and bridge collapse-prevention
cables were not considered. So, further studies should in-
clude these facts as analysis input data to obtain more ac-
curate results.
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