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Abstract: Landslides, occurring in Tertiary Nyokan formation of the Monden area, at the
southwestern part of Okayama Prefecture, southwest Japan were investigated to clarify the
occurrence mechanism of Tertiary mudstone landslide from mineralogical viewpoint. The
landslide of the area is characterized by slow creep movement at the rate of 2 to 10 cm per
year, and can be considered to be a typical creeping landslide.

Three zones are distinguished in the landslide profiles based on the constituent clay min-
erals, i.e., upper, slip and lower zones, respectively. The slip zone develops close to the
boundary of the upper zone and the lower zone. Detailed examinations of microtexture
indicate that the smectite rich landslide clays have undergone shearing deformation because
the resulting texture is characterized by highly oriented parallel FF contacts. The landslide
days with highly oriented parallel FF contact texture have impermeable nature and the ma-
terials containing the clays are ready to start creep movement. Furthermore, cations such
as Ca?*, Mg?* and Nat derived from feldspar in the host rock are highly concentrated in
the landslide clays, causing the increase of smectite content and at the same time promot-
ing the replacement of Ca®* and Mg?* by Nat. This reaction promotes the formation of
Na-smectite or (Na,Ca)-smectite characterized by high expandability. This process further
causes the decrease of soil strengths and the formation of characteristic microtexture, i.e.,
lubrication plane. When the lubricating plane develops to a certain extent, the creeping
landslide takes place.

The displacement rate of the creeping landslide mechanically depends mostly on the pore
water pressure (groundwater level) in the landslide profiles. High pore water pressure always
corresponds to the large displacement rate. Taking into consideration of groundwater levels
and the mineralogical characteristics, a rheological model is proposed. Applying obtained
soil constants to the model, the possibility of prediction of the creeping landslide is discussed,
espedially on the deformation process.
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I. Introduction

Landslide is one of the most destructive geological pro-
cesses affecting human life and is a particularly trouble-
some natural hazard in Japan. The loss of human life,
land and property due to landslide is a maj or social prob-
lem. The landslides occurring in Japan have been clas-
sified, generally in terms of geological factor, into three
types, namely, Tertiary formation type, sheared zone type
and hot spring type (Koide, 1955; 1962; 1963). The main
cause of landslide, on the other hand, is divided into the
internal factor and the inducing factor (Terzaghi, 1950;
Veder, 1981). The former factor is geological and geomor-
phological features, and the latter rainfall, snow, ground-
water, earthquake and so on (Aoki, 1986; Tamada et al.,
1986; Tamada and Fukuda, 1989). The occurrence of
a landslide is a result of the combination actions of the
internal and inducing factors (Veder, 1981; Zaruba and
Mend, 1982).

Tertiary formation type exceeds more than 67% of the
all landslides occurring in Japan and, has occurred mostly
in populated areas (Watari et al., 1983). The occurrence
mechanism of Tertiary formation landslides, especially
with respect to mass movement, has been the intensive
research subject (e.g., Nishida and Tsushimoto, 1973; Ya-
manoi et al., 1974; Shuzui, 1984; Shuzui and Nakamura,
1986; Shirahata et al., 1987; Aramaki, 1987). From the
geological standpoint, several intensive studies have been
also published (Fujimoto, 1967; Takatani, 1972; Shuzui,
1984; 1986). Nishida and Tsushimoto (1973) reported
that, in some landslide areas, smectite is a main con-
stituent mineral among the landslide clays. Recently,
Takeuchi and Takaya (1980) and Tamada (1984; 1986)
pointed out that smectite content tends to increase to-
ward a slip surface (or zone). These investigations indi-
cate thatlandslides are controlled by geological character-
istics, especially by clay minerals. However, detailed min-
eralogical characteristics of clay minerals in landslide area
have not been sufficiently investigated up to the present.

Significance of micromorphological observation is re-
cently pointed out in understanding of geotechnical prop-
erties of clay soils (Bennett et al., 1981; Yamada, 1989).
Especially, clay texture characteristics have a great in-
fluence on the shearing mechanism and deformation
(Skempton, 1985). However, no systematic studies deal-
ing with the microtexture characteristics of natural land-
slide clays have been made.

Furthermore, the study of forecast or prediction of
landslide is advancing recently according to the recent
progress of the geological and mineralogical science as well
as those of technology. Studies on the prediction of defor-
mation related to landslide are of particular significance
not only in understanding of the deformation behavior
but also in evaluation of long-term slope stability.

In this study, one landslide area located at Monden
Town in the southwestern part of Okayama Prefecture,
southwest Japan was selected for clarifying mechanism of
Tertiary sediments landslide. The area has the following
merits: (1) Large scale landslides have recently occurred
in the area, and are still active at present; (2) The land-
slides are characterized by large displacements; and (3)
The slip surfaces or slip zones are recognizable at depths

less than 10 meters. The mineralogical and chemical char-
acteristics of landslide materials were investigated. Based
on the detailed study of clay minerals, such as smectite
content together with its cation exchange properties in
relation to landslide profiles and texture characteristics
of landslide materials, the mechanism of landslide will be
discussed. A rheological model was also developed for the
purpose of prediction of landslide.
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II. Outline of geology

The investigated Monden landslide area is located
in Monden Town, Ihara City, southwestern Okayama
Prefecture, and situated in the southwestern part of
the Kasaoka-IThara-Tsuyama landslide zone with NE-SW
trend (Landslide of Japan, 1973). As shown in Fig. 1,
the coincidence between distributions of the Tertiary sed-
iments and occurrence of landslides indicates that almost
all landslides in Hiroshima-Okayama Prefectures occur in
the Tertiary sediments. The Monden area is geomorpho-
logically characterized by numerous small relief moun-
tains of about 150 m above sea level. Low relief erosion
surfaces are present at several horizons in the area. Land-
slides concentrate in a depressional area surrounded by
hills at an altitude of 80 to 150 m, and occur mainly on a
gentle slope at that of 60 to 80 m descending smoothly to
an alluvial lowland of about 40 m altitude (Fig. 2). The
hill top forms two low relief erosion surfaces at different
levels. One spreads in the eastern part at an altitude of
120 to 160 m covered by gravel bed, and the other devel-
ops in the western part of the landslide area at an altitude
of 80 to 120 m in the pre-Neogene basement rocks (Figs.



Mineralogical Study of Landslide in Monden Area 89

ég ' a
Shinichi
. R SS& Tojyo L i
~ 5 # O g{/{f‘ * Nitmi g2
Miyosli {@’ 3 @ o “‘o ‘Mxﬁ 0?
N0 o R «¢*Z Hokubo 2o’

S Dy P /l Tsuyama

N e,
o Okayama

4
Hiroshima % . ’ .
o V4 ‘<;;—.
-y
Pukuynma Monden Areg

Fig. 1L

Index map showing distribution of Tertiary sedimentary rocks (partly modified from Tai,
1975) and landslides in Chugoku district, Southwest Japan (data from Landslide of Japan,
1973).

1: Southern boundary of Tertiary green-tuff sediments, 2: Non-green tuff sediment, black
circle: landslide area, open circle: location of Town.
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2 and 3). These hill top surfaces extend and gently dip
toward the west-northwest.

In the Monden area, Paleozoic sediments, Cretaceous
acdidic volcanics and granitoids, Neogene sediments and
Quaternary sediments are developed. The basement
rocks of the area are composed of Paleozoic slate and ba-
sic rocks, Mesozoic rhyolitic and dacitic pyroclastics and
granitic rocks (Tai, 1962; Mitsuno, 1985). The basement
rocks distributed in the western part of the landslide area
form a lowland and expose over the low relief erosion sur-
face. The granitic rocks are distributed in the eastern
part of the area (Fig. 3).

The acidic volcanics has a resistant nature accompa-
nying with relatively thin weathering crust of about 3 m
thick. The granitic rocks, on the other hand, are remark-
ably weathered with saprolite layer of about 15 m thick
in an extensive area.

The Neogene sediments, designated as Nyokan forma-
tion (Tai, 1962; Mitsuno, 1985), uncomfortably overlie
the basement rocks, and gently dip downslope with about
10 degrees and the direction is the same to that of land-
slide slope (Public Works Office, Okayama Prefecture,
1990). The Nyokan formation of lacustine origin is com-
posed of alternation of tuffaceous sandstone and mud-
stone. The sandstone is from 4 to 6 meters in thick-
ness and is fine to coarse grained massive sediments with
brownish gray to yellowish brown color. The mudstone
called the Kasaoka clay (Tai, 1962) exceeds 10 meters in
thickness in the landslide area and is homogeneous, gray
to blackish gray in color. The landslides in the area tend
to take place in the mudstone area.

The Neogene sediments are highly weathered and soft-
ened extensively resulting clay soil. In the Neogene sed-
imentary rocks, fissure and /or cracks parallel to bedding
plane are well developed especially in mudstone, probably
due to swelling and shrinkage of rock volume in response
to seasonal fluctuation of the groundwater levels.

The Quarternary gravel layer, called Mountain gravels
(Tai, 1962; Mitsuno, 1985), uncomfortably overlies the
Neogene sediments and crops out in the eastern part of
the area (Fig. 3). The Mountain gravels in the area
ranges in thickness from 5 to 30 meters. It mainly con-
sists of pebble gravels of 2 to 40 cm in grain size and con-
tains an intercalated coarse sandstone beds of 10 to 30
cm thickness. The generalized stratigraphy of the land-
slide area is shown in Fig. 4 which is partly based on the
boring core observation.

Alluvium clay, sand, gravel 5~20 m
Quaterary [ |
Ng:’;;‘:li,“ gravel,. sand, clay | 5~30m
sandstone 4~6m
Nyokan
Neogene
& Formation mudstone 10 m+
Mosozoic granitic rock, dacitic
to Basement rock, rhyolitic rock,
Paleozoic Rocks basic rock, siate.
Fig. 4. Generalized stratigraphy of the landslide

area.

Based on field and boring core observations, the Neo-
gene and Quaterary sediments in the southeastern parts
of the area dip 10 degrees to south, whereas those in the
southwestern part dip 10 degrees to north. Therefore,
a basinal structure of syncline is recognized in the area
trending northeast-southwest direction (Public Works Of-
fice, Okayama Prefecture, 1990).

III. Landslide description

The geomorphological and fracturing features show
that the Monden landslide area can be subdivided into
three sliding blocks (Fig. 2). These sliding blocks have
an altitudinal difference of about 50 m and slope lengths
of 300 to 500 m, and all of the three blocks gently dip
about 10 degrees to north (Fig. 2). Inclinometer mea-
surement shows that landsliding in the area occurs within
mudstone layer, and the slip zones at about 5.0 to 6.5 m
depths dip parallel to geographical slope and adjoin the
natural pond at the foot of the slope (data from Public
V‘)/orks Office, Okayama-Prefecture, 1990) (Figs. 2 and
5).

110 as¥?

Melres above S. L.
L

Sandstons
Conglomaratic mudstone

Cross section A

551,.\0

Metres above S. L.
]
-]

Cross section B

Fig. 5. Cross-section of the landslide area show-
ing slip zone almost parallel to ground

surface.

The first signs of landslide were observed in August
1975 following a heavy rainfall in July 1975 (Public Works
Office, Okayama Prefecture, 1984; 1990). After that, the
landslides became gradually dormant to creep movement
but only at instrumentally detectable rate less than 10
mm per year, Since September 1984, the landslides were
activated again, subsequent to a continuous rainfall dur-
ing June to July 1984. The total downhill displacement
amounted to about 100 mm during September 1984 to
January 1990. .

The presence of the Monden landslides can be recog-
nized chiefly from geomorphological evidence of a deflated
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gentle slope, scarps and tensional crack around the head
of the landslides and the squeezed toe. Fig. 6 schemati-

cally illustrates the topographic details and the relevant

terms identified in the landslide area. Cracks are gener-
ally formed by defferential shearing between the moving
mass and the inactive mass in landslide area (George et
al., 1978). Therefore, the main scarps observed in the
area are considered to be as the head limit of the slide
block. Another clear signs of active landsliding are recog-
nized by intense cracking and fissuring of several buildings
and constructions. :

heat originnl'-urfncc

main searp

minor scarp main searp

right flank

TS
N

L P

Topographic details and relevant terms
identified in the landslide area.
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Fig. 7.

To obtain the underground information of the landslide
area, 15 boreholes were drilled by Fukken Co. Ltd., Hi-
roshima as shown in Fig. 2 (open circe). Fig. 7 shows
the nature and extent of landsliding observed at the in-
clinometer hole A59-2in the sliding block 4 (Fig. 2) dur-
ing September 1984 to January 1990 (data from Public
Works Office, Okayama Prefecture, 1990). As is evident
in this figure, normal slow movement of the landslides is
accelerated after accidental large displacements in July
1988 (arrow) due to heavy rainfall, and the figure also
indicates that the landslides in the area have slow creep
characteristics at the rate of 2 to 10 mm/yr.

IV. Sampling and methods
A. Sample sites and sample selection

Fig. 5 shows two cross sections constructed from the
boring cores observation. As shown in Fig. 5, the cross
sections 4 and B (illustrated in Fig. 3) represent the geo-
logical characteristics of the landslide area. Two detailed
examples of the profile are given in Fig. 8, one is obtained
at the borehole A63 — 2 in the cross section 4, and the
other at the borehole B63 — 4 in the cross section B. As
is evident in Fig. 8, the former is composed of sandstone
and mudstone, and the latter consists of only mudstone.

. Resistivit;
Depth Soil mholou‘ Nevalue (K;km)’
{m) | profite 102030 40 1
zone 4 A63-2
sone 3
v
v
3 /Sip zone
sone 2
: \ﬁ
sone 1
L
-
Resistivit,
Depth| Soil r:1 10 | N-value !Kncm)’
(m) | profile 102020 40 1
. zone 4 B63-4
soil v
—pr|
s Slip sone
zone 3
mudstone
sone 2
b1 2 =————— N WO
= sone 1
=

Geological characteristics and the in situ
test data of the studied profiles of A63-2
and B63-4.

In the landslide profile 463 — 2, the sandstone of more

Fig. 8.
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than 4.5 meters thickness overlies the mudstone, and the
sandstone is brownish gray to brown fine-grained sedi-
ments with silt and clay fractions; the mudstone is ho-
mogeneous and gray in color. The boundary between
the sandstone and the mudstone corresponds to the tran-
sition zone between brown oxidized sediments and gray
sediments. Small amount of pyrite crystals of about 1.5
cm in size were observed under a binocular microscope in
both sandstone and mudstone. On the other hand, the
landslide profile B63 — 4 is composed only of the mud-
stone, which is homogeneous, white gray to light green
fine-grained sediments and contains small amount of silt
and sand fractions.

In Fig. 8, in situ test data of groundwater resistiv-
ity and N-value measured by Standard Penetration Test
(SPT) are also indicated. The variation of N-value in
sedimentary rocks corresponds generally to the degree of
weathering (Matsukura and Mizuno, 1986; Miura, 1987).
Therefore, N-value can be used as the degree of weath-
ering (Matsukura and Mizuno, 1986). In the present re-
search, the profiles of A63 — 2 and B63 — 4 are both di-
vided into four zones (Fig. 8) on the basis of the N-value:
Zone 1 (N larger than 50) showing no discoloration caused
by oxidation and difficult to break by fingers; Zone 2 (N
ranging from 20 to 50) retaining original rock texture and
can be considered weakly weathered sediments; Zone 3
(N less than 20) which is easily deformed and smeared by
fingers; and Zone 4 (surface soil) which is of black gray
to black clay soil containing a small amount of gravel-
size clasts and plant remains. These zones correspond
roughly to fresh or weakly weathered rocks, moderately
weathered rocks, remarkably weathered rocks and surface
soils, respectively. The slip zone of the landslides in the
area is found mainly in Zone 3.

The analyzed samples were taken from the landslide
profiles of A63 — 2 and B63 — 4 (Fig. 8) at interval of 50
cm from the surface to the maximum of 12.5 m depth.

B. Analytical methods

Since the mineralogical composition and physicochem-
ical properties of clay fraction (less than 2 pm) are the
most important factor governing the shearing (Lupini et
al., 1981; Skempton, 1985), analyses were carried out on
both the bulk and clay fraction samples. The clay frac-
tion (less than 2 um) was separated after dis-aggration
in distilled water using ultrasonic wave.

X-ray diffraction Mineral constituents of the bulk and
the clay fraction samples were determined by an X-ray
diffractometer using Ni-filtered Cula radiation. The
constituent minerals of the bulk samples are composed
mainly of feldspar, quartz and clay minerals of 15 A, 10
A and 7.2 4 basal spacings. To identify clay minerals,
the following three analyses were made: (1) untreated air-
dried conditions; (2) treatment with ethylene glycol; and
(3) heating at 300°C and 600°C for one hour. Semiquan-
titative estimates of the amount of the respective con-
stituent minerals were made by measuring peak height of
the diffraction of the air-dried samples as described by
Tanaka et al. (1991).

Suspension pH Suspension pH values are considered to
represent the H ion activities around mineral grains and

can be thus used as an indicator of weathering environ-
ments. Suspension pH measurement was made by mixing
the 30 mg of powdered sample with 50 m! distilled wa-
ter according to the method described by Chigira (1987;
1988; 1990), and the value was measured using a Digita
HM-20B pH meter.

Ezchangeable cation Landslide clays, especially in Ter-
tiary sedimentary rocks, includes various clay minerals
and most of the clay minerals are usually changed their
mineralogical characteristics by rain and groundwater. In
addition, cations in clay minerals are easily exchangeable
(Matsuo et al., 1979). Cation exchange causes the weak-
ness of soil strengths (Matsuo, 1957; Moore, 1991). The
exchangeable cation analysis was carried out on the clay
fractions displacing the exchangeable cations by succes-
sive washing with 1 N 5§rCl, solution (Wada, 1981; Srid-
haran et al,, 1987). Amount of the displaced calcium,
magnesium, sodium and potassium ions were determined
using a Shimadzu AA-646 atomic absorption /flame emis-
sion spectrophotometer.

Cation exchange capacity (CEC) is the sum of the ex-
changeable cations. Ion exchange reaction affects exten-
sively the physicochemical and mechanical properties of
soil, is considered to be one of the main causes of landslide
(Matsuo and Tomita, 1970a, 1970b). Cation exchange
capacities were determined according to the methods de-
scribed by Wada (1981) and Sridharan et al. (1987).
That is, about 100 mg of clay fractions was saturated
with 1N S7Cl, solution and washed successive with dis-
tilled water. The saturated sample was then prepared for
atomic absorption spectroscopy analysis. Contents of Sr
in the saturated sample were determined by using a Shi-
madzu AA-646 atomic absorption /flame emission spec-
trophotometer. CECs were calculated on the basis of Sr
megq/100mg of the respective sample.

Chemical analysis  Detailed chemical composition of
soils is indispensable to determine the constituent clay
minerals, leaching condition and the degree of weather-
ing. The contents of T'i, Al, Fe, Mn,Mg,Ca, Na, and K
were determined using a Shimadzu AA-646 atomic ab-
sorption /flame emission spectrophotometer, and the ob-
tained values were calculated and expressed in the form
of oxide. The content of Si was not determined because
of technical difficulties of sample preparation for atomic-
absorption method.

Groundwater chemical analysis  Occurrence of land-
slides relates intimately to ground and/or surface water.
The quality of ground and surface water in landslide area
offers the information of underground environments such
as distribution of cations and weathering reaction (Isagai
et al, 1990). The groundwater and surface water were
collected within the landslide area in washed polyethy-
lene bottles (Fig. 2). The groundwater at a4 and c2
was taken from drain borehole in which the slip zone is
present. The surface water was taken from natural ponds
near the toe of landslide blocks (samples a1,a2, and c1)
and in the neighboring area of the sliding heads (samples
a3,25,a6 and c3). Chemical composition was determined
for anions with a Tosho Model HLC-803D anion exchange
chromatography, and for cations with a Shimadzu AA-
646 atomic absorption /flame emission spectrophotome-
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ter, respectively.

SEM observation Because of the high vacuum condi-
tions in scanning electron microscope, all samples must
be dehydrated before viewing. Dehydration may deform
the microctexture since the high surface tension of wa-
ter yields strong stresses on the individual particles and
causes reorientation. Several methods have been devel-
oped for SEM observation such as critical point drying
(CPD), freeze drying (FD) and air drying (AD) (Reynolds
and Gorsline, 1991). AD method, slow dehydration at
atmospheric condition, has been widely used for observa-
tion of aggregation texture (Baracos, 1976). In this study,
specimens for SEM observation were dehydrated by AD
method. After dehydration, fresh surfaces both parallel
and normal to the slip zone were prepared for SEM ob-
servation. Air-dried specimens were manually trimmed
to about 1.5 by 1.5 ¢cm in cross section, and 3 to 4 cm
in length, and then carefully bent and pulled, to initi-
ate fracture. Specimens with clear cleavage were cleaved
to provide fresh fracture surface by prying with a knife
along cleavage surfaces. The prepared specimens were
cemented on SEM mounting stubs so as to be the fresh
fracture surfaces upward, and observed using scanning
electron microscope.

Moreover, in order to examine the effects of shear-
ing processes on particle arrangements, the landslide clay
samples taken from borehole A59— 2 (Fig. 5) at depths of
50 to 70 ¢ were sheared by direct simple shear appara-
tus and then prepared for SEM observation both parallel
and vertical to the shearing zone.

Optical microscope observation Thin sections both
parallel and perpendicular to the slip zone were prepared
for optical microscope observation. The landslide materi-
als, dominated by expansive clay minerals, readily expand
when subjected to hydration. Therefore, specimens were
first indurated with cyunobond before making thin sec-
tion, and then ground without water to prevent softening.

Particle orientation Direct and indirect techniques
for the evaluation of particle arrangements are avail-
able such as polarizing microscopy, X-ray diffraction and
electron microscopy (Yong, 1971; Yong and Warkentin,
1975). XRD analyses are particularly useful in quanti-
fying the particle orientation (Yong, 1971). To use the
XRD method for investigating preferred particle orienta-
tion of clay minerals, it is noted that the specimens tend
to prefer the basal planes and the reflection intensity of
the other planes decreases considerably. In this paper,
orientation index, I,, is introduced to evaluate the de-
gree of preferred orientation, and defined as follows:

I, =I;,/(Ih +I,)

Where I and I, are the peak intensities of clay min-
erals parallel and perpendicular to the slip zone of the
respective samples, respectively.

Examination of the orientation index was performed
using the intensity of X-ray diffraction. Thin sections
both parallel and normal to the slip zone of the same sam-
ple were determined by X-ray diffractometer with CuK«a
radiation under the conditions of 30 KV and 10 mA. The
orientation index I, was calculated based on the above
formulae, I /(I5 + I, ), after examining the Iy and I,.

Creep test To determine the relevant geotechnical pa-
rameters in constitutive equations, laboratory test sim-
ulating the in situ loading conditions as closely as pos-
sible was performed. The direct simple shear apparatus
is an important tool for determining shear strength pa-
rameters in slope stability analysis, because the shear-
ing process is analogous to plane strain problem such as
creep deformation of slope (Nakamori and Yang, 1991;
Yang et al., 1993). However, the apparatus has a funda-
mental defect with which pore water pressure can not
be controlled during shearing deformation (Saada and
Townsend, 1981). Moreover, it is well recognized that
landslide occurrence is almost associated with heavy rain-
fall (Aoki, 1986; Tamada and Fukuda, 1991). That is, the
change of groundwater level is one of the main inducing
factors for landslide occurrence. In the present research,
direct simple shear apparatus was modified so as to con-
trol pore water pressure corresponding to the change of
groundwater levels in landslide slope.

Fig. 9 schematically shows loading system with shear-
ing cell and fluid pressure control (Yang et al., 1993).
The water pressure can be controlled by adjusting the
air pressure (G3 ), and the air pressure is maintained con-
stant with help of G3 during a test. The cylindrical soil
sample, 25 cm high and 60 cm in diameter, is surrounded
by a series of plastic rings and a rubber membrane so
that the drainage condition could be controlled. The wa-
ter pressure is applied directly to the top of sample. The
resulting pore water pressure is measured by pore water
gauge pressure (Gz) at the base. The horizontal shear
displacement is measured by displacement gauge (G, ).

AIR
Ty @ SUPPLY
b —
2 AIR
T WATER

Fig. 9. Schematic description of direct simple
shear apparatus.

oy: vertical stress, 7: shear stress, Gy:
displacement gauge, Gg: pore water
pressure gauge, Gg: air pressure gauge.

Since landslide clays are generally very thin, a large
number of undisturbed samples for direct simple shear
test are difficult to take from landslide clays. There-
fore, three sets of direct simple shear tests were first
performed on remoulded kaolin samples to determine the
creep characteristics associated with the pore water pres-
sure changes. The kaolin samples were first preconsoli-
dated at vertical stresses of 100 kPa and 150 kPa, re-
spectively, and then were prepared for creep tests. The
test conditions are given in Table 1. In set 1, the vertical
stress (o, ) and the water pressure (1) were set to 100 kPa
and 0 kPa with variable shearing stress (74) of 3 to 20
kPa, respectively. In order to determine the effect of the
pore water pressure on horizontal displacement, in set 2,
the water pressure was set to 40 kPa with the same ver-
tical and shearing stresses to those of set 1. Furthermore,
in set 3, tests were carried out under the condition of in-
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creasing water pressure and of the constant vertical and
shearing stresses to determine the effect of the individual
water pressure factor on the creep displacement.

Table 1. Test conditions of direct simple shear

tests for remoulded kaolin sample.

Ty Th u
TEST | (kpa) | (kPa) | (kPa)
SET 1 100 3-20 00
SET 2 100 3-20 40
SET 3 150 30 20 - 80

To examine the relationship between the creep behavior
and the pore water pressure changes, direct simple shear
tests were also carried out on the undisturbed landslide
clays collected from the investigated area. The clay sam-
ples were taken from borehole A59 — 2 at a depths of 50
to 70 cm (Fig. 2) in which the slip zone occurs. The
average physical properties of the tested clays are as fol-
lows: natural water content W, , 32.97%; plasticity index
I,, 27.31; spedific gravity of soil particle p,, 2.68 g/cm®;
wet density p;, 1.78 g/cm3. The applied stresses for di-
rect simple shear tests were calculated using the following
formulae:

T =0z = (heps + (H = he)paar)cosd sind
oy =05 = (hept + (H = he)psar) cos? 0

Where 73 is the shearing stress, o, the vertical stress, H
the depth of the slip zone, A, the depth of the groundwa-
ter level, 4 the gradient of the slip zone.

Here, H and @ are 60 cm and 10 degrees, respective,
because the slip zone occurs at the average depth of 60 cm

with slope of 10 degrees. The groundwater levels are 0,

10 and 35 ¢cm during heavy rainfall, rainy season and dry
season, respectively (Public Works Office, Okayama Pre-
fecture, 1990), the A values is thus assumed to be 0, 10,
and 35 cm, respectively, corresponding to the changes of
the groundwater levels. Table 2 gives the applied stresses
for direct simple shear tests.

Table 2. Applied stress of direct simple shear tests

for Monden landslide clays.

ay Th u
(kPa) | (kPa) | (kPa)
TEST 1 90 16 25
TEST 2 100 18 50
__T_EST 1 109 19 60

TEST

V. Experimental results
A. X-ray diffraction analysis
The representative X-ray diffraction (XRD) patterns of

the bulk and the clay fraction samples collected from the
two landslide profiles (A63— 2 and B63—4) are illustrated

in Figs. 10 and 11, respectively. As is seen in these fig-
ures, the constituent minerals of the landslide profiles are

composed mainly of feldspar, quartz and clay minerals.
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Fig. 10. Representative XRD patterns of the bulk

samples from the landslide profiles of
A63-2 and B63-4.
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Representative XRD patterns of the clay
fraction samples from the landslide pro-
files of A63-2 and B63-4.
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XRD patterns for samples A2.0 (from
landslide profile A63-2 at 2.0m deep) be-
fore and after various treatments.

U.T. : untreated, E.G. : ethylene glycol
treatment.

Fig. 12.
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Fig. 13. Variation of the constituent minerals of the bulk samples from the landslide profile A63-2
as a function of depth. ’
Qz: quartz, Feld: feldspar, Sm: smectite, I: illite, Kao: kaolin minerals.
[Depth Qz Feld Sm I Kao
(m) 20 40 60 10 20 30 10 20 30 40 10 20 10
1 1 1 1 i 1 1 1 1 1 1 1 1
- B63-4
5 — Slip zone
10—
Fig. 14. Variation of the constituent minerals of the bulk samples from the landslide profile B63-4

as a function of depth.

Qz: quartz, Feld: feldspar, Sm: smectite, I: illite, Kao: kaolin minerals.
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Fig. 12 shows the representative XRD patterns after
various treatments for sample A2.0 collected from the
profile A63 — 2 (2.0 m deep). The 15.2 4 basal spac-
ing expands to 17.3 A by ethylene glycol treatment, and
almost completely contracts to 10.0 A after heating at
300°C for one hour and to 9.7 A at 600°C for one hour,
respectively. The results indicate that the 15.2 4 basal
spacing is smectite.

The 10.1 A basal reflection remains unchanged by
ethylene glycol treatment. By heating at 600°C for one
hour, the intensity of the 10.1..4 reflection increases with-
out changing the spacing. Therefore, the 10.1 4 mineral
is considered to be mica clay mineral or illite. The 7.2
A and 3.6 4 reflections remain stable at least up to the
temperature of 300°C and disappear at 600°C, and are
thus identified as kaolin minerals.

Variation of the constituent minerals in the two land-
slide profiles were semiquantitatively determined by XRD
analysis for the bulk and the clay fraction samples, and
the obtained results are plotted on Figs. 13, 14 and 15,
respectively. The XRD semiquantitative analysis using
the reflection intensities normalized to 100% shows rela-
tive abundance of the constituent minerals.

preen—

Depthi Relative pergentage of clay minerals Relalive percentage of cday minerals
= I B 0 e
AGl.2 D634
E
smectile
h ilite
N knolin miaerals
e -
Slip sone

Slip xone

Variation in relative abundance of smec-
tite, illite and kaolin minerals with depth
in the clay fraction samples.

As shown in Fig. 13, in the landslide profile A63 - 2,
quartz content decreases with increasing depth whereas
feldspar content decreases with depth, except for the sam-
ple of 8.5 m depth. Smectite content, on the other hand,
increases from about 10% to 30% with increasing depth.
Contents of illite and kaolin minerals are about 5% and
10%, respectively, showing little variation with depth. In
the landslide profile B63—4, no clear tendency with depth
is recognized (Fig. 14). Quartz and feldspar contents are

Fig. 15.

constant with the exception of sharp increase of feldspar .

in 5.0 m deep. Smectite, illite and kaolin minerals con-
tents are about 40%, 10% and 10%, respectively, showing
no distinct change with depth.

Finer particles such as clay fractions (less than 2 pm)
are generally considered to be the product of weathering
(Calvert et al., 1980). Therefore, the variation of rela-
tive amount of clay minerals in the cay fraction samples

will reflect the mineralogical transformations during the
processes of weathering. Fig. 15 presents the variation
of relative abundance of smectite, illite and kaolin min-
erals in the clay fraction samples in the two landslide
profiles. The clay fraction samples are composed mainly
of smectite, illite and kaolin minerals with small amount
of quartz (less than 5%). As is evident in Fig. 15, vari-
ation of the constituent clay minerals with depth in the
two landslide profiles are quite similar with each other.
Smectite content increases rapidly with depth until the
slip zone and, from that point it decreases slightly. Kaolin
minerals show an inverse variation to smectite with depth.
The two cdlay minerals are contained in inverse propor-
tions in the clay fraction samples for the two landslide
profiles.

Fig. 16 illustrates the variation tendency of expand-
ability of smectite with increasing depth in the two land-
slide profiles. The basal spacings of smectite at atmo-
spheric condition (open symbol) differ with depth in the
two profiles, suggesting that the interlayer cations change
with increasing depth (Iwasaki and Watanabe, 1988).
Furthermore, spacings of smectite at 100% relative hu-
midity (black symbol) also vary with depth, showing
clearly that the amount and types of interlayer exchange-
able cations of smectite differ with depth (Odom, 1984;
Moore and Hower,1986; Iwasaki and Watanabe, 1988).
Basal spacings of smectite collected from the slip zone
(Fig. 16, arrow) change from 14.7 A at atmospheric con-
dition to 18.8 A at 100% relative humidity. The fact
suggests that smectite in the slip zone has predominant
interlayer Na ions (Moore and Hower, 1986; Watanabe
and Sato, 1988).
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Fig. 16. Swelling and hydration properties of

smectite.
Open °circle: at atmospheric condition,
black circle: at 100% relative humidity.

B. Exchangeable cation analysis

As was described in the previous (Figs. 13, 14 and
15), the landslide materials contain predominant smectite
and the mineral has a high activity and easily exchanges
contained cations in the presence of groundwater. The
exchangeable cation contents of the clay fractions in the
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lDepth Ca’+ Mg?* Na* K* CEC
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A63-2
5= ————————
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Fig. 17. Variation of exchangeable cation contents (meq/100g) and CECs (meq/100g) with depth
for the clay fraction samples from the landslide profile A63-2.
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Fig. 18. Variation of exchangeable cation contents (meq/100g) and CECs (meq/100g) with depth
for the clay fraction samples from the landslide profile B63-4.
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Depth Ca?* Mgt Nat K* - CEC
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Fig. 19. Variation of exchangeable cation contents (meq/100g) and CECs (meq/ 100g) of smcchtc
in the landslide profile A63-2.
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Fig. 20. Variation of exchangeable cation contents (meq/100g) and CECs (meq/ 100g) of smectite
in the landslide profile B63-4.
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landslide profiles A63 — 2 and B63 — 4 are presented in
Table 3 and illustrated as a function of depth in Figs. 17
and 18, respectively. The exchangeable cation contents
and CECs change suddenly near the slip zone in the both
landslide profiles (Fig. 17 and 18). High concentration of
exchangeable Ca?* jon (Table 3) can be ascribed to the
dominant cation Ca in the host rock of the landslide ma-
terials. Moreover, to be noted is high Na* concentration
and low K* concentration near the slip zone.

Table 3. Exchangeable cation contents of the clay
fraction samples.

landslide profile A63-2

Depth Ca* Mgt Ne* K* CEC
m  meq/100g meq/100g meq/100g meq/100g meq/100g
3.00 13.19 8.69 ) 2.46 2,17 27.15
4.50 16.00 6.61 .72 2.38 35.25
5.00 32.44 7.15 3.66 1.64 61.52
550  29.23 6.42 2.90 2.90 54.21
8.50 31.16 6.01 2.59 3.27 50.13
9.50 32.18 7.99 2.24 3.43 48.54
11.00 33.34 5.90 1.87 3.27 47.15
landslide profile B63-4

3.00 24.60 12.09 1.96 331 42.52
4.50 24.80 11.11 292 3.38 44.15
5.00 29.52 11.20 2,51 3.31 55.26
5.50 24.10 11.48 3.65 249 64.91
8.00 30.71 7.68 282 347 47.21
10.50 33.05 8.74 2,50 347 51.38
12,50 36.12 6.88 3.4 3.58 52.95

The clay fraction samples are composed mainly of
smectite with subordinate amount of illite and kaolin
minerals (Fig. 15). Because illite and kaolin minerals
have almost none of the ion exchange properties (Ma-
tuso et al.,, 1979), the exchangeable cation contents and
CECs in the clay fraction samples are attributed chiefly
to smectite. Therefore, the exchangeable cation contents
and CECs of smectite from the landslide profiles can be
calculated based on the exchangeable cation contents and
CEC:s of the clay fraction samples by normalizing the rel-

ative abundance of smectite in the clay fraction samples

(Fig. 15), and the results are shown in Figs. 19 and 20.
As is evident in the two figures, smectite from the land-
slide profiles of A63—2 and B63—4 is characterized by the
presence of the predominant exchangeable Ca?*, indicat-
ing Ca-smectite. Near the slip zone, Na* is considerably
absorbed in smectite, whereas Ca®* concentration de-
creases, suggesting the presence of Na-smectite (Matsuo
et al., 1979). CECs of smectite from the landslide profiles
of A63 — 2 and B63 — 4 are high values of 76.6 and 78.4
meg/100g on the average, respectively, and increase to
91.1 and 90.0 meg/100g near the slip zone.

C. Chemical analysis

The results obtained are tabulated in Tables 4 and 5
for the bulk and the clay fraction samples, respectively.
The results are also shown graphically in Figs. 21and 22.
No systematic variation of chemical composition with the
depth is recognized in the two landslide profiles.

9

Table 4. Chemical compositions of the bulk
samples.
landslide profile A63-2
Depth  TiOq Al04 Feq03  MnO MgO CaO Na,0 K,0
m wt.% wt% wt.% wt.% wt.% wt% wt.% wt.%
1.00° Q48 14.28 1.97 0.034 031 0.82 0.29 391
.50 0.26 1298 1.21 0.018 0.26 0.34 1.53 3.45
200 0.25 10.04 0.63 0.010 0.14 0.26 1.40 298
250 0.26 9.16 0.63 0.008 0.14 0.26 137 2.90
3.00 0.29 10.27 0.62 0.009 0.14 0.25 1.41 3.26
3.50 0.24 10.05 0.72 0.013 0.15 0.28 . 145 3.27
4.00 0.23 1090 2.87 0.046 0.15 0.28 1.74 317
4.50 0.27 10.51 6.00 0020 0.14 0.25 1.55 3.01
5.00 0.54 18.83 4.68 0.020 0.72 0.87 0.28 2.64
550 0.63 17.99 4.54 0.021 0.75 086 0.33 2.66
6.00 0.56 18.19 4.64 0.018 0.70 0.88 0.38 2.74
6.50 0.52 17.52 481 0.020 0.73 0.87 0.36 2.68
700 0.53 1744 5.00 0.021 0.72 0.88 0.38 2272
750 0.52 17.87 4.85 0.019 0.70 0.87 0.38 2,74
8.00 049 1743 5.03 0.023 0.3 0.94 0.76 2.49
8.30 047 1438 294 0.017 0.71 0.85 .12 2,57
9.00 0.56 17.21 4.86 0.026 0.74 0.9 1.38 2.38
9.50 045 1739 537 0.0°0 0.79 116 1.28 2.26
10.00 0.51 16.85 5.12 0.028 0.75 1.10 1.34 2.38
10.50 0.50 15.75 5.91 0.029 0.72 0.97 137 2.60
1.00 0.539 17.3 5.31 0.028 0.74 0.88 0.96 2.52
landslide profile B63-4
1.00 046 16.92 6.90 0.013 0.56 0.33 0.26 2.28
1.50 0.53 16.80 633 0.016 036 0.33 0.38 241
200 0.55 15.58 4.59 0.032 0.58 0.31 0.37 2.34
250 0.55 16.23 444 0015 063 0.47 0.57 2.54
3.00 0.50 16.39 4.50 0.015 0.64 049 0.50 2.45
3.50 0.49 16.08 4.34 0.016 062 0.56 0.57 2.30
4.00 046 1604 4.17 0.020 0.61 0.52 0.67 2.45
4.50 046 1447 297 0026 049 0.49 132 2.81
500 039 13.88 1.70 0.017 039 0.61 1.79 3.19
5.50 0.51 16.55 4.58 0.015 062 0.55 0.58 2.57
6.00 044 1544 4.54 0.028 0.6 0.62 1.05 2.53
6.50 0.54 17.09 4.76 0.022 0.69 0.70 0.92 2.36
7.00 0.56 16.67 525 0030 0.79 0.9 1.39 2.73
7.50 0.57 16.66 4.42 0.025 0.78 0.87 131 2.80
8.00 060 '16.27 4.47 0.024 0.47 0.87 1.42 2.82
850 049 16.M4 5.64 0.027 0.77 0.89 144 2.65
9.00 0.53 16.60 4.71 0.028 0.76 0.89 149 261
9.50 0.55 16.08 4.76 0.029 0.76 0.92 145 2.57
10.00 0.65 18.82 346 0.033 0.77 0.98 110 2.16
10.50 0.55 18.28 5.43 0.043 1.00 1.18 0.70 191
11.00 0.57 15.92 5.12 0.033 0.70 0.92 1.40 247
11,50 0.58 15.07 3.96 0.027 062 0.93 1.76 2.59
12,00 0.55 15.77 3.55 0026 069 0.97 1.98 2.70
12.50 0.59 16.19 4.69 0030 0.3 0.99 1.68 2.62
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Fig. 21. Variation of chemical compositions with depth in the landslide profile A63-2.
Solid line: bulk samples, broken line: clay fraction samples.
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Fig. 22. Variation of chemical compositions with depth in the landslide profile B63-4.
' Solid line: bulk samples, broken line: clay fraction samples.
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Table 5. Chemical compositions of the clay
fractions.
landslide profile A63-2
Depth  TiOz ALOy FeOy MaO MgO CaO NayO K20

wt% with wH wi% e W%
3.00 027 28.38 314 0030 069 046 062 389
4.50 036 2148 180 000 051 052 038 236
.00 043 2339 68.65 0.020 098 0.94 039 .52
5.50 045 2828 661 0020 094 087 044 247
8.0 052 2N 723 0001 108 097 O0.11 243
9.50 041 2228 947 0046 117 124 020 130

11.00  0.54 26.03 3.56 0.037 LIS 1.02 0.21 .21

landslide profile B63-4
3.00 047 2298 754 0020 09 050 0.12 .22
450 057 2374 681 0030 103 073 02 282
5.00 0585 22.78 761 0028 102 087 040 250
8,50 054 28,33 734 0022 101 069 043 253
800 052 2442 780 0038 128 091 038 299
10.50 064 N7 701 0033 131 L2 0.18 134
1250 044 21.%0 888 0.041 124 .11 038 .14

m wt%  wt%

Depih N2y O/TiO, MgO/TiO, CaO/Ti0O,
Wl 2 4+ s 9 o3 W 13 o3 w 13 30 33
. A63-2
S
Slip zone
10 =
Fig. 23. Variation in ratios of NagO, MgO and
CaO to TiOq, respectively with depth in
the landslide profile A63-2.
Depth NnyO/TiO; MgO/TiO, Ca0/TiO;
M2 3 4 0p w0 13 93 o0 13 30 38
| B63-4
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b Slip zone
10 =
Fig. 24. Variation in ratios of NasO, MgO and

CaO to TiOg, respectively with depth in
the landslide profile B63-4.
The variation of chemical composition for the bulk sam-
ples (solid line) with depth is similar to that determined
for the clay fraction samples (broken line) in the profiles

A63 — 2 and B63 — 4 (Figs. 21 and 22). CaO and MgO
contents in the bulk and the day fraction samples increase
with depth in the two profiles, and Na content inversely
decreases. F'e;0j is highly concentrated just above the
slip. zone especially in the clay fraction samples (broken
line) in the landslide profile A63 — 2 (Fig. 21), whereas
the variation of iron concentration in the landslide profile
B63 — 4 is relatively small (Fig. 22). The heavy metal
titanium shows less variation with depth in the two land-
slide profiles (Tables 4 and 5). Ratios of MgO to T:0,
and CaO to TiO, tend to increase with depth in the two
profiles, whereas ratio of NayO to TiQ, varies sharply,
especially near the slip zone (Figs. 23 and 24). Ratio of
Na30 to CaO greatly increases just above the slip zone
(Fig. 25).

Depth N2;0/Ca0 N2, 0/Ca0
M]3 4 o R 2
A63-2 B63-4
8 -
Slip zone —
- Slip zone
10 —

Fig. 25. Variation in ratio of NagO to CaO with
depth in the landslide profiles of A63-2
and B63-4.
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Change of suspension pH against depth in

Fig. 26.
the landslide profiles of A63-2 and B63-4.
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D. Suspension pH value

Suspension pH values for the landslide materials from
the landslide profiles A63 — 2 and B63 — 4 are illustrated
in Fig. 26. As is evident in the figure, distinct difference
in suspension pH values above and below the slip zone is
recognizable. That is, above the slip zone the pH value is
less than 7, and beneath the slip zone the value exceeds
more than 8. The pH value varies sharply near the slip
zone.

E. Groundwater chemical analysis

Groundwater analyses are compiled in Table 6. Sam-
ples of al, a2 and cl collected from the surface water near
the toe of the landslide blocks show higher concentrations
of Ca?* and Mg2*+, whereas those of a3, a5, a6 and c3,
collected also from the surface water in the neighboring
area of the sliding head, are relatively lower. Samples
of a4 and c2 are collected from drain borehole in con-
tact with the slip zone, and show high Na* and SO~
concentrations. .

Table 6. Chemical characteristics of groundwater.

Ca®* Mgt Na* K* 503~

ppm ppm ppm  ppm  ppm
al surface water 739 1128 371 1020 597 27.50
a2 surface water 749 1208 4.54 1086 6.52 22.00
al surface water 752 1236 43% 1033 6.15 17.00
a4 drain borchole 7.34 8.86  5.55 2005 295 27.00
a5 surface water 764 1348 4,52 820 6.64 1550
a6 surface water 749 965 427 695 6.6 2400
cl surface water 738 1533 560 10.00 6.17 2100
c2 drain borehole 691 4.87 565 1991 491 28.00
3 surface water 17T 264 0.78 142 3.8 N.D,

No. sampling locatica pH

U.D. : not determined

The results are graphically illustrated in Figs. 27 and
28. The hydrochemical facies analysis shows that the
surface water (black circle) in the landslide area is Ca —
Na type, and the groundwater (open circle) is Na — Ca
type (Fig. 27). The surface and ground waters can be
distinguished clearly by chemical compositions (Fig. 28).

Hydrochemical facies diagram of ground
and surface water at Monden landslide
area.

Open circle: groundwater, black circle:
surface water.

Fig. 27.

M"‘ + Cal*

Cad¢ i — T Na* + K
Fig. 28. Trilinear diagram of cations in groundwa-
ter at Monden landslide area.
Open circle: groundwater, black circle:
surface water.

F. SEM observation

Landslide profile A63-2 Several distinctive clay par-
ticle aggregations with different degrees of preferred ori-
entation were identified in undisturbed samples from the
landslide profile A63—2. One aggregation type is skeletal-
matrix texture with high porosity (Plates 1A and C). In
the texture pattern, coarse particles float in a matrix of
flaky clays. Porosity is high, and most pores have a di-
ameter of 1to 2 pm. Large pores are rare, mostly occur-
ring between grain-grain contacts of coarse particles. The
clusters (floc) are slightly predominant in the texture. A
higher magnification picture (Plate 1B) shows that the
clusters are composed of randomly oriented clay particles
with low to high angle edge-face (EF) contacts. More
rarely, face-face (FF) and edge-edge (EE) contacts occur
within the clusters. Some hexagonal shaped clay flakes
comprising the clusters (Plate 1B) obviously represents
illite or kaolin minerals (Borst and Keller, 1969; Keller,
1976).

A second aggregation type is a highly parallel particle
orientation with nearly perfect FF contact (Plates 2B, C
and D), and this type is observed mostly in the landslide
clays. The aggregation has poorly-defined outer bound-
ary of the individual clay particles. The clay particles
within the clusters are very thin and have wave-like edges
(Plates 2B and D), indicating smectite (Borst and Keller,
1969; Keller et al.,, 1986). The clay packing is dense, FF
clay particle contacts dominate with rare occurrence of
low angle EF particle contacts. Some packages are so
densely welded together that the individual clay particles
can not be discerned (Plate 2C).

Another aggregation type s a typical flocculent texture
(Plates 3 and 4), having approximately equal amount of
E and FF particle contacts. A higher magnification view
(Plate 3B) shows that the clay particles have smooth sur-
face and wave-like outer boundary. The cornflake or cel-
lular appearance of the clay particles indicates that the
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clays in Plates 3 and 4 are smectite (Baracos, 1984; Keller
et al., 1986). The flocculent texture was frequently ob-
served mainly in undisturbed samples below the slip zone,
presumably due to the increase of smectite (see XRD
analysis section).

Additionally, a coating of fine-granule material on the
surface of the clay particles (Plate 1D) was occasionally
observable in samples of 30 to 45 cm depths. It is of
interest that in the landslide clay, occasionally, sliding
cast and slickenslide were observed parallel to the slip
zone (Plate 2A).

Landslide profile B63-4 Aggregation characteristics
observed in the landslide profile B63 — 4 are similar to
those displayed in the landslide profile A63— 2, including
skeletal-matrix aggregation (Plates 5 and 6), a strongly
parallel particle orientation with perfect FF particle con-
tacts (Plates 7A and C) and flocculent pattern (Plate 8).
It is noteworthy that the landslide clay parallel to the slip
zone shows highly oriented FF contact texture (Plates TA
and C). Texture patterns away from the slip zone or per-
pendicular to the slip zone are characterized by randomly
oriented particle contacts (Plate 7D). In addition, a slick-
enslide (Plate 7B), due presumably to sliding, was also
observed in the landslide clays from the landslide profile
B.

Orientation index
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Orientation index
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A63-2

B63-4
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(m)
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Depth

Fig. 29. Variation of orientation index with depth

in the landslide profiles A63-2 and B63-4.

Special attention should be given to particle reorien-
tation. The shearing processes can cause the changes in
clay particle contacts. The particle reorientation reflected
in clay aggregation provides clues on the postdepositional
mechanical processes. During direct simple shear testing
of the landslide days, alarge number of well-aligned zones
of densified clay particles and clusters were formed along
shearing failure plane (Plates 9C and D) and the matrix
(clay particles) comprising the cluster has been reoriented
into high degree of alignment with perfect FF particle
contacts (Plate 9D). On the other hand, away from the
shearing plane or in the surface normal to shearing stress,
most aggregation patterns are unchanged from its origi-
nal appearance (Plates 9A and D). Obviously, SEM ob-
servation of the sheared samples shows that the particle

preferred orientation occurs as a result of shearing defor-
mation. The sheared samples display FF particle contacts
with fairly-developed particle orientation similar to that
observed in the landslide clays.

Particle orientation Fig. 29 shows the orientation
index in terms of intensity of the basal reflection of smec-
tite for the two landslide profiles. As is evident in Fig.
29, the orientation index greatly increases toward the slip
zones. In the landslide profile B, the sample of 12.0 m
depth shows high orientation index.

G. Rheological behavior of remoulded kaolin
sample

Fig. 30 shows the displacement versus time curves for
set 1 and set 2. As is seen in this figure, the water pres-
sure has little influence on the creep displacement at low
shearing stress levels (open circle and open triangle), but
the displacement increases more and more with increasing
shearing stress (black circle and x mark).
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Displacement versus time curves

. for remoulded kaolin samples.
Fig. 31 presents the displacement versus time curves

for set 3. In this test, when the water pressure increases
to 80 kPa, the displacement rate (slope of displacement
versus time) increases rapidly and creep failure occurs.
The changes in the pore water pressure during creep de-
formation are shown in Fig. 32.' At steady stage, the
pore water pressure occurring in samples is equal to the
applied water pressure, however, it tends to decrease at
failure (x mark).
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Fig. 31. Creep curves of remoulded kaolin
samples. .
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Fig. 33 shows the pore water pressure versus displace-
ment rate calculated according to the slope of the dis-
placement versus time curve at steady stage. As is clear
in the figure, the pore water pressure largely influence the
creep displacement rate.

Fig. 32.
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Fig. 34.

To understand the phenomenology of creep failure, the
results are plotted as the function of the vertical stress
and the shearing stress (Fig. 34). In Fig. 34, the rup-
ture envelop line (¢p = 30°) and the yield envelop line
(¢c = 218°) were determined based on the results of
triaxial compression consolidated-drained test and direct
shearing test, respectively (Nakamori et al., 1993). As
shown in this figure, the increase in the pore water pres-
sure causes the decrease of the effective stress (from test
1 to test 4), which in turn leads to the increase of the

creep displacement rate, resulting finally the creep fail-
ure (arrow).

H. Rheological behavior of Monden landslide
clay

The results of the three direct simple shear tests for
the landslide clays are shown in Figs. 35 and 36. The
pore water pressure is almost equal to the applied water
pressure, and remains unchanged during shearing defor-
mation (Fig. 35). The larger the pore water pressure,
the higher the creep displacement rate. The creep dis-
placement rate increases with increasing the pore water
pressure (Fig. 36). The effect of the pore water pressure
on the creep displacement rate in the landslide clay is
similar to that in the remoulded kaolin samples.
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V1. Discussion

The landslide in the Monden area is characterized by
slow creep movement at the rate of 2 to 10 e7n per year
(Fig. 7) and can be considered as a typical creeping land-
slide. In the following, occurrence mechanism of landslide
related to the internal factors and deformation character-
istics of clay sediments will be discussed.

1. Mechanism of creeping landslide

Based on the inclinometer measurement and boring
core observation, a sharply defined slip zone of about 0.5
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m in thickness was recognized in the Monden landslide
area. In the landslide profile of A63 — 2, the slip zone is
located at depths of about 4.5 to 5.0 m, and in the land-
slide profile of B63—4 at 5.0 to 5.5 m depth, respectively.

In the two profiles, smectite is the main constituent
clay mineral, and smectite content tends to increase to-
ward the slip zone. Furthermore, mineralogical proper-
ties of smectite abruptly change near the slip zone. Near
the slip zone, the expandability of smectite at 100% rel-
ative humidity is low, the CEC value is high and the
ratio of Nat to Ca®* in the interlayer is extremely large.
Chemical analysis of the bulk samples clearly represents
high ratio of Na;0/CaO above the slip zone. Suspen-
sion pH values abruptly increase just beneath the slip
zone. In addition, aggregation characteristics and parti-
cle orientation of the landslide material are different be-
tween above and beneath the slip zones. That is, porous
skeletal-matrix aggregation type and flocculent aggrega-
tion type are characteristic. The landslide clays of the
slip zone itself (landslide materials in the slip zone) show,
however, highly oriented face-face contact type with high
particle orientation.

Based on mineralogical and aggregation texture charac-
teristics of the landslide materials, the landslide profiles
are divided into three zones, i.e., upper zone, slip zone
and lower zone. Color of the materials of the three zones
is different with each other; the upper zone is brown, the
slip zone blackish gray and the lower zone light green.
At the lower part of the upper zone, iron is highly con-
centrated (Figs. 21 and 22), and values of suspension
pH abruptly increase. The upper zone is characterized
by oxidation state. In relation to this, the flow surface of
groundwater is situated near the slip zone. The materials
of the upper zone show skeletal-matrix aggregation with
high porosity, and thus have comparatively high perme-
ability, indicating that the materials tend easily oxidized
because the zone is in contact with air containing much
O; and CO; (Reynolds and Johnson, 1972).

Role of groundwater is of significance on the activity
of chemical weathering (Isagai et al., 1987; Shuzui and
Kawahara, 1987). As was pointed out by Isagai et al.
(1987), chemical weathering is active when the ground-
water contains large amount of ions, such as bicarbonate,
sulfate, calcium and so on. Under these circumstance,
occurrence of landslide is common. In the Monden land-
slide area, high SO;™ concentration in groundwater is
recognized (Table 6). This is probably ascribed to oxi-
dation of pyrite (Magaritz and Luzier, 1985). Thus the
decomposition of the landslide materials of the district
was proceeded remarkably (Ando, 1976; Vear and Curtis,
1981). The content of feldspar in the landslide materi-
als tends to decrease toward the slip zone from the upper
zone (Figs. 13 and 14) and on the other hand, Ca and Mg
content in smectite gradually increase with depth (Figs.
21 and 22). The variations in ratios of MgO and CaO
to TiO, with depth (Figs. 23 and 24) are similar to the
distribution pattern of smectite in the two landslide pro-
files (Fig. 15). As is clear in Fig. 15, smectite content
near the slip zone is large and the composition of smectite
is characterized by high Mg and Ca contents (Ojanuga,
1979).

Suspension pH value is almost equivalent to the H ion
activities around mineral grains. The low pH values of the
upper zone can be explained by the exchange reaction of
H* for cations such as Na*, Ca?t and Mg?t+ derived
from clay minerals, especially smectite. These reactions
cause high pH values (Fig. 26). Furthermore, the migra-
tion of groundwater together with surface water dissolves
primary minerals such as feldspar. Thus, the groundwa-
ter in the landslide area has high cation concentrations
such as Ca?*, Mg?* and Na*, and exchanges the cations
of smectite. Among these cations, Ca?*, M g2+ and Na+
occupy the interlayer position.

Figs. 19 and 20 show the exchangeable cation contents
and the CECs of smectite from the landslide materials.
As is seen in the figures, Ca?* and Mg?* are the most
dominant exchangeable cations. At certain depths, es-
pecially near the slip zone, exchange of Nat is charac-
teristic. Considering valency, Na* is readily replaced by
Ca?* and Mg?*. However, Na ion in smectite, when
present in sufficient amount in groundwater, could easily
replace Ca?t and Mg?*. The ratio of Na20O to CaO
sharply increases above the slip zone (Fig. 25) indicat-
ing the presence of high Na ion source. Therefore, the
following alteration sequence of smectite is suggested at
certain depths; especially near the slip zone:

(Ca,Mg) smectite + Na* — (Ca, Mg, Na) smectite
+ (Ca®* + Mg?*), or

(Ca. Mg) smectite + Na* — Na-smectite + (Ca?* +
Mg**

The term clay tezture denotes, in general, the geomet-
ric arrangement of the constituent mineral particles and
void space (Kezdi, 1974; Yong and Warkentin, 1975). Key
terms such as face-face (FF) contact, edge-face (EF) con-
tact, edge-edge (EE) contact and so on are commonly
employed in the description and discussion of clay tex-
ture, and will be used in this paper according to Yong
and Warkentin (1975) and Gillott (1987). As described
in the previous, in the landslide materials, three distinc-
tive aggregation types (three texture patterns) are con-
firmed. That is, skeletal-matrix texture, parallel particle
orientation with perfect FF contact and flocculent tex-
ture. The skeletal-matrix texture is observed mostly in
samples in the upper zone. In general, each clay min-
eral has its own grain shape and forms characteristic
particle arrangement. The clay fractions in the upper
zone are composed mainly of illite and kaolin minerals,
therefore, the clay texture of the upper zone is charac-
terized by open particle arrangement with high porosity.
The porous skeletal-matrix texture is favorable for migra-
tion of groundwater and surface water, and thus liable to
leaching and dissolution of minerals. Fine-granule ma-
terials observed in the upper zone are usually coated by
thin films and the films were presumably the results of
precipitation of dissolution products.

The highly oriented parallel FF particle contact pattern
is observed in the slip zone in which smectite is abundant.
The texture is very similar to that displayed in tested
samples by direct simple shear apparatus. Furthermore,
sliding cast and slickenside are occasionally observed par-
allel to the slip zone. Therefore, the development of high
orientation with FF particle contact is attributed to the
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gravitational creep or sliding processes. Smectite particle
is very thin and pliable, and is easily reoriented (Muller-
Vonmoos and Loken, 1989). Therefore, the smectite-
dominated landslide materials of the slip zone are readily
welded densely and become more imp ermeable under cer-
tain shearing or compression conditions (Plates 2B, 2D
and 7A). Furthermore, reorientation of platy clay miner-
als decreases the undrained shear strength of the materi-
als to the residual strength (Skempton, 1985). Moreover,
the highly oriented FF particle contacts clearly indicate
weak inter-particle bonding by thin water films. This is
because of high water absorption capacity of smectite,
and the fact promotes the readily break and reform na-
ture of the mineral. The texture is particularly significant
for the start of creep movement.

The flocculent texture is a typical aggregate pattern of
smectite-rich clays (Yong, 1971), and is observed mainly
in undisturbed samples below the slip zone. The tex-
ture easily changes to highly oriented FF contact texture
under shearing condition as stated above, The clay tex-
ture found in sheared samples evidently indicates that
the shearing processes affect the clay texture and a typi-
cal example is the change of reorientating high-angle EF
contacts to low-angle contacts to FF contacts. There-
fore, the highly oriented FF contact texture observed in
the slip zone are probably resulted by the rearrangement
of the flocculent texture under shearing processes.

It is well known that in Tertiary formation land-
slide areas, smectite is frequently recognized as major
constituent mineral, and landslide occurrence depends
largely on smectite content because of its unique physic-
ochemical properties (Shuzui, 1984; 1986; Maeda and
Fukuda, 1991). Smectite has various and large amount
of exchangeable interlayer cations and the cations are
commonly hydratable (Odom, 1984; Moore and Hower,
1986). Therefore, smectite shows high hydration and
swelling properties (Matsuo and Tomita, 1970; Iwasaki
and Watanabe, 1988). The degree of swelling (expand-
ability) depends on the species (size and charge) and
amount of exchangeable cations (Odom, 1984). When
Na* is the dominant exchangeable cation, smectite shows
a high expandability. Na* in smectite increases amount
of interlayer water until complete dissociation of the
smectite crystals in the extremely case. On the other
hand, smectite containing exchangeable Ca?+ and Mg+
swells only a small degree even when fully hydrated
(Odom, 1984). Based on X-ray diffraction analysis,
Na-smectite is proved to be more expandable than Ca-
smectite or Mg-smectite with increasing relative humid-
ity (Watanabe and Sato, 1988). Moore (1985; 1991) ex-
perimentally clarified that smectite saturated with Na
cations consistently has lower residual strength than that
saturated with Ca or Mg cations.

As mentioned above, because the smectite-rich land-
slide materials in the slip zone has little permeability,
the cations such as Ca®*, Mg?*t and Na* are easily
encountered with the landslide materials and exchange
reaction of Ca?* and Mg?* for Na* extensively takes
place. As shown in Fig. 37, the decrease in mechanical
strength (N-value) is caused mostly by the exchange of
Ca?* and Mg?* for Na®*. Therefore, the exchange of

Ca?* and Mg?* for Na?* is of important clay mineral al-
teration in relation to landslide occurrence. The reaction
in turn greatly promotes the hydration and expandability
of smectite causing the decrease of mechanical strength of
the soils and the formation of highly lubricant landslide
materials with low mechanical strength.
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Fig. 37. Relationship between N-value and the ra-
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landslide profiles of A63-2 and 63-4.
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2. Prediction of landslide deformation

In this section, first a slope model is established based
on the morphological characteristics and mechanism of
the creeping landslide and then fundamental equations
are introduced to explain the time-dependent deforma-
tion behavior of the landslide clays. Based on the equa-
tions, prediction is then made using parameters obtained
through in situ observation such as groundwater levels.
The predicted displacements will be compared with ac-
tual data. The comparison will confirm whether the con-
stitutive equations are effective in predicting the defor-
mation in the creeping landslide or not.

SUP SURFACE (ZONE)

Fig. 38. Slope model.
H: height of slip zone, h¢: height of
groundwater level, o, : vertical stress, o :

horizontal stress, W: gravitational force.

As already stated, the Monden landslides occur along
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long slope more than 400 m and characterized by slow
creep movement. Slip zones almost parallel to geograph-
ical slope of about 10 degrees were recognized in the
present research. Moreover, the displacement of the land-
slide greatly increases following heavy rainfall as shown
in Fig. 7. The results of direct simple tests consistently
the indicate that the higher pore water pressure always
corresponds to the larger displacement rates. Therefore,
an infinite long slope (Fig. 38) is assumed to consist of
sliding mass and thin landslide clay layer (slip zone). To
simplify the analysis, the slope is represented by a two-
dimensional model. The deformation of the landslide is
considered to be due to the hydrodynamic lag and the
creep effects.

Based on the above slope model, the stress and strain
spaces of the slip zone are given as follows:

oz #0, o0y=0, 0:#0, e:#0, £,=0, ¢ #0

o and ¢ are stress and strain, respectively and suffix =,

y and z represent the respective direction.

The creeping landslide is a slowly sliding phenomenon
of shallow soil layers as shown in Fig. 7, and can be con-
sidered to be as viscoelastic flow. Thus, the mechanical
properties can be determined by the rheological model
parameters illustrated in Fig. 39.

g

Fig. 39. Rheological model.

o stress, G: shear
modulus, 77: coefficient
of viscosity.

Ga Tn
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According to rheological rules (Sobotka, 1984), the
stresses in all groups are the same:

de

de n
o =Gyep =G +7)1d—: =...=CGrtyq +7h;7 (1)

On the other hand, the strains are added as expressed by
the following strain-stress-time relation:

e(t) = oo (El; +iG—1.(1—e-%')) (2)
i=1

Where
1 1
=g Ti=gm J(t)_Jo+z.]( ’k)

i=l

Therefore, Eq. 2 can be simply expressed as follows:

e(t) = oo (1) 3)

If the stress is a continuous function of the retardation
time A (0 < A < t), the sum is replaced by an integral.
The following integral equation is obtained (Akagx et al.,
1976):

da()\)

(i)—Jodo +/ J(t /\) (4)

When the stress is constant and the number of the voigt
groups tends to infinity, we have: '
—1.\dJ(X)
p 3 i W
) ®

e(t) =00 (Jo +/O°°(1—

where J()) is a continuous function of the retardation
time.

Introducing the following new function (the retardation
spectrum):
dJ())

T (6)

B() = A=

Eq. 5 becomes:

« =00 (%+ [~ 8)(1-eHi@mn) (0

From Eq. 7, when the deformation can be determined
by classifying the retardation time A and the number of
voigt groups, the model parameters become physically
and mechanically meaningful and, can be determined.

Differentiating Eq. 3 for t, and then substituting it into
Eq. 6, the retardation spectrum is given as follows:

A de
®(2) = Y (8)
For the creep curves of the landslide clays (Fig. 36), the
parameters of the constitutive equations are determined
based on the spectral analysis as described by Akagi et
al. (1976) and Akagi (1981; 1985) and given in Table 7.

Table 7. Rheological parameters of landslide clays.
w | | T; N Ja

kPa | day | day | kPa~! x 10~¢ | kPa~! x 108
9| 2|9 13.67 396
18 2 6 11.07 2.11

The retardation time, T, is rather small, and is thus
revised by using field measurement displacement. The
revised retardation times, T} and T, are respectively
0.66 x 10° (month) and 3 x 10° (month) in 7, = 19kPe
case, and 0.66 x 10 (month) and 2 x 10° (month) in

= 18kPa case.

The determined parameters are substituted into Eq.
3. The average slope length, L, is 400 m. Moreover,
the instantaneous strain response should not be consid-
ered because the field measurement was carried out after
landslide occurred.

Therefore, where 7, is equal to 19 kPa, the horizontal
displacement:

AL(mm) = 103.87(1 -

e-0.0lSt) + 30. ll( 1- c~0.00331 )
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(t : month),
and where 73 is equal to 18 kPa,

AL(mm) = 79.67(1— e~%01%) + 15.19(1 - ¢~%0%%¢)

(t : month),

Fig. 40 shows the predicted displacements by using the
above formulae (open symbol) and the actual displace-
ments (black symbol) for inclinometer hole A59- 2 (data
from Public Works Office, Okayama Prefecture, 1990). It
is evident from this figure that the agreement between
the predicted and actual displacements is satisfactory,
and thus the present model can be used to predict the
deformational processes in the creeping landslide. More-
over, the pore water pressure (groundwater level) exerts
a considerable influence on the displacements of the land-
slide. The bigger pore water pressure (higher groundwa-
ter level) corresponds to the larger displacements (open
circle) and the smaller pore pressure (lower groundwa-
ter level) to the smaller displacements (open triangle).
The findings provide a reasonable explanation for creep-
ing landslide triggered by a slight rise in the groundwater
level during rainy season.

~80
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Fig. 40. Comparison of predicted and actual

displacements.

As discussed above, the rheological model described by
e(t) = oJ(t) or AL =¢(t)L can be used to predict the
displacements of landslide. It should be kept in mind,
however, that the parameter determination is based on
the creep curve of small specimens over a short period
of time and that the retardation time depends on the
order of loading time. The retardation time determines
the period of prediction. For example, let us consider the
following creep function:

J(t) = Jo+dy (1=e~ T )4Jo(l—e™ 5 )+J5(1-¢" %) (9)

Assuming that T} is minute, 72 and T3 are, respec-
tively, day and year as the order of retardation times.
If the time of loading is of the order of minute, Eq. 9

becomes: .
JA)=Jo+1(l-e"T7) (10)

Similarly, if ¢ is of the order of year, Eq. 9 can be ap-
proximately represented by the following equation:

J@)=(o+h +J)+Js(1-e"F)  (11)

This suggests that the period of prediction depends on
the order of retardation time. Akagi et al. (1976) pointed

out that the creep test method is suitable for obtaining
the retardation times of more than a few seconds and
smaller than a few decades. Therefore, further consider-
ation on the retardation time should be performed.

VII. Summary and conclusions

Landslide occurring in the Monden area, Okayama Pre-
fecture was investigated mainly from the viewpoint of
mineralogy. Based on the obtained results, occurrence’
mechanism of the landslide was discussed taking into con-
sideration of engineering soil constants. The results ob-
tained can be summarized as follows:

1. The landslide of the Monden area moves slowly and-
continuously at the rate of 2 to 10 mm/yr, and the
landslide is a creeping landslide.

2. The three zones, upper, slip and lower zones are dis-
tinguished based on the constituent clay minerals in
the landslide profiles. The slip zone corresponds to
the boundary between the upper and the lower zones.

3. Clays in the slip zone (landslide clays) are formed as
a result of the shearing processes, and the clays are
characterized by highly oriented FF contact texture
and low mechanical strength.

4. Ca?®*, Mg?** and Na™* were highly concentrated in
the landslide materials of the slip zone and exchange
of Ca?* and Mg?* for Na* extremely took place in
smectite, thus formed Na-smectite and/or (Na,Ca)-
smectite are characterized by remarkable expand-
ability. This characteristic feature decreases the me-
chanical strength and on the other hand, increases
the lubricant capacity of the landslide materials.

5. The fluctuations of the groundwater levels exert a
great influence on the displacements of the landslide
zone, Taking the groundwater levels into considera-
tion, a rheological model is presented in this study.
Applying engineering soil constants determined in
this study to the model, certain possibility for pre-
diction of the deformational processes in the creeping
landslide were confirmed. That is, the landslide oc-
currence during rainy season is reasonably explained
by this model.
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Explanation of Plate

Plate 1. SEM micrographs of undisturbed samples from
the landslide profile A63-2. A: Showing skeletal-
matrix texture (3.0 m deep), B: Enlarged view of
cluster dominated by EF particle contacts, C: Show-
ing skeletal-matrix texture (4.5 m deep), D: A coat-
ing of fine-granule materials on the surface of particle
(4.5 m deep).

Plate 2. SEM micrographs of the landslide clays (5.0 m
from the landslide profile A63-2). A: Showing slide-
ing cast and slickenslide (surface parallel to the slip
zone), B, C and D: Showing highly oriented parallel
FF particle contact texture (surface parallel to the
slip zone).

Plate 3. SEM micrographs of typical flocculent texture
(5.5 m from the landslide profile A63-2). A: Showing
vertical section of parallel clay particles, B: Enlarged
view of flaky clays.

Plate 4. SEM micrographs showing flocculent texture
with randomly oriented clusters (A and B: from the
landslide profile A63-2 at 6.0 m and 11.0 m depths,
respectively).

Plate 5. SEM micrographs showing porous skeletal-
matrix texture (3.0 m deep from the landslide pro-
file B63-4). A: Surface parallel to the slip zone, B:
Enlarged view of skeletal-matrix texture.

Plate 6. SEM micrpgraphs of undisturbed samples from
the landslide profile B63-4 (5.0 m deep). A: Showing
dominant cluster contact texture (surface parallel to
the slip zone), B: Enlarged view of cluster contact
texture.

Plate 7. SEM micrographs of the landslide clays from
the landslide profile B63-4 (5.5 m deep). A: Showing
a strongly parallel particle orientation with nearly
perfect FF contact (surface parallel to the slip zone),
B: Showing slickenside parallel to the slip zone, C:
Showing oriented cluster contact texture (surface
parallel to the slip zone), D: Showing randomly ori-
ented cluster contact texture (surface normal to the
slip zone).

Plate 8. SEM micrographs showing flocculent texture
(A and B taken from the landslide profile B63-4 at
9.0 m and 12.0 m deep, respectively).

Plate 9. SEM micrographs of sheared samples. A and
B: Showing randomly oriented cluster contact tex-
ture (surface normal to sheared zone), C: Sheared
zone showing a strongly oriented cluster contact tex-
ture, D: Sheared zone showing a highly parallel ori-
entation with perfect FF contact.
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