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Abstract

Japan has yet to establish a seismic design for road box culverts (RBCs) because past major earthquakes did not damage them. In
recent years, structures with enlarged sectional dimensions (the purpose of which is to optimize the internal space in RBCs) have become
common. However, the unknown seismic strength of such large RBCs makes RBC seismic designs increasingly necessary. Several seismic
design methods have been developed for and applied to rectangular underground structures, e.g., cut-and-cover tunnels, which are struc-
turally similar to RBCs. Although these methods are applicable to RBCs, it is uncertain whether they can be applied directly because
there are currently no evaluation results from model tests on RBCs, which have unique structural features, e.g., no haunch at the bottom
of the sidewalls. Therefore, we verify a seismic behavior of an RBC and develop a method for evaluating it in order to establish a seismic
design for RBCs. We conducted centrifuge model tests subjected to seismic force and a numerical analysis using an elastoplastic finite
analysis method, in addition, we validated this analysis by comparing the test and analytical results. The test results show RBCs will most
likely develop rocking rotation when the ground strain exceeds approximately 0.08%. A comparison of the numerical and experimental
results shows that this analysis can estimate the shear deformation behavior with approximately 90% accuracy in square cross-section
cases. Meanwhile, this analysis has tendency to underestimate the axial forces in each case and to overestimate the bending moments
of some members in the case of wide cross-sections.
� 2019 Tongji University and Tongji University Press. Production and hosting by Elsevier B.V. on behalf of Owner. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1 Introduction

In Japan, road box culverts (RBCs) are typically
designed on the basis of the Road Earthwork and Culvert
Construction Guiding Principle (Japan Road Associations,
2010), hereinafter referred to as the guiding principle. In
this context, an RBC refers to a BC whose internal space
is used as a road. The guiding principle refers to a culvert
with a traditional structure as a conventional culvert and
determines its application range (e.g., in the case of a
https://doi.org/10.1016/j.undsp.2018.09.007
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cast-in-place RBC, the maximum width, height, and over-
burden are 6.5, 5, and 20 m, respectively, and the structure
must be of single-box type). Furthermore, this guiding
principle states that conventional culverts satisfying these
structural conditions are considered to exhibit a seismic
performance, even without a seismic design; it is possible
to determine these structural conditions solely with a static
design. This is because when an earthquake occurs, RBCs
are thought to behave in unison with the surrounding
ground, and therefore, the lining is not subjected to large
seismic forces. Another reason is that past major earth-
quakes did not damage RBCs. Even after earthquakes that
have caused serious damage to geotechnical structures
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(e.g., the Niigata Prefecture Chuetsu-oki Earthquake in
2007, the Great East Japan Earthquake in 2011, and the
Kumamoto Earthquake in 2016), no significant damage
to RBCs was reported (EJECI, 2016; Murakami, 2011;
NILIM and PWRI, 2004; Toyota, 2007).

In recent years, structures with enlarged sectional
dimensions (the purpose of which, in RBCs, is to optimize
the internal space) have become common. As that these
structures do not meet the aforementioned structural con-
ditions of conventional culverts, they require not only a
static design but also a seismic design, creating the need
for a method that can be applied to RBCs. However, there
is no standard seismic design methodology because of the
absence of data regarding major damage caused by past
earthquakes. Several seismic design methods have been
applied to rectangular underground structures, e.g., cut-
and-cover tunnels, which are structurally similar to RBCs,
and various researchers have developed ways to evaluate
their seismic behavior and seismic design (Abuhajar, El
Naggar, & Newson, 2015; Debiasi, Gajo, & Zonta, 2013;
Huo, Bobet, Fernández, & Ramirez, 2006; Hushmand
et al., 2016; Penzien, 2000; Tsinidis, 2017; Tsinidis,
Rovithis, Pitilakis, & Chazelas, 2016; Wang, 1993). It is
presumed that the results of those studies are also applica-
ble to the seismic design of RBCs because the cross-section
of RBCs and the material of members of RBCs are similar
to the underground structures described above.

However, RBCs have unique structural features, e.g., no
haunch at the bottom of the sidewalls and a wide cross-
section. Although there have been previous experimental
studies (Abuhajar et al., 2015; Tsinidis et al., 2016) and val-
idation of dynamic analyses has been conducted in this
area, these studies investigated BCs of a square cross-
section with no haunch at either the top or the bottom of
the sidewalls. The structural features of these BCs differ
from those of RBCs. Having no haunch at the bottom of
the sidewalls can lead to a different damage process and
failure mode under a seismic load. There exists an accuracy
issue in the analysis using beam elements, namely, that the
earth pressure and the seismic force may act at different
places in the numerical model and an actual RBC has a
wide cross-section and comprises thick members. As beam
elements, ordinarily used in the dynamic analysis of
underground structures, are placed in the axis position,
the distance between a beam element and the edge of
the cross-section where actual forces act increases as the
cross-section becomes thicker. In the case of structures
comprising thin members, the accuracy issue becomes neg-
ligible because the distance leading to discrepancy in the
earth pressure and seismic force between the actual struc-
ture and the numerical model is small. Meanwhile, in the
case of structures comprising thick members (e.g., Case 3
of this test), the accuracy issue becomes large because the
distance leading to discrepancy between them is large.
Therefore, it is an open question as to whether numerical
analysis using beam elements can be applied to RBCs com-
posed of thick members. These unsolved concerns also
include the question as to whether the methods used in pre-
vious research can be directly applied to RBCs.

Therefore, some studies (Yamaki, Tanimoto, & Sasaki,
2011; Yatsumoto et al., 2015) have been carried out to
establish a seismic design that can be applied to RBCs. In
previous research (Yatsumoto et al., 2015), we conducted
cyclic loading tests and numerical analysis on a specimen
considering the structural features of an RBC. In that
research, the damage process leading to collapse was
observed carefully and the numerical analysis was verified
by comparing its predictions with the experimental results.
That comparison showed that numerical analysis using a
model that considers the effect of a haunch can evaluate
the shear deformation behavior correctly and can be used
to evaluate the seismic behavior of RBCs. However, culvert
models used in the test were not set in the ground but in the
air. Therefore, the earth pressure to which RBC members
were subjected differed between models and actual RBCs,
which are usually set in an embankment or underground.
We think that this evaluation for RBCs’ seismic behavior
is not sufficient because of this difference. Meanwhile,
Yamaki et al. (2011) researched RBCs experimentally under
the same earth pressures as actual RBCs; they observed
shear deformation and rocking rotation (RR) but did not
evaluate the seismic behavior. As such, no method has been
established to evaluate RBCs under seismic motion.

Therefore, in the present study, we conducted centrifuge
model tests with a scale model considering RBC structural
features to verify the seismic behavior of buried RBCs and
establish a way to evaluate their seismic behavior, which
was not covered in previous research. In these dynamic
loading tests, we designed a model ground (i.e., the sandy
ground surrounding an RBC created using dry Toyoura
sand) and an RBC inside a shear soil chamber, reproduced
the earth pressure acting on the existing structure by means
of a centrifugal force-loading device, and subjected the
model to seismic force. Moreover, we conducted a numer-
ical analysis using an elastoplastic finite analysis method
and validated this analysis by comparing the test and ana-
lytical results. This paper presents the experimental and
numerical results and refers to the applicability of the
numerical analysis employed herein.

2 Scale model tests with a centrifugal force-loading device

2.1 Test outline

We conducted a series of centrifuge model tests using
the centrifugal force-loading device belonging to the Disas-
ter Prevention Research Institute of Kyoto University in
Japan. The effective beam length of the centrifuge device
was 2.5 m, the maximum centrifugal acceleration was
either 200 g (at static loading) or 50 g (at dynamic loading),
and the maximum centrifuge load was 24 g�t. Table 1 lists
the specifications of the centrifugal force-loading device.

Figure 1 shows a chart that correlates the overburden
and the cross-sectional shape (W/H) of RBCs designed in



Table 1
Specifications of centrifugal force-loading device.

Specification Geotechnical centrifuge
(DPRI)

Effective rotation radius (m) 2.5
Effective space for model installation (m) 0.80(L)� 0.36(W)� 0.80(H)
Experimental capacity (g ton) 24
Maximum centrifuge acceleration (g) 200 for static test

50 for dynamic test
Maximum number of rotations (r/min) 260

Table 2
Structural conditions of test cases.

Test case
name

Overburden
(m)

Inner hollow
width (m)

Inner hollow
height (m)

W/H

Case 1 1.0 5.0 5.0 1.0
Case 2 6.0 5.0 5.0 1.0
Case 3 1.0 15.0 5.0 3.0

Fig. 2. Structural dimensions in (a) Case 1, (b) Case 2, and (c) Case 3.
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the past and their relationship with the present test cases.
The cross-sectional shape (W/H) shown in Fig. 1 was
obtained by dividing the RBC width by the height. The
cross-sectional shape and overburden were estimated from
the correlation of the structural conditions of 282 RBCs
prepared by Yatsumoto et al. (2015). We define this area
(where most plotted points are included) as the usage range
of RBCs. Based on the relationship shown in Fig. 1, the
test cases for three structural conditions were selected from
the usage range of structural conditions. Case 1 is a basic
culvert; it has a square cross-section and a small overbur-
den. Case 2 is a culvert constructed at a depth to investigate
the influence of the overburden. Case 3 is a culvert made
with a wide cross-section to investigate the influence of
the cross-sectional shape. The height of the inner space is
same for all the cases, and the width of Cases 1 and 2 is dif-
ferent from that in Case 3. In addition, the thickness of the
culvert is different in all the cases owing to the difference in
overburden and width of culvert. Therefore, the height and
width are different for all the three cases. Figure 1 shows
the structural conditions of previous experimental tests
(Abuhajar et al., 2015; Tsinidis et al., 2016; Yamaki
et al., 2011), as described in Section 1, which are expected
to be helpful in considering the present test results. Table 2
lists the structural conditions of the present test cases.
Figure 1 shows the conditions of RBCs, which can
determine the structural conditions even without a seismic
Fig. 1. Correlation between overburden
design. The structural dimensions for the three cases were
determined using a static design and are given in Fig. 2.
As seen in the figure, the haunches at the bottom slab were
omitted in all models. This is one of the aforementioned
RBC structural specifications.
and cross-sectional shape (W/H).



0

500

1000

1500

2000

2500

3000

0 0.5 1 1.5 2

H
or

iz
on

ta
l l

oa
d 

[k
N

]

Shear strain of the box culvert (%) 

Fig. 4. Results of simulation of the road box culvert (RBC) model with
pushover.

Table 3
Shear stiffness of box-culvert models.

Test case name Initial stiffness
(kN/mm)

Reduced stiffness
(shear strain 1%)
(kN/mm)

Stiffness-lowering
rate (%)

Case 1 34.0 8.0 23
Case 2 86.0 17.4 20
Case 3 110.0 35.0 32
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It would have been difficult to construct the 1/50-scale
RBC model using reinforced concrete (RC), i.e., the actual
material of BCs, because of the difficulty of arranging the
1/50-scale rebar. Therefore, we constructed the scaled
model using aluminum instead of RC. When structures
made of RC are modeled using aluminum, it is necessary
to reduce the thickness of members, in order to compensate
for the difference in material stiffness between aluminum
and RC models. The aluminum model exhibits elasticity
under the excitation condition; however, the RC model
shows nonlinear behavior under the same condition. In
other words, there is a difference in lateral stiffness between
both models during an earthquake. It is desirable to con-
sider the lateral stiffness of the RC model under the nonlin-
ear behavior to accurately investigate the seismic behavior
of RBCs and ground. It is impossible to determine the non-
linear behavior of a real BC made from RC during a high-
magnitude earthquake. We determined the RC model
dimensions via the static design and reduced the thickness
of members by taking the difference in material stiffness
into consideration, as mentioned above. We further
reduced the thickness by taking the nonlinear behavior of
the earthquake into consideration, as mentioned above.
Nonlinear pushover analysis was carried out to take the
nonlinear behavior of the RC model into consideration,
and we determined the reduced lateral stiffness of the RC
model in the case of an earthquake. We intend to consider
the difference in material stiffness in another study, but
consideration of further reduction in stiffness due to an
earthquake is the novelty of our study. In the pushover
analysis, the culvert members were modeled using the
Axial-Force Dependent (AFD) model (Zhang & Kimura,
2002), which can consider the axial-force dependency
according to the variable axial force of the structure and
the reduced stiffness of RC under a large deformation. A
horizontal load was applied to the left edge of the top slab
in this pushover analysis.

Figure 3(a) outlines the pushover analysis. Figure 3(b)
and (c) illustrate the connection model at the corner with
and without a haunch, respectively, which was used and
evaluated by Yatsumoto et al. (2015). Aluminum models
were used in previous experimental research, and the
difference between the aluminum and RC models was
Fig. 3. Pushover analysis: (a) outline of pushover analysis, (b) cor
considered. However, it is not clear whether the nonlinear
behavior of an actual RBC under seismic motion was con-
sidered when the model dimensions were being determined.

Figure 4 shows the horizontal load–shear strain curve
for each case. As the horizontal load increases, the culvert
shear strain and its rate also increase. Table 3 lists the ini-
tial stiffness, the reduced stiffness (shear strain: 1%), and
the stiffness-lowering rate. We will later explain why we
used a shear strain of 1%. We reduced the bending stiffness
ner model with haunch, and (c) corner model without haunch.
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of the aluminum models using this stiffness-lowering rate
and determined the structural specifications for each case.

In these tests, we used a shear soil chamber that was
500-mm wide, 230-mm deep, and 400-mm high. This cham-
ber comprised several boxes without top and bottom slabs.
The boxes were connected to a simple aluminum beam set
at the outer side of the boxes, as shown in Fig. 5. Simple
beams were connected to the bottom of the soil chamber
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using the hinge mechanism. Therefore, the soil chamber
can show simple shear deformation of the model ground,
as shown in Fig. 6.

Figure 7 shows one of the three 1/50-scale model cases,
namely, Case 1, and the layout of the measuring instru-
ments. The distance between the bottom of soil chamber
and the surface of the bottom slab of model culvert, which
touched the ground, was 140 mm in all three cases. As
shown, we installed displacement sensors on the outer side
of the shear soil chamber walls, acceleration meters in the
ground and on the RBC, and strain gauges on the RBC.
Furthermore, the earth pressure transducer (thickness of
2 mm, diameter of 7.6 mm) is installed directly on the sur-
face of RBC. As shown in Fig. 7(b), the acceleration
meters, a, b-1, c-1, and d, were placed at the center between
the sidewalls of RBC and soil chamber. These meters were
used to measure the horizontal acceleration time history in
the ground along a vertical section. The acceleration
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top slab were used to measure the horizontal acceleration
time history at the bottom and top slab of RBC along a
(b)

11
5.

9
(5

.8
)

20 (1
)

117.3 (5.87) 191.4 (9.57)(9.57)

14
0

(7
) 27

5.
9

(1
3.

8)

cale [mm]
e scale) [m]

Acceleration (horizontal)
Earth pressure
Displacement

direction

Hinge

Acceleration (vertical)

m]e ) [scale

Positive directionegative direction

e 1: (a) strain gauge and (b) acceleration, earth pressure, and displacement.



Table 4
Physical properties of Toyoura sand.

Specific gravity Gs 2.64
Average diameter D50 (mm) 0.2
Internal friction angle u (�) 38.9
Cohesion c (kPa) 0
Maximum void ratio emax 0.975
Minimum void ratio emin 0.585

Sponge

Shaking
direction

Fig. 8. RBC model divided into three pieces along the depth direction.
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Fig. 9. Time-history acceleration waveform of input motion in Case 1.
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vertical section. b-1 and b-2 have the same height, as do c-1
and c-2. We define the right side in the figure as the positive
side and the left side as the negative side. The positive
bending moment is defined as bending along the direction
to the inner space.

In the tests, to simulate an RBC built on a sandy
ground, we created a model ground of dry Toyoura sand
surrounding the RBC. Table 4 lists the physical properties
of Toyoura sand. Given that the aforementioned guiding
principle stipulates that the foundation ground into which
an RBC will be installed must be of high quality, Toyoura
sand was pluviated into the shear soil chamber to achieve a
uniform soil layer with a relative density of Dr � 85%.

In shaking table tests, the influence of friction between
the chamber and the RBC models must be mitigated.
Therefore, the RBC model was divided into three parts in
the depth direction, and sponge tapes were installed among
the models as well as between the models and the walls of
the chamber, as shown in Fig. 8. Therefore, we assume that
this test model can be treated as a two-dimensional model.

We used double-sided tape to coat the outer surface of the
model with fine sand to generate the friction force between
the scaledmodel and the surrounding soil.We set a thin rub-
ber membrane between the shear soil chamber sidewalls and
themodel ground to prevent the soil from escaping the shear
soil chamber. We believe that a certain amount of friction
was generated (i) between the scaled model and the soil
and (ii) between the soil and the sidewalls.

2.2 Waveform of input earthquake motion

Because the present tests aimed to determine the
response of an RBC during a strong earthquake, we deter-
mined the shaking intensity so that the maximum shear
strain of the ground would reach approximately 1%. Given
that Hamada and Ohmachi (1996) reported the shear strain
of the nonliquefied soil in the Great Hanshin Earthquake
of 1995 to have been approximately 1%, we set the target
value for the response shear strain in the present study to
be 1%. As mentioned above, this is why we used a
stiffness-lowering rate of 1% for the shear strain.

We used 20 sine waves with a frequency of 0.5 Hz as the
input earthquake waves. We increased the wave amplitude
gradually until the ground shear strain became approxi-
mately 1%. The acceleration waveform consequently mea-
sured at the shaking table is shown in Fig. 9.
2.3 Summary of test results

Figure 10 shows the time-history waveform of the
ground shear strain in each case. This strain refers to the
strain obtained by dividing the amount of relative deforma-
tion by 80 mm (4.0 m in prototype scale), which is the dis-
tance between the heights of 140 mm (7.0 m in prototype
scale) from the shear soil chamber bottom (which corre-
sponds to the bottom slab of the RBC) and 220 mm
(11.0 m in prototype scale) from the bottom. Despite the
small variation in the positive and negative sides, the shear
strain reached the target value of 1% in all cases.

Figure 11 shows the results of the spectral analysis of the
response acceleration obtained at acceleration measure-
ment points a, b-1, and c-1 in the ground. The upper charts
show the results of the spectral analysis at each measure-
ment point, and the lower charts show the spectrum ampli-
fication rate calculated by dividing the spectrum values of
points b-1 and c-1 by the spectrum value of point a consid-
ering the spectrum amplification from the bottom of the
shear soil chamber. In all cases, a large spectrum was
observed to occur at frequencies corresponding to odd
multiples of 0.5 Hz, such as 0.5, 1.5, and 2.5 Hz, and so
on. In all cases, especially in Cases 2 and 3, the amplifica-
tion rate at frequency bands above 3 Hz was high. In
Case 3, the frequency range of amplification expanded to
approximately 10 Hz, and the amplification rate was signif-
icantly higher than that in the other cases. A possible rea-
son for this spectrum amplification at high frequencies is
the interference of waves that propagate from the shear soil
chamber walls, which correspond to the lateral boundary.



Fig. 10. Time-history waveform of ground shear strain in (a) Case 1, (b)
Case 2, and (c) Case 3.
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In Case 3, because the RBC was wide and the distance to
the lateral boundary was short, the influence of this lateral
boundary was large, which possibly caused amplification
over a wide range of frequencies, as observed in the results
for Case 3.

Based on the eigenvalue analysis, using the numerical
analysis described in the next section, the first natural fre-
quency is �1.3 Hz and the second natural frequency is
�3.2 Hz despite slight deviations among the three cases.
We found that the shear deformation of the ground and
the RBC is unaffected by high frequencies in excess of the
second natural frequency. We obtained the acceleration
distribution after using a filter to eliminate all frequencies
higher than 5 Hz.

Figure 12 shows the distribution of acceleration values
in the positive direction at each shaking level (ground shear
strain values: 0.25%, 0.5%, 0.75%, and 1.0%). The solid and
dotted lines show the ground and RBC responses, respec-
tively. Although the distribution is shaped differently in
each case, in all cases, the distributions of the ground
and RBC response acceleration values show discrepancy
from a small ground strain value as small as 0.25%. The
fact that the ground and RBC acceleration values do not
coincide indicates that they might be independent of each
other because of the RR, which has been confirmed in pre-
vious experimental research conducted by Yamaki et al.
(2011) on an RBC.

To determine how RBCs behave when shaken, we sum-
marize the variations in the bending moment, axial force,
and earth pressure in the positive direction at each shaking
level. Figure 13 shows the distributions in the static state
(results of Cases 1, 2, and 3) and when the shear strain of
the surrounding ground reached 0.25%, 0.50%, 0.75%,
and 1.0%. As shown in Fig. 13, the distribution of bending
moment in the static state has an almost symmetric shape,
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while the distributions of axial force and earth pressure in
the static state have an asymmetric shape. We assume that
one of the reasons of this is the deficiency of setting up the
culvert model in the model ground. Furthermore, it is
assumed that the reason for the asymmetric shape in the
earth pressure is large dispersion caused by the aforemen-
tioned installing method of earth pressure transducer.
However, even though such an installation method is used,
we assume that a contact state between RBC and ground
can be investigated accurately.

For example, the bending moments at the left-side cor-
ner of the top slab and the right-side corner of the bottom
slab were observed to increase in the positive direction as
the surrounding ground strain increased. We assumed that
this variation in the bending moment is caused by an
increase in the angle at the corner of the left end of the
top slab and that at the right end of bottom slab. This
occurs when the RBC exhibits shear deformation, and
the cross-sectional shape becomes a right parallelogram.
The distributions of both the bending moment and axial
force agree well with those reported previously
(Sawamura, Kishida, & Kimura, 2014; Tsinidis et al.,
2016). Therefore, RBC shear deformation seems to occur
in all cases. The earth pressure indicated here refers to
the earth pressure in the direction orthogonal to the axis
of a member. From the earth pressure distribution, we
see a large increase in earth pressure at three points (the
right end of the bottom slab, the top of the left-sidewall,
and the bottom of the right-sidewall) and a large decrease
at the left end of the bottom slab, along with an increase in
the surrounding ground strain in all cases. To analyze the
earth pressure, we created a time-history chart of the vari-
ation in earth pressure at each end of the bottom slab, as
shown in Fig. 14.
In all cases, earth pressure at each measuring point
repeatedly increases and decreases because sine waves were
used as the input waves. When the earth pressure at the left
end of the bottom slab increases, that at the right end
decreases. Conversely, when the earth pressure at the left
end of the bottom slab decreases, that at the right end
increases. Moreover, the earth pressure reduces to zero,
as shown Fig. 14, which is approximately 36 and 32 s in
Cases 1 and 2, respectively. The noncontact state is shown
when the earth pressure becomes zero. Judging from the
variation in earth pressure, the noncontact between the
bottom slab and ground occurred alternately at the edge
of both sides of the bottom slab, probably because of the
rocking rotation (RR).

Previous research (Abuhajar et al., 2015; Debiasi et al.,
2013; Penzien, 2000; Tsinidis et al., 2016; Tsinidis, 2017;
Wang, 1993) focusing on a rectangular underground struc-
ture suggested that both RR and shear deformation occur
during earthquake motion. However, the data that show
both behaviors (shear deformation and RR) could not be
obtained directly in this study because the angle meter is
not used to obtain the shear deformation and RR angles.
Therefore, we calculated shear deformation and RR angles
using numerical analysis and verified the behaviors.

3 Numerical analysis

3.1 Numerical analysis method

To examine the method for evaluating RBCs during an
earthquake and understand shear deformation and RR,
which could not be directly measured using the aforemen-
tioned centrifuge model tests, we simulated the centrifuge
model tests using a two-dimensional elastoplastic finite-



Fig. 13. Variations in bending moment, axial force, and earth pressure: (a) bending moment (left: Case 1, center: Case 2, right: Case 3); (b) axial force (left:
Case 1, center: Case 2, right: Case 3); and (c) earth pressure (left: Case 1, center: Case 2, right: Case 3).

H. Yatsumoto et al. / Underground Space 4 (2019) 147–167 155
element method, as implemented in the DBLEAVES anal-
ysis code. DBLEAVES performs numerical analysis based
on the infinitesimal deformation theory and the three-
dimensional elastoplastic finite-element analysis code
DGPILE3D developed by Kimura and Zhang (2000). It
was improved by Ye, Ye, Zhang, and Yashima (2007)
and can be applied to problems involving large deforma-
tions. The accuracy and applicability of DBLEAVES has
been verified through its use with many other underground
structures, such as pile foundations (Danno & Kimura,
2009; Jin, Bao, Kondo, & Zhang, 2010), tunnels (Cui,
Kishida, & Kimura, 2010; Xia, Ye, Wang, Ye, & Zhang,
2010), and arch culverts (Sawamura, Ishihara, Kishida, &
Kimura, 2016; Sawamura, Matsushita, Kishida, &
Kimura, 2017). We chose DBLEAVES as the platform
for reproducing these centrifuge model tests because (i)
the out-of-plane direction of the RBC does not change
and (ii) the ground material used in this simulation (i.e.,
Toyoura sand) was used in other studies. The accuracy
and applicability of these tests were confirmed.



-50
0

50
100
150
200
250

0 10 20 30 40 50

Ea
rth

 p
re

ss
ur

e 
(k

N
/m

2 )

Time (s)

-200

0

200

400

600

0 10 20 30 40 50

Ea
rth

 p
re

ss
ur

e 
(k

N
/m

2 )

Time (s)

-100
0

100
200
300
400
500

0 10 20 30 40 50

Ea
rth

 p
re

ss
ur

e
kN

/m
2

Time (s)

Earth pressure zero 

Earth pressure zero

Earth pressure zero

800
(a)

Time (s)
(b)

( )
(c) 

-50
0

50
100
150
200
250

0 10 20 30 40 50

Ea
rth

 p
re

ss
ur

e 
(k

N
/m

2 )

Time (s)

-200

0

200

400

600

0 10 20 30 40 50

Ea
rth

 p
re

ss
ur

e 
(k

N
/m

2 )

Time (s)

-100
0

100
200
300
400
500

0 10 20 30 40 50

Ea
rth

 p
re

ss
ur

e
kN

/m
2

Time (s)

Earth pressure zero 

Earth pressure zero

Earth pressure zero

800
(a)

Time (s)
(b)

( )
(c) 

Fig. 14. Time-history variation in earth pressure in (a) Case 1, (b) Case 2,
and (c) Case 3.
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3.2 Analytical cases

The analytical cases comprised three centrifuge test
cases. We modeled the shear soil chamber, model ground,
Fig. 15. Outline of models for the analysis:
and model RBC. Figure 15 shows the analytical mesh
and boundary conditions for each case. The sidewalls of
the shear soil chamber were modeled with elastic beams,
and the bottom and lower ends of a sidewall were con-
nected by a hinge to simulate the hinge mechanism of the
shear soil chamber. Furthermore, the right and left-
sidewalls of the actual shear soil chamber behave the same
in both the x- and y-directions when shaken because both
walls were connected through the out-of-plane sidewalls.
Therefore, we considered an equal-displacement boundary
condition at the right and left nodes with the same height,
which was used to model the sidewalls of the soil chamber
so that they would behave the same in both the x- and the
y-directions. We used a fixed condition (i.e., no movement
in both directions) at the shear soil chamber bottom for
both the x- and the y-directions.

In this analysis, we used stiffness proportional damping,
with h (damping coefficient) being 0.05 for the soil elements
and 0.02 for the RBC elements. The integration time inter-
val was set at 0.005 s using the Newmark-b method
(b = 1/4; c = 1/2). Moreover, we applied the same input
acceleration as that considered in the centrifuge model tests
at the bottom of the shear soil chamber.
3.3 Model of ground and culvert lining

In this dynamic analysis, we modeled the soil behavior
using the subloading tij model (Nakai & Hinokio, 2004).
The principal feature of this model is its ability to consider
not only the influence of the intermediate principal stress
and the confining pressure dependence of the shear rigidity
but also the normal and overconsolidated states without
any distinction between sand and clay. In addition, as the
subloading tij model was developed for practical applica-
tions, we deemed this model to be superior to other models
because many of the necessary parameters can be deter-
mined easily via triaxial and consolidation tests. Table 5
lists the properties of Toyoura sand used in this analysis.
Model RBC was designed with an elastic beam element
that is often used in the seismic analysis of underground
(a) Case 1, (b) Case 2, and (c) Case 3.



Table 5
Parameters of Toyoura Sand used in the present analysis.

Principal stress ratio at critical state Rcs = (r1/r3)cs(comp.) 3.2
Compression index k 0.07
Swelling index j 0.004 5
N = eNC at p = 98 kPa & q = 0 kPa 1.1
Poisson’s ratio me 0.271
Parameter on density and confining pressure a 60
Parameter on the form of yield surface b 2
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structures. The value of Poisson’s ratio with respect to
ground is 0.271, as calculated from internal friction angle
with value 38.9�, which is obtained from the shear strength
test of Toyoura sand. In the calculation, we used Jaky’s
equation (Eq. (1)) and the equation (Eq. (2)) given by the
theory of elasticity.

K0 ¼ 1� sinu ð1Þ
m ¼ K0=ð1� K0Þ ð2Þ
where u is the internal friction angle, K0 is the coefficient of
earth pressure at rest, m is the Poisson’s ratio.

Table 6 lists the material constants of the RBC used in
this analysis. Because the RBC model was made of alu-
minum, as described previously, the properties of alu-
minum were used for the culvert in these tests. The value
of Poisson’s ratio with respect to the culvert is 0.17, as
obtained from the quality label. Furthermore, to simulate
the contact state, we used joint elements (i) between the soil
and the RBC and (ii) between the soil and the shear soil
chamber walls. These joint elements are capable of repro-
ducing the separation between the two parts that they con-
nect because they generate a contact force in the normal
direction of the element but do not generate a tensile force,
which would allow separation. They can also simulate a sit-
uation that involves a slide in the shear direction with fric-
tion, reproducing the behavior (i) between the ground
inside the shear soil chamber and the RBC and (ii) between
the ground and the shear soil chamber walls. Table 7 lists
the material constants of the joint elements, which are
based on the results of one-plane shear tests with mortar
and Toyoura sand.
Table 6
Material constants of culvert model used in
the present analysis.

Young’s modulus E (kN/m2) 6.93 � 107

Density q (g/cm3) 2.7
Poisson’s ratio mc 0.333

Table 7
Material constants of joint element used in
the present analysis.

Shear stiffness Ks (kN/m2) 1.55 � 107

Normal stiffness Kn (kN/m2) 1.55 � 107

Cohesion c (kN/m2) 5.0
Internal friction angle u (�) 28.0
As mentioned previously, to generate the friction, the
outer surface of RBCs is coated with fine sand; a rubber
membrane was set between the modeled ground and the
shear soil chamber sidewalls. We assume that the friction
situation of modeled ground-RBC and modeled ground-
soil shear chamber is similar to that of soil and mortar.
Therefore, we use the coefficient of the joint element, which
is obtained from the shear test conducted between the soil
and mortar in a previous study, for use in this simulation.
Furthermore, the influence of the values of the normal and
shear stiffness, Kn and Ks, at the contact between the struc-
ture and the sand was investigated using sensitivity analy-
sis. The result in the case in which the values of Kn and
Ks were reduced to one-tenth confirmed that the rates of
change of both the bending moment and the axial force
were much less than 10% of the result in the case where
Kn and Ks were not reduced, even in Case 2 where their
rates of change were the highest.

4 Results and evaluation of numerical analysis

4.1 1-g analysis

Before carrying out a dynamic analysis, we conducted a
1-g analysis for each case. In this analysis, the soil was
modeled using an elastic element. We used Young’s modu-
lus obtained from the initial shear modulus. This initial
shear modulus was determined from the shear stress–shear
strain curve obtained from the numerical simulation of tri-
axial tests on Toyoura sand using the subloading tij model.
The fixities at the bottom boundaries were fixed horizon-
tally and vertically, but those at the side boundaries were
allowed to move vertically (roller hinges). Figure 16 shows
the results of the 1-g analysis for the distributions of bend-
ing moments, axial forces, and earth pressure, where the
results of the tests described in Section 2 are indicated by
red circles.

Regarding the bending moment, the discrepancy
between the numerical and experimental results for the cen-
ter part of sidewalls in Case 2 is slightly larger than that in
Cases 1 and 3. Meanwhile, the numerical results show good
agreement with the experimental results for other parts in
all cases.

Regarding the axial-force distribution, the numerical
results are lower than the experimental ones in all cases,
and this discrepancy is especially large at the top and bot-
tom slabs. In Case 3, at the point where the discrepancy is
the largest, the numerical results are approximately 30% of
the values observed in experimental results. The test results
for the axial force distribution differ considerably from
those for the numerical distribution. This difference may
have been due to uneven friction between the ground and
the RBC model. Therefore, to verify the influence of fric-
tion, we conducted a sensitivity analysis in which we chan-
ged the friction conditions for the joint element; the axial
force did not change much, and its distribution showed
no significant variation. Thus, we believe that some other



Fig. 16. Distributions of bending moment, axial force, and earth pressure in 1-g analysis: (a) bending moment (left: Case 1, center: Case 2, right: Case 3);
(b) axial force (left: Case 1, center: Case 2, right: Case 3); and (c) earth pressure (left: Case 1, center: Case 2, right: Case 3).
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factor caused the difference between the numerical and the
experimental results, which is not quite clear at present.

Regarding the earth pressure distribution, the numerical
analysis reproduced the experimental tests with reasonable
accuracy in all cases. For the bottom slab in Case 2, which
has a large overburden, the numerical results were lower
than the experimental ones, but this difference is not as
large as that for the axial force.

As shown in Fig. 16, the distributions of bending
moment, axial force, and earth pressure do not show a
symmetric shape. We assume that this can be attributed
to the deficiency of setting up the culvert model in the
ground.

4.2 Sectional force on culvert lining in dynamic analysis

Figure 17 shows the numerical and experimental results
for the ground-strain time history under shaking. As men-
tioned previously, we obtained the ground strain from the
relative displacement at a height between 7 m and 11 m. As
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Fig. 17. Comparison of ground-strain time histories: (a) Case 1, (b) Case 2, and (c) Case 3. The ground strain obtained from the relative displacement at a
height between 7 m and 11 m in the numerical and experimental results are compared herein.
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shown, in Cases 1 and 3, the amplitudes of the positive and
negative peaks increased gradually at almost the same rate,
but in the analysis, the amplitude at the positive side
exceeded that at the negative side, resulting in an amplitude
history that is skewed to the positive side. In Cases 1 and 3,
this trend occurs from the moment the shear strain reaches
a shear strain of approximately 0.3% and the amplitude
history becomes more skewed to the positive side as the
shear strain increases. This phenomenon may have
occurred because of the following: in the analysis, the
amount of displacement on the positive side was larger
than that on the negative side during one period, which
generated discrepancy of displacement. This phenomenon
occurs repeatedly, and the discrepancy is accumulated.
Finally, the accumulation to the positive side caused the
deviation of displacement to the positive side.

Regarding the numerical amplitudes of the shear strain
on the positive and negative sides, in Case 3, they are
almost the same as the experimental ones, whereas in
Case 1, they are lower than the experimental ones after
around the 30-s mark. No skewed amplitude was observed
in Case 2, where a gradual increase on both sides was suc-
cessfully reproduced. Moreover, the amplitude observed in
the numerical results was approximately 90% of the value
observed in the experimental results, with a shear strain
of 0.5%. In addition, the amplitude observed in the numer-
ical results was approximately 75% of the value observed in
the experimental results, with a shear strain of 1.0%.

Regarding the variations in the bending moment, axial
force, and earth pressure in the RBC under shaking,
Fig. 18 shows the distributions of each case with a ground
strain of 1.0% in the positive direction. Figure 19 compares
the time-history responses of the numerical analysis and
experimental results at the top and bottom of the left-
sidewall, which is chosen as a representative member.

Regarding the bending moment, in Cases 1 and 2, the
numerical results have a discrepancy of approximately
±10% from the experimental results. In Case 3, the left-
sidewall is two times higher than that in the experiments.
At other points, numerical results have a discrepancy of
approximately ±15% from the experimental results. We
attribute the large differences between the numerical and
experimental results in Case 3 to the different positions at
which the earth pressure and the external earthquake force
act in the test and simulation models, as described in
Section 1. These different positions generate the discrepancy
of the total subjecting force and the position of the rotation
center between them, and these factors may lead to
different shear deformation and RR behaviors. In other
words, the structural feature of the RBC lowers the numer-
ical accuracy.

Regarding the axial force, RBCs with a wide cross-
section, which is a structural feature of RBCs, have thick
members, such as those in Case 3. In other words, the accu-
racy of the numerical analysis for RBCs with a wide cross-
section became lower. The difference is especially large at
the top and bottom slabs, where approximately 30% of
the experimental results are same as numerical results.
Moreover, the analysis cannot reproduce the distribution
generated at the left-sidewall in Case 1 and the bottom slab
in Cases 1 and 2. At this point, it is difficult to determine
why this axial force causes the numerical and experimental
results to differ. We must determine how this difference
influences the evaluation of RBC earthquake behavior.
On the sidewall, although we were unable to reproduce
the axial force distribution shape accurately in each case,
we were mostly successful at evaluating the average axial
force within this member.

Regarding the earth pressure with a ground strain of
1.0%, the numerical result is almost 60% of the value of
the experimental one in all cases. From the time-history
analysis results, the numerical results are smaller than the
experimental ones during the time when the ground strain
is quite small. This result showed that the reproducibility of
earth pressure is lower than that of the bending moment.

4.3 Shear strain distribution of ground

A distribution chart of shear and volume strains is cre-
ated for a detailed analysis of the ground behavior under
seismic motion. Figure 20 shows the shear and volume
strain distributions of all cases with a ground strain of
1.0% in the positive direction. The left figure shows the
shear strain distribution, and the right figure shows the vol-
ume strain distribution. Furthermore, the shear and vol-
ume strains are set at 5% (max). However, there are some
elements which generate strains >5% because it is difficult
to compare the results of 3 cases if the maximum strains
in all of them are set to the maximum value of the distribu-
tion chart.



Fig. 18. Comparisons of experimental and numerical results for bending moment, axial force, and earth pressure: (a) bending moment (left: Case 1, center:
Case 2, right: Case 3); (b) axial force (left: Case 1, center: Case 2, right: Case 3); and (c) earth pressure (left: Case 1, center: Case 2, right: Case 3).
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In all cases, a shear strain of >5% was generated in some
elements that were next to both the edges of the top slab.
Ground elements under which there is no RBC show the
subsidence, while ground elements under which there is
RBC do not show the subsidence. Ground elements around
both edges of the top slab are located between the areas
that show subsidence and no subsidence, and become the
transition area. Therefore, the large shear strain occurred
in the transition area. Furthermore, the ground adjacent
to the RBC sidewalls generated a large shear strain >5%
in Cases 1 and 2. The earth pressure in the normal direction
of sidewalls was <100 kN/m2, >100 kN/m2, and close to
200 kN/m2 in Cases 1, 2, and 3, respectively. From these
results, it is found that the shear strain of the ground next
to the RBC sidewalls, where large earth pressure (over
100 kN/m2) is generated, have a large value. However,
large shear strain is generated around the bottom corner
of sidewalls in the wide range only in Case 3. We assumed



Fig. 19. Comparisons of experimental and numerical results for time-history responses of bending moment, axial force, and earth pressure: (a) Case 1 (left:
bending moment, center: axial force, right: earth pressure); (b) Case 2 (left: bending moment, center: axial force, right: earth pressure); and (c) Case 3 (left:
bending moment, center: axial force, right: earth pressure).
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that the reason for this large strain in the wide range in
Case 3 is a different shear deformation mode caused from
the short distance between RBC and shear-chamber side-
walls. It is assumed that this large strain generated around
the bottom corner of sidewalls leads to the overestimation
of bending moment at the bottom and both end of side-
walls and bottom slab, respectively.

The volume strain of elements located above both edges
of the top slab in both Cases 1 and 3 (shallow overburden
case) undergoes expansion. However, the volume strain of
elements located just next to (not above) both the edges of
the top slab in Case 2 (large overburden case) stays com-
pressed. Lateral and vertical shear deformations occur in
Fig. 20. Shear and volume strain distributions (ground strain of 1.0% in the po
2 (left: shear strain, right: volume strain); and (c) Case 3 (left: shear strain, rig
the ground element located above both the sidewalls; there-
fore, the volume strain in those elements undergoes dilation
(negative volume strain). In case of shallow overburden,
the compressive volume strain (positive strain) is small
from the initial state because of the small earth pressure,
and the variation to the negative value of volume strain
under shaking is larger than the initial compressive volume
strain; hence, the volume strain reaches the expansion (neg-
ative) volume strain. However, in case of large overburden,
the compressive volume strain (positive strain) is large
from the initial state because of the large earth pressure
and because the variation to the negative value of volume
strain under shaking is smaller than the initial compressive
sitive direction): (a) Case 1 (left: shear strain, right: volume strain); (b) Case
ht: volume strain).
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volume strain, hence the volume strain does not reach the
expansion (negative) volume strain. The compressive vol-
ume strain of elements located below both the edges of
the bottom slab and next to the bottom of sidewalls
undergo >5% increase in Cases 1 and 2. When RBCs adjust
the RR, both the edges of the bottom slab become the cen-
ter of rotation. Both the edges of bottom slab as the center
of rotation were pushed into the ground because of the
RR. Hence, the compressive volume strain of elements that
are around both the edges of bottom slab increases. How-
ever, the volume strain of the element located below both
the edges of the bottom slab and next to the bottom of
the sidewalls does not show a large increase (<2% strain)
in Case 3. RR angle in Case 3 is approximately half of that
in Cases 1 and 2. We assume that this causes the small com-
pressive volume strain in Case 3.

4.4 Analysis of shear deformation and rigid body rotation

As mentioned before, we conclude from the present
experimental results that RR occurred in each case. As
shown in Fig. 21, it is possible that shear deformation
and RR occurred simultaneously during shaking, but these
behaviors cannot be measured directly with a test. There-
fore, we decided to determine the shear deformation angle
and RR angle numerically.

The RR angle b occurs between the bottom slab and the
foundation ground located beneath it. Based on the coordi-
α

β

Fig. 21. Schematic of shear deforma

Fig. 22. Outline of the gradu
nates of the four corners of the RBC shown in Fig. 21, the
shear deformation angle and the RR angle were derived
from

tan b ¼ ðy4 � y3Þ=W ð3Þ
tanðaþ bÞ ¼ ðx1 � x4Þ=H ð4Þ
a ¼ arc tanðaþ bÞ � arc tan b ð5Þ
where x1–x4 are the x-coordinates of the RBC corners, y1–
y4 are the y-coordinates of the RBC corners, W is the RBC
width, H is the RBC height, and a is the shear deformation
angle.

As described in the previous section, input motion used
in this test comprises 20 periodic sine waves of 0.5 Hz. It is
assumed that the response data of ground and RBCs differ
in each period because the sine waves were gradually
increased. Therefore, different response data in each period
can be obtained if we divide the response data into 20 peri-
ods, as shown in Fig. 22. We also analyze the shear defor-
mation angle a and RR angle b of each wave.

Figure 23 shows the time-history variation in the shear
deformation angle a and RR angle b for each case, and
Fig. 24 shows the relationship between the maximum input
acceleration and the ratio of the maximum shear deforma-
tion angle a to the maximum RR angle b in each of the 20
waves. In Fig. 21, the maximum ground strain that
occurred with each wave is also extracted and added to
the figures.
tion and rocking rotation (RR).

ally increasing sine wave.
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As shown in Fig. 24, in each case, the shear deformation
angle a increases as the input acceleration increases. How-
ever, until the input acceleration exceeds approximately
0.8 m/s2, the RR angle b remains very small. This indicates
that when the shaking level is small, the RR is very small
and both the surrounding ground and the RBC show the
same shear behavior without no-contact state. After
exceeding an input acceleration of approximately 0.9 m/s2

(although there is a variation of input acceleration, e.g.,
1.0 m/s2 in Case 1, 0.8 m/s2 in Case 2, and 0.7 m/s2 in Case
3), the RBC shows RR and shear deformation with the
noncontact sate between the ground and RBC is assumed
to occur. However, it is difficult to use the acceleration to
specify when the RR increases rapidly because there is a
variation among the three cases. Meanwhile, regarding
the ground strain shown in Fig. 25, the RR starts to
increase sharply when the ground strain exceeds approxi-
mately 0.08%. These results suggest a correlation between
Fig. 23. Time-history behavior of shear deformation angle a and RR
angle b in (a) Case 1, (b) Case 2, and (c) Case 3.

Fig. 24. Relationships between input acceleration, ground strain, shear
deformation angle a, and RR angle b: (a) Case 1, (b) Case 2, and (c) Case 3.
the surrounding ground strain and the RR angle as well
as between the surrounding ground strain and the shear
deformation angle.



Fig. 25. Correlation with ground strain: (a) shear deformation angle a and (b) RR angle b.

Fig. 26. Correlation between shear deformation angle a and RR angle b.
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Many researchers have reported a relationship between
the surrounding ground strain and the shear deformation
angle, namely, the racking ratio–flexibility ratio relation-
ship (Abuhajar et al., 2015; Debiasi et al., 2013; Huo
et al., 2006; Hushmand et al., 2016; Penzien, 2000;
Tsinidis et al., 2016; Tsinidis, 2017; Wang, 1993). Racking
ratio equals the structure shear strain over the ground
shear strain. Therefore, these results show that there is a
relationship expressed in the equation between them.
Among these researchers, Tsinidis (2017) showed the rela-
tionship between the surrounding ground strain and the
RR angle as the h/cff–flexibility ratio relationship obtained
from the numerical analysis. h/cff equals the RR angle over
the ground shear strain. Therefore, this result shows that
there is a relationship expressed in the equation between
them as with the structure shear strain. Based on these find-
ings of these previous studies, we specially focus on the
relationships among the maximum ground strain, the max-
imum shear deformation angle a, and the maximum RR
angle b in each of the 20 waves. As shown in Fig. 25(a),
despite the differences among the cases, the correlation
between the surrounding ground strain and the shear
deformation angle a is quadratic and quite strong. Mean-
while, from Fig. 25(b), after the ground strain exceeds
0.08%, the RR angle b increases sharply with the ground
strain. However, the correlation between the surrounding
ground strain and RR angle b is not as strong as that
between the surrounding ground strain and the shear
deformation angle a because there is dispersion in each
wave. In Case 3, the correlation between the surrounding
ground strain and the RR angle b is not shown and the dis-
persion in each wave is larger than that in other two cases.
We assume that the discrepancy of correlation between
Cases 1 & 2 and Case 3 is caused by the short distance
between the soil chamber wall and RBC sidewall, so is
the larger dispersion in Case 3.

Then, to determine the correlation between the maxi-
mum shear deformation angle a and the maximum RR
angle b in each of the 20 waves, we construct a correlation
diagram between the two indices, as shown in Fig. 26. All
cases do not show a relationship as strong as the linear
relationship between shear deformation angle a and RR
angle b. This is caused by the dispersion in RR angle b,
as shown in the correlation between the ground strain
and angle b.
4.5 Considerations about numerical analysis

As mentioned in the preceding paragraph, the numerical
results for the bending moment agree well with the experi-
mental results, except in Case 3, which has a wide cross-
sectional shape. In addition, the numerical axial forces
were smaller than the experimental ones in each case, espe-
cially at the top and bottom slabs. As we were unable to
determine the reason for this difference, we think that the
proposed simulation has a tendency of underestimation
of the compressive axial force. Therefore, the influence
on the seismic behavior from this underestimation of com-
pressive axial force was verified via numerical analysis. One
of the most important factors when evaluating RBC’s seis-
mic behavior is the amount of shear deformation. When an
RBC shows shear deformation, the sidewalls are the main
members that resist the seismic force. Therefore, we used
nonlinear pushover analysis employing the AFD model
described in Section 2 to conduct sensitivity analysis in
which we changed the axial forces acting on the sidewalls.
We chose Case 2 as the analytical object because the differ-
ence in the axial force at the sidewall between the experi-
mental and the numerical results was the largest of the



Table 8
Stiffness at several horizontal displacements.

Stiffness Horizontal disiplacement (mm) (Story drift
angle (radian))

15 (0.002 5) 29 (0.005 0) 58 (0.010)

① Basic case (kN/mm) 48.59 32.35 17.44
② Side walls axial

force 70% (kN/mm)
47.86 31.55 16.93

②/① 0.98 0.98 0.97
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three cases (the numerical results of compressive axial force
at the side in Case 2 were approximately 70% of the values
obtained in experimental results).

Figure 27 shows the relationship between the horizontal
displacement and the horizontal load in Case 2. The basic
case shown in the figure refers to a case in which the axial
force was not reduced. When the horizontal load is smaller
than approximately 10 mm, there is barely any discrepancy
in the relationship between horizontal displacement and
horizontal load in both cases. However, when the horizon-
tal displacement reaches approximately 15 mm and the
response displacement begins to show a nonlinear
response, the horizontal displacement in the case with a
small axial force becomes larger than that in the basic case.
This result shows that the lateral stiffness in the case with a
low axial force becomes lower than that in the basic case.

Therefore, we focus on the lateral stiffness and summa-
rize it based on the analysis results. Table 8 lists the lateral
stiffness for horizontal displacements of 15, 29, and 58 mm.
In the case with a reduced axial force, the decrease in stiff-
ness is not large; only a 3% reduction appears even when
the horizontal displacement reaches 58 mm. We believe
that this small axial force does not significantly influence
the lateral stiffness. Furthermore, we confirm the influence
on the lateral stiffness from the small compressive axial
force in Cases 1 and 3 via the same analysis. Similar results
in the two cases were obtained.

Many researchers have proposed simplified seismic
methods for underground structures (Abuhajar et al.,
2015; Debiasi et al., 2013; Huo et al., 2006; Hushmand
et al., 2016; Penzien, 2000; Tsinidis et al., 2016; Tsinidis,
2017; Wang, 1993) and have shown the relative stiffness
between a structure and the surrounding ground to be a
key factor in the structural seismic response. From this
knowledge, it is possible to understand that the influence
on the shear deformation is not large under a small change
in the lateral stiffness. Table 8 summarizes the stiffness for
horizontal displacements of 15, 29, and 58 mm. In the case
with a reduced axial force, the decrease in stiffness is not
Fig. 27. Relationship between horizontal displacement and horizontal
load in Case 2.
large; only a 3% reduction appears even when the horizon-
tal displacement reaches 58 mm. We reason that this stiff-
ness reduction does not significantly influence the seismic
deformation of RBCs in the ground.

From the series of analysis (reproduction analysis and
analysis for the verification of the underestimation of the
axial force), this simulation is capable of estimating the
shear deformation with a certain accuracy, except in Case 3
(which involves a wide cross-sectional shape). In other
words, in cases with a square cross section (Cases 1 and
2), the shear deformation behavior with approximately
90% accuracy can be estimated from the comparison
between the bending moments in the experimental and
numerical analysis results. However, the underestimated
axial forces lead to overestimated tensile forces in the
rebars and underestimated strength of the members. In
other words, this simulation tends to easily judge the plas-
tic yield and the shear failure of the members.
5 Conclusion

To verify the seismic behavior of the buried RBCs and
establish a method for evaluating their seismic behavior,
centrifuge model tests and a numerical analysis were car-
ried out. In this test, we use the culvert model, the thickness
of which was determined considering the nonlinear behav-
ior of earthquake. In the structural condition, which we
conducted in this experimental study, the main conclusions
are summarized as follows:

(1) The test results show that as the earth pressure in the
direction orthogonal to the axis of a member at the
bottom slab increases with increased shaking, the
earth pressure becomes zero (noncontact situation)
after the ground strain exceeds 0.08%.

(2) Based on the acceleration and earth pressure measured
in the present tests, RBCs will most likely develop
RR when the ground strain is as small as 0.08%.

(3) A comparison of the numerical and experimental
results shows that this analytical model can evaluate
the bending moment accurately in cases with a square
cross-section. Meanwhile, some discrepancies were
observed: (i) the numerical axial forces were lower
than the experimental ones in each case and (ii) the
numerical bending moments were larger than the
experimental ones in the case of wide cross-sections.
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(4) From the sensitivity analysis in which the axial forces
acting on the sidewalls were decreased, it was assumed
that even though the seismic response obtained from
this analysis tended to be overestimated under nonlin-
ear behavior, the influence on the estimated seismic
deformation was small. Therefore, it can estimate the
shear deformation behavior with approximately 90%
accuracy in square cross-section cases (Cases 1 and 2)
judging from the comparison in the bending moment
between the experiment and numerical analysis results.
In addition, the underestimation of axial forces
allowed us to easily estimate the plastic yield and the
shear failure of the members.

(5) In the numerical analysis, a strong correlation
appeared between the surrounding ground strain
and the shear deformation angle calculated in Eq.
(5). Moreover, the relationship between the RR angle
and the surrounding ground strain did not appear to
be as strong as that with the shear deformation angle.

The present study confirms that dynamic analysis can be
used to evaluate the seismic behavior of RBCs. In future
work, we will test other seismic methods (e.g., the simpli-
fied method and the response displacement method) that
many previous researchers have used for the seismic design
of underground structures. After evaluating those meth-
ods, we hope to suggest an appropriate seismic design
method for RBCs.
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