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SUMMARY 
 
In this paper, it was specified that the check of seismic performance took the plasticity parts of concrete 
pier into consideration by Specifications for Highway Bridges Part V；Seismic Design1)  ( Specification V 
is called hereafter ) revised in 2002. Generally speaking, the plastic modification of a concrete pier may 
occur in two or more places in case of the in-plane direction’s earthquake on a continuous rigid frame 
bridge. Moreover, it can be plentifully seen that the case where a static seismic judgment result of safety 
produces a big difference to a dynamic response analysis result. On the other hand, it is important on a 
design to perform the examination by reference of seismic performance, after being exactly based on an 
ultimate limit state of the whole bridge. By this study, its attention was paid to the damage growth and the 
energy absorption in each plastic hinge part of the continuation rigid frame bridge from such a viewpoint. 
Here, pushover analysis and dynamic response analysis were carried out for the longitudinal direction to 
the bridge axis. 
 

INTRODUCTION 
 
Generally, a continuous rigid frame bridge is a bridge where the action in case of an earthquake is 
complicated. In Japanese business design, seismic performance is checked in many cases by dynamic 
response analysis after carrying out static examination by reference. Moreover, the static seismic design 
method ( Verification of the seismic performance based on the ductility method ) is considered to be the 
design technique by the side of safety to the seismic motion caused by a magnitude 7 class inland direct 
strike type earthquake that occurs very infrequently such as the 1995 Hyogo-ken Nanbu Earthquake 
( level2 earthquake motion is called hereafter ), and to the seismic motion of short duration but high 
intensity. Next, it is required to evaluate appropriately damage progress process until a continuous rigid 
frame bridge approaches an ultimate limit state, and to attain rationalization of a seismic design. In order 
to deepen such an argument, writers2)  were checking the following things to a continuous rigid frame 
bridge with unequal pier height, and with columns that the ultimate horizontal strength differed. 

                                                 
1 Tomohisa HAMAMOTO, Pacific Consultants Co.,Ltd., Japan, E-mail:tomohisa.hamamoto@os.pacific.co.jp 
2 Taiji MAZDA, Kyusyu University, Fukuoka, Japan, E-mail: mazda@doc.kyushu-u.ac.jp 
3 Hisanori OTSUKA, Kyusyu University, Fukuoka, Japan, E-mail: otsuka@doc.kyushu-u.ac.jp 
4 Nayoko HAMADA, Kyusyu University, Fukuoka, Japan, E-mail: hamada@doc.kyushu-u.ac.jp 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In the progress process of bending damage, it was checking 
that the influence of unequal pier height affected the 
maximum response ductility factor, after all plastic hinge 
parts reached the yield limit state. 
By this study, its attention was paid to the damage growth 
and the energy absorption in each plastic hinge part of the 
continuation rigid frame bridge from such a viewpoint. 
Here, pushover analysis and dynamic response analysis 
were carried out to the longitudinal direction to the bridge 
axis for a continuous rigid frame bridge with unequal piers. 
Furthermore, these were also carried out about transition 
of the maximum response ductility factor in the plastic hinge part, and about attention to the damage index 
of the plastic hinge part. 
 

ANALYTICAL CONDITION 
 
This examination was aimed at the continuous rigid frame bridge crossed over a length of 299m (refer to 
Fig.1). For span of 54.55+94.00+94.00+54.55m, this bridge had the structure preface with unequal pier 
height that P1 bridge pier height was 25m, P2 bridge pier height was 40m, P3 bridge pier height was 30m. 
The material characteristic of the superstructure was used as the nonlinear beam element. The material 
characteristic of a bridge pier part was used as the nonlinear beam element that has surrender rigidity. It 
was based on the bridge pier section shown in Fig.2. However, the plastic hinge parts were set to the 
vertical end of a bridge pier. The nonlinear rotation spring constant was prepared in the center of a plastic 
hinge domain. The analysis model is shown in Fig.3. As shown in Fig.3, the linear spring constant of 
vertical, horizontal, and rotation considering the dynamic modification coefficient of the ground was 
prepared in the lower end of the footing of a bridge pier. Since its attention was paid to the modification 
performance of only a bridge pier in case static analysis was performed, the bottom end of a bridge pier 
was considered as fixation. The foundation type of a bridge was the spread foundation, and it set up with a 
bridge built on Ground TypeⅠ. The modification factor for regional Class A was used as 1.0 for regions 
A, and the classification of importance was used Bridges of Class B. Moreover, the bending failure type of 
the whole bridge system set up the analysis model that the bending failure of a bridge pier will occur first, 
and that superstructure was not made to surrender. In dynamic response analysis, the 

Fig.1 Outline of the bridge for analysis 

Fig.2 Detail of reinforcement  

 
(Unit:mm) 

(Unit:mm) 



 
 
 
 
 
 
 
 
 
 
 
 
integration time interval was made into 0.001 seconds using the New Mark β method (β= 0.25). 
Furthermore, three wave forms ( TYPEⅡ-Ⅰ-1，TYPEⅡ-Ⅱ-1，TYPEⅡ-Ⅲ-1 ) of the acceleration wave 
form which adjusted the amplitude of a typical past strong motion record on the frequency zone by making 
Specification V reference as level 2 earthquake motion were used for the input earthquake motion. The 
cycle of the sinusoidal wave on this bridge was made into the cycle in the primary mode that the effective 
mass ratio obtained from eigenvalue analysis stood high. The wave forms of the input earthquake motion 
used for this examination are shown in Fig. 4 (a) ～ (d). 
The damping factors of each part material used when calculating the mode damping constant by energy 
proportionality type attenuation were superstructure : 3%, general part of the concrete pier : 5%, plastic 
hinge part of the concrete pier : 2%, and foundation structure : 20%. General-purpose structural analysis 
program TDAPⅢ was used for analysis software. 
 

ANALYSIS RESULTS 
 
1. Bending damage growth in static analysis results 
 
In this chapter, the technique of static analysis was used pushover analysis. Here, in order to evaluate 
progress of the bending damage by unequal pier height clearly, the vibration direction examined two  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.3 Analysis model 

(a) The sinusoidal wave (b) TYPEⅡ－Ⅰ－１ 

(c) TYPEⅡ－Ⅱ－１ (d) TYPEⅡ－Ⅲ－１ 
Fig.4 Input earthquake waves 
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入力地震波(正弦波）
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directions. Pushover analysis using the static analysis technique was made to act progressively as 
horizontal load on each bridge pier and superstructure. The vibration direction considers the case where 
horizontal load is made to increase gradually in the direction of P1→P3, and the direction of P1←P3 from 
having unequal bridge pier height. The yield order, superstructure displacement, and design seismic 
coefficients surrendered are collectively shown in Fig.5. In the input time of the direction of P1→P3, the 
bottom end of P1 bridge pier reached the yield limit state first, next the bottom end of P3 bridge pier 
reached the yield limit state, and finally the bottom end of P2 bridge pier reached the yield limit state. 
Then, the yield limit state is reached in order of P3 bridge pier top end, P1 bridge pier top end, and P2 
bridge pier top end. In the input time of the direction of P1←P3, the bottom end of P1 bridge pier reached 
the yield limit state first, next the bottom end of P3 bridge pier reached the yield limit state, and finally the 
bottom end of P2 bridge pier reached the yield limit state. Then, the upper end of P1 bridge pier top end 
results in a yield limit state first. Subsequently, the yield limit state is reached in order of P2 bridge pier 
top end and P3 bridge pier top end. Furthermore, as compared with the bottom end of P2 bridge pier 
having reached the limit state in the input time of the direction of P1←P3, the limit state is reversed in the 
input time of the direction of P1←P3 about bending damage growth of the ultimate limit state. Therefore, 
the order of bending damage growth differs by the input time of the direction of P1→P3 and the input 
time of the direction of P1←P3. The reason the order of damage progress differs is considered that the 
change of bridge pier height has influenced. In this pushover analysis results, it has checked that the order 
of bending damage growth changed with the vibration direction. 
 
2. Results of eigenvalue analysis 
 
In this section, the continuous rigid frame bridge for analysis will be a bridge where the action in case of 
an earthquake is complicated. Then, it will be required to grasp the oscillation characteristic. Therefore,  
eigenvalue analysis was carried out in order to check an oscillation characteristic. The Rayleigh damping 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) In the input time of the direction of P1←P3 

Fig.5 Results of static analysis 

Table 1 Results of eigenvalue analysis  

Fig.6 Modal damping 

(a) In the input time of the direction of P1→P3 
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〔C〕specified by the following formulas based on the result which carried out eigenvalue analysis 
estimated the damping constant used in dynamic response analysis. 
 

〔C〕＝a〔M〕＋b〔K〕 
Here, 〔C〕 ：Damping matrix 

 〔M〕 ：Mass matrix  
 〔K〕 ：Stiffness matrix 

a，b ：Coefficient 
 
Here, coefficients of a and b defined the damping constant h to the bridge pier and the foundation 
structure part, respectively, and set it up from the mode damping constant calculated based on an analysis 
result. Moreover, the primary mode in which an effective mass ratio stands high, and the damping 
effective mass ratio chose and set up the 18th mode used as 100%. Modal damping is shown in Fig.6. 
Furthermore, the analysis result to the 10th mode is shown in Table 1. In this analysis model, the effective 
mass ratio in the primary mode has become about 67% of the whole system. Therefore, generally it is 
thought that a bridge like a continuous rigid frame bridge cannot disregard influence of oscillating mode 
in longitudinal direction to the bridge axis. 
 
3. Bending damage growth in dynamic response analysis results 
 
In this dynamic response analysis, three wave forms of the input earthquake motion that the frequency 
characteristic differed and the sinusoidal wave was resonating on this bridge were used. The  sinusoidal 
wave was resonating on this bridge was changed magnification α of the maximum input acceleration on 
the basis of 100gal in order to evaluate the dynamic response at the damage time of a plastic hinge part. 
Moreover, this wave was changed up to 0.25 times, 0.50 times, 0.75 times, 1.00 times, 1.25 times, 1.50 
times, and a maximum of 5.00 times. Furthermore, the input seismic wave changed the magnification α 
of the maximum input acceleration up to 0.10 to 1.00 times. This section considered transition of the  
maximum response ductility factor in a plastic hinge part assumed each bridge pier to the maximum 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Table 2 List of Maximum response ductility factor  

(a) The sinusoidal wave  (b) TYPEⅡ－Ⅰ－１ 

(c) TYPEⅡ－Ⅱ－１ (d) TYPEⅡ－Ⅲ－１ 

 

 



input acceleration. Here, it considered as the value that broke the maximum response rotation angle in a 
plastic hinge part by the yield rotation angle with the maximum response ductility factor. When the value 
exceeds 1.0, it means that a plastic hinge part of a bridge pier reaches the yield limit state. The list of the 
maximum response ductility factor is shown in Table 2, and the relationship between the maximum 
ductility factor and the maximum input acceleration is shown in Fig.7. From this analysis results, the 
maximum response ductility factor of each bridge pier was the order of the bottom end of P1 bridge pier, 
P1 bridge pier top end, the bottom end of P3 bridge pier, P3 bridge pier top end, P2 bridge pier top end, 
and the bottom end of P2 bridge pier fundamentally, after all bridge piers reached the yield limit state. 
However, when the plastic hinge of each bridge pier approached the ultimate limit state, the bending 
damage growth of this analysis model was not necessarily in agreement. Moreover, in Fig.7(a) and (c), the 
inversion of the maximum response ductility factor of P1 bridge pier and P3 bridge pier had been 
checked. It was thought that it was based on the influence of unequal bridge pier height as a reason that 
the maximum response ductility factor reversed. Furthermore, in Fig.7(c) and (d), it had checked that 
bending damage was progressing to the input seismic wave with long period component relatively. The 
same tendency as the sinusoidal wave was resonating on this bridge in Fig.7(a) was seen. Therefore, it is 
necessary to evaluate with accuracy sufficient about the influence of the frequency characteristic of the 
input earthquake motion, about the bending damage growth in this dynamic response analysis results. 
 
4. Damage index 
 
Before arguing about energy absorption, not only the maximum deformation but the energy absorption of 
each plastic hinge part was united and considered about damage evaluation of the continuation rigid frame 
bridge. Park’s damage index3)  was the standard of the damage expressed with the sum of the 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 (a) The sinusoidal wave 

(c) TYPEⅡ－Ⅱ－１ 

(b) TYPEⅡ－Ⅰ－１ 

(d) TYPEⅡ－Ⅲ－１ 

Fig.7 Relationship between Maximum input acceleration and Maximum response ductility factor 
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maximum deformation and increment of the consumption energy to the damage grade about a reinforced 
concrete member cyclic-loaded. Park’s damage index D was shown in the following formula. 
 

∫ｄＥ
δＱ

β
＋

δ

δ
Ｄ＝

ｕｙｕ

Ｍ
 

wｐ）・0.7＋0.134ｐ＋0.24ｎ
ｄ

ｌ
0.073β＝（－0.447＋

ｔ0
 

Here, δＭ ；Maximum deformation sustained by member 
δｕ ；Ultimate deformation under static loading 
Ｑｙ ；Yield horizontal strength of a reinforced concrete pier 
dＥ ；Incremental absorbed hysteretic energy 

ｌ/d ；Effective span ratio 
ｎ0 ；Normalized axial stress 
ｐｔ ；Tension steel ratio 
ｐｗ ；Confinement ratio 

 
Moreover, the maximum deformation of the structure used the response displacement about Park’s 
damage index. However, in this examination, it arranged using the response rotation angle prepared in 
each plastic hinge part. Furthermore, Ｑy was the yield horizontal strength of a reinforced concrete pier, 
but the yield bending moment was used considering the relation of M-θ. Therefore, it asked for the 
damage index D by the formula shown below. In this study, the value of β used 1.0. 
 

∫ｄＥ
θＭ

β
＋

θ

θ
Ｄ＝

ｕｙｕ

Ｍ  

Here, θＭ ；Maximum response rotation angle of a reinforced concrete pier 
θｕ ；Ultimate response rotation angle of a reinforced concrete pier 
Ｍｙ ；Yield bending moment of a reinforced concrete pier 
dＥ ；Incremental absorbed hysteretic energy 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 3  List of Damage index  

(a) The sinusoidal wave  

(c) TYPEⅡ－Ⅱ－１ 

(b) TYPEⅡ－Ⅰ－１ 

(d) TYPEⅡ－Ⅲ－１ 

 

 

 



5. Energy absorption characteristic 
 
At present, Park’s damage index in consideration of the maximum deformation and the increment of 
consumption energy was used as the evaluation method of energy absorption characteristic. The 
calculation result of the damage index is shown in Table 3. In Fig.8, the grade of damage changed with 
maximum input acceleration in the plastic hinge part of each bridge pier. Moreover, the relationship 
between the magnification α of the maximum input acceleration and the damage index D is shown in 
Fig.8.  From this analysis results, the damage index of each bridge pier became small in order of the 
bottom end of P1 bridge pier, the bottom end of P3 bridge pier, P2 bridge pier top end, P3 bridge pier top 
end, the bottom end of P2 bridge pier, and P1 bridge pier top end fundamentally. However, the bottom 
end of P2 bridge pier and P3 bridge pier top end were reversed by only Fig.8(c). Next, the bottom end of 
P2 bridge pier and the bottom end of P3 bridge pier were reversed by only Fig.8(d). Furthermore, as 
shown in Fig.8(d), the inversion of the bridge pier that showed the maximum damage index had been 
checked. Subsequently, in the plastic hinge part of each bridge pier, it became a different thing from the 
tendency that the damage index showed as compared with the tendency of the maximum response 
ductility factor. Therefore, the correlation nature about the maximum response ductility factor and the 
damage index in the plastic hinge part was not necessarily accepted. Moreover, in Park’s damage index, 
even if it compared with the bending damage growth of pushover analysis, it was not necessarily in 
agreement. 
 

CONCLUSION 
 
By this study, the failure type of the whole bridge system set up the analysis model the bending failure 
will occur first. Here, the ultimate horizontal strength of the bridge pier was the same, and it was aimed 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.8 Relationship between Magnification and Damage index 
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(d) TYPEⅡ－Ⅲ－１ 
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(a) The sine wave  (b) TYPEⅡ－Ⅰ－１ 
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at the longitudinal direction to the bridge axis of the continuation rigid frame bridge with unequal piers. 
Moreover, pushover analysis and dynamic response analysis were carried out for the longitudinal direction 
to the bridge axis, and some considerations were added about bending damage growth. Furthermore, its 
attention was paid to the energy absorption in each plastic hinge part of the continuation rigid frame 
bridge. 
 
The acquired knowledge is enumerated below. 
 
(1) From this pushover analysis results, the order of bending damage growth differed by the input time of 
the direction of P1→P3 and the input time of the direction of P1←P3. The reason the order of damage 
progress differed was considered that the change of bridge pier height had influenced. 
 
(2) From this dynamic response analysis results, it has checked that bending damage was progressing to 
the input seismic wave with long period component relatively. Moreover, the same tendency was seen as 
the sinusoidal wave on this bridge. 
 
(3) It was not necessarily in agreement, as a result of comparing about Park’s damage index and the 
maximum response ductility factor after each plastic hinge part surrendered. 
 
In this study, it was analyzing only about the continuation rigid frame bridge that has one kind of unequal 
bridge pier height. Then, Park’s damage index in consideration of both maximum deformation and energy 
absorption was used. Therefore, it is thought that it is effective as the technique of evaluating damage 
rationally to take two parameters into consideration appropriately. However, it is necessary to evaluate 
with accuracy sufficient about the influence of the frequency characteristic of the input earthquake motion 
in dynamic response analysis. Moreover, I think it an important future subject to define the ultimate limit 
state of the whole bridge system. Furthermore, it is required to examine the evaluation technique of 
bending damage growth and energy absorption characteristic in details more. 
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