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Synopsis

Urban development rapidly expanding from lowlands to surrounding hills and
mountains poses increasing risks for geo-hazards, including liquefaction during earthquakes,
and failure of artificial and natural slopes. In order to develop methodologies for assessing
vulnerability to these hazards and for making spatial and temporal predictions, and to develop
technologies for improving the performance of geotechnical works in urban areas, we studied:
(1) seismic performance of river embankments; (2) water infiltration behavior and creep
movement of decomposed granite slopes; and (3) landslides triggered in residential areas in
valley fills and hills by the 2004 Chuetsu earthquake.
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1. Introduction

Urban areas developed in lowlands have been
rapidly expanding into the surrounding hills and
mountains. This expansion increases hazards
associated with geological and geotechnical
processes as well as exposure of residents. In
particular, liquefaction during earthquakes causes
potential risks to infrastructures in urban areas.
Failure of artificial and natural slopes poses potential
threats to residents and communities; such disasters
were unfortunately realized during the 23 October
2004 Chuetsu Earthquake.

The objective of this study is to develop
methodologies for assessing vulnerability to these
hazards and making spatial and temporal prediction,
as well as proposing techniques for improving the
performance of geotechnical works in urban areas.

This paper summarizes the study results focusing
on the following priority issues:

(1) Seismic performance of river embankments

Failure of river embankments during earthquakes
poses potential hazards to urban areas due to flooding
and inundation. The conventional analytical method
for evaluating the seismic vulnerability is based on
the pseudo-static limit equilibrium method and is not
capable for evaluating the settlements. In this study, a
method based on effective stress analysis for
simulating the varying degree of settlements is
studied through a series of centrifuge model tests and
analyses.

(2) Prediction of shallow landslides

Rainstorms have been inducing widespread
distributed landslides, but water infiltration behavior
within weathered materials has not been well
understood. In addition, even shallow landslides seem
to be preceded by creep movement, but the creep
movement has not been studied in detail. We focus
on these issues to make spatial and temporal
predictions of shallow landslides. We monitored
water infiltration behavior within a decomposed
granite slope, which is one of the typical rocks
susceptible to landslides, as well as creep movement
of the surface loosened layer.
(3) Valley fills and artificial slopes have been
increasing related to the development of new
residential areas conveniently located near large cities.
Landslides in these valley fills and hills pose
immediate threats to residents. We studied the site
characteristics of the landslides triggered by the 2004
Chuetsu Earthquake in the suburb of Nagaoka and
Ojiya cities, central Japan.

2. Seismic performance of river embankments

2.1 Introduction

River embankments in urban areas are often
constructed on old river channels and other loosely
deposited sandy layers. These embankments often
suffered serious damage during earthquakes. Failure
of river embankments during earthquakes poses
potential hazards to urban areas due to flooding and



inundation. These hazards may be caused by Tsunami
run-up through a river or those caused by heavy rains
before or immediately after the earthquakes. These
hazards are typically governed by the settlements of
the embankments. However, the conventional
analytical method for evaluating the seismic
vulnerability is based on the pseudo-static limit
equilibrium method and is not capable for evaluating
the settlements.

Ozutsumi et al (2002) performed a series of
effective stress analyses of liquefaction-induced
deformation in river embankments using an effective
stress model developed by one of the authors and his
colleagues (lai et al, 1992) and found that this
analytical tool has the potential ability to simulate the
liquefaction-induced residual deformation during
earthquakes. In this study, the capability of this
analytical tool for simulating the varying degree of
settlements is studied through a series of centrifuge
model tests and analyses.

2.2 Case history of damage to embankments

A case history of damage to the embankments at
the mouth of the Yodo river in Osaka city, Japan,
during 1995 Hyogoken Nambu earthquake

(magnitude=7.2) was used as a reference in this study.

This reference was systematically varied with respect
to the level of shaking and foundation soil condition
in the centrifuge model tests as described later.

The embankments were located within 40 km
from the epicenter. The peak ground acceleration at
the site of the embankments was about 0.2g as
recorded at a nearby strong motion site (Matsuo et al,
2000). Typical damage to the embankments is shown
in Fig. 1. The settlement of this embankment was 2.7
m. The other embankment located nearby settled only
0.3 m. These embankments were made of a core of
soil materials covered with a concrete and asphalt as
erosion protection and a parapet wall 8.1 m above the
sea level.

The cross sections and soil profiles of these
embankments are shown in Fig.2 (JICE, 2002). These
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Fig. 1 Typical damage to river embankments (Yodo
river embankment during 1995 Hyogoken Nambu
earthquake) (after Ozutsumi et al, 2002)
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Fig. 2 Cross sections and soil profiles (after Ozutsumi
et al, 2002)

embankments about 3 m high were constructed on a
Holocene deposit about 20 m thick. The deposits
consist of, from the top, the upper sandy layer (As2)
about 10 m thick, clay layer (Ac) about 10 m thick
and the lower sandy layer (Asl) about 1 m thick. The
SPT N-value of As2 layer is about 10. The soil
profiles at both sites are similar to each other except
for the existence of a cohesive layer Ac about 2 m
thick below the embankment at the site of the
embankment having smaller settlement as shown in
Fig. 2(b). Foundation conditions significantly affect
the seismic performance of embankments.

2.3 Centrifuge model tests of embankments
Centrifuge model tests were performed in 50g
centrifugal acceleration using the geotechnical
centrifuge at Disaster Prevention Research Institute,
Kyoto University, with an arm length of 2.5 m. The
cross section of an embankment was determined by
referring to that at the Yodo river and shown in Fig. 3.
The model embankment and foundation ground was
made of Soma No.5 sand. The foundation ground
condition was varied using a loose deposit for one
series of tests, and a dense deposit for other. In each
series of tests, amplitude of input motion was varied



in three levels. Total of six cases of mode tests were
performed. Relative density of model foundation
ground was about 30% for loose deposit, and 70% for
dense deposit. Input motions were sinusoidal wave,
1Hz in prototype scale, with 20 cycles of loading.
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Fig. 3 Cross section of an embankment in centrifuge
model tests (1/50 scaling at 50g field)

2.4 Results of centrifuge model tests

Typical examples of residual deformation of the
embankment model are shown in Figs. 4 and 5. The
one shown in Fig. 4 is the results for loose foundation
ground subject to a peak acceleration of 313 Gal
(Case3). Excess pore water pressures in the loose
foundation ground gradually increased as cyclic shear
is applied due to shaking. Foundation ground
gradually softened due to the excess pore water
pressure rise. The embankment pushed down the
softened foundation ground, resulting in settlement at
the crest associated with lateral spread deformation at
the foundation ground.

The deformation shown in Fig. 5 is for dense
foundation ground subject to a peak acceleration of
574 Gal (Case6). Failure mode of embankment in this
case is represented by slide of embankment soil along
the surface of embankment. Settlement of the crest is
induced by this slide type of failure. There was no
significant deformation in the dense foundation
ground.

Fig. 4 Measured deformation of embankment on

loose foundation ground after shaking (Case3)

Fig. 5 Measured deformation of embankment on
dense foundation ground after shaking (Case6)

2.5 Effective stress analysis through multiple
shear mechanism model

The constitutive model used for the analysis is
based on multiple inelastic shear mechanism model
(lai et al, 1992). The computer code incorporating
this model is called FLIP (Einite element analysis of
Liquefaction Program). The model takes into account
the effect of rotation of principal stress axis directions,
the effect of which is known to play an important role
in the cyclic behavior of anisotorpically consolidated
sand. In addition to the conventional assumption of
hyperbolic relationship assigned for each shear
mechanism, the model uses the extended Masing rule
to reproduce realistic hysteresis loop for cyclic
loading. The excess pore water pressure generation
due to dilatancy is modeled using the concept of
liguefaction front, which is defined in the equivalent
normalized stress space shown in Fig. 6, where S
represents the mean stress ratio relative to the initial
mean stress, and r represents the deviator stress ratio
relative to the initial mean stress.
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Fig. 6 Liquefacti(;n front model

The analysis is performed in two steps. In the first
step, static analysis is performed in drained condition
by applying gravity (i.e. centrifugal acceleration in
the model tests) over the analysis domain. In the
second step, dynamic analysis is performed in
undrained condition by applying input motion at the
base of the analysis domain. The analysis in this
study was performed for prototype scale with model



parameters that correspond to SPT N-value of 5 for
loose foundation ground and 40 for dense foundation
ground and the embankment.

Computed deformation of embankments is shown
in Figs. 7 and 8. The one shown in Fig. 7 is the
results for loose foundation ground.

Fig. 7 Computed deformation of embankment on
loose foundation ground after shaking (Case3)

mode is in good agreement with that measured and
shown in Fig. 4. The agreements include the overall
pattern of settlements associated with the lateral
movement of foundation ground.

The computed deformation shown in Fig. 8 is for
dense foundation ground. The agreement with the
measured deformation shown in Fig. 5 is apparently
not very good, especially the analysis was not
successful in simulating the sliding of embankment
slopes as shown in Fig. 5. This discrepancy is
presumed to be due to the fact that, in the analysis,
the nodes at both ends of the slopes share the same
displacements as those of the foundation ground,
whereas, in model tests, the soil of the embankment
is free to slide over the foundation ground. If much
finer meshes or other improvements in the analysis
are adopted, the agreement would be improved.
Within the scope of the present study, the results of
analyses and model tests agreed in that deformation
of embankment is confined within the embankment
itself, without significant deformation in the dense
foundation ground.

Fig. 8 Computed deformation of embankment on
dense foundation ground after shaking

2.6 Settlement vs. acceleration level

In order to evaluate the overall performance of
embankment subject to various levels of shaking, the
measured and computed settlements obtained from all
the six cases are shown in Fig. 9.
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Fig. 9 Settlements at crest of embankment at various
levels of acceleration

For a loose foundation ground, settlements
reached 1.4 m at the maximum, equivalent to about
50% of the original height (3 m) of the embankment.
For a dense foundation ground, the settlement was
only 0.1 m at the maximum, equivalent to about 3%
of the height of the embankment. Both the computed
and measured results showed similar trends in
settlements with increasing levels of shaking,
although the computed results for loose foundation
ground are smaller than those measured and the
computed results for dense foundation ground are
larger than those measured. In order to achieve better
agreement, more studies may be necessary. The
settlements for dense foundation ground are reduced
to only 0.5 to 6.5% of those for loose foundation
ground, indicating that the densification of
foundation ground is effective in improving the
performance of embankment.

2.7 Mechanism of settlement

In order to identify the mechanism of settlement
in embankment, computed settlements are plotted in
Fig. 10, superposed by the plot of axial strain
difference in soil element in the foundation ground
below the embankment. The results indicate that the
settlement is closely correlated with the axial strain
difference in foundation soil for loose condition. For
dense foundation ground, the correlation is not good.
Consequently, the settlement of embankment
constructed on loose foundation ground is induced by
deformation of foundation ground associated with
axial strain difference of soil whereas the settlement
of embankment on dense foundation ground is
induced by due to deformation of embankment itself.
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Fig. 10 Settlement and axial strain difference in
foundation soil below the embankment

2.8 Summary
A series of centrifuge model tests and effective

stress analyses were performed on performance of a

river embankment during earthquakes. The following

conclusions are obtained:

(1) Settlements of embankments constructed on loose
foundation ground are governed by deformation
induced in the foundation ground, that settles and
spread laterally.

(2) Settlements of embankments constructed on dense
foundation ground are governed by deformation in
the embankment itself.

(3) The effective stress analysis performed in this
study captures the essential features of those
seismic responses of embankment and can be a
useful tool to assess the seismic performance of
river embankment.

(4) Condition of foundation ground significantly
affects settlements of embankments. Densification
of foundation ground is an effective measure to
improve performance of embankments during
earthquakes.

3. Landslides triggered by the 2004 Chuetu
earthquake

3.1 Outline of the earthquake

A series of earthquakes (the strongest with a
magnitude of 6.8 in JMA-Japan Meteorological
Agency; 6.5 on the Richter scale) and aftershocks
jolted northern Japan on October 23, 2004, killing at
least 30 people and injuring more than 2000 people
largely as the result of building collapse. The
strongest earthquakes with magnitudes greater than
6.0 on JMA scale occurred within a time frame of
less than an hour, and had the epicenters spread
across Ojiya city and Yamakoshi village, Niigata
Prefecture. The major earthquakes were characterized
by a shallow focal depth that generated strong levels
of ground motion, resulting in extensive damage
throughout the region. Hundreds of landslides were

triggered by the earthquakes and aftershocks with
much associated to residential areas throughout
southern Niigata Prefecture. Although heavy rain fell
in the region two days prior to the earthquake, our
field reconnaissance a few days after the earthquake
revealed that most soils in shallower failures were
relatively dry or only slightly wet along the sliding




surface.

3.2 Landslides in roads and residential areas

Residential development, particularly cuts and
artificial fills, is known to decrease slope stability
(Sidle et al., 1985; Kamai et al., 2004). Earthquakes
exacerbate such potential instabilities by the ground
motion induced and the enhancement of pore water
pressure in wet soils. Within our reconnaissance area,
we observed earthquake triggered landslides that
were highly affected by road cuts, road fills, and
residential fills. Road cuts remove support along the
uphill side of road corridors (Sidle et al., 1985;
Megahan, 1986); thus, ground motion arising during
an earthquake often triggers numerous landslides in
these sites. Road fill materials on hillslopes naturally
destabilize road embankments by adding weight to
the hillslope, oversteepening the outside side of the
embankment, and sometimes incorporating poor
materials or insufficient consolidation of materials
within the embankment. Hundreds of road cut slope
and fillslope failures we observed as the result of the
October 23rd earthquake. Additionally, much cut and
fillslope material remained tenuously unstable
awaiting failure during forthcoming rainstorms or
periods of snowmelt.

Additionally, we investigated numerous failures
triggered by the Chuetsu earthquake in residential fill
slopes constructed on reclaimed land in Nagaoka city.
Damages to houses and roads due to
earthquake-induced landslides in Otoyoshi shuraku of
Nagaoka city were significant (Fig. 12b,c). The entire
housing development (Fig. 12a) was actually built on
an old earthflow that was reactivated during the 23
October 2004 earthquakes. The tension crack in Fig.
12 b is evidence of the earthquake-induced
reactivation of the earthflow, whereas the damaged
house and road in Fig. 12 c is a consequence of the
earthquake—induced failure of a valley fill. The
geological structure in this area is Middle Pleistocene
sediments, consisting of gravel, sand and mud (with
weathered reddish soil) (Kobayashi et al., 1991).

Another residential area (Takamachi danchi) of
Nagaoka city incurred substantial damage to houses
and roads due to seismically-induced failures of
artificial fill slopes. The entire road surrounding this
development was constructed on fill material; the
road was partly destroyed during the earthquake.
Takamachi danchi covers about 4.1 ha, and lies on
Pliocene to Middle Pleistocene sediments composed
of sand, silt and gravel. About 70 of the 522 homes in
the  development were damaged due to
seismically—induced deformations and failures of
artificial fill slopes. Apparently, the fill material in
both Otoyoshi and Takamachi regions was partly
saturated partly due to the rainstorms during the
previous series of typhoons that struck the region a
few days prior to the earthquake. Poor drainage
systems within the retaining structures supporting the
fill contributed to the accumulation of water in the fill

slopes and exacerbated the instability.

1 T 2 Y=
s B
WA R N
3 = 4 =
f- il =
s T
i ot i ik ot
s Ve

3.3 Geological and
characteristics of landslides

geomorphological

Thousands of landslides of natural slopes occurred
in hilly areas in the Higashiyama Hills, where
Plio-Pleistocene sedimentary rocks are distributed.
The most common landslides of natural slopes
triggered by the earthquake were shallow disrupted
landslides on steep slopes without geologic




preference, which has been common to many

previous disastrous earthquakes in the world (KEEFER,

1984). The Chuetsu earthquake also triggered many
deep landslides, damming streams and flooding
villages. Field investigation and interpretation of
aerial photographs taken before and after the
earthquake clarified that many of these slides had
occurred due to the reactivation of previous
landslides (CHIGIRA, 2004). These had planar sliding
surfaces along bedding planes or along the oxidation
front (Fig. 13). The bedding-parallel sliding surfaces
were made at the boundary between the overlying
permeable sandstone and underlying siltstone (1 in
Fig. 13, Fig. 14) or along the bedding planes of the
alternated beds of sandstone and siltstone (2, 3, and 4
in Fig. 13). Sliding surfaces along the oxidation front
were made in the area of marine black mudstone (5 in
Fig. 13). New landslides (rockslide-avalanches)
occurred with the sliding surfaces in an a-few-cm
thick tuff interbedded in siltstone (6 in Fig. 13). Most
of the deep landslides occurred on slopes undercut by
erosion or artificial excavation, notwithstanding they
were  reactivated or  new  ones. One
rockslide-avalanche occurred on a slope where
buckling deformation preceded the earthquake (7 in
Fig. 13). Gentle valley bottom sediments were
mobilized in many locations, probably because they
were saturated and partial liquefaction occurred by
the earthquake (8 in Fig. 13).

3.4 Summary

The 2004 Chuetsu earthquake triggered many
landslides of road cut slopes, residential fill slopes in
urban area, as well as on natural slopes, isolating
villages. Precipitation of about 100 mm two days
before the earthquake seems to have affected the
landslide. The most common landslides of natural
slopes were shallow disrupting landslides, but more
than 100 deep slides also occurred and affected wide
areas and dammed streams. Most of these deep slides
were due to the reactivation of old landslides and had
planar sliding surfaces along bedding planes or the
oxidation front. In addition, most of the deep slides
were undercut before the earthquake and destabilized.
Mobilization of sediments filling gentle valleys also
occurred.

4. Stability of urban natural slopes

Urban areas are growing into neighboring
mountainous areas by cutting natural slopes or by
utilizing areas at the foot of mountain slopes.
Particularly, Japan has very small flat areas, so this
situation is becoming very common.

4.1 Water filtration behavior within decomposed
granite

One of the rock types, which are very susceptible
to landslides and has been suffering serious damage
by rainstorms, is granite (Fig. 15, (CHIGIRA, 2001).
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Fig. 15 Landslide disasters occurred in the
granitic rock areas.

Fig. 16 Locality and topographic map and
a cross section of the study site.

Granite occupies wide areas in urban areas and also
in candidate sites of new Japanese capital, partly
because it forms wide low-relief hills and are easily
excavated by machine without explosion. In spite of
the above situation, landslide mechanism of
weathered granite is not well understood so spatial
and time prediction methodology of those landslides
is not yet developed.

In order to clarify the mechanism of landslide of
weathered granite and water filtration behavior,
which is essential to establish the methodology to
predict landslide by rainstorms, we monitored water
filtration behavior and surface creep movement of a
decomposed granite slope. Details of the results and
the conceptual model of water filtration have been



written in a paper submitted elsewhere (CHIGIRA et
al., submitted).
(1) Study site and methods

The investigation site is located in the southern
part of Shiga Prefecture, central Japan (Fig. 16). This
site is a hilly area with elevations from 450 to 650 m
above sea level, and is underlain by the Cretaceous
Shigaraki granite (Collaborative Research Group for
the Granites around Lake Biwa, 1982). The landform
has low relief with a relative height of less than one
hundred meters from flat river bottom. The granite is
deeply weathered, and almost all outcrops above the
river bottom consist of decomposed granite except
for sporadically exposed core stones, while beneath
the stream bottom less weathered and sound granite
rock is expected. This area was struck by a heavy
rainstorm in 1953; widely distributed, destructive
landslides occurred, killing forty-four people.

We monitored rainfall, discharge amount,
electrical conductivity and the chemistry of water
from sub-horizontal drill holes just beneath the
groundwater table within a decomposed granite slope
as well as suction and creep movement at the slope
surface (Fig.16). The monitoring interval was from
April 2003 to November 2004. Water sampling for
chemical analysis was done manually.

(2) Results and a conceptual model of water
filtration

Typical response of electrical conductivity and
discharge amount against rainfall events is shown in
Fig. 17. We found that when precipitation exceeds
about 30 mm, electrical conductivity decreases
spontaneously, then soil water with high electrical
conductivity is pushed down and subsequently dilute
rainwater itself reaches to the groundwater table. The
conceptual model of water filtration suggested by the
monitoring results is shown in Fig. 18. The pushing
down occurs at almost all rainfall events exceeding
10 mm precipitation. The immediate decrease of the
electrical conductivity is due to quick inflow of
rainwater to the groundwater table through “express
ways” like cracks, and its increase is due to the

Hearey rainfall

pushing down of soil water. The electrical
conductivity reached to its maximum 20 to 40 hours
after the peak of rainfall events and then decreased,
while the discharge from the drill holes increased
further after the peak of the electrical conductivity to
become its maximum 2 to 5 days after the peaks of
precipitation. The time delay of the maximum of
discharge amount from the maximum of the electric
conductivity suggests that the pushing down of the
soil water is caused by the pressure propagation by
the downward movement of the wetting front as was
suggested by Bianchi and Haskell (1966).

The soil water that is pushed down seems to be a
capillary water above the groundwater table. The
SiO, concentration of this water is apparently
controlled by the solubility of cristobalite and is rich
in Ca, which is supplied from plagioclase with SiO,.
The cation concentrations in the unsaturated soil
water and the capillary water are affected by ion
exchange.
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4.2 Creep movement of a surface loosened layer
Surface deformation by creep movement of a
loosened layer was observed on the monitored slope.
Figure 19 shows the displacements measured with
extensometers along with precipitation and matric
suctions in the loosened layer in the depth of 50 cm.
Monitored suction data indicated that positive pore
water pressure occurred only several times during the
monitored interval. Accumulated creep displacement
during 7 months was about 3 mm. The displacement
was not directly related to the amount of precipitation
but to the fluctuation ranges of matric suction as is seen
in Fig. 19. In July and August, there were not so heavy
rainstorms in comparison with the other months, but
most of the displacement occurred. Figure 19 also
shows that the fluctuation ranges of suction were the
largest in these two months. These findings indicate that
displacement occurs in response to the repetition of
wetting and drying rather than to positive pore pressures.

4.3 Summary
Water infiltration behavior observed by the
monitoring the amount, chemistry, and electrical

conductivity of water from just beneath the groundwater
table in decomposed granite suggests that infiltration
near the groundwater table has three steps: Quick inflow
through short-cuts like cracks, pushing down of the
capillary water, and then inflow of rainwater through
matrix of decomposed granite. The surface loosened
layer creeps in response to the repetition of drying and
wetting before catastrophic sliding.

5. Concluding remarks

During this fiscal year, we performed the studies on
(1) seismic performance of river embankments, (2)
water infiltration behavior and creep movement of
decomposed granite slope, and (3) landslides triggered in
residential areas in roads, valley fills and hills by the
2004 Chuetsu earthquake. In addition to the study in FY
2003, which includes (1) performance of retaining walls
at waste fill in waterfront areas, (2) hazard mapping of
natural slope failures through monitoring using laser
scanners, and (3) hazard assessment of residential areas
in valley fills, we are approaching to our goal, to develop
methodologies for assessing vulnerability to geohazards
and for making spatial and temporal prediction, and to
propose techniques for improving the performance of

Danplac misimist (fum|

wesprtation (em o day

-
i
Wik

H JHT . h—. ||‘].IJ|| |.|.|

i i

geotechnical works in urban areas.
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