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ABSTRACT: In the expressway embankment damage in a past earthquake disaster, there is a
difference in level of an embankment and a culvert box. After the Great East Japan Earthquake,
the lifeline function at the time of a disaster is required of an expressway embankment, and it is
necessary to grasp an above-mentioned road-surface difference in level beforehand. In this study,
the difference in the levels of the road-surface of the culvert box and embankment were examined
quantitatively. The method is simple residual-deformation analysis, and the applicability of this
method to the damage instance of the Kan-etsu Expressway was evaluated. It was verified that it
can quantitatively reproduce the difference in level of the embankment and the box culvert due to
the shear-modulus degradation in residual deformation analysis.

1 INTRODUCTION
The damage to the road embankment in case of an earthquake-related disaster can be roughly
classified into disasters resulting from earthquake motion and disasters caused by Tsunami. The
main damages caused by earthquake motion are collapse of the embankment on a convergent
slope and on a soft ground, slope failures of the loose natural ground, and the difference in level
of the structure terminal area of a box culvert and a bridge, etc. According to the Japanese Geotechnical Society (JGS, 2007), the Niigata-ken Chuetsu earthquake in October 2004 caused a difference in level of road surfaces on structure boundaries, such as a bridge abutment and a box
culvert. At the crossing part of a convergent slope, the road surface difference in level due to a
settlement and the slide of an embankment occurred. According to the Japan Society of Civil
Engineers (JSCE, 2016), the Great East Japan Earthquake, also caused a difference in level on the
boundary of the structure abutment, and it has been reported that opening of vehicle traffic was
overdue. However, there is also a case where vehicle transportation begun only after a week. Furthermore, according to Hosoda et al (2017), it was reported in the 2016 Kumamoto earthquake
that approximately 10 km embankment section was generated on a soft ground due to the road
surface difference in level with no less than 48 points on the boundary of the structure abutment.
However, in some sections, the counter measure effect of the soft ground reduced the damage.
Such a difference in road level obstructs road transport, and immediate restoration and support
service are required after the earthquake. This poses a damaging effect on a social activity. Since
expressways in Japan are used for cases of urgency in case of an earthquake, it is necessary to restitute transportation at the earliest, allowing operation of emergency vehicles within 24 h. According
to Tokida et al (2007), the process involved in opening up Kan-etsu and Hokuriku expressways
after the Niigata-ken Chuetsu earthquake were as follows. First, the entire stretches were closed
immediately following the earthquake, and emergency repair was carried out eventually. Transportation of emergency vehicles was secured in just 19 h after the occurrence of the earthquake. In 100
h after the occurrence of the earthquake, permitted vehicles were allowed with a speed regulation.
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Figure 1. Location of the difference in level damage caused by the road embankment and box culvert
of Kan-etsu Expressway

13 days after the occurrence of the earthquake, common vehicles were allowed to run with a speed
regulation. The speed regulation was lifted after 34 days from the occurrence of the earthquake.
Thus, the higher the instances of road-surface level difference in case of devastating earthquake,
the higher the days required to permit common vehicles. In Japan, closure of expressways has serious implications on social activities, and thus making advance predictions of the road surface
level difference, in case of a major earthquake, of road embankments and box culverts very
important. In addition, it is also necessary to put an appropriate counter measure in place.
This study carried out the simple residual deformation analysis “ALID” to the damage
instance of Kan-etsu expressway in case of the Niigata-ken Chuetsu earthquake, and comparing an analysis result and the damage instance is evaluating the applicability of this method.

2 DAMAGE OUTLINE OF EXPRESSWAY EMBANKMENT IN THE CASE OF THE
NIIGATA-KEN CHUETSU EARTHQUAKE
According Yasuda and Fujioka (2009), the most serious damage occurred in the following
sections:
a. between Horinouchi IC and Echigo-Kawaguchi IC, and between Yamamotoyama tunnel
and Yamaya PA (Type II or III) of Kan-etsu expressway as shown in Figure 1, and
b. between Ohzumi PA and Nagaoka JCT of Hokuriku expressway
The section between Horinouchi IC and Echigo-Kawaguchi IC of Kan-etsu expressway was
constructed on the slopes of hills. The embankments were constructed mainly by cut and filling. Sliding of the filled embankments occurred at several sites during this earthquake (Type
I). The section between Yamamotoyama tunnel and Yamaya PA was constructed on level
grounds and embankments were constructed by filling soils. Large settlement of the embankments occurred in this section (Type II or III).
According to the mechanism of failure of embankments, the damage of Kan-etsu expressway can be classified into three types as follows:
1. Type I: Serious slide of the embankment on the sloping ground as schematically shown in
Figure 2 (a);
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Figure 3. Road surface difference in
level condition of K-11

Figure 2. Classiﬁcation of the damage to the embankment
of Kan-etsu expressway according to the mechanism of
failure

Figure 4. Spacing of the joint of the
box culvert O-2

2. Type II: Settlement of the embankment on the level ground without obvious deformation
of the ground as schematically shown in Figure 2 (b);
3. Type III: Settlement of the embankment and the culvert on level ground with deformation
of the ground, as schematically shown in Figure 2 (c).
The difference in level of the road embankment of Kan-etsu expressway and a box culvert is
remarkable, and the region of the box culvert used in this study is shown in Figure 1. The various
colored points indicate the magnitude of difference in levels of the road embankment and the box
culvert. The regions where the difference in level damage is conspicuous are those from the
Yamaya PA to the Yamamotoyama tunnel. The disaster caused to the road embankment of this
section resulted in the deformation and difference in level of the slope of embankment, which did
not reach the driving lane. The amount of difference in levels of the approach embankment was a
maximum of 75 cm. Furthermore, there were many parts with the difference in levels greater than
20 cm. The road surface level difference of Kawaguchi 11 (K-11) is shown in Figure 3, and the
damage to the joint of a culvert of Ojiya 2 (O-2) is shown in Figure 4.
The disaster form on the sections K-11 to O-8 is roughly divided into two types, based on the
conditions of the foundation and the topography: First, the section from K-11 to K-13 is type II
damage, Second, the section from K-14 to O-8 is type III damage. As shown in Figure 3, the type
II damage causes a large difference in level of the road surface and the box culvert. However, creation of spacing of the joints of the box culvert and the difference in level of the crossway are
small. Meanwhile, as shown in Figure 4, the type III damage creates a separation of the joints of
the box culvert, and a large difference in level of the crossway and the box culvert.
3 STUDY USING SIMPLE RESIDUAL DEFORMATION ANALYSIS
3.1 Outline of simple residual deformation analysis
Type II and III failures were not slide but the embankment settlement failures. As slope stability
analyses cannot be applied to settlement failures, an analytical computer program to estimate
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Figure 6. Relationship between liquefaction strength and shear modulus ratio
at each FL

Figure 7. Schematic ﬁgure to obtain
the liquefaction-induced ﬂow
Figure 5.

Flow diagram of residual deformation analysis

residual deformation named “ALID (Yasuda et al., 2017)” was applied. In this method, static
finite element method is applied in the following steps and the flow diagram show in Figure 5:
1. Step 1: Initial stress distribution and deformation of the embankment and underlying
ground before the earthquake are evaluated by static FEM based on the stress-strain relationships of intact soils.
2. Step 2: Distribution of undrained cyclic shear strength τl in the embankment and the
ground is determined by laboratory tests and/or in-situ SPT.
3. Step 3: Distribution of cyclic shear stress τd induced by the earthquake is estimated by seismic response analyses or simple empirical methods.
4. Step 4: Distribution of safety factor against liquefaction or softening FL, which is the ratio
of R to L, is calculated.
5. Step 5: Stress-strain relationships of liqueﬁed or softened soils with different FL were
obtained from laboratory tests or empirical relationships.
6. Step 6: Deformation of the ground due to liquefaction or softening is evaluated by static
FEM by using the stress-strain relationships of liqueﬁed or softened soils. Figure 6 shows
the results of laboratory tests of reduced stiffness. Deﬁnition of a liquefaction strength
ratio are 20 number of cycles and 7.5 % of double amplitude shear strain.
Figure 7 shows the concept of the stress-strain curves which are used in ALID. The state
before the earthquake, which is obtained by initial stress analysis, is designated as A. If a seismic response analysis based on an effective stress is conducted, the stress path is expressed by
the dashed line A to B. However, in this analysis, the stress-strain curve OCB is used, and it is
obtained from the FL value evaluated from liquefaction analysis. The stress difference Δτm
between the stress-strain curves before and after liquefaction at strain γ0 is applied as the external load following the path A to C to B.
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Table 2. Setting the physical properties

7. Step 7: Deformation of the embankment and the ground due to the dissipation of excess
pore pressure is evaluated by the relationship between volume strain and FL.
3.2 Flow of simple residual deformation analysis
This study in residual deformation analysis follows the flow diagram shown in Figure 5. The
conditions of residual deformation analysis are applied in the follows;
1. Analysis Model: modeling of the cross section was determined by the boring log near the study
point. This analysis has two dimensions, and every embankment cross section and box culvert
cross section are modeled. Therefore, the layer structure of a foundation ground is the same in
both. The speciﬁcations of the embankment and the box culvert are based on the drawing. A
box culvert part is a model that did not consider the separation of boxes, but was connected.
2. Soil physical properties: the physical properties of each layers were determined with the setting
plan of Table 2. SPT-N is taken as the central value of each layer from a boring log. The unit
weight set up the embankment part from the laboratory-test result after an earthquake, and
made the foundation-ground part the general value based on a Speciﬁcation of Highway
Bridges (2017). A shear modulus is deﬁned with the estimated equation shown in Table 2 based
on SPT-N value and Poisson’s ratio of each layer. The embankment on a ground water level
has deﬁned the cohesion and the angle of shear resistance based on the laboratory test results
after an earthquake. The ground under the ground water level needs to be considered as softening of ground stiffness due to a very huge earthquake. The liquefaction strength in that case is
based on the cyclic-triaxial-test result after the earthquake. Additionally, the gravel ground is
based on the estimate equation of the Speciﬁcation of Highway Bridges (2017).
3. Earthquake external force: a seismic external force of 1308 (cm/s2) of the maximum surface
acceleration in the direction of east to west was observed in K-NET Ojiya (2004).
4. Ground water level: it was taken as the actual measurement obtained by the soil investigation after an earthquake. An embankment part is located at +1.5 m from the ground level,
and a neighborhood ground part is located at -1.0 m from the ground level.
5. Boundary condition: it assumed that the side face was ﬁxed in horizontal displacement and
the bottom was rigid.

4 RESULT IN RESIDUAL DEFORMATION ANALYSIS
4.1 The analysis results of the disaster form II (K-12) and disaster form III (O-2)
Each analysis results of Kawaguchi 12 (K-12) of the disaster form II and Ojiya 2 (O-2) of the
disaster form III are shown in Figures 8 and 9.
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Figure 8.

Residual deformation analysis results of the disaster form II

Figure 9.

Residual deformation analysis results of the disaster form III

In the residual deformation analysis of the embankment part shown in Figure 8 (A),
deformation of the embankment on the gravel ground is a stretch. A settlement of an embankment deducts the amount of average displacements of the neighborhood ground from the vertical displacement of a highway crest, and the settlement is 57.4 cm. The box culvert part of
(B) is also in the same deformation mode as an embankment part, and the horizontal displacement of the foundation-ground part has not occurred. The settlement of a box culvert follows
the same principle as an embankment, and the settlement is 17.5 cm. The difference in level of
a road surface deducts the embankment crown settlement and the box culvert crown settlement, and the amount of difference in level is set to 39.9 cm. The actual displacement is 75 cm,
and the analysis value is small. The amount of difference in levels of a box culvert and service
road is defined by the penetrated settlement of a box culvert, and the amount of difference in
levels is 17.6 cm. The actual amount of displacements ranges from 8.5 cm to 24 cm, and the
analysis value is the average of an actual measurement.
In the residual deformation analysis of the embankment part shown in Figure 9 (A),
deformations of the embankment on the soft ground are subduction of the embankment due
to a shear-modulus degradation of the foundation ground, and stretch deformation of an
embankment. On site investigation after an earthquake revealed that the horizontal displacement of a service road is present and the reproducibility in deformation mode is high. A
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Figure 10. Relationship between actual measurement and an analysis value on the road surface level difference

Figure 11. Relationship between actual measurement and analysis value on a difference in
level of the service road

settlement of an embankment deducts the amount of average displacements of the neighborhood ground from the vertical displacement of a highway crest, and the settlement is 59.1 cm.
The box culvert part of (B) is also in the same deformation mode as an embankment part, and
a horizontal displacement of a foundation ground part is present. The settlement of a box culvert follows the same idea as an embankment, and the settlement is 42.2 cm. The difference in
level of a road surface deducts embankment crown settlement and box culvert crown settlement, and the amount of difference in levels is set to 16.9 cm. The actual amount of displacements is 15 cm, making the analysis value is comparable. The amount of difference in levels of
a box culvert and a service road is defined by the penetrated settlement of a box culvert, and
the amount of difference in levels is 42.3 cm. The amount of displacements is actually 40 cm
to 44 cm, and the reproducibility of an analysis value is high.
4.2 Analysis results on the road surface difference in level of a road embankment and a Box
culvert
Figure 10 shows the comparison of an actual measurement and an analysis value on the road
surface level difference for all the parts under study. The analysis result of the type III shows
that the analysis value can mostly reproduce the actual measurement. The analysis result of
the type II has a small value of 40 – 50 cm, which is less than the actual measurement. The
setting method of the ground water level in an embankment has affected this important
factor. Through site investigation in December 2017, the ground water runoff marks from the
joint of a box culvert are verified, and it is guessed that an actual ground water level is higher
than the set up water level.
4.3 Analysis result on the difference in level of a box culvert and a service road
Figure 11 shows a comparison of an actual measurement and an analysis value on a difference
in level, of the service road for all the parts under this study. Moreover, the penetrated settlement of each pithead of a box culvert is connected by a line. Although the disaster form is
different, the amount of difference in levels whose actual measurement and analysis value are
mostly comparable, is calculated, and reproducibility is found to be high. K-22 has an analysis
value smaller than the actual measurement. Point K-22 is a box culvert that crosses an interchange, and the box number and its cross sectional distance are long. The box culvert was
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determined using a continuous analysis model. Therefore, it can be said that the long cross
section was affected and has underestimated the penetrate settlement.

5 CONCLUSIONS
This study evaluated the adaptability of the simple residual deformation analysis to the
damage instance of the road surface level difference, to the expressway embankment in case of
the Niigata-ken Chuetsu earthquake. The principal conclusions are as follows:
It was verified that it can reproduce the settlement due to the quake of an embankment and
deformation due to the shear-modulus degradation of a foundation ground and an embankment mostly although residual deformation analysis differs in a disaster form.
The amount of difference in levels of a road embankment and a box culvert considers the
difference of both settlements, and can estimate the magnitude of road surface level differences with a high accuracy.
The amount of difference in levels of a box culvert and a service road can estimate the
amount of difference in levels by using the penetrate settlement of a box culvert.
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