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ABSTRACT: Precast arch culverts have hinge functions in the main body. Due to these hinge functions, conventional design 
methods, which do not require a seismic design, cannot be applied to the culverts. Moreover, earthquake damages to several precast 
arch culverts were reported after the 2011 off the Pacific coast of Tohoku earthquake, and thus it is necessary to investigate the 
dynamic behavior during strong earthquake motions and the critical state of the culverts. In this study, large-scale shaking table tests 
targeting a 1/5 scale two-hinge precast arch culvert of were conducted to clarify the seismic behavior and the damage morphology of 
culverts using a strong earthquake response simulator. From the results, it was found that even if a huge earthquake occurs and the 
shear strain of the surrounding soil exceeds 6% (the maximum shear strain of the surrounding soil), the hinges would not drop off 
before the culvert member reaches the ultimate limit state. 

RÉSUMÉ : Les ponts en arc préfabriqué ont des liaisons articule dans leurs ossatures. Toutefois, en raison de ces articulations, les 
méthodes conventionnelles, qui ne nécessitent pas un calcul sismique ne peuvent s’y appliquer. De plus, des dommages causés à plusieurs 
ponts en arc ont été signalé après le tremblement de terre de Tohoku au large de la côte pacifique en 2011. Et donc, il est nécessaire 
d’étudier le comportement dynamique pendant les grands secousses sismiques et l’état critique de ces ponts. Dans cette étude, des tests à 
grande échelle par table vibrant sur deux articulations du pont au 1/5 e ont été conduites afin d’élucider le comportement sismique et les 
dégâts morphologiques du pont en usant d’un puissant simulateur de secousse. A partir des résultats obtenus, il en ressort que même si un 
violent tremblement de terre arrive, et que les contraintes de cisaillements du sol environnant excédent de 6% (contrainte maximale de 
cisaillement du sol environnant), les articulations ne subiront pas de rupture avant que les éléments structuraux du pont n’atteignent leur 
état limite ultime. 
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1  INTRODUCTION 

In recent years, the use of precast products has been promoted 
in order to reduce labor at construction sites, to shorten work 
periods and to heighten quality control. Therefore, the 
construction of precast arch culverts, which include hinges in 
the main body, has been increasing. The two-hinge precast arch 
culverts consist of a vault and right and left sidewalls. Figure 1 
shows the structure of a two-hinge precast arch culvert. The 
culvert has one hinge at each shoulder, namely, where the vault 
and the sidewalls are connected. For the foundation, a footing 
type or invert type foundation is selected depending on the soil 
conditions, the size of the structure and the height of the 
backfill above the arch. 

As for the design of culverts in Japan, conventional culverts 
have been built over the past several years by applying methods 
which do not consider seismic response. This is because such 
culverts have not suffered terrible damage in past earthquakes. 
However, the two-hinge precast arch culvert has hinge 
functions in the main body, and thus is outside the range of 
conventional culverts and based on different design concepts. It 
is feared that the hinges at the shoulders will drop out during a 
large earthquake. Therefore, it is necessary to investigate the 
dynamic behavior during strong earthquake motions and the 
critical state of the culverts. 

With regard to the earthquake resistance of two-hinge 
precast arch culverts, some experiments under centrifugal 
conditions or in the 1G gravitational field (Sawamura et al., 
2014, 2015) have been conducted. Sawamura et al. (2015) 
carried out large-scale shaking table tests using a strong 
earthquake response simulator for the two-hinge precast arch 
culvert, which was designed according to the current design 

method in Japan. From the results, it was found that the seismic 
response of the culvert is governed by the shear deformation of 
the surrounding soil; and thus, a seismic deformation method 
will also probably be applicable to an aseismic design. 
However, the damage progression and the critical state of the 
culvert have not been clarified. In this study, shaking table tests 
using a strong earthquake response simulator for 1/5 scale two-
hinge precast arch culvert model were conducted to clarify the 
seismic behavior and the damage morphology. 

2  OUTLINE OF SHAKING TABLE TEST 

In this study, the Strong Earthquake Response Simulator 
(SERS) at the Disaster Prevention Research Institute (DPRI), 
Kyoto University was used. SERS consists of a 3-dimensional 
shaking table with 6 degrees of freedom that can move 
horizontally in 2 directions (X-axis and Y-axis) and vertically 
 

 
(a) Footing type               (b) Invert type 

Figure 1. Structure of two-hinge precast arch culvert. 
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Figure 2. Set-up of culvert model and arrangement of sensors. 
 

 
Figure 3. Bar arrangement drawing. 
 
Table 1. Design condition and material properties of culvert. 

 Design 1/5 model

Size 

Height of inner space [m] 5.60 1.12 

Width of inner space [m] 7.80 1.56 

Overburden [m] 2.00 0.40 

Concrete 

Compressive strength fc [N/mm2] 40.0 47.4 

Young's modulus Ec [kN/mm2] 31.0 32.4 

Poisson's ratio c 0.20 0.18 

Reinforcing 
steel 

Yield strength fy [N/mm2] 295.0 399.3 

Young's modulus Es [kN/mm2] 200.0 196.7 

 
 (Z-axis), and rotates around the 3 axes (θx, θy, θz) 
simultaneously or independently. The lateral dimensions of the 
SERS shaking table are 5 m (X-direction) and 3 m (Y-direction). 

Figure 2 shows the set-up of the culvert model and the 
arrangement of the sensors. A soil chamber, about 3.5 m long, 
2.0 m deep and 1.0 m wide was used for the tests. Since the 
lower part of the side wall and the bottom of the soil chamber 
are connected by a hinge, the side wall serves as a movable wall. 
Therefore, the soil chamber is a structure which permits simple 
shear deformation in the culvert and model ground. 

The culvert model was made from reinforced concrete. 
Kagawa (1978) reported the similarity rule for model tests in 
the 1G gravitational field. If the similarity rule is applied, it is 
necessary to reduce the elastic coefficient of the culvert 
according to the model scale. However, it is difficult to control 
the elastic coefficient of the concrete. In addition, to investigate 
the damage process of a culvert during a strong earthquake, the 
culvert model should be made of reinforced concrete. Therefore, 
the 1/5 scale culvert model, whose material parameters for 
concrete and the reinforcing bar are not reduced, was used.  

 
(a) Real structure          (b) Model experiment 

Figure 4. Modeling of hinge at shoulders. 
 

   
(a) Bar arrangement of sidewall       (b) Surface roughening 

 

   
(c) Bar arrangement of invert         (d) Casting of invert 

Figure 5. Fabrication of culvert model. 
 
Table 2. Properties of Edosaki sand. 
Specific gravity of soil particle Gs 2.73 
Particle size distribution D50 [mm] 0.18 

Internal friction angle  [Deg] 38.3 

Cohesion c [kPa] 14.0 
Optimum moisture content wopt [%] 20.8 

Maximum dry density dmax [g/cm3] 1.64 

 
Figure 3 shows a drawing of the bar arrangement and Table 1 
shows the material constants of the culvert model. The 
dimensions of the design culvert and the 1/5 scale model are 
listed in Table 1. 

Figure 4 shows the hinge connection of the real culvert and 
model culvert at the shoulders. The hinge structure at the 
shoulders is connected by a curve bolt, as shown in Figure 1. 
This curve bolt is originally installed as a countermeasure to 
earthquakes. In addition, there is a secondary merit, namely, 
that the bolt adds increased stability during construction. In this 
experimental study, however, the hinge part is modeled as a 
simple butt structure, without a curve bolt, to investigate the  
stability of the hinge shape. On the other hand, when the 
sidewalls and invert are connected, the invert is cast after the 
surface roughening of the sidewalls. This fabrication procedure 
is the same as that of a real structure. Figure 5 shows the 
fabrication of the culvert model. 

Both the foundation soil and the backfill were made from 
Edosaki sand. Table 2 shows the material properties of Edosaki 
sand. Prior to preparing the model ground, Edosaki sand was 
mixed with water to attain the prescribed water content (w = 
20.0%). Then, the model ground was prepared in 39 layers, one 
every 50 mm, by the compacting method. The degree of 
compaction for the Edosaki sand was set to 92%, which is the 
construction standard for backfill in a precast arch culvert. 

In this study, three different earthquake ground motions 
were applied. Level 1 and Level 2 earthquake motions (Japan 
Road Association, 2012) which are used to design bridges in  
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Figure 6. Input wave at Step 4(measured at shaking table). 
 

 
(a) Overview 

 

  
(a) Large crack at joint between     (b) Chip at right shoulder 

    invert and sidewall 
Figure 7. Damage of culvert after experiments. 
 
Japan were input in Step 1 and Step 2. Afterwards a 1 Hz 
tapered sine wave was input to investigate the damage 
morphology of the culvert after large seismic waves. Figure 6 
shows the input earthquake motion at Step 3. Because the 
damage from ground motions at Step 1 and Step 2 were 
minimal, in this paper, the results of Step 3 are explained. The 
sampling frequency was 1000 Hz, and total measurement time 
was 40 seconds. 

3  EXPERIMENTAL RESULTS 

Figure 7 shows the damage conditions of the culvert after the 
experiments. A few cracks were generated both inside and 
outside of the sidewalls, and the edge of sidewall exfoliated at 
the right shoulder. In addition, large cracks were generated at 
the boundaries between the invert and the sidewalls. However, 
the hinges did not drop out in this experiments. 

Figure 8 shows the time history of the horizontal 
displacement of the wall (at the height of ground level) and the 
ground surface at the center of the embankment. The 
displacement listed is the relative displacement to the shaking 
table, and rightward displacement is defined as positive. The 
displacement of the wall is slightly larger than that of the 
ground surface. The maximum rightward displacement was at t 
= 10.315 s, and the maximum displacement at the wall was 
135.1 mm and at the surface of the ground was 121.7 mm, 
respectively. The shear strains, which are calculated by dividing 
the maximum displacements by the height of ground surface 
(1.96 m), are 6.89% and 6.21%, respectively. Hamada and 
Ohmachi (1996) reported that the amount of shear strain not  
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Figure 8. Time history of horizontal displacement at wall and ground 
surface. 
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(a) Simple shear deformation         (b) Rigid rotation 

Figure 9. Deformation mode of culvert. 
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Figure 10. Time history of story drift  and rotation angle . 
 
accompanied by liquefaction was 1% in the 1995 Great 
Hanshin-Awaji Earthquake. In these experiments, therefore, it 
can be said that very large shear strains occurred and that the 
model ground including the culvert greatly deformed. 

The dynamic behavior of the two-hinge precast arch culvert 
is annualized using story drift  and rigid rotation angle . As 
shown in Figure 9, story drift  is defined as the displacement 
component which causes a simple shear deformation, while 
rigid rotation angle  is defined as the displacement component 
which revolves like a rigid body without transformation. Figure 
10 shows the time history of story drift  and rigid rotation 
angle . Although these values reached the peak value at the 
same time, they oscillate in opposite phases. Rigid rotation 
angle  is imperceptible compared to story drift . Hence, it 
means that the simple shear deformation dominates in the 
dynamic behavior of the two-hinge precast arch culvert. Story 
drift  and the horizontal displacements of the wall and the 
embankment become maximum at the same time. Thus, it can 
be said that the deformation and the cross-sectional force of the 
culvert are dominated by the oscillatory displacement of the 
surrounding ground. 

As shown in Figure 7, large cracks were found at the 
boundaries between the invert and the sidewalls. Therefore, 
Figure 11 shows the time history of change in distance between 
sidewalls, which is defined as positive when the distance 
increases. Although the distance narrows at the beginning of 
distance became 4 mm at the end of experiment. This result  
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Figure 11. Time history of change in distance between sidewalls. 
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Figure 12. Time history of strain of reinforcing steel. 
 
ground motions, the behavior reversed around 6 seconds. The 
parallels the crack width of the joint measured after the 
experiment. Figure 12 shows the time history of the strain 
generated in the reinforcing bar at the right sidewall (SR-6) and 
the invert (I-1). The tensile strain is defined as positive. The 
strain of the inside reinforcing bar drastically increased around 
6 seconds, which is the same time when the distance between 
sidewalls began to spread. The strain accumulates with the 
vibration, and more than 12000  strain occurred at t = 10.315 s 
when the rightward displacement of wall and ground became 
maximum. On the other hand, at the I-1, although the position 
of I-1 is near the joint where the large crack was generated, the 
maximum strain at I-1 was about 2000  which is the yield 
strain of the steel. From these results, it is confirmed that the 
cracks at the joint occurred locally. Therefore, it can be said that 
repeated bending at the corner of the sidewalls caused the 
cracks which pierce the boundary between the sidewalls and the 
invert, which is structurally weak. The method for joining an 
invert and a sidewall at the sites is the same as the method used 
here. Hence, it is possible that the damage which occurred in 
this experiment will also occur at actual construction sites. 

Figure 13 and 14 show the time histories of the rotation 
angle, and gap between vault and left sidewall at left hinge. The 
permissible rotation angle from the geometrical form of a hinge 
is about +8 ~ -5 degrees. At Step 3, the measured rotation angle 
was +4.15 ~ -5.05 degrees. Thus, the damage at the right hinge, 
shown as Figure 7(b), was generated by the collision between 
the edge of the right sidewall and the edge of the vault. 
However, as shown in Figure 14, the gap between vault and 
sidewall was only 3 mm and as such the hinges did not drop out 
in this experiment. Therefore, it is confirmed that the possibility 
of the whole culvert collapsing due to separation of the hinges 
is low even when the shear strain of the ground is more than 6%. 

4  CONCLUSIONS 

In this study, 1/5 scale shaking table tests using a strong 
earthquake response simulator were conducted to clarify the  
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Figure 13. Time history of rotation angle at left hinge. 
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Figure 14. Time history of gap between vault and left sidewall. 
 
seismic behavior of the two-hinge precast arch culvert. From 
the results, the following conclusions can be drawn from the 
results of this study: 
1) Although it is feared that the hinges at shoulders will be 

drop out during an earthquake, it is confirmed that the 
possibility for the whole culvert to collapse due to the 
dislocation of a hinge part is low even when the shear 
strain of the ground is more than 6%. 

2) When the sidewalls and invert are connected, the invert is 
cast after surface roughening of the sidewalls. Therefore, 
the boundaries between the invert and the sidewalls can 
be structurally weak. 
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