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Abstract

The hinge type of precast concrete arch culvert was introduced to Japan from France in the 1990s in consideration of the saving of
labor, shortening of the construction period, and high quality control of the concrete members. However, due to the 2011 off the Pacific
Coast of Tohoku Earthquake (March 11, 2011), the three-hinged precast arch culverts that had been constructed in Japan at the begin-
ning of the period when precast arch culverts were firstly introduced, suffered damage, which spoiled their serviceability. According to the
extent of the damage and the type of culverts that were damaged, the longitudinal structural connectivity of the culverts was assumed to
be one of the possible reasons for the reported damage mechanism. Therefore, the objective of this paper was to clarify how strongly the
longitudinal structural connectivity influenced the longitudinal seismic behavior of the three-hinged arch culverts. To achieve this objec-
tive, an elasto-plastic finite element analysis was conducted with an analytical model that could capture the characteristics of the dam-
aged culverts. Simultaneously, a penalty method with the bi-linear spring model was applied as a solution to the contact-impact problems
of the precast segmental arch members. As a result, it was found that the weaker longitudinal structural connectivity in the damaged
culverts allowed the torsional displacements of the arch members to induce critical damage to the arch members, namely, edge defects
in the arch crown and concrete foundation. The numerical results proved the unignorable influence of the longitudinal structural con-
nection on the possible damage to three-hinged arch culverts.
� 2021 Production and hosting by Elsevier B.V. on behalf of The Japanese Geotechnical Society. 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

The pre-casting of culvert structures has been incorpo-
rated into the recent construction industry trends in Japan
to save labor and to optimize earthworks. Many culverts
are essentially used as the underpasses of road embank-
ments in order to maintain road linearity in this mountain-
ous country. Ever since the hinge-type precast concrete
arch culverts were introduced from France in the middle
https://doi.org/10.1016/j.sandf.2021.10.005
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of the 1990s, they have played an important role in altering
cast-in-place culverts. The high quality control of the con-
crete members by factory production has enabled their
rapid construction, and the allowance for arch deformation
by the hinge structures has proactively converted the
ground reaction to axial stress, which has resulted in the
realization of more thinly designed concrete members. A
domestic survey of their application along expressways,
by Abe and Nakamura (2014), confirmed these advantages
with more than 200 examples of construction.

The seismic performance of precast arch culverts is of
particular importance in Japan where earthquakes fre-
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quently occur. To the contrary, there were originally few
seismic assessments performed in other countries, such as
the USA, Canada (e.g., Montgomery et al., 1993;
Segrestin and Brockbank, 1995), and countries in Europe.
Fig. 1 presents the two representative construction meth-
ods used in Japan, namely, the two-hinged type
(Association of Modularch Construction Method in
Japan, 2017) and the three-hinged type (Technical
Committee of Manual for the Design and Construction
of Techspan Construction Method in Japan, 1998). Setting
aside the differences between them, the two main issues that
have been commonly discussed in relation to their seismic
design are whether the deformation method built on the
seismic studies of underground structures, such as tunnels
(e.g., Tamura et al., 1975; Owen and Scholl, 1981; Wang,
1993; Kawashima, 2000), is applicable or not in terms of
buried structures in embankments (Byrne et al., 1996;
Kumada et al., 1995; Wood and Jenkins, 2000) and how
these multi-segmental structures behave in times of earth-
quakes (e.g., Toyota and Takagai, 1999; Toyota and Ito,
2000). Through not only these seismic studies, but also field
measurements with their pre-analyses (e.g., Montgomery
et al., 1993; Soba et al., 1997; Sawamura et al., 2019), the
structural design of hinged arch culverts has been updated.

However, when the 2011 off the Pacific Coast of Tohoku
Earthquake (March 11, 2011) occurred, it caused, for the
first time, critical damage such that the three-hinged arch
culverts constructed in the early 2000s lost their serviceabil-
ity (Ojima and Sato, 2011; Abe and Nakamura, 2014).
Fig. 2 illustrates the patterns of structural damage, as they
were likely to have been caused, namely, continuous flak-
ing of the concrete members occurring on the concrete
foundations, flaking of the concrete members at the arch
crown, and even on the arch-crown hinges, and deforma-
tion of the mouth wall designed by the reinforced earth
wall. The drainage plan, foundation ground design, and
damage conditions comprehensively placed less emphasis
on the causes of either the joint opening of the culvert, cor-
related with liquefaction in the 2004 Mid Niigata prefec-
ture Earthquake (National Institute for Land and
Infrastructure Management (NILM) and Public Works
Research Institute (PWRI), 2006) or the embankment col-
Fig. 1. Hinge types of precast arch culverts: (a) two-hin
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lapse, which is suspected to have been caused by the exis-
tence of seepage water in both the 2004 Mid Niigata
prefecture Earthquake and the 2007 Noto Hanto Earth-
quake (e.g., Sasaki et al., 2008; Higo et al., 2015). These
examples reveal the severity of the damage to the three-
hinged arch culvert structures and the imperious necessity
for the anti-seismic reinforcing of existing three-hinged
arch culverts.

Furthermore, the series of previous studies conducted
before and after the 2011 off the Pacific Coast of Tohoku
Earthquake do not accurately clarify this damage mecha-
nism. At first, the applicability of the deformation method
in the culvert-transverse seismic behavior (see Fig. 1) was
confirmed by a physical modeling (Kumada et al., 1995;
Toyota and Takagai, 1999) and a numerical analysis
(Byrne et al., 1996; Wood and Jenkins, 2000). After the
Tohoku Earthquake, Sawamura et al. (2016a, 2017) sup-
ported this conclusion up to the ultimate state of the arches
by large shaking table tests and reproductive analyses. On
the other hand, the culvert-longitudinal seismic behavior
was seen to exhibit less seismic integrity between the arches
and the surrounding ground in comparison to the culvert-
transverse seismic behavior (Kumada et al., 1995; Toyota
and Ito, 2000). Miyazaki et al. (2017, 2018) found that
the longitudinal structural connectivity controlled the seis-
mic mode of the arches and that a greater overburden of
the arches contributed more to the seismic integrity with
the arches and the embankment in the longitudinal seismic
behavior. These studies indicate the necessity to evaluate
the longitudinal seismic performance of the damaged
three-hinged arches which might have resulted in the con-
tinuous flaking of the arch members due to the lesser seis-
mic integrity of the arches and the embankment.

Accordingly, the aim of the present study was to evalu-
ate the culvert-longitudinal seismic behavior of the three-
hinged arches constructed in the early 2000s, especially in
terms of their longitudinal structural connectivity. To
achieve this objective, the important structural characteris-
tics of the three-hinged arches damaged by the 2011 off the
Pacific Coast of Tohoku Earthquake were chosen based on
the transition of the structural design of the three-hinged
arches. A fully dynamic 3D analysis was implemented with
ged arch culvert and (b) three-hinged arch culvert.



Fig. 2. Reported damage patterns in three-hinged arch culverts constructed in early 2000s (modified after Abe and Nakamura, 2014).
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the finite element method which considered the specified
and major structural characteristics of the buried three-
hinged arch culverts. The major cause of the continuous
flaking of the concrete members was considered as a
contact-impact problem between the precast segmental
arch members. Hence, the penalty method was applied by
simply inserting bilinear spring elements between the inter-
faces of the arch members. In this analysis, the influence of
the longitudinal structural connectivity on the culvert-
longitudinal seismic behavior was verified by the different
longitudinal connected ranges of the arches. Moreover,
the deformation of the embankment was considered by
an elasto-plastic constitutive model.

2. Characteristics of three-hinged arch culverts damaged in

2011 off the Pacific Coast of Tohoku Earthquake

2.1. Structural outline of three-hinged arch culvert

constructed in early 2000s

Fig. 3 shows schematic drawings of the structural com-
ponents of the old type and the current type of three-
hinged arch culverts (modified after Seto and Ootani,
Fig. 3. Schematic drawings of structural components of three-h
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2014). Both types are composed of two half-arch members
of precast concrete and the foundation (Hutchinson, 2004).
They are statically determinate structures due to the three
hinges located at the arch crown and arch feet. Three-
hinged arch culverts are constructed as follows. Firstly,
the casting in place of the concrete foundation, called the
‘keyway’, is conducted. Then, the two half-arch members
are combined so as to bend toward each other and the
foundation. Here, a half-depth member is initially arranged
to satisfy the staggered arrangement, and grouting is per-
formed at the arch feet of the hinge. Finally, the culverts
are filled. When a hinged arch culvert is installed in an
embankment, a perpendicular mouth wall is normally con-
structed for the culvert based on the reinforced soil wall.

Fig. 4 presents schematic drawings of the longitudinal
structural connection in the old type of three-hinged arch
culvert. Three-hinged arch culverts are constructed by con-
tinuously setting the precast RC members at a depth of 1–
2 m in the culvert longitudinal direction. Traditionally, the
design concept for the culvert longitudinal direction has
only considered the prevention of the slipping of the arch
members due to the longitudinal gradient of the foundation
ground and the uneven settlement. Currently, a concrete
inged arch culvert (modified after Seto and Ootani, 2014).
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beam must be attached at the arch crown (see Fig. 3), for
the prevention of longitudinal deformation, as well as at
the arch foot, if needed, for the prevention of the overturn-
ing of the members.

Examples of the defects of the three-hinged arch cul-
verts, built in the early 1990s in Japan, have triggered the
need to update the details in the manual and in the struc-
ture. The defects mainly consisted of the slight shift of
the old-type hinge structure at the arch crown by longitudi-
nal forces, the inappropriate foundation structure, and the
poor and/or degraded embankment material (Public
Works Research Institute (PWRI), Nippon Expressway
Research Institute Company Limited (NEXCORI) and
Graduate School of Engineering, Kyoto University
(2020)). Thus, the defects frequently found on the arch
crown initiated the main changes in the structural specifica-
tions in the longitudinal structural connection starting in
1999 and in the crown-hinge structure starting in 2011
(see Figs. 3 and 4).

2.2. Damage characteristics and assumed mechanism

Table 1 shows a profile of the three-hinged arch culverts
damaged in the 2011 off the Pacific Coast of Tohoku Earth-
quake. It is seen from the table that Nos. 2–9 were com-
pleted in the early 2000s; their design specifications
followed the old-type of structural conditions. Fig. 5 shows
the damage situation of No. 9 by an inside observation of
the culvert and its assumed damage mechanism by Abe and
Nakamura (2014). The drawings in this figure illustrate
that edge defects in the arch members of the arch crown
occurred overall along the culvert longitudinal direction,
Fig. 4. The longitudinal connection of the arch members depends on the type o
members are (a) connected with the construction of a reinforced earth wall or
connected longitudinally by PC steel bars (modified after Technical Committe
Method in Japan, 1998).
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while tensile cracks appeared in the arch members located
from the mouth of the culvert to the area with a shallow
overburden. Moreover, the peeling of the concrete founda-
tion and water infiltration occurred due to the damage to
the waterproof sheet for the culverts. In other culverts,
the displacement of the hinge of the arch crown (No. 4)
and the deformation of the mouth wall (No. 7) occurred
(see Fig. 2).

In culvert Nos. 4 and 9, after temporally removing the
backfill to observe the damage to the arch crowns, regular
patterns of damage were found, as illustrated in Fig. 5(b).
For example, damage to the arch crowns continuously
occurred along the culvert longitudinal direction on one
side of the arch crowns of most arch members due to the
separated condition of each arch member. And damage
to the concrete foundation continuously occurred along
the culvert longitudinal direction on one side of the edge
of the arch feet in each of the arch members. In conclusion,
as illustrated in the figure, the torsion of the arch members
occurred due to the earthquake, knocking the arch mem-
bers against each other and causing the pattern of damage
in them.

The relationship between the locations of the damaged
arches and the tectonic deformation by the 2011 off the
Pacific Coast of Tohoku Earthquake, as described in
Fig. 6 (Geospatial Information Authority of Japan, 2011;
Kazama and Noda, 2012), also might indicate a correlation
with the contribution to the damage of the culvert-
longitudinal seismic behavior. The culverts which suffered
damage were constructed along the Joban Expressway;
the directions of the extensions of the culverts are seen to
be close to the horizontal displacements of the tectonic
f hinged arch culvert. In the old type of three-hinged arch culvert, the arch
(b) connected without the construction of a reinforced earth wall, and (c)
e of Manual for the Design and Construction of Techspan Construction



Table 1
Construction profile of three-hinged arch culverts damaged in Great East Japan Earthquake (modified after Abe and Nakamura,
2014).
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deformation. Additionally, the staggered arrangement of
the half-arch members contributed to this damage pattern,
as illustrated in Fig. 5, which also should be considered as
an analytical condition.
3. Numerical analysis condition

Based on the above discussion, the present analysis was
mainly focused on the pure culvert-longitudinal seismic
behavior of the buried three-hinged arch culverts varied
in their longitudinal structural connectivity and embank-
ment shape. Therefore, the analytical model captured the
staggeredly arranged half-arch members of the important
structural characteristic of the three-hinged arch culverts.
Moreover, the contact-impact problem was considered
with the penalty method. Except for these conditions, the
minute modeling of the accurate shape of the hinge struc-
ture and the reinforced earth wall was simplified as much
as possible.

Three-hinged arch culverts are composed of a mouth
wall designed by the reinforcing earth wall, the arch mem-
bers, and the embankment, which requires 3-dimensional
modeling for an appropriate damage discussion. That is
why the 3D elasto-plastic finite element analysis, operated
using a program called DBLEAVES (Ye et al., 2007),
was conducted. The applicability of DBLEAVES to
ground deformation problems has been verified through
various analyses of pile foundations (e.g., Danno and
Kimura, 2009) and underground structures, such as tunnels
(Cui et al., 2010) and culverts (Sawamura et al., 2015).

Fig. 7 illustrates the assumed deformation mode of cul-
verts installed in an embankment due to the culvert-
longitudinal seismic wave and the interfaces and models
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to produce its deformation with the finite element method.
From Fig. 7(a), the longitudinal seismic behavior of the
culverts can be explained by the rigid rotation and the slid-
ing of the culverts along with the deformation of the
embankment. Therefore, in this FEM analysis, described
in Fig. 7(b), the rigid rotation of the culverts was controlled
by bilinear spring elements, with the penalty method,
arranged at the longitudinal structural connection of the
culverts, while the separation and slip were controlled by
joint elements arranged at the interface of the culvert and
the soil. The embankment deformation was modeled by
an elasto-plastic constitutive model.
3.1. Analysis mesh and cases

Fig. 8 presents the results of a survey with 127 construc-
tion examples of three-hinged arch culverts for road
embankments from 1994 to 2014. The damaged arches
are seen to be concentrated in areas where the inner width
was 10 m and the overburden was 5 m. Here, the extended
length is the longitudinal distance of the culverts. The dam-
aged culverts mostly had an extended length of around 20–
40 m. This is because precast arch culverts are generally
used as the underpasses of road embankments, so that
the distance of the culverts was chosen in order to satisfy
the available distance for a two-lane road on the embank-
ment crown. In this analysis, considering the calculation
cost of the prototype scale, an extended length of 20 m
was selected.

Fig. 9 illustrates the analysis meshes based on 20-m-long
three-hinged arch culverts on the foundation ground with a
thickness of 5.0 m. The slope gradient was adopted from
the Guideline for Culvert Work (Japan Road



Fig. 5. Schematic drawings of No. 9 (a): damage situation and (b) assumed damage mechanism of arch members during earthquake (modified after Abe
and Nakamura, 2014).
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Association, 2010). The hinge of the arch crown was in a
simply butted condition instead of modeling the mechani-
cal function of the hinge by spring elements. The mouth
wall considered the actual segmental condition (see Figs. 2
and 9). The perpendicular wall elements and the embank-
ment elements are continuous with the joint element
arranged at the interface between them. The present analy-
sis did not consider the reinforcement of the mouth wall
due to the difficulty of creating an accurate modeling of
the arrangements of the reinforcements and their frictional
behavior with the embankment. The unity of the reinforced
earth wall and the hinged arch culverts was confirmed
Fig. 6. Relationship between (a) tectonic deformation by main earthquake o
2011), 2011 and (b) location of damaged precast arch culverts (modified after
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through dynamic centrifuge model tests (Miyazaki et al.,
2017, 2018). In this case, the mouth wall model may possi-
bly lose its unity with the embankment because considera-
tion was not given to the effect of the reinforcing member in
the backfill. Therefore, a certain magnitude of input wave,
as will be described later, was chosen so as not to cause the
separation of the mouth wall from the embankment.

Table 2 summarizes the eight analytical cases based on
the considered conditions. The patterns of the maximum
overburden, used to discuss its effect, are 1.0 m as H-1
and 5.0 m as H-5; they correspond to the names of the ana-
lytical cases. As for the influence of the longitudinal struc-
n March 11 (Kazama and Noda, 2012 and document published by GSI,
Abe and Nakamura, 2014).
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tural connectivity, the range in the connected area varied
with longitudinal connecting intensity LCI, as follows:

LCI ¼ Lc=Le ð1Þ
Here, Lc is the longitudinal length of the longitudinally
connected arches, counted from both mouths of the culvert
(see Table 2) [m], and Le is the extension length of the arch
culvert. Le constantly equals 20.0 m. It should be noted
that the longitudinal connection normally starts from the
mouth of the culvert as the longitudinally connecting direc-
tion of LCI also follows. LCI was simply varied in four
patterns: 0 (Lc = 0), 0.25 (Lc = 5.0), 0.5 (Lc = 10), and
1.0 (Lc = 20), with ‘LCI = 00 meaning that no arches were
longitudinally connected.
3.2. Interface of arch members

The solutions for contact-impact problems using a grid
scheme and a particle method, such as the finite element
method and the moving particle simulation, are based on
Lagrange’s method of undetermined multipliers (Hughes
et al., 1976) or the penalty method (e.g., Suzuki and Toi,
1987). In particular, the penalty method is equivalent to
inserting a spring element into each of the contact points.
Therefore, the implementation of the simulation is rela-
tively simple, although there is a problem of vibrations in
the structure at higher order modes (Suzuki and Toi,
1987). However, the present study attempted to express
the separated connection of each arch member with a sim-
ple physical meaning. In this numerical analysis, a bilinear
spring element is inserted into each contact node of the cul-
vert elements along with the use of the original penalty
method.

Fig. 10 describes the interfaces of each arch element and
soil element for the contact-impact problem and soil-
structure interaction. The arch members were modeled as
an elastic material whose mechanical properties were based
on concrete, as shown in Table 3. The joint elements were
arranged on the interface between the arch culvert and the
soil for modeling the slip and separation. The interface of
the culverts and the soil has joint elements whose parame-
ters were determined by direct shear tests between mortar
Fig. 7. Deformation mode of culverts due to seismic wave in culvert longit
modeling by finite element method.
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and Toyoura sand (Sawamura et al., 2016b). Table 4 shows
the material properties of the joint elements. It should be
noted that the shear stiffness of the joint elements between
the mouth wall and the embankment was set to have the
same value as the joint elements between the culvert and
the soil. The bilinear spring elements were arranged in
the longitudinal structural connection of the arch members.
The hinge of the arch crown was modeled with the bilinear
spring elements between the elements of the arch crown,
and the hinges of the arch feet were modeled with joint ele-
ments between the elements of the arch feet and the
foundation.

Fig. 11 shows the stiffness laws for the bilinear spring
elements. In this analysis, to express the openings of the
three-hinged arches reported after the 2011 off the Pacific
Coast of Tohoku Earthquake, the spring elements were
controlled to have tensile stiffness equal to zero under the
contactless condition and stiffness that was sufficiently lar-
ger than concrete at the contacts. The hinge at the arch
crown was modeled by considering the friction of the con-
crete (Kono et al., 2013); the rotating stiffness was quite
small. The hinges at the arch feet were modeled by joint ele-
ments, as shown in Fig. 10(a).
3.3. Constitutive model for ground

The present study used the cyclic mobility model pro-
posed by Zhang et al. (2007) for the constitutive model
of the banking soil. Their model was developed to describe
the cyclic mobility of soil by systematically combining the
evolution equations for the development of stress-induced
anisotropy and the changes in the over-consolidation of
the soil. As an important advantage, the proposed model
can express the behavior of soil under cyclic loading with
different drained conditions and by uniformly considering
the density, over-consolidation ratio, naturally accumu-
lated structure of the soil, and stress-induced anisotropy
of the soil.

In this paper, a simple introduction of the normal yield-
ing surface of the cyclic mobility model is given. Here,
based on the research work by Asaoka et al. (2002), the
similarity ratio of the superloading surface to normal yield
udinal direction: (a) observed deformation mode in experiment and (b)



Fig. 8. Analysis of construction examples of three-hinged arch culverts based on open resource of construction classifications Hokyodo net service, 2014;
classifications: (a) by internal width and overburden and (b) by overburden ratio (overburden/internal width) and extended length.
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surface R* and the similarity ratio of the superloading sur-
face to subloading surface R are the same, namely,

R� ¼ p
�

p
� ¼ q

�

q
� ; 0 < R� 6 1 ð2Þ
R ¼ p

p
� ¼ q

q
� ; 0 < R 6 1; R ¼ 1

OCR
ð3Þ
Fig. 9. Analysis meshes i

1688
q
�

p
� ¼ q

�

p
� ¼ q

p
ð4Þ

where (p0, q), (p 0, q), and (p
� 0, q

�
) represent the present stress

state, the corresponding normally consolidated state, and
the structured stress state at the p-q plane, respectively.

Therefore, according to Fig. 12, normal yield surface R*
is given in the following equations:
n Case-1 and Case-2.



Table 2
Analysis cases.

*The present analysis models 33 precast arch segmental members. The right-hand side of the arch culverts, shown in Fig. 9, composes 16 arch members,
while the left-hand side of the arch culverts composes 17 (15 full-depth arch members and 2 half-depth arch members for a staggered arrangement). For
simplification, the connecting intensity is calculated with the number of longitudinally connected arch members arranged at the right-hand side of the
culverts where only full-depth arch members are constructed (e.g., 0.25 = 4 longitudinal connected arch members / 16 arch members).
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f ¼ ln
p
�

p
þ ln

M2 � 12 þ g�2

M2 � f2
� epv
Cp

¼ 0 ð5Þ

g� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
3

2
ĝijĝij

r
; ĝij ¼ gij � bij; gij ¼

Sij

p
; Sij

¼ rij � p � dij; p ¼ rij

3
ð6Þ

g ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
3

2
gijgij

r
; 1 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3

2
bijbij

r
ð7Þ

Cp ¼ k� j
1þ e0

ð8Þ

where Sij is the deviatoric stress tensor and bij is the aniso-
tropic stress tensor.

The cyclic mobility model requires eight parameters.
Five of the eight parameters are equivalent to those of
the Cam-clay model (Rcs, k, j, N and me), which can be
determined by triaxial compression tests. The other three
parameters (a, m, and br) require trial and error of the fit-
ting of the results obtained from the triaxial tests. The
respective physical meanings of the parameters are clear.
The parameters were determined by triaxial tests and iso-
tropic consolidation tests on Edosaki sand (Fig. 13,
Sawamura et al., 2016b). Based on the simulation results,
the parameters for the cyclic mobility model and the state
variables of R*0 and f0 were determined as shown in
Table 5.

The foundation ground was modeled by an elastic
model whose stiffness had a value of 30 N for the SPT. This
is because the three-hinged arch culverts require specified
ground conditions, including a value of more than 30 N

for the SPT in the foundation ground (Technical
Committee of Manual for the Design and Construction
of Techspan Construction Method in Japan, 1998). More-
over, the damage to the three-hinged arches, reported after
the 2011 off the Pacific Coast of Tohoku Earthquake, had
no clear correlation with the deformation of the foundation
ground. That is why, in the present analysis, the plastic
deformation of the foundation ground was not considered.
The Young’s modulus of the foundation ground was calcu-
lated by 2800 N = 84,000 k Pa based on the empirical for-
mula suggested by the Japan Road Association (2012).
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The initial stress of the foundation ground and the cul-
verts was determined through a self-weight analysis, while
the initial stress of the embankment was determined as
the K0 state of the soil, considering the stability of the cal-
culation. The earth pressure coefficient was calculated with
Jaky’s formula and the internal friction angle of the Edo-
saki sand.

3.4. Input wave

For the input wave in the culvert longitudinal direction,
a sinus wave with 1 Hz, three cycles, and 300 Gal of mag-
nitude (Fig. 14) was used to observe the simple seismic
behavior. To clarify the fundamental influence of the longi-
tudinal structural connectivity, a simple but strong fre-
quency of the recorded earthquakes (Japan Road
Association (JRA), 2012) was selected. The wave was input
at the bottom of the foundation ground in the culvert lon-
gitudinal direction as a fundamental investigation of the
seismic behavior of the old type of three-hinged arch cul-
verts. The time interval of the calculation was 0.001 s,
and the time integration was based on the Newmark-b
method (b = 1/4 and c = 1/2).

4. Analysis results

Compressive displacements and loads are positive in the
following analysis results. The displacement and loads of
the longitudinal structural connection were obtained from
the spring elements in the Y-axis direction arranged
between each longitudinal section of arch members (see
Figs. 9 and 10). Here, the tensile displacements physically
match the openings between each arch member. Fig. 15
illustrates the coordinates in the analysis mesh. The heat-
map of the stress follows this coordinate rule.

4.1. Displacements and loads on longitudinal structural

connection

The magnitude of the tensile force required to induce the
joint openings between each arch member is supposed to
highly depend on the longitudinal position of the arch



Table 3
Material properties of concrete culvert model.

Young’s modulus Ee [kN/m2] 3.10 � 107

Unit weight c [kN/m3] 24.5
Poisson’s ratio v – 0.20
Damping ratio h – 0.02

Table 4
Material properties of joint elements.

Shear stiffness Ks [kN/m2] 1.55 � 105

Normal stiffness Kn [kN/m3] 1.55 � 105

Cohesion c – 5.00
Internal friction angle / – 28.0
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member. This is not only because the deformation of the
surrounding ground is likely to induce the joint openings
of each arch member, but because the ground deformation
also varies depending on the different deformation of the
arches due to their longitudinal structural connection.
Therefore, the maximum tensile displacement and force
were chosen for each jointed section of the arch members
and are summarized in Fig. 16.

Fig. 16(a) shows the normalized values for the maxi-
mum displacements at each longitudinal structural connec-
tion during excitation. The values were normalized by the
maximum displacement in the all longitudinally non-
connected condition of Case-1 (Case-1_0), �14.45 mm.
From the figure, in both overburden conditions of 1.0 m
and 5.0 m, if the arches are partially, longitudinally con-
nected, the tensile displacements tend to be maximized at
the first longitudinal separation. In the all longitudinally
non-connected arches, Case-1 exhibits the largest tensile
displacements of any of the longitudinal conditions. How-
ever, in Case-2, the largest tensile displacement was
observed in Case-2_0.5 which is the partially connected
condition. Additionally, focusing on the overburden condi-
tion, Case-1 shows larger tensile displacement than Case-2
under any longitudinal connecting conditions. These
results indicate the following two possibilities under the
input wave of 1 Hz; the openings of the longitudinal joints
between each arch member are enlarged by a smaller over-
burden, and the largest opening between joints due to the
longitudinal excitation varies with the combination of the
overburden and the range in the longitudinal structural
connection.

Fig. 16(b) exhibits the normalized maximum tensile
loads during excitation at each longitudinal structural con-
nection. To normalize these tensile loads, the largest tensile
value in the all longitudinally connected condition in Case-
1 (Case-1_1.0) of �129.15 kN was used. It is seen from the
figure that, if the arches are partially, longitudinally con-
nected, the maximum tensile loads acting on the longitudi-
nal structural connection will be greatly decreased, namely,
about 30% of the largest tensile load obtained in Case-
1_1.0. And in comparing Case-1_1.0 and Case-2_1.0, in
the all longitudinally connected condition, the tensile loads
reach larger values with an increase in the overburden. On
Fig. 10. Soil-structure interface and structu
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the other hand, with an increase in the longitudinal connec-
tion, the maximum tensile loads tend to be closer to the dis-
tribution of tensile loads in the all connected condition.

The seismic behavior in the longitudinal structural con-
nections is summarized in Fig. 17. In Fig. 17(a), the longi-
tudinal displacements of the arch section are described.
This figure illustrates the tensile displacements at the longi-
tudinal connection whose maximum tensile displacements
are observed in Fig. 16(a). From the figure, the tensile dis-
placements are seen to be maximized near the arch crown
in both Case-1 and Case-2. Fig. 17(b) exhibits the time his-
tories of the longitudinal displacements of the nodes where
the maximum tensile displacements are observed. In the fig-
ure, the tensile displacements in all cases are seen to be
amplified during excitation and to reach the constant rest
value after excitation. The longitudinal connective dis-
placements might be brittle due to the deformation of the
embankment. Based on these analysis results, the way in
which these dynamic behaviors of the longitudinal connec-
tions resulted in the deformation and stress of the arches
and the mouth wall is discussed.
4.2. Stress and deformation of arch members and mouth wall

after excitation

Fig. 18 presents heatmaps of the embankment, including
the culvert and the mouth wall, of the normalized displace-
re-structure interface of arch elements.



Fig. 11. Spring model for contact-impact of culvert elements: (a) bilinear model of spring element, (b) spring constant in connected condition, and (c)
spring constant in separated condition.
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ments in the Y-axis direction. The values are normalized by
the maximum displacements in the all longitudinally sepa-
rated condition for Case-1 and Case-2. From the figure, the
displacements are seen to be maximized in all cases in pos-
itive and negative directions at the mouth wall of the cul-
verts. Under the input wave of 1 Hz, 300 Gal, and three
cycles of sinus waves in the longitudinal direction, the
deformation of the mouth wall is enlarged at the area of
the culvert’s installation. The displacement of the mouth
wall might be controlled by the dynamic behavior of the
arch members. Thus, focus is placed on the deformation
and stress state of the arch members and the mouth wall
in this order.

Fig. 19 shows heatmaps of the normalized sxy shear
stress of the arch members after excitation. The figure is
illustrated from the viewpoint of the XY-plane. The shear
stress is normalized by each maximum sxy in Case-1 and
Case-2. In the figure, focus is placed on the deformation
of the arches, if the arches are partially, longitudinally con-
nected. In all cases, the openings of the arch members tend
to be enlarged at the first longitudinally non-connected sec-
tion. In other words, the openings of the arch members
occur toward the mouth of the culvert, which can capture
the deformation mode of the longitudinally separated pre-
cast arches after the repeated shaking in the culvert longi-
tudinal direction (Miyazaki et al., 2017). Examining the
Fig. 12. Concept of yielding surfaces in cyclic mobility model (Zhang et al., 20
modified Cam-clay model (Schofield and Wroth, 1968), (b) SYS Cam-clay m
normal, and superloading yield surfaces in p-q plane adopted in cyclic mobilit
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stress state of the arches, Case-1_1.0 shows the largest
shear stress in Case-1 mainly due to the concentration of
stress at the mouth of the culvert. On the other hand,
Case-2_1.0 does not show the same tendency. Even though
a higher concentration of stress is observed in Case-2_1.0,
the whole stress level of the arches remains higher in the
other cases. Surely the increase in overburden amplifies
the shear stress level compared with Case-1 and Case-2.
Therefore, due to the overburden or the embankment
shape, the respective arch members might have larger shear
stress in the all longitudinally separated and partially, lon-
gitudinally connected conditions than those in the all longi-
tudinally connected condition.

Fig. 20 illustrates heatmaps of the normalized displace-
ments in the Y-axis direction and the syz of the mouth wall
after excitation. To normalize each value, the maximum
values in Case-1_0 and Case-2_0 are used. It is seen from
the figure that, in all cases, with the increase in the connect-
ing intensity, the displacements in the Y-axis direction are
decreased. The syz of the mouth wall is coincident with the
direction of the mouth wall inclining forward and is maxi-
mized near the arch feet. These results indicate that the dis-
placements of the mouth wall were generated purely by the
displacements of the arch members because the upper area
of the mouth wall near the arch crown exhibited little shear
stress in the YZ-plane.
07): changes in subloading yielding surfaces at different anisotropy f in (a)
odel (Asaoka et al., 2002), (c) cyclic mobility model, and (d) subloading,
y model.



Fig. 13. Results of (a) isotropic consolidation tests and triaxial compression tests and their simulation in (b) 50 kPa of confining stress, and (c) 100 kPa of
confining stress for Edosaki sand (Sawamura et al., 2016b).

Fig. 14. Input wave: sinus wave with 1 Hz and three cycles with
magnitude of 300 Gal.
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5. Discussions

5.1. Quantitative evaluation of seismic effect of longitudinal

structural connectivity

As exhibited above, the previous analytical results from
the 3D elasto-plastic dynamic analysis prove the unignor-
able influence of the longitudinal structural connection
on the possible damage to three-hinged arch culverts. To
summarize these seismic effects, the connecting intensity
is used as an evaluation index to confirm the dynamic
behavior of the longitudinal structural connection and
the rest deformation and stress of the arches and the mouth
wall as their results. Fig. 21 illustrates the maximum values
of the displacements and the forces on the longitudinal
structural connection during excitation, and the maximum
displacements in the Y-axis direction of the mouth wall and
the maximum sxy of the arches after excitation.
Table 5
Parameters for cyclic mobility model.

Principal stress ratio at critical state RCS

Compression index k
Swelling index j
N = eNC at p = 98 kPa & q = 0 kPa
Poisson’s ratio me
Degradation parameter of overconsolidat
Degradation parameter of structure a

Evolution parameter of anisotropy br
Wet unit weight (kN/m3) ct
Initial degree of structure R*0
Initial anisotropy f0
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From the figure, focused on the longitudinal structural
connection, the increase in the connecting intensity is seen
to be coincident with the increase in the maximum tensile
= (r1/r3)CS(comp.) 4.0
0.082
0.101
1.06
0.276

ion state m 0.020
0.65
0.4
17.738
0.1491–0.1584
0.5



Fig. 15. Origin of coordinates in present analysis.
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force of the longitudinal structural connection, although it
is not coincident with the tensile displacements. On the
other hand, focused on the mouth wall and the arches,
the maximum displacement in the Y-axis direction of the
mouth wall is seen to be suppressed linearly with the
increase in the connecting intensity, and the maximum
sxy of the arches does not linearly follow the increase in
the connecting intensity. In short, according to the over-
burden or the embankment shape condition, an appropri-
ate longitudinal connected range exists for decreasing the
openings of the arches or the cross-sectional force on the
arches.
Fig. 16. Normalized maximum tensile displacements of longitudinal connectio
for the longitudinally separated sections and the solid markers stand for the l
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Fig. 22 presents the total scores of the normalized val-
ues shown in Fig. 21. With the figure, the total influence
of the connecting intensity on the plotted physical values
in Fig. 21 can be discussed. The appropriate longitudinal
connection should be designed in accordance with the
order of priority in the required performance of the
three-hinged arches. For example, with a small overbur-
den pattern, like that in Case-1, the dynamic behavior
of the whole culverts is strongly affected by the arches
so that all precast segmental arches should be longitudi-
nally connected. Considering the smallest total score
obtained in the connecting intensity of 1.0 in Case-1, this
n during excitation in (a) Case-1 and (b) Case-2. The open markers stand
ongitudinally connected sections.



Fig. 17. Evaluations of (a) displacements of joints of arch members where largest tensile displacement occurred during excitation and (b) time histories of
displacements in Y-axis direction of composed nodes where largest tensile displacements occurred in joints between arch members.
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recommendation can be supported. On the other hand,
balancing the total score, the stress level of the arches,
and the number of longitudinally connected sections, the
connecting intensity of 0.5 is recommended especially with
a larger overburden, like that in Case-2. It should be
Fig. 18. Heatmaps of normalized displacement in Y-ax
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noted that the discussions are based on the input wave
with a sinus wave of 1 Hz, for simplicity, considering
the research objective, and that the longitudinal dynamic
behavior of various frequencies and phases should be con-
sidered in future studies.
is direction after excitation in Case-1 and Case-2.



Fig. 19. Heatmaps of normalized sxy of arch members after excitation.
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5.2. Discussion on assumed damage mechanism reported

after the 2011 off the Pacific Coast of Tohoku Earthquake

Fig. 23 shows the stress states of the arches in Case-2_0
during excitation. According to the assumed damage mech-
anism in the 2011 off the Pacific Coast of Tohoku Earth-
quake (Fig. 5(b)), and focusing on the positional relation
between the stress concentration on the arch crown and
the arch foot, each zone of concentrated stress occurred
on diagonal lines of the arch members, which proves the
clear torsional deformation of the arch members. The ana-
lytical results in Case-2_0, which is the all longitudinally
Fig. 20. Heatmaps of normalized displacements in Y-axis
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separated condition, exhibit similar stress related to the
deformation state, as seen in Fig. 5.

The seismic wave, under which the culverts suffered
damage, is likely to have a torsional vector considering
the location of the culverts, as shown in Fig. 6, which is
likely to amplify the torsional displacements of the arches.
Moreover, little consideration was given to the seismic
effect in the longitudinal structural connectivity of the dam-
aged three-hinged culverts. The combination of this weaker
structural connectivity and the torsional deformation of
the arch members is likely to have induced the specific
damage to the arch members, such as the edge defects in
direction and syz of mouth wall in Case-1 and Case-2.



Fig. 21. Quantitative evaluation with connecting intensity for longitudinal seismic performance of three-hinged arch culverts: (a) Normalized maximum
tensile displacements and forces on longitudinal connection and (b) Normalized maximum displacement in Y-axis direction of mouth wall and maximum
sxy of arch members.

Fig. 22. Total scores of normalized values in accordance with different connecting intensities in Case-1 and Case-2. The total score of the normalized
values is the sum of the normalized maximum tensile displacements of and the tensile forces on the longitudinal connection, normalized maximum sxy of
the arch members, and the normalized maximum displacement in the Y-axis direction of the mouth wall. Each value given on the tops of the columns is the
total score of the normalized values.

Fig. 23. Stress states of arches during excitation in Case-2_0.
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the arch crown and the concrete foundation. These results
clearly indicate the importance of the longitudinal struc-
tural connectivity in the seismic performance of three-
hinged arch culverts.

6. Conclusions

The present study was implemented for the sake of clar-
ifying how longitudinal structural connectivity contributes
to the seismic behavior of three-hinged arch culverts. To
achieve this objective, a simple elasto-plastic FEM analysis
was conducted with a longitudinal earthquake. The longi-
tudinal structural connectivity was expressed by the pen-
alty method applied for the solutions of contact-impact
problems between precast segmental arch members. The
input wave was 1 Hz and 300 Gal, and there were three
cycles of sinus waves. The obtained conclusions are as
follows.

1. Under the input of a 1-Hz sinus wave, the deformation
of the mouth wall was controlled by the displacements
of the arch members, especially in the 1.0-m overburden
condition, and the longitudinal structural connection
was found to be important for decreasing the deforma-
tion of the mouth wall.

2. According to the overburden or the embankment shape
condition, an appropriate longitudinal connected range
was found to exist for decreasing the openings of the
arches or the cross-sectional force on the arches. There-
fore, considering what matters in the design phase, an
appropriate longitudinal connected range should be
selected. However, these appropriate conditions are
likely to be dependent on the frequency and phase effect
of the earthquake. Thus, the longitudinal dynamic
behavior of various frequencies and phases should be
considered in future studies.

3. It was confirmed that the damage mechanism suggested
by Abe and Nakamura (2014) can be explained by a
combination of the longitudinal seismic behavior of
the three-hinged arch culverts and their weak longitudi-
nal structural connection. In reality, the seismic wave
which the damaged culverts experienced is likely to have
a torsional vector considering the location of the cul-
verts and based on the report by GSI (2011), which is
likely to amplify the torsional displacements of the
arches. Moreover, the damaged three-hinged arch cul-
vert was an old type and did not have a concrete beam
at the arch crown. The combination of this weaker
structural connectivity and the torsional deformation
of the arch members is likely to have induced the specific
damage to the arch members, such as edge defects in the
arch crown and the concrete foundation.

From these series of parametric studies on the longitudi-
nal structural connectivity, as with tunnels, even the three-
hinged arch culverts with shallow overburdens were seen to
have a stronger correlation with the ground. Several studies
1697
remain to be discussed by sophisticatedly modeling the
reinforced earth wall considering the reinforcements and
verifying the correlation with the penalty method and mesh
finesses under an actual recorded earthquake with compli-
cated different frequencies. However, the full dynamic 3D
analysis of the longitudinal seismic behavior in the present
study has indicated the importance of the longitudinal
structural connection in the seismic performance of three-
hinged arch culverts.
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