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ABSTRACT: In the Kashiwazaki Plain, Japan, wide-area subsidence occurred after the
2007 Niigata-ken Chuetsu-Oki earthquake. The stratified ground subsidence meter clearly
exhibits the thick clayey layer had caused subsidence after the earthquake. The measurement
data of leveling at various points gives the spatial distribution and the time-dependent prop-
erty of subsidence. By analyzing the instantaneous and the long-term amounts of subsidence
at each point from the observed data, this paper reports the correlation with geology and top-
ography and discusses the cause for subsidence of clayey soils after the earthquake.

1 INTRODUCTION

The Niigata-ken Chuetsu-Oki Earthquake occurred on July 16th in 2007 and killed 11 people
and damaged more than 6,000 residences. The epicenter of the earthquake was off the coast of
the Kashiwazaki Plain in the Niigata prefecture, located in the north of Tokyo, and 13km
underground. The quake registered 6.8 on the magnitude scale of the Japan Meteorological
Agency (JMA) and the Kyoshin Net (K-net) accelerograph measured a maximum ground accel-
eration of 813 Gal. The seismic intensity defined in the Japanese scale was recorded as an upper
6 at the Kashiwazaki Plain. Figure 1 indicates the seismic intensity distribution measured in Nii-
gata prefecture. It indicates the heavy earthquake excitation hit in the wide area of the Kashiwa-
zaki plain. In the earthquake, liquefaction of ground was widely observed along the Sabaishi
river and caused severe damage to residences. The residential houses were mostly damaged by
the differential settlement of ground due to liquefaction and not by the earthquake motion.
In the Kashiwazaki Plain, the subsidence of ground has proceeded due to pumping up of

underground water. The use of underground water is strictly controlled, but in the winter,
underground water is commonly used to melt down piled up snow. It causes non-negligible
ground subsidence seasonally. The subsidence of ground has been keenly observed by meas-
urements which are managed by Niigata prefecture. This measurement system caught the
earthquake-induced ground subsidence clearly (Figure 2). The measurement of the stratified
ground subsidence meter at Shimbashi indicated a sharp subsidence of clayey layer, which
thickness is of 23m, after the earthquake. The subsidence has been observed to proceed for a
long time. This behavior is similar to the time-dependent consolidation behavior of clayey
soils. It is well known that sandy soils cause a remarkable ground subsidence during the earth-
quake. It is, however, an instantaneous subsidence and apparently different from the subsid-
ence observed for clayey soils.
The ground subsidence of clayey soils has been observed in the past as the Mexico City

earthquake (1985), the Great Hanshin-Awaji earthquake (1995) and so on. However, it has
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been pointed out generally by the measurement with leveling survey. It is not sufficient to
prove the subsidence of clayey soils by the measurement data of leveling survey since the
ground subsidence cumulatively reflects the various behaviors of ground from the base to the
surface and it is unclear what layer actually caused the subsidence. It is noted that this paper
reports the measurement by the stratified ground subsidence meter which exactly specifies the
clayey layer to prove the subsidence of clayey layer after the earthquake. To survey the cause
of earthquake-induced long-term subsidence of clayey soils, the boring survey involving stand-
ard penetration tests (SPTs) was conducted at Shimbashi.

2 GEOLOGY AND TOPOGRAPHY

Figures 3 and 4 show a terrain classification map and an altitude distribution map of the
Kashiwazaki plain. Dune widely develops along the seacoast and it makes the topographical
feature of the area remarkably. It builds a hilly terrain along the seacoast as shown in
Figure 4. A thick clayey layer exists on the ground surface behind the dune were delta is
formed. On the upper stream of delta, a valley plain is distributed and the natural levee is
developing alongside the river. The geological cross section focused in this research is illus-
trated in the figures. It passes the measurement points of ground subsidence as Shimbashi,
Yanagibashi and Motoshiro. The downtown of Kashiwazaki city mainly distributes in the

Figure 1. Seismic intensity distribution. Figure 2. Stratified subsidence of clayey layer at Shimbashi.

Figure 3. Terrain classification map. Figure 4. Altitude map.
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dune and the delta. Shimbashi where the stratified ground subsidence meter is set is located at
the delta as shown in Figure 4.
The geological cross section is illustrated in Figure 5. In the figure, the soft clay deposits

thickly by the layers of AC1(clay), AC2(marine clay) and AC2(clay) from the ground surface
to the base. The thickness of soft clay layer reaches almost 50m. It is noted that the soft clay
also distributes below the dune. It might cause the long-term subsidence of the ground after
the earthquake in spite of the dune. Besides, the sandy soils continuously distribute in the
clayey layer partly. It is feasible to work as the drain layer for the thick clayey soils.

3 ANALYSIS OF THE MEASURED AMOUNT OF GROUND SUBSIDENCE

3.1 Subsidence measurement

The observed data of the stratified ground subsidence meter at Shimbashi indicated a remark-
able subsidence of the specific clayey layer after the earthquake. It clearly indicates the subsid-
ence of the clayey layer distributed on the ground surface, however, the use of the stratified
ground subsidence meter is limited due to its high cost. In consideration of the problem, this
study focuses the leveling survey to make clear the subsidence behavior instead of the strati-
fied ground subsidence meter. The advantage of leveling survey is simple and possible to be
implemented at many locations in the plain. It is effective to schematically grasp the features
of ground subsidence. This survey affords the valuable information on the spatial distribution
and the time-dependent property of ground subsidence. Unfortunately, although the leveling
survey was conducted every year before the earthquake, it was implemented every other year
after the earthquake.
Figure 6 expresses the typically measured relationships of ground subsidence and time at

three different points. The locations of measurement points are shown in Figure 4. They show
the great drop in subsidence just after the earthquake in the same way with that of the strati-
fied ground subsidence meter at Shimbashi. However, the trend in the ground subsidence and
time relationship is different among those of three points. The ground subsidence of No.5, the
location of which is the dune, was generated instantaneously and kept constant after the earth-
quake. On the contrary, the ground subsidence of No. 35, which is also located in the dune,
was generated not only instantaneously but also proceeded to generate for a long time. This
difference of behavior may be caused by the difference in soil profile between two points. The

Figure 5. Geological cross section map (Location is exhibited in Figures 3 & 4).
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soil profile of No.35 consists of sandy soil of dune and clayey soil beneath the dune. The
ground subsidence of No.53, which is located in the delta, mostly generated for a long time
after the earthquake. These measured data indicate the long-term subsidence was mainly gen-
erated in the clayey layer due to consolidation phenomena.

3.2 Analysis of instantaneous and long-term subsidence

By analyzing the obtained measurement data, this study proposes to define the instantaneous
and long-term amounts of subsidence. Figure 7 expresses the typical examples to determine
them using the measured data. In this procedure, two hypotheses are introduced as follows:

1. The instantaneous subsidence generates in short time during the earthquake,
2. The ground subsidence in time follows the hyperbolic curve which is a general assumption

in the consolidation behavior of clay.

The figure illustrates the instantaneous subsidence amount of d1 and long-term subsidence
amount d2 can be properly defined with measured data. Although it is not apparent whether
the long-term subsidence is completed in the consolidation process, these two indexes still pro-
vide the valuable features of the ground subsidence due to the earthquake.

3.3 Spatial distribution of instantaneous and long-term subsidence

By analyzing the instantaneous and the long-term subsidence amounts of each point with the
observed data, the spatial distribution of them in the Kashiwazaki plain are investigated. Fig-
ures 8 and 9 show the obtained maps of the instantaneous and the long-term subsidence amounts
(10 years after the earthquake). In comparison with the terrain classification in Figure 4, it is
clear that the instantaneous subsidence is dominant in the dune, however it is still widely

Figure 6. Recorded ground subsidence and time relationship at three different points.

Figure 7. Typical examples for recorded ground subsidence and time relationship (Dune).
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observed in both the delta and the valley plain although the subsidence amount is small. It is not
clear why the instantaneous subsidence is observed in the delta and the valley plain, but one of
the possible causes is that the ground was filled by sandy soil to produce the residential land. On
the other hand, the long-term ground subsidence amount is generally large in the delta by reflect-
ing the thick layer of clay. However, it is comparatively small in the valley plain although the
clayey layer is thick. This phenomenon is discussed later in detail. The long-term ground subsid-
ence is also observed in the dune. It is because the clayey layer exists under the dune as Figure 5.

3.4 Terrain classification and subsidence

The features in the generation of instantaneous and long-term ground subsidence amounts are
intensively analyzed against the terrain classification as shown in Figure 10. The figure expresses
the ratio of instantaneous or long-term ground subsidence amounts to the total subsidence
amount. Figure 10(a) indicates the instantaneous ground subsidence is dominant in the dune.
However, the instantaneous ground subsidence is also observed in the delta and the valley plain,
although the amount of subsidence is small. The generation ratio of instantaneous ground subsid-
ence is shown almost constant against the increase in the total ground subsidence amount.
On the other hand, Figure 10(b) expresses the long-term ground subsidence is dominant in

the delta by reflecting the thick clayey soils. It is also found that the long-term ground subsid-
ence is large in some locations in the dune. It may reflect the soil profile of each point as

Figure 8. Instantaneous subsidence distribution.
Figure 9. Long-term subsidence distribution(10 years).

Figure 10. Instantaneous and long-term subsidence amounts and terrain classification.
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explained before. It is very interesting that the long-term ground subsidence amount is very
small in the valley plain despite the thick clayey layer. This result suggests the effect of a sedi-
mentary environment of clayey soils caused the earthquake-induced subsidence greater.

3.5 Discussion on long-term subsidence cause

The reason why the long-term ground subsidence is large in the delta is discussed further. One
possible reason is the topography. The delta distributes near the dune which forms the hilly
terrain and the ground is thought to be basically loaded a shear stress by the irregularity in
topography. It is well known in soil experiment that the pore water pressure is highly gener-
ated for the cyclic load when the shear stress is loaded to the soil element. In this study, the
effect of the hilly terrain of the dune is investigated by organizing the ratio of the long-term
ground subsidence amount to the total subsidence amount against the distance from the dune
as shown in Figure 11. Although the trend in the decrease of the ratio against the distance
from the dune can be seen in the figure, it is not clear and left to a future subject.
The physical properties of soils were surveyed for undisturbed samples taken from two sites

of Shimbashi and Miyaba. Basic physical indexes are shown in Table 1. The plasticity index of
AC2(marine clay) is higher than those of AC1 and AC2 and the liquid limit of AC2(marine
clay) is displayed higher than that of AC2. The natural water content of AC2(marine clay) is
very high as 76.3% and it exhibits the clay layer of AC2(marine clay) is thought highly com-
pressible. Table 2 expresses the long-term ground subsidence amounts in comparison with the
layer thickness of AC2(marine clay) at four points. It indicates the long-term ground subsid-
ence amount can be correlated to the thickness of marine clay of AC2(marine clay).

4 CONCLUSIONS

This study summarized the obtained conclusions as follows:

1. In the Kashiwazaki Plain, Niigata Prefecture, Japan, wide-area subsidence occurred after
the 2007 Chuetsu-Oki earthquake. It was clarified the clayey layer caused long-term subsid-
ence by measurement of the stratified ground subsidence meter.

Figure 11. Long-term subsidence and dis-

tance from dune.

Table 1. Physical property of clayey layer

Layer Location Plasticity index Ip

Liquid limit
wL(%)

Plastic limit
wp(%)

Natural water content
wn(%)

Ac1 Miyaba 24.2 51.1 26.9 52.8

AC2 (marine clay) Miyaba 42.9 78.2 35.3 76.3

AC2 (marine clay) Shimbashi 48.6 87.0 38.4 73.5

Ac2 Miyaba 25.1 59.1 34.0 53.2

Table 2. Long-term subsidence and marine clay

Location
Layer thickness of
marine clay (m)

Long-term
subsidence (mm)

Shimbashi 18.0 95.8

Yanagibashi 9.1 60.8

Miyaba 5.4 15.2

Motoshiro 6.15 23.0

4200



2. Instantaneous and long-term ground subsidence amounts were analyzed by using a leveling
survey at many points in the Kashiwazaki plain. From the spatial distribution of subsid-
ence amounts, it was clearly shown that the instantaneous ground subsidence generated in
sandy soils such as dune, while the long-term ground subsidence generated in clayey soils
such as delta.

3. By investigating the correlation of ground subsidence amount with terrain classification, it
is clearly shown that the long-term ground subsidence amount was large in delta reflecting
the thick marine clayey layer. On the contrary, it was very small in valley plain although
the clayey layer was thick. Through the physical tests the distribution of marine clay was
found the key to analyzing the wide-area subsidence due to the earthquake.
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