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Abstract Because of regulated groundwater extraction, severe land
subsidence in the Sagamigawa alluvial plain has almost decreased to a
minimum since 1973. The government, however, has had to pay
attention to local land subsidence in the upper part of the plain around
Atsugi. Average subsidence rates for the 19 year period from 1977 to
1994 ranged from 10 mm year” to 18 mm year. It was found that an
area of the city extending to the back swamps of the Sagami River
suffered severe subsidence because of a widely distributed compressive
mud layer 2 m to 4 m thick. Compressibility of mud soil classified as
follows: low N values below 1, compression indices (C,) ranging more
than 1.0 and natural high water contents (W, ) over 150%. In 1978, 1985,
1990 and 1993, severe land subsidence and low annual precipitations of
less than 1500 mm were recorded. Analysing the relations between
subsidence and lowering groundwater level by a one-dimensional
compression model, it was estimated that the local subsidence was mainly
caused by a decrease ranging from 0.5 m to 1.2 m in the groundwater
head due to groundwater extraction for reconstructing buildings and was
accelerated by low rainfall.

INTRODUCTION

Severe land subsidence occurred throughout the Sagamigawa alluvial plain until 1973.
A 30 mm year'! subsidence was observed in 1971 at the Ebina monitoring station. This
severe subsidence was caused by a drastic increase in groundwater extraction by
industries. Open ground cracks occurred along the terrace of Ebina in 1969 (Mikami &
Imanaga, 1971) and many rise-ups of well-tops were observed in Hiratsuka city, forcing
Kanagawa prefectural government to introduce regulations to check the over-extraction
of groundwater. Due to effective regulations and a simultaneous decline of industry,
pumping rates over the plain have decreased dramatically. Groundwater heads
consequently have recovered 5 m to 20 m since 1971 (Yokoyama, 1982), and since 1973
land subsidence has almost ceased.

In contrast to the general trend of subsidence over the plain, local subsidence has
become a severe problem in the centre of Atsugi. Land subsidence more than
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50 mm year! was observed in 1984, 1990 and 1993 (Kanagawa Prefectural Govern-
ment, 1995), forcing the local government to pay attention to the problem of severe local
land subsidence. This study aims to investigate the causes of local subsidence in the city
area (Fig. 1).

HYDROGEOLOGY

Gravel deposits of natural levees were classified along the Sagami River and the muddy
deposits of back swamps were distributed on both side of the river (Moriyama, 1972).
The centre of Atsugi has extended to the back swamps. An organic mud layer 10 m to
30 m thick is widely distributed over the upper part of Sagamigawa alluvial plain.

A typical geological log of Atsugi is shown in Fig. 2. The thick mud layer was
characterized as a layer of low N values below 10. This mud layer is underlain by one
of gravel, which is classified a good aquifer for industrial water. The groundwater level
of the study area is shallow. The level of the mud layer is 3 m or less and that of the
gravel aquifer is within 5 m or less.

The upper 1 m to 5 m of this mud layer is particularly high in organic materials. The
distribution of this high organic layer is clarified in Fig. 3 (Yokoyama, 1985). This mud
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Fig. 1 Location of benchmarks (@) and the Ebina monitoring station (W).
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Fig. 2 Typical geological log and characteristics of soil samples in Atsugi.

layer is classified as compressive because compression indices (Cc) range over 1.0 and
natural water content (Wn) ranges over 150%. Thick compressive organic layers over
2 m thick are recognized in Atsugi and Ebina. The thickness of the high organic layer
in Atsugi ranges from 3 m to 4 m and the one in Ebina ranges from 3 m to 6 m.
These qualities indicate that the vulnerability of subsidence is very high in the study
area.

DROPS IN THE GROUNDWATER HEAD

Groundwater head data in the Atsugi area were not accurate because they were
collected from an industrial pumping well. According to the data of the Ebina
monitoring station, indicated by "W" in Fig. 1, due to a lack of rainfall the groundwa-
ter head decreased by 0.5 m in 1984 and 0.3 m in 1987 (Fig. 4). As the recent
pumping rates of Ebina remain steady, these drops are considered to be a natural
lowering caused by rainfalls below 1500 mm year!. The decrease in years of little
rainfall in Atsugi is estimated to be more than 0.5 m. Because groundwater has been
occasionally extracted to lower the groundwater head when constructing buildings, it
is estimated that the groundwater head in the centre of Atsugi has been lowered by
more than 1 m.
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Fig. 3 Distribution of high organic mud soil (thickness: m).

LAND SUBSIDENCE

Severe land subsidence was reported in Atsugi in the latter half of the 1970s. A
distribution of the total land subsidence over Atsugi and Ebina for the 14 year period
from 1980 to 1994 are shown in Fig. 5. Areas of land subsidence more than 50 mm
widely cover the alluvial plain in Atsugi, but do not extend over that large of an area in
Ebina. An area of large subsidence in Atsugi corresponds to one of thick organic mud
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layers shown in Fig. 3. It was estimated that this high organic soil was affected by the
lowering of groundwater heads.

Occurrences of severe land subsidence over 200 mm are shown in Fig. 5.
Accumulative land subsidence at benchmarks of A8, A12, A13, E8, C7 and C8 for the
period from 1975 to 1994 is shown in Fig. 6. The average rates of land subsidence at
A8, A12 and A13 in Atsugi range from 10 mm to 18 mm per year. Looking over the
accumulative subsidence lines of A8, A12 and A13 inFig. 6, declining lines steeper than
the one in the proceeding year were recognized to be simultaneous concave changes in
1979, 1985 and 1993. A13 alone showed a large drop in 1991.
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Fig. 6 Accumulative land subsidence observed at each benchmark (locations are shown
in Fig. 1).

Comparing annual subsidence rates and annual rainfalls, the large subsidence
occurrences classified in 1979, 1985 and 1993 correspond to small annual rainfalls
(Fig. 7). In order to understand the natural effect of a reduction in rainfall, correlation
between annual subsidence rate at benchmark A19 and annual rainfall at Ebina are
shown in Fig. 8 because A19 is located on the thick high organic mud layer and is far
from the centre of Atsugi city. It is clearly shown that less then average rainfall affected
land subsidence.

CAUSE OF LOCAL SUBSIDENCE

In general, the following three causes of local land subsidence are recognized: an
increase in industrial groundwater extraction, groundwater pumping for construction and
little rainfall which caused a lowering of the groundwater head in the study area.
Though annual amounts of groundwater extraction in Atsugi slightly increased from
1981 to 1985, no noticeable lowering in the groundwater head was reported to the
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Fig. 7 Comparison of annual land subsidence at A13 and annual rainfall at Ebina.

government by industries. Consequently, increases in industrial groundwater extraction
are not considered to be a cause of local land subsidence.

Considering the average rates of land subsidence at Atsugi, groundwater extraction
for reconstructing building has been an important factor in lowering the groundwater
heads since 1970s, though it is difficult to discern the exact amount of groundwater
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Fig. 8 Correlation between annual subsidence and annual rainfall at bench mark A19.
Subsidence data are collected in the years of less than average rainfall.
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extraction due to reconstruction. Investigating reconstruction around central Atsugi,
remarkable developments were nundertaken in the 1980s and 1990s. Because significant
land subsidence was recognized around the central part of Atsugi, the main cause should
be the lowering of groundwater heads by extraction for reconstruction accelerated by
little rainfalls.

COMPACTION OF HIGH ORGANIC MUD SOIL

To investigate the influence of groundwater head lowering on the high organic mud
layer, the amounts of land subsidence were simulated by a one-dimensional compaction
model which was made from the typical geological log shown in Fig. 3. The simulation
method used was Mikasa’s method (Mikasa, 1963).

Mikasa generalized the Terzaghi theory on the one-dimensional consolidation of soft
clay and obtained a differential equation of heat conduction type derived in terms of
compression strain &. In the case of soft clay consolidation, coefficient of volume
compressibility (m,), permeability (k) and depth of clay layer are variable. Using
Takada’s one-dimensional consolidation model (Takada, 1985), subsidence of the high
organic layer in Atsugi was estimated.

A drop in the groundwater head corresponding to land subsidence was estimated by
results of this model. The average coefficients of the soil shown in Fig. 3 were used for
calculation. Considering the effect of groundwater lowering, calculations of land
subsidence were carried out for two cases. One case assumed groundwater head drops
in the A-layer and the other case assumed drops in the aquifer underlying the C-layer.
Though compaction in the C-layer shown by open circles is 10 mm or less, subsidence
in the A-layer shown by solid circles is calculated to be 200 mm due to a drop of 1.2 m
in the groundwater head. According to these results (Fig. 9), it was found that drops in
the A-layer have had more effect on subsidence than the ones in the aquifer. In the
former assumption, drops in groundwater heads causing annual subsidence rates ranging
from 10 mm year! to 20 mm year! were calculated to be 0.5 m to 1.2 m. These
estimates agree with the monitoring data on groundwater heads.
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Fig. 9 Results of land subsidence calculation. ®: subsidence of the A-layer, O:
subsidence of the C-layer.
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CONCLUSIONS

Compressive high organic mud layers 2 m to 6 m thick are distributed throughout the
study area. These layers are caused by severe land subsidence. Land subsidence has high
correlation with low rainfall. Rainfall less than 1500 mm year ! lowered the groundwater
head 0.3 to 0.5 m from the average. According to the estimation of drops in ground-
water head by a one-dimensional compaction model, land subsidence ranging from
10 mm year™ to 20 mm year™! was explained by 1.2 m drops of 0.5 m to 1.2 m in the
groundwater head. It is estimated that the cause of local subsidence in the study area is
compaction of the high organic mud layer due to about a 1 m drop in the groundwater
head.
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