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ABSTRACT

Fluidized landslides moving with high velocities and long run-out distances are often
catastrophic, and prediction of the initiation and motion of fluidized landslides is an
extremely important topic. Nevertheless, the mechanism of fluidized landslides has
been poorly understood. Therefore, in this research, fundamental tests were performed
on sands to study the fluidization and its maintaining mechanism by using a ning-shear
apparatus, model flume and double cylinder rotating apparatus. Sands with different
grain size and fine-particle content were used in these tests to investigate the effects of
grain size and fine-particle content. As a case study, a fluidized landslide triggered by
the August 1998 heavy rainfall, Fukushima Prefecture, Japan, was investigated and
compared to the results of these laboratory experiments.

From the undrained ring-shear test results, it was observed that the brittleness index (the
ratio of the difference between the peak shear and steady state strengths to the peak
shear strength), which is an important factor affecting the acceleration of fluidized
landslides, depended greatly on the initial stress state. Also, both peak and steady state
shear strengths decreased when sands became finer in grain size or greater in

fine-content.

According to flume tests on sands with the same thickness but different initial densities,
it was found that there was an optimal density for high pore pressure generation for a
given sand, at which both the corresponding run-out distance and peak velocity were the
greatest. Examining the motion in flume tests and pore pressure maintaining tests with
the double cylinder apparatus revealed that fine-particles played an important role for
maintaining excess pore pressure during motion, i.e., fine-particles floated more easily

during maotion and increased the excess pore pressure.

According to the observations of a pit dug in the deposition area of the Fukushima

fluidized landslide, a shear zone of approximately 20 cm wide was formed on the



bottom of this landslide and fine-particles existed in this shear zone. From the results of
ring-shear tests on the volcanic deposits sampled from the source area of this landslide,
it was inferred that grain crushing in the shear zone cansed the generation of high excess
pore pressure, which initiated the fluidization; meanwhile, the high content of fine
particles in the original soil and the newly formed fines by crushing reduced the
permeability further and made the dissipation of excess pore pressure from the shear
zone more difficult. The combination of these factors resulted in the fluidized landslide
with high-speed and long run-out distance.

These studies from ring-shear tests, model flume tests and field investigations have
disclosed the mechanisms of fluidization of s0il mass and its maintenance during
motion, especially the important roles of fine-particle in the initiation and motion of
fluidized landslides have been clearifed.
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Chapter 1

INTRODUCTION

Landslide hazard is a world wide big problem confronting the developing of economics
and constructions in mountainous areas. It results in tremendous lost of lives and
properties almost every year. Among those hazardous landslides, fluidized landslides
are of the most destructive, for its high disaster potential and high frequency of

OCCUITENCES,

Fluidized landslides are usually characterized by high mobility and long run-out
distance, and then necessarily followed by tremendous lost of lives and properties. They
are always the result of liquefaction, a process during which high pore water pressure is
generated and soil mass losses a great part of its strength and shows the behaviour of
liquid. It can be triggered by dynamic effects, such as earthquakes (Seed 1968; Inokuchi
1985; Ishihara et al. 1990; Sassa 1996; Sassa et al. 1996), or by static effects, such as
rainfall (Eckersley 1985; Sassa 1998a), melted snow (Marui 1996; Sassa 1998b; Sassa
et al. 1997a), or other factors, such as engineering activities. Both man-made structures,
such as colliery spoil tips (Bishop 1973) and mine tailings dams (Lucia 1981), and
natural slopes, particularly those in the sub-aqueous environment, are susceptible 0

failure and subsequent fluidized motion.



Although there were 50 many fluidized landslides had been reported and studied, and
there were some knowledge had been built up, the mechanism of this kind of failure is
kept less understood. And even more, this kind of failare is still in a growing tendency,
accompanying the urbanization, further development toward mountainous areas, and the
changing of globe environment. For example, just in Japan, many disastrous fluidized
landslides happened in recent years, such as the December 1996 Gamahara torrent
debris flow, Niigata Prefecture, the July 1997 Haribara landslide—debris flow (here it
worth to note that the description of several noun combinations to identify the multiple
types of material and movement involved in a complex or composite landslide is
following that described in detail by Tumer and Schuster, 1996), Kagoshima Prefecture,
the August 1998 Taiyo-no-kuni long nin-out landslide, Fukushima Prefecture, and the
June 1999 {gndslide—debris flows, Hiroshima Prefecture, etc. All of them were triggered

by snow melting or heavy rainfall, and of tremendous hazards with great loss of lives.

To prevent the further occurrence of these kinds of failures, or at least to mitigate these
kinds of hazards, it is urgent to make the triggering mechanism clear and make the

prediction of motion of failed mass with high reliability.

1.1 BACKGROUND OF THIS STUDY

As reported in many literatures, fine sands are easier to suffer from liquefaction failure
(Kramer 1988; Thevanayagam 1998), Meanwhile, it has been pointed cut that silt and
silt-clay mixture are more prone to suffer form liquefaction failure with large resulting
run-out distance, basing on many field observations (Bishop 1973; Eckersley 1990;
Ishibara 1990; Kokusho 1999; Seed 1968; Turner & Schuster 1996). However, the
undrained shear behaviour of this-kind of soil is not very clear. For evaluating the
liquefaction potential of this kind of scil, there is no guideline available based on their
density, void ratio, plasticity index, standard penetration values, or any other simple soil

property. And even more, there is confusion on the influence of clay content, plasticity



index, and void ratio, as peinted out by Guo & Prakash (1999). For example, by
performing series tests on loose samples prepared with varying percentages of both
plastic and nonplastic fines (<74 ¢ m) and nonplastic fine sand (>74 2 m), Pitman et al,
(1994) found that undrained brittleness decreased as the fines content, for both plastic
and nonplastic type, increased; at a fines content of 40% the stress path indicated onty
strain hardening towards steady state. Another research carried out by Ovando-Shelley
and Perez (1997) had pointed out that within limited range of clay content, the presence
of clay increases the potential for gemerating excess pore pressure during undrained
loading, and also reduces strength and stiffness. From these researches, it could be
concluded that the undrained shear behavior of silt and silt-clay mixtures is not very
clear and needs further extensive scrutiny. Therefore, the fluidization behavior of sands
with different grain sizes and fine-particle content would be the main focus of this

research,

As mentioned above, fluidized landslide is always the result of liquefaction. Therefore,
many researches on the mechanism of this kind of failure were mainly concentrated on

the liquefaction behaviour of soil.

Liguefaction of sands due to cyclic loading has received a great deal of attention since
the Niigata earthquake, 1964, Japan (Yoshimi et al. 1977; Seed 1979; Finn 1981). In
addition, static liquefaction due to monotonic increase of static loading has been studied
in recent vears (Castro 1969; Casagrande 1976; Poulos 1981; Poulos et al. 1985). And it
was found that loosely compacted sands could exhibit a strain-softening response during
undrained loading, which would result in the quick failure of liquefaction. Based on the
tremendous experimental results of mostly triaxial tests, there were many sounds good
conclusive remarks on the undrained shear hehaviour of soils had been made. And
among them, the most appealing one idea for studying the ultimate state of sands
subjected to shearing might be the concept of critical void ratio line (Casagrande 1936).

This hypothesis is that sand, which plot above the critical void ratio line in their situ



state, would be susceptible to liquefaction under undrained conditions, while those

below, i.e. in medium or dense state, would be safe against liquefaction failure.

However, an investigation of the Fort Peck Dam slide hold by Casagrande himself
showed sand, which according to the hypothesis of eritical void ratio line should be safe
agamst liquefaction, had acwally lquefied with a very large loss in strength
(Casagrande, 1971). Meanwhile, recent undrained ring shear tests showed that
liquefaction could be triggered even in very demse sand due to grain crushing
accompanying increasing shear displacement. Based on the undrained ring shear tests
results, a concept of sliding-surface liquefaction was newly proposed by Sassa (1996),
with which many fluidized landslide failure could be interpretad. And therefore, a new
insight should be provided into the analyzing approach of flmdized failure. Meanwhile,
because there is no limitation of shear displacement in ring shear apparatus, it enables
the grain crughing to be complete and then makes it possible to study the ultimate steady
state of sand at vast range of densities, which is important for analyzing the ultimate
steady of a real fluidized landslide on the field.

Nevertheless, as has been pointed out by Eckemsley (1990), the understandings on
liquefaction of sand had relied almost entirely on laboratory tests on small specimens
under idealized conditions; and meanwhile, although most of the laboratory work has
involved undrained loading, this is not in itself a prerequistte for liquefaction (Sladen ez
al. 1985). Hence, it is highly desimable to confirm the observations obtained from
undrained tests by measuring processes in real fluidized landslides. This stimulated the
author to perform flume tests on rainfall-induced flurdized landslides that will be
elaborated in detail in Chapter 5 of this thesis.

In the analysis of potential hazards of a fluidized landslide, the prediction of run-out
distance is a most important aspect. Among the factors affecting the possible moving

speed and run-out distance, the generation and maintaining of pore pressuyre within the



failed mass are the most important controlling factors. Using & simple apparatus to
rotate sampies (sand with different grain sizes and contents of loess) and water inside a
double cylinder, the variation of pore pressure in relation to rotating velocity was
observed by Sassa. (1988a). And it was pointed ont that pore pressure increases with
increasing rotating velocity, and the change of pore pressure in sample with finer grain
size is preater while the rotating velocities are the same. This conclusion is used to

interpret the rapid motion of liquefied mass in flume tests:

It is highly desirable to examine these understandings obtained from laboratory tests
through a real fluidized landslide, Therefore, case study is performed on a fluidized
landslide triggered by August 1998 heavy rainfall, Fukushima Prefecture, Japan, and
basing on the ring shear tests results, the initiation and motion mechanism arc analyzed

in Chapter 6.

1.2 PURPOSE OF THIS RESEARCH

The purpose of this thesis is to study the fluidization behavior of sand with different
fine-particle contents. Liquefaction (including mass liquefaction and sliding surface
liquefaction) is used to interpret the rapid motion of fluidized landshides. By changing
test conditions, factors affecting the peneration of pore pressure and the resulting
deformation/motion were examined in three different series tests, and the fluidization

mechanisms were analyzed. These three series experimental studies are as follows:

(1) To examine the fluidization behavior of shear zone and provide a new insight into
the analysis of liquefaction susceptibility, vsing a newly developed ring shear
apparatus, a series of undrained ring shear tests was conducted on sand. Based on
the tests results, the effects of relative density, initial stress state, and samples (with
different grain sizes and fine-particle contents) on the undrained shear behaviour
were examined. Basing on the tests results, the fluidization mechanism in the shear

zone was discussed.



(2) To examine the fluidization behavior of landslide mass, the second phase of
laboratory investigation involved in documenting the behaviour of rainfall-induced
landslides in a small flume. By using different samples and changing sample’s
initial density, the effects of these factors on the generation of pore pressure and
resulting motion were examined; and then the initiation process and motion of

fluidized landslides were analyzed

(3) The third phase of the experimentation is to examine the pore pressure generation in
fluidized landslide mass during motion. It is a complementary test study for flume
tests. Using a simple apparatus to rotate samples (sands with different content of
loess) and water inside a double cylinder, the variation of pore pressure in relation to
rotating velocity for samples with different loess content was observed, and the

maintaining of pore pressure during motion was discussed.

(4) The fourth is case study on a fluidized landslide triggered by August 1998 heavy
rainfall, Fukushima Prefecture, Japan, On the basis of laboratory ring shear test
results, the initiation and motion mechanism of this fluidized landslide were
examined. It was found that high grain crushing susceptibility and high content of
fine particles made the accumnulation and maintaining of high pore pressure possible,
and then enabled the failed soil mass to slip out from the source area with high

mobility and travel a large distance on the horizontal paddy field.

1.3 OUTLINE OF THIS THESIS

Following this introductory chapter, Chapter 2 summarizes the developing history of
liquefaction, and some fundamental concepts on liquefaction, such as mass liguefaction,
sliding surface liquefaction, steady state line, collapse surface, static liquefaction
resistance, brittleness index, and apparent friction angle, etc., are introduced.
Meanwhile, some concepts concerning on the resulting deformation/motion of fluidized

mass, such as flowslide, rapid slide motion etc. are introduced also.



Chapter 3 mainly introduces the characteristics of samples and the test apparatuses
employed in this research. In the present stage, to make a basic understanding on the
fluidized failure behaviour, fine silica sands (no. 7 and no. 8) are used in all the tests. To
investigate the effects of fine-particle content on the fluidized failure behaviour, finer
silica sand {no. 8) and loess were used, and their characteristics are presented in Section
3.1. Section 3.2 gives a detailed description of an almighty undrained ring shear
apparatus (DPRI-Ver.6) newly developed and improved by Sassa (1997) and its
operation method; meanwhile, the undrained shear test procedures are elaborated in
detail. Section 3.3 shows the arrangement of flume test apparatus and the corresponding
test procedures. Finally, in Section 3.4, a double cylinder mixing apparatus that was
designed by Sassa (1988a) is presented and the test procedures are provided also.

Chapter 4 presents flnidization behavior of the shear zone, basing on the ring shear tests.
Section 4.2 summarizes the experimental results, including the effects of initial relative
density, initial stress state, grain size, and fine-particle (loess} content on the undrained
shear behavior. On the basis of the results and observed shear defgrmation, the
mechanism of fluidization in the shear zone is discussed in Section 4.3. These
discussions include the formation of localized fluidization in the shear zone, grain
crushing existing in mass liquefaction and sliding surface liguefaction, the collapse
behavior of loose sand within the shear zone, brittleness index at different stress states,
and effects of grain size and fine-particle (loess) content on the fluidization behavior of
shear zone; meanwhile, to examine the maintaining of generated pore pressure within

the shear zone, drained shear tests results on different samples are presented.

Chapter 5 summarizes the phenomena of rainfall-induced landslide failure in flume tests
and the pore pressure maintaining. mechanism during motion. Section 5.3 provides a
general introduction of the observed phenomena. On the basis of monitoring the sliding
distance and pore pressures, the process of excess pore pressure generation in relation to

soil displacement is discussed. And then in the followed section, Section 5.4, the effects



of initial void ratio on the generation of pore pressure and resulting motion of landslide
mass are examined. In section 3.5, effects of grain size and fine-particle (1oess) contents
on the excess pore pressure generation and resulting motion of landslide mass are
presented. To examine the maintaining of pore pressure during motion, Section 5.6
presents the pore pressure maintaining mechanism during motion. Using a simple but
valid apparatus to rotate samples (sands with different content of loess) and water inside
a double cylinder, the variation of pore pressure in relation to rotating velocity is
observed. And then the analysis on the initiation process and motion of fluidized

landslides is camried out in Section 3.7.

Chapter 6 presents the results of case study on a fluidized landslide triggered by August
1998 heavy rainfall, Fukushima Prefecture, Japan. Section 6.2 gives a general
introduction of this landslide. Three sets of ring shear tests are performed to examine
the initiation and motion mechanism of this fluidized landslide. The tests results and

analyses are illustrated in Section 6.3.

In the following chapters, Chapter 7, the analyses on the test results are performed, and

the corresponding conclusions are presented.



Chapter 2

Concerrs anpD Key Worps For FLUIDIZED LANDSLIDES

2.1 LIQUEFACTION
2.1.1 Liquefaction History
As stated by Castro (1969), perhaps the first explanation of the phenomenon of
liquefaction was published by K. Terzaghi (1925) in his book, and transcribed in one of
his late papers (Terzaghi 19356} as:
“Liquefaction can occur only on the condition that the structure of a large
portion of the sedimentary deposit is metastable, ........if the soil is saturated, at
the instant of collapse the weight of the solid particles is temporarily transferred
from the points of contact with their neighbors onto the water. As a consequence,
the hydrostatic pressure at any depth z increases from its normal value z ¥ w by
an amount &, which is close to the submerged weight zy s of the sediment

located between the surface and depth 2.

The resulting slope failures Terzaghi called “subsidence flow™ Terzaghi (1925} used

the term “mwobility” to describe the condition of sand during liquefaction failures.

In the history of liquefaction, one important discovery may be traced back to the study

of Reynolds (1885). During tests, Reynolds discovered that shear deformation of sand is
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accompanied by volume changes, i.e., loose pranular materials decrease in volume when
sheared, while dense granular materials increase in volume. Reynolds termed this

property of granular materials “dilatancy*

Nevertheless, the most important and creative study was carried out by Casagrande
{1936), 50 years late, And then, the significance of the volume changes during shearing
in relation to the shear strength of sand, and in particular to liquefaction, was more
clearly recognized. Through a series of drained strain-controlled triaxial tests,
Casagrande found that inifially loose and dense sand at the same confining pressure
approached the same density when sheared to large strains. The void ratio
corresponding to this density was called the “critical void ratio” Corresponding to this
tendency, if a sand is saturated and kept in undrained condition, pore water pressure
wonid be resulted in, and then the shear resistance will be reduced subsequently, which,
if of substantial magnitude, may result in a flow slide. Performing tests at various
effective confining pressures, Casagrande found that the critical void rato varied with
effective confining pressure. Plotting these on a graph produced a curve, which is
referred to as the critical void ratio (CVR) line (Figure 2.1). The CVR line constituted
the boundary between dilative and contractive behaviour drained triaxial compression.
A s0il in a state that plots above the CVR line exhibits contractive behaviour and vice

¥ersa.

Although there were some results on liquefaction had been obtained in the earlier stage,
it was after the 1964 earthquake of Niigata, Japan, broader attention was attracted to the
phenomenon of liquefaction, and then the importance of earthquake-induced
liquefaction was underlined. In that earthquake disaster, extensive damage to structares
was triggered due to liquefaction of the sandy deposits on which they were seated. The
significance of the loss of life and properties resulied from liquefaction failure during
the earthquake generated a large amount of research to evaluate the phenomenon, and

there were some appealing approaches had been proposed to provide mitigative
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measures against liquefaction.

Among the several methods of analyzing liquefaction susceptibility, the steady state
approach may be the most appealing one and widely used in practice. On the basis of
critical void ratio, Castro performed an important series of undrained, stress-controlled
triaxial tests. In these tests, three different types of stress-strain behavior depending on
the soil state were found (see Figure 2.2). Dense specimens dilated with increasing
effective confining pressure and shear stress. Very loose samples collapsed at a small
shear strain level and failed rapidly with large strains. Castro called this behaviour of
very loose sample “liquefaction”™-1t1 is also commonly referred to as “flow liquefaction”
Medium dense soils initially exhibiting contractive behaviour, the same behaviour as the
loose samples but, after initially exhibiting contractive behaviour, the soil transformed
and began exhibiting dilative behavior. Castro refemed to this type of behaviour as
“limited liquefaction™ Castro plotted the relationship between effective confining
pressure and void ratto at large strains for these undrained, stress-controlled tests. Castro
referred to the curve, produced by this plot, which is similar to the CVR line for the
drained strain controlled tests performed by Casagrande, as the “Steady State Line”
(SSL). The important assumptions in the steady state approach are that the sand has a
unique steady-state line in void ratio-effective stress space, and that this line can be
determined from the results of undrained tests on loose specimens of sand (Castro 1969,
Castro and Poulos 1977, Poulos 1981). And the essential criterion of this approach is
that saturated soil with void ratio and effective confining stress located below the steady

state line has no susceptibility to suffer liquefaction failure.

Nevertheless, recent undrained ring shear tests showed some inconsistent tendency with
these conclusions obtained from triaxial tests, medium and dense sand being able to
suffer from liquefaction failure due to grain crushing along sliding surface. In the
studies of landslides triggered by the Hyogoken-Nambu earthquake through undrained

ring shear tests, a new concept of sliding surface liquefaction was proposed by Sassa
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(1996). Sliding surface liquefaction is a special kind of liquefaction; it differs from the

pronounced liquefaction (mass liquefaction) (Sassa, 1996).

For his doctoral thesis, E W, Wang (1998) performed a series of ring shear tests under
Professor Sassa’s guidance, to determine the relationship between the grain crushing
possibility if sand in dry state and the sliding surface liquefaction potential when
subjected to undrained shearing. He found that grain crushing is a key factor for rapid
landslide motion, no matter the failure was triggered by cyclic loading or by static
loading.

2.1.2 Definition of Liquefaction
In order to prevent confusion it is necessary to differentiate between the different uses
of the term liquefaction by the different investigators mentioned in the preceding

section.

As aforementioned, corresponding to the undrained shear behaviour in triaxial tests,
there are three kind of response, and these processes were termed as liquefaction,
limited liquefaction and dilation, respectively (Castro 1969). However, in ring shear
tests, the undrained shear behaviors are more tending to behave in two different kinds of
way: with or without strain softening (collapse behavior) that would result in the quick
liquefaction failure, i.¢., mass liquefaction and sliding surface liquefaction. And here in

the thesis, they are defined as follows.

2.1.2.1 Mass liquefaction

To make a distinguish between the normally understood liquefaction and newly
proposed sliding surface liquefaction, and meanwhile, considering that the normally
understood liquefaction was necessarily entailed flow motion of soil mass in the
tremendous literatures (Terzaghi 1956, Bishop 1973; Kramer 1988; Eckersley 1990,

Ishihara et al. 1990), Sassa (1995) utilized this term “mass liquefaction” to refer to the
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normally defined liquefaction.

With respect to mass liquefaction, as appeared in the literatures, there are two different
definitions. One is the “zero effective stress definition”, and the other is “strain
softening and collapse definition”

Zero effective str ition

This definition was used by Seed (1966} to refer to this kind of condition at which zero
effective stress was reached as a result of accumniation of excess pore pressure during
cyclic loading. As a result of this kind of liquefaction, the liquefied soil loses its shear
strength and will not be able to carry any shear stress. This definition has some
limitation once it came into being. It is obvious that this definition was not suitable for
the anjsotropically consolidated dense soils under undrained cyclic loading, because the
condition of zero effective stress will not occuor if no further shear stress develops.
Meanwhile, as stated by Casagrande (1971), the zero effective stress is impossible to be
reached when the liquefaction failure happened on the soil mass on a slope.

in softening and coll nition
This definition is based on the concept of “critical void ratio” proposed by Casagrande
(1936). Casagrande (1938) elaborated on the fact that the ¢otical void ratio decreases
with increasing confining pressure, and he concluded that during a flow condition, the
cffective stresses are reduced to the effective confining pressure for which the critical
void ratio is equal to the in-situ void ratio of the sand. The shear strength of the sand
would thus be reduced to a value, which is only a function of its void ratio. If a slope or
embankment were high enough so that the shear stresses are much greater than the
reduced shear strength of the sand, a flow failure would result. Thus, for the first time, it
was proposed that the occurrence of liquefaction is not necessarily related to a zero or
almost zero effective stress condition, but rather to a reduction of the effective stresses

which is large enough so that the shear strength would drop substantially below the
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existing shear stresses in the soil mass. If these shear stresses are large, as under a high
dam or natural slope, catastrophic liquefaction may develop while the effective stresses

in the flowing mass remain relatively large.

Based on the thought of Casagrande and the results of undrained monotonic loading
triaxial tests on saturated sand, Castro (1969, 1975) referred to liquefaction as a process
during which a s0il mass suddenly loses a large proportion of its shear resistance when
subjected to monotonic or cyclic loading at constant volume (i.e., undrained loading
conditions) so that the mass undergoes very large unidirectional shear strains, and flows
in a manner resembling a liquid. The flows will be continued until the shear stresses are
as low as or lower than the reduced shear resistance, Thus, the prerequisite condition for
liquefaction failure is the presence of dmving static shear stresses that exceed the

reduced shear resistance of the soil.

As stated by Soroush (1996), “there are at least two advantages of the definition of
liquefaction proposed by Castro; one is that it engbles one to wnify descriptively
liguefaction cases induced by both cyclic and menotonic loading. The second is that it
enables one to introduce some strength, namely residual or steady state strength, for

liquefiable marerials in any stability analysis.”

The definition of liquefaction proposed by Castro 1s used in this thesis as the definition
of mass liquefaction. It is evident that this kind of liquefaction is mainly due to the
destruction of metastable soil structure. And the essential features of this definition are
that liquefaction involves loss of strength and sudden loss of limiting equilibrium.

Figure 2.3a presents a schematic illustration of mass liquefaction defined as above,

2.1.2.2 Sliding surface liquefaction
The concept of sliding surface liquefaction was newly proposed by Sassa (1996) in the

studies of landslides triggered by the Hyogoken-Nambu earthquake through undramned
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ring shear tests.

Sliding surface liquefaction is a special kind of liquefaction; it differs from the
pronounced mass liquefaction. Sliding surface liquefaction is a phenomenon that
liquefaction only takes place along the sliding surface. With increasing shear
displacement, accompanying the grain crushing, pore water pressure builds up graduaily,
and shear resistance decreases slowly, finally pore pressure reaches to a high value, and
shear resistance tends to a substantial constant comrespondingly. Therefore, sliding
surface liquefaction can take place even in medium or dense soil structure; it is a

localized liquefaction limited in the shear zone both in laboratory and on the field.

Figure 2.3b illustrates the defimtion of sliding surface liquefaction. And then the
difference between mass liquefaction and sliding surface liquefaction could be
recognized through the destruction of soil structure and the corresponding effective

stress paths.

Considering both of these two kinds of liquefaction could at least result in rapid motion
after the liquefaction failure is initiated, in this thesis, liquefaction would be used to
refer to both mass liquefaction and sliding surface liquefaction, when have no specific

declaration.

2.2 STEADY STATE LINE AND COLLAPSE SURFACE

2.2.1 Steady State Line

As aforementioned, based on the concept of critical void ratio defined by Casagrande
{1936), and on the supportive results obtained from undrained monotonic loading tests
on saturated sand, Castro (1969, 1975) introduced a steady state line. Thereafter, the
steady state approach of analyzing liquefaction susceptibility was postulated and widely
used in practice. The important assumptions in these analyses are that the sand has a

unique steady-state line in void ratio-effective stress space, and that this line can be
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determined from the results of undrained tests on loose specimens of sand (Castro,
1969; Castro and Poulos, 1977; Poulos, 1981). As a key characteristic of the steady state,
the concept of the steady state of deformation proposed by Poulos {1981} is necessary to

quote here:

“The steady state of deformation for any mass of particles is that state
in which the mass is continuously deforming at constant volume,
constant normal effective stress and constant velocity. It is achieved
only after all particle orientation has reached a steady state condition
and after afl particle breakage, if any, is complete so that the shear
stress needed to continue deformation and the wvelocity of

deformation remain constant,”

Figure 2.4 presents an illustration of the steady state of a sand as a line in p’-g- € space,
where p’. g, and ¢ are the mean normal effective stress, the deviator stress and the void
ratio, respectively. Figure 2.4a shows the actual stress paths in a spatial manner in
three-dimensional space. It could be seen that the projections of this steady state line on
(e-p') plane (Figure 2.4b) and (e-q) plane (Figure 2.4¢) are curves, while that on (p’-g)
(Figure 2.4d) is a straight line.

With respect to the uniqueness of steady state line, there are some disputations. Some
laboratory tests results have shown that for uniform sand, the steady state line is just a
function of void ratio, and independent of the effective stress path and the initial
effective stress value (Been and Jefferies 1985; Been et al., 1991, 1992; Castro, 1969;
Castro and Poulos, 1977; Ishihara, 1993; Poulos, 1981). For example, Been et al (1991,
1992) examined the undrained shear behaviour of fine sand, and concluded that steady
state of the sand is unique, irrespective of stress path, sample preparation and initial
stress state. By conducting compression and extension triaxial tests on water deposited

sand, Vaid et al {1990) concluded that at a given void ratio, the steady state strength is



17

smaller in extension than in the compression, and the difference increases as the sand
gets looser. However, Been et al (1991) explained that the difference in the steady state
strength of the sand in compression and extension is due to the difference in mapping of

steady state line in the p’-g plane.

2.2.2 Collapse Surface

Based on the laboratory tests and back analysis on a'large-scale slide, which was
resulted from the liquefaction of the berm sand duning the hydraulic placement of an
artificial island berm in the Beaufort Sea, Sladen et al (1985) proposad a collapse
surface concept. It was found that a necessary condition for liquefaction is that the soil
state lies on this surface. This collapse surface concept is fundamentally an extension of
the steady state concepts proposed by Casagrande, Poulos, and Castro, and follows in

many respects the principles of critical state soil mechanics.

Test results obtained by Sladen et al (1985) suggested that the collapse surface may be
observed by plotting the results of undrained triaxial compression tests in a normalized
p’-q plane. The envelope of the peak strengths on this normalized plane forms the
collapse surface. Figure 2.5 shows the collapse surface suggested by Sladen et al.
(1985).

Tests results showed that peak shear strength depends on the effective stress path and
also on the initial stress, and the post peak strain softening behavior depends on both
void ratio and initial effective stress. For a soil with constant void ratio, the higher the in

sity stress, the more brittle the soil and, hence, the higher the softening of the soil.

2.3 STATIC LIQUEFACTION RESISTANCE AND BRITTLENESS INDEX
It had been pointed out by Seed and Hon (1987) that in general, there are two main
problems confronting the soil engineer dealing with a situation where soil liquefaction

man occur: {I) Determining the stress conditions required to trigger liquefaction; and
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(2) determining the consequences of liquefaction in terms of potential sliding and
potential deformation. With these aspects, two parameters, Static Hquefaction

resistance and Brittleness index, could be effective.

2.3.1 Static Liquefaction Resistance

Considering that both in the field and in the laboratory, liquefaction can only occur
when shear stresses under undrained conditions are greater than or equal to those
required 10 initiate liquefaction, Kramer and Seed (1988} proposed a new concept of
“static liquefaction resistance” to evaluate the liquefaction potential or factor of safety
against liquefaction at a given site. The static liquefaction resistance was defined as
the increase in shear stress under undrained conditions required to initiate liquefaction,

and formulated as:

where r ;= peak undrained shear strength (subscript f means failure), r ;= initial shear
stress existed in soil element before undrained shear load was applied (subscript ; means
initial). A schematic illustration of this concept in triaxial tests is given in Figure 2.6,
where the abscissa presents the axial strain at triaxial tests, and ordinate is the deviator
stress, Considering that in ring shear tests, only the shear displacement could be
obtained accompanying the increasing shear stress, here in the thesis the shear
displacement will be used as the abscissa to substitute the axial strain in triaxial tests.
The static liquefaction resistance in ring shear test could be interpreted by Figure 2.7, a

schematic illustration of shear stress-shear displacement curve in ring shear test.

2.3.2 Brittleness Index
The reduction in soil shear strength resulted from the initiation of liquefaction may be
large or small, and it may depend on the initial void ratio, stress state and shear history.

The magnitude of the strength loss after initiation of liquefaction does not directly affect
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the safety against initiation of liquefaction, but it has a large effect on the consequences
of liguefaction. After liquefaction has been initiated in an element of soil, that element
deforms until it reaches the steady state of deformation. In this process, the shear
resistance drops from the peak undrained shear strength to the residual (steady state in
most situation) shear strength. To analyze the post-rupture behaviour, Bishop (1967)
proposed a parameter “Brittleness index” to express the reduction in undrained strength

of a strain-softening material, which was defined as:

T G Y OSSO .37 )

Where 7 ; is the residual undrained shear strength, namely the steady-state shear
strength in many undrained shear tests. A greater brittleness index indicates a greater
reduction in shear strength that means progressive development of large deformation

could be resulted in after the initiation of liquefaction.

In this paper, these indexes will be used to analyze the liquefaction susceptibility and

post failure behaviour in some places of examination on the undrained shear behaviors.

2.4 FLUIDIZED LANDSLIDE
Even though slope failures may threaten lives and property, not all of them present the
same degree of danger. It is well known that the resulting hazards are mainly dependent

on the velocity of failed slopes and the possible run-out distance.

Landslide velocity could be in a large range, from extremely slow to extremely rapid,
and therefore, their resulting hazard may be essentially different. Based on huge number
of case histories and observations, Cruden and Vames {1985) introduced a detailed
definition of landslide velocity classification, based on the proposition given by Vames
(1978). Figure 2.8 presents the detailed definition, where the landslide velocity is
divided into seven classes, and the boundary between each class 1s enumerated. An

important limit appears to lie between very rapid and extremely rapid movement, which
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approximates the specd of a person running (5 m/sec). Table 2.1 illustrates the probable
destructive significance of the seven velocity classes on the new landslide velocity

scale,

Table 2.1
Definition of Probable Destructive Significance of Landslides of Different Velocity
Classes (after Cruden and Vames, 1985)

Landslide
Velocity Probable Destructive Significance
Class
Catastrophe of major violence;, buildings destroyed by
’ impact of displaced material; many deaths; escape unlikely
6 Some lives lost; velocity too great to permit all persons to
escape
s Escape evacuation possible; structures, possessions, and
equipment destroyed
4 Some temporary and insensitive structures can be
temporarily maintained
Remedial construction can be maintained with frequent
3 maintenance work if total movement is not large during a
particular acceleration phase
2 Some permanent structures undamaged by movement
Imperceptible without instruments; construction possible
! with precautions

From Figure 2.8 and Table 2.1, it could be concluded that extremely rapid landslides
are of most disaster. Among those most hazardous landslides, fluidized landslide is
typical and representative, not only for its characterization of extremely rapid moving
velocity and larger run-out distance, but alse for its occurrence with high frequency.
And therefore, to mitigate this kind of disaster, the study presented in this thesis is

focusing on the fluidized landslide.
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2.4.1 Definition of Fluidized Landslide

As well known, fluidized landslide is a result of liquefaction failure. Therefore,
Fluidized landslide used in this thesis refers to those slope failures, where high pore
pressure is generated and the shear strength of soil mass reduced gready; and as the

consequence, the failed soil mass shows high mobility with large run-out distance.

2.4.2 Motion of Fluidized Landslide

Fluidized landslides are usually characterized by high mobility and large run-out
distance; therefore, it scemed not enough to evaluate this kind of failure just according
to the velocity. Different characterization of movements will have differing resulting
disaster. According to the distinguished features of fluidized landslides, the movement
could be classified into two series: flowslide and rapid slide (as a whole block) motion.

And their detailed characteristics will be described in the followings.

2.4.2.1 Flowslides

Flows, when used to describe the mass movements as well as mass transport, are
referring to this kind of move that solid grains shear over one another and over a
stationary bed, and move like a “viscous mass” Therefore, “flowslides™ is used to refer
to those slope failures that are characterized by general disintegration of the sliding
mass with a rise in pore-water pressure and by development of fluid-like motion
(Bishop, 1973; Eckersley, 1985, 1990; Spence & Guymer, 1997). They can be
distinguished from “slides,” which have a relatively intact soil mass above the sliding

surface (Bishop, 1973). Usually, this kind of failure occupies only a few minutes.

The requirements for this kind of failure are:
® Post peak behavior of the soil in undrained/drained loading conditions should be
strain softening; the loading can be either monotonic or cyclic

® Iniual shear stress must be higher than the steady state strength of the soil



22

®  Free boundaries for flowing

2.4.2.2 Rapid slide motion

The term slide usually refers to those movements of materials along recognizable shear
surfaces. Due 1o the differences in shear strength and/or stress state between the basal or
bottom layer and the upper material, when the failure is resulted in, a sliding surface
would be formed, and then the upper material would slide along this surface as a whole,
just like a rigid block, riding over the bottom layer. The difference between flowslide
and slide (plug slide) could be illustrated by Figure 2.9, a schematic explanation of

these two kinds of movements.

The character of this category of movements is that liquefaction is located on a limited

zone; and there are two possibilities for this kind of failure to happen:

(1) There exists a sand seam or thin sand layer underlying an otherwise stable mass of
s0il; or

(2) The soil particle is crushable. When shear stress is greater enough such that shear
failure could be initiated, thereafter, accompanying the grain crushing along with
shear displacement, excess pore pressure within the shear zone is built-up gradually,
and shear resistance is reduced consequently, finally, high speed slide would be

necessarily resulted in, i.e. sliding surface liquefaction failure.

2.5 APPARENT FRICTION ANGLE FOR LANDSLIDE

Apparent friction angle ( ¢ . ) for landslide was proposed by Sassa (1984) to present the
mobilized coefficient of friction for soil mass in motion, in substitution of the internal
friction angle used in the field of soil mechanics. It is defined as an inverse tangent
function of the ratic of landsiide height to landslide total length (see Figure 2.102a), and

formulated as follows:

(AN G 3= AT X oot s sn s eanas s sniosos (Bad )
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Where, A presents the height of landslide; x. expresses the horizontal travel distance of
landslide. As stated by Sassa (1985), this apparent friction angle is chiefly the resulis of
combination of the real internal friction angle during motion and the pore pressure
during motion, and then it is proved by Sassa and formulated as (1985):

G—
tanga === ARG oreeverssoomeeee e emeeeesesseeereesesssessesessessessscmeerees s (2. B)

where, ¢ o Internal friction angle during motion; & : Normal stress; u: Pore pressure.
For a landslide where pore pressure is generated in the shear zone, this apparent friction
angle could be predicted through the undrained ring shear test results effectively (Sassa
1984}, and Figure 2.10b illustrates the determination method. As shown, it is computed
by the ratio of undrained residual shear strength (usually undrained steady state shear
strength) to initial normal stress in ring shear tests, and therefore, it is dependent on the
initial normal stress, greater initial normal stress resulting in smaller apparent friction

angle. Usually, smaller friction angle shows higher mohbility.

As the result of liquefaction, fluidized landshides usually have smaller apparent friction
angles. With respect 1o this aspect, some typical fluidized landstides could be listed out,

(1} Saleshan fluidized landslide (Zhang and Sassa 1992): this landslide occuired at the
Saleshan mountain, Gansu Province, China on 7" March 1983, and the landslide
mass slid down from a steep slope at a high speed {13-14 m/fsec at average), rode on
the gquaternary alluvium and moved over about 800 m until a river. According to
field survey result, the apparent friction angle was 10.8 degrees, while that from the

undrained ring shear test results was 10.2 degrees.

(2) Harihara fluidized landslide: this landslide, occurred at the Harihara tomrent, Izumi
City, Kagoshima Prefecture, was triggered by the heavy rainfall on July 1997. The

failed soil mass of 2x10° m*in volume run out a targe distance of approximately 830



m, and brought great losses of lives and properties. According to field survey, this

fluidized landslide showed an apparent friction angle of 10.9 degrees.

(3) Nikawa landslide: This fluidized landslide was triggered by the January 17, 1995
Hyogoken-Nambu earthquake in Japan, and had destroyed 11 houses and killed 34
persons. According to Sassa et al. (1995, 1996), this landslide was 110,000--120,000
m’ in volume and 175 m in run-out distance, and the apparent friction angle was

approximately 10.0 degrees.

{(4) Hiegaesi fluidized landslide: This landslide, that will be studied late in this thesis,
was located in Nishigo Village, soutbern Fukushima Prefecture, Japan, and triggered
by the heavy rainfall on August 1998. Irrespective of its small scale (approximate
1200 m’ in volume), the failed soil mass traveled a large distance of 97 m, and
deposited on a paddy field, with the apparent friction angle being 11.2 degrees.

From these typical fluidized landslides, it could be seen that they were similar in their
apparent friction angle: approximate 10 degrees. Therefore, here in this thesis, to judge
whether fluidization of soil mass in undrained ring shear tests has happened or not, a
criterion of apparent friction angle obtained from undrained ring shear test being less
than 10 degrees will be used, that is:

a0 fn = %s e 1t RO X )
where, 7. undrained shear strength at steady state; o initial normal stress

2.6 OTHER CONCEPTS USED IN THIS THESIS

The followings are the definitions of some concepts to be used in this thesis.

Grain crushing: a process during which soil grains are crushed into smaller size, when

the acting stresses acting on soil grains are greater than their strengths. It is also referred



to as particle breakage in some literatares (Lade et al, 1996).

Pore pressure coefficient jn direct-shear state, Bp: a parameter that was proposed by

Sassa (1985a) to illustrate the saturation degree of sample in direct shear condition, on
the conceptual basis of pore pressure coefficient, B, proposed by Skempton (1954). It is
a ratio of pore pressure response to the normal stress increment under undrained

condition, and formulated as:

= Au
BomBUf e (6)

where Au and A » are the increment of pore pressure and normal stress, respectively.

If Bp=0.95, it could be considered that a full saturation has been reached.

Relative density (D;); defined by Terzaghi (1921), and formulated as

emar— ¢
Dr=—"T000 X100% oot snssssessssssaens 10 (2.7)
€ max— & min
Where &mac presents the maximum void ratio of dry sand corresponding to the loosest
stale; emm presents the minimum void ratio of dry sand corresponding to the densest

condition; e is the void ratio of sample. emoc and émin are measured following “JSF T

161-199¢"* (JSF: Japanese Society of Soil Mechanics and Foundation Engineering).

Density index (Iy): Relative density D; is for expressing the situation that ¢ is smaller
than €mar (€mex was obtained from dry sand in loosest state). There are some cases that
sand are extremely loose and their void ratio ¢ could be greater than €. To presents
the relative density of these cases, density index was used, and formulated as:

€max— &

Jd S e s neenes 1o (B4 B)

£ max— € min

Therefore, Is could be smalier than 0, when sand is in extremely loose state.
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Contractive: A specimen is said to be contractive if it tend to decrease in volume when
subjected to an increase in shear stress. Depending on whether its volume is allowed to
change or is kept constant while the shear stress is increased, the volume will either

decrease or the pore pressure will increase.

Dilative: A specimen is said to be dilative if it tends to increase in volume when
subjected to an increase in shear stress (deviator stress). Depending on whether its
volume is allowed to change or is kept constant while the deviator stress in increased,

the volume will either increase or the pore pressure will decrease.

Excess pore pressure: referring to the pore water pressure generated in soils under
drained and/or undrained conditions. The variaton of pore water pressure
comesponding to the varying of normal siress under undrained condition is not included

in the excess pore pressure in this thesis.

Excess pore pressure ratio (r,): presents the ratio of excess pore pressure to the initial
effective normal stress. It is an index to evaluaie the degree of liquefaction, and

formulated as:

P P IR I I {2.9)

Where, u;: initial pore pressure; u: pore pressure; ¢;: initial normal stress. When r, = 1.0,

it means a complete {full) liquefaction.
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Chapter 3

SAMPLE, APPARATUS AND TEST PROCEDURE
S

3.1 SAMPLES EMPLOYED IN THE TESTS

It was found that fine sands are easier to suffer from liquefaction failure (Kramer 1988,
Thevanayagam 1998). To make the trigger of liquefaction in laboratory relatively easy,
in this study, fine silica sand no. 7 (87) and no. 8 (88) are sclected as the sample. These
silica sands are kinds of sand materials for building use made from silica sandstone by
mechanical grinding, comprised of 92-98 percent of subangular to angular quartz, and a

little amount of feldspar. The particles ranged from fine sand to silt sizes.

To study the influence of material characteristics upon liquefaction behaviour, loess was
used in this research, too. This loess, which was composed mainly of fine sand and silt,
was collected from a potential landslide at Lishan, Xi’an, China. In the present work, a
series of tests was conducted on the mixture of S8 and loess with loess content of 10, 20,

and 30 percent, which were termed.as M10, M20 and M30, respectively.

The grain-size distributions of 87, S8 and loess are shown in Figure 3.1. As shown in

this figure, there is some amonnt of grains whose sizes are smaller than 0.005 mm
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existing in cach sample. It should be noted that those grains smaller than 0.005 mm
existing in loess could be regarded as clay, while those in 57 and 88 could be just
treated as fine silt or rock flour, because the grains are formed by mechanical grinding

without any weathering.

Table 3.1 lists some characteristics of the employed samples. It should be noted that all
these property measurements of S7, S8 and loess are followed the JSF. And the
properties of M10, M20, and M30 were obtained by those of S8 and loess, using the

weight average method.

Table 3.1 Properties of employed samples, 57, S8, M10, M20, M30, and loess.

Sample 57 S8 | Loess | MIO | M20 | M30
Mean grain size, Dsp (mm) 0.13 | 0.050 | 0.0185| 0.047 | 0.043 | 0.040
Effective grain size, Dy (mm) | 0.074 | 0.018 [ 0.0012 | 0.0118 | 0.0084 | 0.0057
Uniformity coefficient, U, 2.1 3.7 19.0 4.6 6.0 8.3
Maximum void ratio, emar 1.23 | 1.66 1.51 1.52 1.56
Minimum void ratio, ema 0.70 | 0.85 0.73 0.73 0.73
Specific gravity, G; 263 | 263 [ 272 | 264 [ 265 2.66

3.2 RING SHEAR APPARATUS AND TEST PROCEDURES

3.2.1 Ring Shear Apparatus

Ring shear apparatus has been widely used in the analysis of slope stability due to its
advantage in shear displacement recently (Bishop et al. 1971; Bromhead 1979; Gibo
1994; Sassa 1988a, b, 1996, 1998a, b; Sassa and Fukuoka 1995; Sassa ef al. 19974, b;
Tika and Hutchinson 1999). Two new sets of almighty intelligent ring shear apparatus
(DPRI-Ver.5, DPRI-Ver.6) were developed and improved by Sassa and colleagues to
simulate the earthquake-triggered-landslides after the Hyogoken-Nambu earthquake,
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17" January 1995. In the present research, DPRI-Ver.6 was employed.

Table 3.2 The main features of the employed ring shear apparatus (DPRI-Ver.6)

Shear box

-Inner diameter (mm) 250

-QOuter diameter {mm) 350
Maximal normal stress (MPa} 2.0
Maximal shear speed (cm/sec) 214
Resolution of gap control system (mm) 0.001
Maximum data acquisition rate {readings/sec) 200
Maximum frequency of cyclic-loading (Hz) 5
Possibility of undmined test Yes
Possibility of simulation of monitored seismic wave

records by normal stress and shear stress Yes

Automatic safeguard and alarm system for mishandling Yes

Figures 3.2a shows a front photographic view of the DPRI-Ver.6 ring shear apparatus
before its installation in the laboratory, including the operation system {controfling
system and data acquisition system), and mechanical system. The main features of this
apparatus are listed in Table 3.2. As illustrated in this table, the applicable maximum
normal stress is 2.0 MPa (20 kgf:'crnz). and the mechanical system is made relatively
high and big consequently. To operate it conveniently, the blow half of the mechanical

system is located under the ground of laboratory.

Figure 3.2b presents the electronic control system. As illustrated, this system consists
of normal stress control, shear stress control, and gap control. Figure 3.2¢ shows a

schematic diagram of this apparatus. In this figure, the sample is loaded by a loading
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plate through an oil piston (OP;). The loaded normal stress is measured by the load cell
{N1). The sum of the friction between the sample and the upper shear box and the
contact pressure (was kept as 250 kgf in the present series tests) of rubber edge in the
gap is measured by a load cell (N2). The real normal force acting on the shear surface is
obtained from the difference between the values measured by the two load cells (N, and
Na). This value is sent to a servo-amplifier as a feed back signal. Then, the normal stress
on the shear surface is automatically controlled so as to be the same with the control
signal given by the computer. The contact pressure of rubber edge is automatically
controlied by a servomotor (OP2) wsing the feed back signal obtained from a gap sensor
(GS) with oprecision of /1000 mm. Shear stress 1is supplied by
torque-control-servo-motors (in the right and left hand). The loaded torque is measured
by torque transducers (T and Tz). Using the sum of monitored values of Ty and T as
the feed back signal, the loaded shear stress is automatically controlled by the servo
amplifier and servomotor so as to be the same with the pre-decided value given by
computer. The shear resistance acting on the shear surface is monitored by the load cell
{8 and 8§,), through which the upper half part of the shear box is restrained from

rotathion.

Figure 3.2d shows the shear mode of sample in ring shear apparatus briefly. The sample
is laterally confined between pairs of upper and lower confining rings, and loaded
normally through an annular loading platen connected to the oil piston (OP in Figure
3.2¢c) through load lever, as mentioned above. The low half of the shear box is retary in
both directions, driven by a servomotor through transmission system, while the upper
part is kept steady with help of two reacting torque arms, with which the shear
resistance is measured. When shear failure happened, the annular ring-shaped sample
will be sheared on a plane of relative rotary motion, with the lower part rotating along

with rotating table.
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It is worth to point out that the most essential design for undrained ring shear apparatus
is the construction of undrained shear box. Its design is illustrated as Figure 3.2e, an
enlarged diagram of the undrained edges and its surroundings, including watet-pressure
measurement system. Water-leakage proof is made by rolling two slices of “O” rings
on the upper loading platen, and pasting rubber edges on the two confining rings of the
low rotary pair. Before setting the shear box, the rubber edges are covered with friction
coat of Teflon, and daubed with vacuum silicon grease. During test, a certain mount of
pressing force (determined by the possible generation of pore pressure) is applied
between the upper pair and rubber edges, and kept constant automatically through the
gap control oil piston (OP: in Figure 3.2¢). For DPRI-Ver.6, the shear box is 250 mm in
inner diameter, 350 mm in outer diameter, and 150 mm in height. Pore pressures are
measured by pore pressure transducers, which are connected to the gutter (4 X4 mumn)
along the whole circumference on the inner wall of the outer ring in the upper pair. The
gutter is focated at 2 mm above the shear surface and covered with two metal filters,

with a filter cloth between them.

Two personal computers are set for test controlling and data recording. Testing process
is controlled by an operating computer. The test could be either shear torque controlled,
shear speed controlled or shear displacement controlled. In the present research, to
observe the shear behaviour of soil accompanying the increasing shear stress before
failore, torque controlled method is selected. All the recordings of transducer are
recorded automatically, while the graph of effective stress path is being drawn

simultaneously by the data-recording computer.

3.2.2 Test Procedures

In this research, all the tests were carried out following the procedures listed below.
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® Sample Setting

The samples were made by means of moist placement or dry deposition (Ishihara, 1993),
according to different test purposes. For moist placement method, de-aired water was
first added to the oven-dried samples to make the initial water content rise up to 5
percent, and then the sand was stirred evenly. After that, the sample was placed into the
shear box. To make the sample uniform, while packing, the sample was placed in a
series of layers of 3-cm thickness, and then each layer was tamped. For dry deposition
method, the oven-dried sample was fallen into the shear box freely by layers, and each
layer was and was not tamped differently to make the initial density different.

® Sampie Saturation

Sample was saturated with help of carbon dioxide and de-aired water. After the sample
was packed, CO; was then percolated through the sample to expel the air in the sample
pores out, by flowing in through the lower drainage line very slowly, and discharging
from the upper drainage line. Usually, this process took 4 to 12 hours, depending on the
samples (for S7, S8, 4 hours are enough; for M10, M20, and M30, this duration was
kept normally 12 hours). After hours of percolation of COj; de-aired water was
infiltrated into the sample through the lower dminage line to expel the CO; in the
sample pores from the upper drainage line. This infiltration was kept very slow with
help of a very small water head. To expel the CO; as completely as possible, this water
saturation process was usually kept 12-24 hours, depending on the samples (as
mentioned above, for the mixtures of S8 and loess, this saturation process was longer
also). Considering the possible effects of backpressure on tests results, during saturation,

back pressure was not applied.

# Saturation Checking

To check the saturation degree of samples, Bp parameter was used in this series tests.
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During checking, the sample was firstly consolidated under normal stress of 49 kPa (0.5
kgffcm®) in drained condition. And thereafter, a normal stress increment, A o =49 kPa,
was applied in the undrained condition, and the resulting increment of excess pore
pressure ( A 4) was measured. Therefore, the saturation degree could be checked by the
ratio (Bp) of excess pore pressure increment and normal stress increment (Au/4 « ).
As aforementioned, If Bp=20.95, it could be considered that a full saturation has been

reached. In this study, 2l the tests were carried out with Bp=0.95,

® Sample Consolidation

All the samples were normally consolidated in this series tests under the pre-decided
normal stress and shear stress. In the present research, most of the tests were carried out
under the same initial stress state, with normal stresses being 196 kPa and shear stress

being 0, except for those tests for examining the effects of stress state.

® Undrained Shearing

The studies by both Castro et al. (1982) and Sladen et al, {1985) have determined that
there is no difference between the results of either load-controlled (stress) or
strain-controlled tests. To allow more data to be gathered between the start point of
shearing and the point where peak shear strength was mobilized, and then yield a
well-defined effective stress path, torgue-controlled method was selected.
Corresponding to the torque control, there are three kinds of rotating gear with final
speed of Low (10 mm/sec), Medium (32.3 cm/sec) and High (2.25 m/sec). To avoid the
phenomenon of runaway strains in contractive sand once the peak shear stress has been
reached, which usually appears in stress-controlled triaxial compression tests, in this
study, the Low gear was selected in nearly almost all of the tests, except for some tests
for special purposes (those tests will be illustrated separately in details in the following

sections where they appear), providing that shear speed has no effects on the key results
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(Hungr and Morgenstern 1984b). After consolidation, undrained shear stresses were
subsequently applied at a loading rate of 0.098 kPafsec (0.001 kgficm*/sec).
Transducers were scanned at an interval of 1 second before the peak shear strengith;
after that, the sampling rate was increased to 20 samples/sec.

3.3 FLUME TEST APPARATUS AND TEST PROCEDURES

3.3.1 Flume Test Apparatus

The experimental apparatus is iflustrated in Figure 3.3. The flume, with transparent
sides, was 180 cm long, 24 ¢m wide, and 15 cm high. The flume angle is made
changeable for different test requirernents. To assure the same friction between the sand
particles and the base of the flume as of that of sands inside the flume, silica-sand grains
were glued to the surface of the flume base. At longitudinal distances x; = 45 c¢m, x2=
90 ¢m, and x3= 140 cm from the upstream end of the flume, three identical holes with
diameters of 1.5 cm were drilled along the central line, as seen in Figure 3.3 (in the left
part of this figure shows the placing of transducess on the flume bottom). Vinyl tbes
were inserted into these holes with one end of each tube being flush with the flume bed
(end A for x3 in Figure 3.3) and the other end (end B) being connected to the pressure
transducers, so that the pore-water pressure could be measured. On the side of the hole
at position x1, a normal-stress transducer and a shear-stress transducer were installed to
measure the siresses in the soils. In the place immediately close to and being in the
downstream of place of x,, a styrene foam ball 2 ¢m in diameter was laid so that it
connected with a linear displacement transducer through a wire. During the test, the ball
buried in the sample moves together with the sample; in this manner, the time series of
sliding distance can be monitored. Because of the resolution of this linear displacement
transducer with rated capacity {100 cm), displacements smaller than 1.0 mm cannot be

measured correctly. Therefore, to get precise measurement, a laser displacement sensor
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with resolution of 0.015 mm and rated capacity of 15 mm was also used by fixing a
target on the wire and shining a laser beam upon the target. A 160-g weight was
attached to the other end of the wire to balance the pulling resistance of the
linear-displacement transducer. At a position 3 em above the base at the location of x;, a
plate (3 cmmX3 cm) with many holes was laid parallel to the base. The plate was
connected to another target outside of the soils by means of a fine metal bar. Thus, by
using another laser displacement sensor it was possible to monitor the normal
displacement of the soils within the zone near the base. Above the flume two
spray-nozzles were placed. By keeping the supplied water pressure constant with help
of a pump, and adjusting the distance to the nozzles, a uniform artificial rainfall was
assured. A video camera was used to monitor the entire test process from one side of the

flume.

3.3.2 Test Procedures

The tests were conducted as follows.

#® Installation of the transducers: The normal-stress and shear-stress transducers were
positioned flush with the surface of the flume base. The pore-pressure transducers
(P1, P2, P3) were installed with end B (for P3 in Figure 3.3) being 1 cm lower than
end A (for P3). End B was ensured to be de-aired.

@& Preparation and placement of sample: To obtain loose samples with different void
ratios, de-aired water was first added to the oven-dried samples to make the initial
water content rise up to 5 percent, and then the sand was stirred evenly. After that,
the sample was packed into the flume. To make the sample uniform, while packing,
the sample was placed in a series of layers of 2 cm thickness paraliel to the flume

base, and then each layer was tamped. Finally, the superfluous parts of placed
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sample were removed and the shape was made to be as shown in Figure 3.3. Initial
dry density was determined from the oven-dried weight of the used mass and the

volume of the sample.

® Sprinkling water and recording: When the sprinkling began, the data-logging system
and video camera started to record. To successfully obtain the rapid change of pore
pressure during quick failure, each of the instruments was logged at 0.05-second

intervals.

3.4 DOUBLE CYLINDER APPARATUS AND TEST PROCEDURES

3.4.1 Double Cylinder Apparatus

The employed double cylinder rotating apparatus (designed by Sassa, 1988) is
illustrated in Figure 3.4. It is composed of a rotating system, & double cylinder and a
data recording system. To observe the variation of pore pressure along with moving
velocity, the rotating system is made changeable in rotating velocity within a large range
with help of a velocity control motor and a gearbox. The double cylinder, made from
aluminum alloy with high hardness, is 14 cm in inside diameter, 30 cm in outside
diameter, and 28 cm in depth. To observe the pore water pressure within the moving
mass, pore pressure transducer is installed by drawing a vinyl hose from the bottom of
cylinder, and to prevent the sample from sinking into the hose, porous stones are placed
on the bottom, as shown in Figure 3.4. During tests, the mixture of sample and water
inside the cylinder is rotated by four mixing rods that are connecting to the rotating axis,
and the rotating velocity is measured with help of a potential meter. All the data from
pore pressure transducer and potential meter are recorded by a personal computer
automatically. Considering that in practice situation, the debris height (hg) and the water

height (hw) are almost same in the head of debris flows (Sassa 1988a), all the tests
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presented here were performed under the condition of hy= hy.

3.4.2 Test Pracedures

All the tests were performed following the procedures as follows:

To make sure that pore pressure be measured corectly, de-aired water is poured into
the cylinder until the water level is flush with the upper surface of porous stone, so

that the space helow the porous stone is full of de-aired water without any air left.

Weigh the oven-dried sample and setting it into the cylinder until the sample height

reaches 15 cm;

Sprinkle de-aired water from the upper opening mouth of cylinder until the water
level reaches the same height as the sample. And then keep the water the same
height as the sample for more than 12 hours without any disturbance to make the

sample with high saturation degree.

Rotate the mixing rods and then record the data of pore pressure and potential meter
through computer. To observe the variation of pore pressure along with rotating
velocity, the velocity is increased gradually by steps; and at each step, the rotating is

kept 10 minutes and thereafter the data are recorded.

After increasing the rotating velocity to a certain value at which the pore pressure
does not change further more, decrease the rotating velocity gradually by steps 10
zero, At cach step of deceleration, the rotating duration is kept 10 minutes also

before recording the data.
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Chapter 4

Tae Frumizarion Begavior oF THE SHEAR ZoNE BASED on
RING SHEAR TESTS

4.1 INTRODUCTION

The undrained shear behaviour of sand is a knotty problem to civil engineers in dealing
with a situation where soil liquefaction may occur. It is closely related to the
determining of stress conditions required to trigger liquefaction, and the analyzing of
the consequences of liquefied mass in terms of potential deformation. As
aforementioned, based on the tremendous results of mostly triaxial tests, a very
appealing concept of vltimate steady state was proposed and widely used in the
procedure of analyzing liquefaction susceptibility of a soil in anti-liquefaction design
(Castro 1969; Vaid and Chern 1983; Poulos et al. 1985; Alarcon-Guzman et al. 1988;
Kramer and Seed 1988). And it was well accepted that saturated soil with void ratio and
effective stress located below the steady state line in the “e-logp” diagram is impossible
to suffer liquefaction failure. So it is generally believed, erroneously, that medinm and

dense sands have no susceptibility to suffer from liquefaction failure.

Nevertheless, recent undrained ring shear tests showed some inconsistent tendency,

liquefaction being able o be triggered even in very dense sand due to grain crushing
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accompanying increasing shear displacement. In the studies of earthquake-triggered-
landslides based on ring shear tests, a concept of sliding surface liquefaction was
proposed by Sassa to interpret the high mobility of failed landslide mass. As mentioned
in Chapter 2, sliding surface liquefaction can take place even in medium or dense soil
structure, and it is a localized liquefaction limited in the shear zone both in laboratory
test and on the field.

Recently, Sassa and colleagues had carried out tremendous ring shear tests on different
samples under different loading conditions (static load and cyclic load} to study the
mechanism of sliding surface liquefaction, with emphasis on the relationship between
grain crushing susceptibility and pore pressure generation, efc. (Sassa 1996; Sassa et al.
1997a, b; Vankov and Sassa 1998; Wang 1998). However, most of these studies were
concentrated on the sliding surface liquefaction behavior, i.e., focusing on the undrained
behavior of dense and medium dense specimens that exhibit dilative behavior, In this
sense, the loose specimen was less studied in ring shear tests. Further more, as has been
pointed out, in many cases of liquefaction-induced slope failure, the liquefaction was
just limited in the sliding zone (Casagrande 1971; Castro 1992; Sassa et al. 1999; Seed
1968); and some laboratory researches have found that shear bonding could even be
formed in very loose sand when subjected to shearing. Nevertheless, compared with the
huge number of undrained triaxial tests, the undrained shear behavior of sand in the

shear zone is still poorly understood and needs further scrutiny.

On the other hand, investigations into the shear behaviour of granular soils have
generally concentrated on clean sands, which contains only relatively small quantities of
silt and no clay. But as reported, natural sands often contain significant proportions of
both silt and clay (Ishihara, 1985), and silt and silt-clay mixture are more prone to suffer
form liguefaction failure with large resulting run-out distance, on the basis of many field
observations (Bishop 1973; Eckersley 1990; (Georgiannou et al. 1990; Ishihara 1990,

Keith Tumer & Schuster 1996). However, the undrained shear behaviour of silt and



40

silt-clay mixtures is not very clear. For evaluating the liquefaction potential of this kind
of soil, there is no guideline available based on their density, void ratio, plasticity index,
standard penetration values, or any other simple soil property. And even more, there is
confusion on the influence of clay content, plasticity index, and void ratio, as pointed
out by Guo & Prakash (1999). For example, by performing series tests on loose samples
prepared with varying percentages of both plastic and nonplastic fines (<74 # m) and
nonplastic fine sand (>74 1 m), Pitman ¢t al found that undrained brittleness decreased
as the fines content, for both plastic and nonplastic type, increased; at a fines content of
40% the stress path indicated only strain bardening towards steady state, i.e., no
brittleness. Another research cammied out by Ovando-Shelley and Perez (1997) had
pointed out that within limited range of clay content, the presence of clay increases the
potential for generating excess pore pressure during uwndrained loading, and also reduces
strength and stiffness. From these researches, it could be concluded that the undrained
shear behavior of silt and silt-clay mixtures is not very clear and needs further extensive

scrutiny.

Therefore, in this research, using a newly made ring shear apparatus (a detailed
introduction of this apparatus, its operation, and test procedures are presented in
Chapter 3), series tests were conducted on sand with different grain sizes and
fine-particle (loess) contents (characteristics of these samples are listed in Chapter 3 in
detail). By performing tests at large range of relative densities and at different initial
normal stresses, the different undrained shear behaviors are examined. Basing on the

tests results, the mechanism of fluidization in the shear zone is analyzed,

4,2 EXPERIMENTAL RESULTS
Since it is impossible to present the results of all the tests that were camed out, here
some typical results were selected to present the undrained shear behavior in different

test conditions, with emphasis on examining the effects of inital relative density, initial
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stress state, grain size, and fine-particles on the undrained shear behavior. The test

condition and results for those selected tests are listed in Tabie 4.1.

4.2.1 Effects of Initial Relative Density on The Undrained Shear Behaviors

It has been pointed out that the initial relative density plays an imporant role on the
undrained shear behavior (Castro 1969, Ishihara 1993). To make a good understanding
of the undrained shear behavior of sand in ring shear tests, tests results were divided
into two series according to their effective stress paths, to interpret their typical
characteristics, One series is the tests on loose sand showing a typical effective stress
path of mass liquefaction, with quick strain softening process that resulted in collapse
failure; the other series is the tests on medium to dense sand showing the effective stress
path of sliding surface liquefaction, with a process from strain softening to strain
rehardening, and finally followed by liquefaction caused by grain crushing. Here, test

results were presented to show their unique characteristics.

4.2.1.1 Ring shear tests on loose sand

The results of one test on loose sand S8 showing mass liquefaction behaviour during
undrained shearing are illustrated in Figure 4.1. The sample for this test was made by
means of moist placement and consolidated under the normal stress of 196 kPa and
shear stress of 0. After consolidation, the relative density reached 63.3% (1.15 in void

ratio).

Figure 4.1a shows the variation of shear resistance and pore pressure in relation to
shear displacement. To make a clear view on the generation of pore pressure
accompanying the shear displacement in the initial period, a logarithmic abscissa of
shear displacement within the range of 10 cm was taken, and thereafter linear abscissa
was nsed to show that the test had been sheared to steady state (the point of SSP in

Figure 4.1a, for simplification, the steady state point will be termed as SSP in the
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followings), where the shear resistance did not reduce further more. As shown in this
figure, immediately after the undrained shear stress was applied, shear displacement
took place. Accompanying the increasing shear displacement, pore pressure built up
quickly within limited shear displacement range {about 1 cm), and shear resistance
decreased remarkably. This period is usually known as the collapse period, mainly due
to the failure of metastable structure. After 3-cm shearing, accompanying the further
increase of shear displacement, pore pressure built up gradually and then shear
resistance decreased slowly as the subsequence. This process might be due to the grain

crushing accompanying the shearing.

Figure 4.1b shows the effective stress path and failure line. The failure line was
measured after the undrained shear test was stopped by means of unloading the normal
stress at a very small rate while the low parts of ring shear apparatus was kept rotating
at a constant speed under drained condition. From this figure, it could be seen that after
undrained shear stress was added from 0.0, with increasing shear stress, stress path
extended towards but did not reach the failure line until the final point, i.e., the steady
state. This effective stress path showed the same changing tendency as that in undrained
triaxial tests on loose sand. Therefore, it was treated as mass liquefaction in ring shear

tests.

Mass liquefaction appeared only in loose sand. Because all the tests were carried out
under normally consolidated state, there were just limited tests showing mass
liquefaction, while most of them showed another kind of fluidized failure of sliding

surface liquefaction.

4.2.1.2 Ring shear tests on medium to dense sand
Figure 4.2 shows the results of a test on dense sand of S8, in which appeared typical
sliding surface liquefaction phenomenon. This sample was made by means of dry

deposition with heavy tamping. After saturated and normally consolidated, the sample



43

was sheared in undrained condition to a large displacement, 210 m. To shorten the
rotating time after failure, in this test, torque control method with Medium pear (32.3
cm/sec) was selected. Figure 4.2a illustrates the variation of pore pressure and shear
resistance in relation to shear displacement; Figure 4.2b shows the corresponding
effective stress path. As shown in Figore 4.2a, in the initial period after undrained shear
stress was applied, with increasing shear displacement, pore pressure built up gradually.
However, after point “PT”, pore pressure decreased due fo the dilatancy of dense sand.
Afier the peak shear strength was reached (Point F in Figures 4.2a, b), sample failed,
and thereafter, pore pressure built up gradually with shear displacement, finally reached
145 kPa approximately. The shear resistance decreased slowly consequently, and finally
fell to approximately 34 kPa. The excess pore pressure ratio, which is determined as the
ratio of excess pore pressure and initial effective normal stress, was approximately 0.74.
As shown in Figure 4.2b, upon increase of shear siress, the effective stress path
extended left-upward due to the pore pressure generation. After point “PT™, the path
went right-upward accompanying further shearing, showed a shape of “elbow” with a
turn point. After failure point “F”, the path fell downward along the failure line until a
small shear stress. This is a typical stress path of sliding surface liquefaction.

According to Wang (1998), the pore pressure generation process along with the shear
displacement could be divided into three stages as shown in Figure 4.2a; Stage 1: from
the beginning to point “PT” (where the phase transformation was started, according to
Ishihara, 1993), defined as the initial negative dilatancy area, it is mainly caused by the
orientation of sand grains and the failure of metastable soil structure accompanying the
increasing shear stress; Stage 2: from point “PT” to point “M” (where the pore pressure
is the minimum), defined as initial positive dilatancy. With further increasing shear
stress, sand grains adjust their positions, and/or move to each other. This would affect
the adjacent particles significantly and lead to potential volume dilatancy, and then

result in the reduction of generated pore pressure, Stage 3: form point “M” to final



point “E” (means end of the shearing), defined as negative dilatancy due to grain
crushing, which results in the potential volume shrinkage. Absolutely, the pore pressure
generation in each stage depends on the initial state (including the initial relative density,
normal stress, shear stress, shear history, and even the ageing of sample, etc.), and the
chamacteristics of samples (including the grain size, fine-particle content, possibility of

grain crushing, etc.).

The undrained shear behaviour in triaxial apparatus as that before the point “F” in
Figure 4.2b was described as limited liquefaction (Castro, 1969). Due to the limitation
of triaxial apparatus in shear displacement, the behaviour after *“F” was not obtained and
not made clear until undrained ring shear apparatus was built and improved by Sassa
and colleagues. Obviously, the prerequisite for this kind of liquefaction is that enough
shear displacement could be offered for the effective happening of grain crushing.

In the liquefaction potential analysis based on triaxial test results, it has been pointed
out that, for soil at a certain stress state, when the relative densities greater than those
corresponding to the steady state line {obtained from undrained triaxial tests), the soil
will exhibit dilative behaviour, and there will be no potential for hiquefaction. However,
the test results presented here shows that, provided that shear stress is great enough fo
initiate the failure of soil, liquefaction could be triggered, no matter the soil are in dense

or loose state.

4.2.2 Effects of Initial Stress State

Fluidization landslides could be induced in different slopes, where the slope angle and
soil depth may be different, i.e., the failure could be initiated at different initial stress
state, and then the resulting failure.could be different. To examine the effects of initial
stress state on the fluidization landslides, in this test series, two sets of tests were
conducted on 38 under different initial normal stresses and shear stresses respectively,

and then the undrained shear behavior were examined.
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4.2.2.1 Effects of initial normal stress

At first, a set of tests was conducted on samples consolidated to different normal
stresses to study the influence of initial normal stress on the undrained shear behavior.
Theoretically all the tests should be performed under the same relative density, but due
to the difficulties in making samples and the effect of the applied initial stresses, there
were still little differences between their initial relative densities among the tests
presented here. Considering that the differences were very small (usually smaller than
0.05%), the influences caused by those differences in relative densities were neglected
during analyzing.

Effects of initial normal stress on the undrained shear behaviour could be interpreted by
Figure 4.3, the effective stress paths for 4 tests on S8. The samples for these four tests
were all made by means of moist placement. They were normally consolidated at initial
normal stresses of approximate 147.0, 196.0, 245.0, and 294.0 kPa, respectively
(corresponding to 1.5, 2.0, 2.5 and 3.0 kgf/om?, respectively), and then were all sheared
to steady state by increasing the shear stresses from 0.0 at a loading rate of 0.098
kPassec (0.001 kg[fcmz) under undrained condition. As exhibited in Figure 4.3, with
increasing initial normal stress, the peak strength becomes greater {peak shear strengths
were 41.2, 54.1, 61.2, and 70.6 kPa, for the tesis with normal stress being 147.0, 196.0,
245.0, and 294.0 kPa, respectively), showing a tendency that static liquefaction
resistance increases with increasing initial normal stress. Nevertheless, the final point of
each effective stress path tending to the same point shows that these four tests have the
same steady state strength (approximate 15.0 kPa), irrespective of initial normal stresses.
In this aspect, ring shear tesis results showed a good consistency with those obtained

from undrained triaxial tests, hollow-cylinder torsional shear tests, ete.

4,2.2.2 Effects of Initial Shear Stress

Four test results were plotted in Figure 4.4 to interpret the effects of initial shear stress



on the undrained shear behaviour of sand. The initial shear stresses for these four tests
were (1.0, 34.5, 72.0, and 108.5 kPa, respectively, while the normal stresses were kept
the same, 196.0 kPa. These four samples were all made by means of dry deposition
without tamping, and were all normally consolidated. It is worth to note here that as
stated above, in this series tests, the void ratio (relative density) should be made the
same, but due to the difficulties in making samples and the possible effects of different
initial consolidation stress state, although efforts were made by performing numbers of
tests and then selecting those results of tests with the void ratios being approximately
the same, there are still little differences between the tests presented here in their initial
relative densities. Considering the differences being very small, their effects are ignored

in the following discussion.

Figure 4.4 shows the results of tests on different initial shear stresses. Figure 4.4a
presents the effective stress paths for these tests; and Figure 4.4b is the variation of
shear resistance in relation to shear displacement. As shown in Figare 4.4a, for each
test, with increasing shear stress, the effective stress path tended lefiward and finally
reached the failure line, thereafter fell down along the failure line towards zero point. It
is worth to pay attention to the fact that with increasing initial shear stress, the effective
stress path reached to the failure line more quickly, and thereafter followed the failure
line dropping towards zero point, as illustrated by the effective stress path of test at
initial shear stress of 108.5 kPa, which showed a typical sliding surface liquefaction
behaviour. From Figure 4.4b, it could be seen that with increasing initial shear stress,
the reduction rate of shear resistance against shear displacement becomes greater.
Meanwhile, Figures 4.4a, b show clearly that with increasing initial shear stress, the

peak shear strength become greater.

Although the tests on sand with different initial shear stresses showed different peak
shear strength, it can be seen easily (Figures 4.4a, b) that the final liquefaction

resistance were approximately the same. The little differences between their values may
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be due to the little differences between their initial relative densitics. As dascribed
above, denser sand will have greater steady state strength. Therefore, it could be
concluded that initial shear stress has no influence on the steady state strength.

4.2.3 Effects of Grain Size

To examine the effects of grain size on the pore pressure generation, and then on the
undrained shear behavior, a series of tests was conducted on S7 and S8 at large range of
initial relative densities. Because S7 and S8 are made from the same material (silica
sandstone} through grinding method, it could be inferred that the differences between
their undmined shear behaviors, if exist, are resulted from the different grain sizes.
Considering that there are two obviously different kinds of undrained shear behaviors in
ring shear tests as described above, the effects of grain size are examined both in logse
state and in medium to dense state, correspondingly. During comparison, relative

density (D) was used to present their density.

4.2.3.1 In loose state

The effects of grain size on the undmined shear behavior in locse state could be
illustrated by Figure 4.5, where the results of one test on loose S8 (63.3% in relative
density) and two tests on S7 with different initial relative densities (47.2% and 56.6%
respectively) are presented in the form of variation of shear resistance in relation o
shear displacement (Figure 4.5a), pore pressure generation against shear displacement
(Figure 4.5bh), and cffective stress paths (Figure 4.5c). It should be noted that
theoretically, the initial relative densities for each sample should be made the same in
this kind of comparison, but due to their different characteristics, although the same
methods (by means of moist placement with the same tamping) were used in making the
loose sample, after normally consolidated in the same stress state (normal stress being
196 kPa and shear stress being 0), the samples were still quite different in the initial

relative densities. Therefore, to illustrate the influence of grain size, a complementary
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test was performed on S7 that was made by means of dry deposition without tamping
with relative density being 56.2% after consolidation. Although the relative densities of
87 and S8 were not the same yet, the effects of grain size on the undrained shear

behavior could be seen evidently.

From Figure 4.5¢, it could be seen that in the tests on loose 87 (47.2% in relative
density) and S8 (63.3% in relative density), typical effective siress path of mass
liquefaction appeared in both of them. Meanwhile, it could be found that both the peak
shear strength and steady state shear strength for S8 were greater than those for S7 (as
shown in Figures 4.5a, ¢). This difference could be interpreted by the different relative
densities, S8 was 16.1% greater than S7 in relative density. Usually, this order of
increass in relative density could result in great change in the undrained shear behavior,
just as presented by the results of test on S7 of 57.9% in relative density. As shown in
Figures 4.5a, c, there just showed a typical sliding surface liquefaction behavior
without any (at least obvious) collapse behavior. Therefore, it could be inferred that, if
make the relative density of 87 being 63.3%, the sand would behave sliding surface
liquefaction with stronger rehardening process after the point of phase transformation

(point “PT" in Figure 4.5b).

4.2.3.2 In dense state

Figure 4.6 presents the tests results of S7 and S8, illustrating the undrained shear
behaviour of dense sands. The shear resistance-shear displacement curves (Figure 4.6a)
and excess pore pressure-shear displacement curves (Figure 4.6b) are typical and
obtained from a series of tests, their corresponding effective stress paths are shown in
Figure 4.6¢c. Theoretically, their relative densities shonld be made the same during
comparison, but due to the difficulties in preparing the samples, the relative densities of
the tests presented here are 88.3% for 57, and 95.2% for $8. Nevertheless, the influence

of grain size on the undrained shear behaviour could be seen evidently.
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From Figure 4.6a, it could be seen that before the peak shear strength was mobilized,
the shear displacement at a certain shear stress is greater for S8, showed higher
deformation potential than S7. And then the comesponding pore pressure builds up
rapidly for S8, But after failure, S7 had a quicker increase in pore pressure
accompanying the increasing shear displacement m the final period, as reflected
evidently by the change in curvature of the pore pressure versus shear displacement
plotted in Figure 4.6b. And then the shear resistance decreases rapidly in the final
period for 87 correspondingly. Usually, for the same sand, when relative density
becomes greater, the generation of pore pressure along with shear displacement would
become slower before the peak shear strength, and rapider after failure. Therefore, it
could be concluded that the results illusirated in Figure 4.6 were resulted from the
influence of grain size. The difference could be interpreted by the main controlling
factors in different shearing stages. For §7, its grain sizes are coarser; this makes the
sand have less contacting points with greater average contacting forces acting on each
of them. Therefore, it would be difficuit for sand grains to orientate, and for the failure
of metastable structure to happen in Stage 1. In Stage 2, the adjusting of position and
motion of grains would result in higher dilatancy potential for coarser sarnkd S7. During
Stage 3, grain crushing happened in these coarser sands would resuit in higher potential

of volume shrinkage, and then would result in quicker generation of pore pressure.

When we focus on their effective stress paths, Figure 4.6¢, we can find easily that the
locations of phase transformation, peak shear strength and steady state are differing for
87 and 38. The comesponding effective normal stresses for 87 at phase transformation
point, peak shear stress and steady state are approximately 95, 266, and 67 kPa,
respectively; while those for S8 are 79, 211, and 39 kPa, respectively, showing to be

easier to suffer from liquefaction than S7.
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4.2.4 Effects of Fine-Particle (Loess) Content

As mentioned in the introduction of this chapter, although there are some
inconsistencies between the research results of different researches, it was made clear
that fine-particle (including its characteristics and its content) could affect the undrained
shear behavior greatly. Therefore, in this test program, by changing the initial void ratio,
series tests were conducted on each sample of M1, M20, and M30. In each test series,
when the initial relative density was different, the undrained shear behavior was
differing, varying from mass liquefaction to sliding surface liquefaction. Here the
effects of fine-particle (loess) content on the undrained shear behavior will be illustrated
both from the phenomena of tests on loose samples and those of the tests on medium to
dense samples, Because these samples with different loess contents were treated as
different samples, here relative density was used when the comparison was made in this

section, similar to the series tests described above.,

4.2.4.1 In loose state

Because of the difficulties in making loose samples, the tests presented here to illustrate
the effects of fine-particle content on the undrained shear behavior were different in
relative density. Nevertheless, the effects could be seen clearly through the tests results.
Here the selected three tests on M10, M20, and M30 were 52.6%, 63.3%, and 67.5% in
relative densities, respectively (1.10, 1.02, and 1.00 in void ratios, correspondingly).
The tests results are shown in Figure 4.7, where, Figure 4.7a presents the variation of
shear stress in relation to shear displacement, Figure 4.7b plots the pore pressure
against shear displacement, and Figure 4.7¢ draws the effective stress paths. As
illustrated in Figure 4.7¢, the tests on M30 and M20 showed quick collapse failure after
the peak shear strengths were mobilized, while M10 behaved more like a sliding surface
liquefaction failure: after the peak shear strength was mobilized, the shear resistance fell
downward along the failure line with increasing shear displacement. Meanwhile, it

could be found that when the fine-particle (loess) content became greater, the
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corresponding peak shear strength and steady state shear strength became smaller. The
test on M30 showed a very small peak shear strength and steady state shear strength
(almost tended to 0), showed highest liquefaction potential among these three tests,
although the relative density was the greatest.

4.2.4.2 In dense state

Figure 4.8 presents the tests results of dense M10, M20, and M30 with initial relative
densities being 70.4%, 79.4%, and 80.5%, respectively (0.96, 0.89, and 0.89 in initial
void matio, respectively). Figure 4.8a, b show the variation of shear resistance and pore
pressure in relation to shear displacement respectively, and Figure 4.8¢ illustrates the
undrained shear behavior in the form of effective stress paths. As shown evidently, with
increasing fine-particle content, the undrained shear behavior in the form of effective
stress path changed remarkably. The test on dense M10 and M20 showed strong strain
rehardening processes after the phase transformation point, during which shear strengths
increased greatly due to suction of dense samples, and after failure, shear strengths
reduced accompanying the gencration of pore pressures {as presented in Figures 4.8a,
c) due to grain crushing. With increasing fine-particle (loess) content, this strain
rehardening process becomes weaker, showing a reduction tendency in peak shear
strength. For the test on dense M30Q, there was almost no rehardening process due to
dilatancy. This tendency could be seen evidently from Figure 4.8b, where the pore
pressure generation along with shear displacement showed a continuous increase
throughout the whole shearing process without any ternporary reduction. Meanwhile,
the steady state shear strength becomes smaller evidently with increasing fine-particle
{loess) content. Therefore, It could be concluded that, with increasing fine-particle
(loess) content (within the tested range of loess content, 309%), both the peak shear
strength and steady state shear strength become smaller, i.e., become easier to suffer

from liquefaction failure, while their initial relative densities are the same.
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4.3 MECHANISM OF FLUIDIZATION IN THE SHEAR ZONE

There are many investigations on the case studies showing that liquefaction was
initiated within the sliding zone, and this zone might be a newly developed one due to
shear failure, or the existed sand scam (or sand lenses) sandwiched in the soil layers
{Castro et al. 1992; Seed 1968). It was widely known that the possibility that the shear
zone might liquefy is determined by the initial condition of the sand, by the magnitude
of the stresses induced by earthquake or some other triggers, by the initial stresses in the
sand before the loading, and by the possibilities for dissipation of pore pressure in the
shear zone as they build up during the loading. Although these understandings are very
appealing and widely accepted, they were based on the experimental results of mostly
triaxial tests. As has been pointed out, soil failure is often accompanied by the
occurrence of localized deformation in thin zones of intense shearing, Therefore, using
the global stress-strain measurements in triaxial apparatus would not be representative
of the localized shear behaviour while localization formed within the specimen (Finno
et al. 1996). Recently, there were some researches had been cammied out to study the
centralized liquefaction failure by means of shaking table (for example, Kokusho 1999),
geo-centrifuge (Zeng and Arulanandan 1994), plane strain apparatus (Finno et al. 1996,
1997), etc.. However, due to the limitation of these apparatus in shear displacement, the
grain crushing could not be complete, i.e., the ultimate steady state could not be reached.

In this aspect, ring shear apparatus offered an available method.

4.3.1 Formation of Localized Fluidization in the Shear Zone

As mentioned above, there are two kinds of different response in the undrained shear
behaviors: mass liquefaction in loose state and sliding surface liquefaction in medium to
dense state. To observe the shear behavior of sands in ring shear box, the shear
deformation within the shear zone was observed after the two tests introduced in
Figures 4.1 and 4.2 were finished. Meanwhile, to observe the deformation of the sand

within the whole ring shear box, two complementary tests were conducted on S8, while
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keeping their relative densities being the same as those introduced in Figures 4.1 and
4.2. In each of these complementary tests, two vertical 1-cm wide slices made from
Toyoura standard sands, whose color differs obviously from that of S8, were made
inside the samples. The samples were saturated and normally consolidated following the
methods used in their host tests. After sheared 0 3 cm in undrained condition, the tests
were stopped, Thereafter, the upper parts of ring shear apparatus were removed and the
deformation of the inserted slices were observed.

The undrained shear results of the complementary test on loose S8 (having the same
relative density as that of the host test shown in Figure 4.1) are presented in Figure 4.9.
To make a convenient comparison, results of the host test are presented also. As shown,
Figure 4.9a shows the variatton of pore pressure and shear resistance in relation to
shear displacement for the host test; and Figure 4.9b for complementary test, where
logarithmic abscissa of shear displacement was taken for making a clear view on the
generation of pore pressure accompanying the shear displacement in the initial period.
Figure 4.9c shows the effective stress paths and failure line. As shown in these figures,
within the shear displacement range of 3 cm, the complementary test and the host test
behaved almost the same. Meanwhile, the pore pressure ratio reached approximately
0.75, indicating that liquefaction has been resulted in at the place of shear displacement

being 3 cm.

Figure 4.10 presents the shear deformation of one slice inside the shear box for the
complementary test. The difference in color assisted in the identification of shear
deformation. As shown in this photo, the upper part of the slice inclined slightly
leftward to the shear direction due to the shear deformation within the upper part of
sample. Nevertheless, there is no obvious disturbance within the slice, but a shear zone
(approximately 0.5-cm thick)} formed between the upper and low parts. Therefore, it
could be concluded that the liquefaction is just localized in the shear zone. This shows a

consistency with the result of test on sand by plane shear apparatus, with which, it is
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observed that shear banding could happen even in very loose sand (Finno ef al. 1997).

The results of the complementary test for dense S8 shown in Figure 4.2 are presented in
Figure 4.11, in the form of variation of shear resistance and pore pressure in relation to
shear displacement {Figures 4.11a, b), and in the form of effective stress path {Figure
4.11c). To examine the undrained shear behavior of the complementary test, the results
of the host test are presented also in Figure 4.11a and Figure 4.11c. As shown in
Figure 4.11c, except of a little difference that could be seen in the place of phase
transformation, they behaved almost the same. This little difference might be resulted
from the effects of vertically inserted slices of Toyoura sand, because even though the
initial relative densities were made approximately the same, the characteristics of
Toyoura sand are differing from those of S8, Anyway, this little difference could be

regarded as having no influence on the observation of shear deformation.

Figure 4.12 illustrates the shear deformation of one slice. As shown, the slice stood
nearly vertically even after sheared to 3 cm. There was a very thin zone (even can not
see the zone but a line in Figure 4.12) formed between the upper and low parts,

showing a highly centralized shearing along the shear zone.

4.3.2 Grain Crushing Within the Fluidized Shear Zone

As stated by Sassa (1996), grain crushing plays the most important role in sliding
surface liquefaction. Based on the tests results, Wang (1998} had performed a analysis
on the relationship between grain crushing possibility of sand in dry state and the pore
pressure generation in saturated condition when subjected to undrained shearing.
However, the grain crushing in the undrained condition was less examined. Meanwhile,
in the definition of steady state deformation proposed by Poulos, it has been pointed out
that steady state deformation could be reached only after the grain crushing, if existing,
have finished. Therefore, the grain crushing was examined in the localized liquefaction

phenomena of undrained ring shear tests.
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First, the grain crushing analysis was performed on the test showing mass liquefaction
(shown in Figure 4.1). After the test was finished, pore water was drained out from the
shear box, by flowing Carbon dioxide from the upper drainage hose and draining water
from the lower drainage valve. By doing this, the sample could be kept relatively
undisturbed, while moving the upper mechanical parts of the shear box away. Thereafter,
samples were taken out from the shear zone. It should be noted that an annular shear
zone showing allspice-shaped cross section was formed, which was differing from the
upper and lower part in color evidently with extinguished interface between its upper
and lower boundary, due to the grain crushing within the shear zone (As shown in
Figure 4.13). The grain size distributions of the original sample and that from the shear
zone are illustrated in Figure 4.14. Because the shear was carmmied out under undrained
condition, and at the same time silica sand no. 8 is kind of fine sand with hard particles,
the degree of grain crushing is not heavy. To make a clear view of the differences
between each other, logarithmic ordinate was used in Figure 4.14. As shown, the grain
size distribution curve for the sample from shear zone is locating above that for the

original sample, showing that grain crushing was initiated in the shear zone.

From Figure 4.9, it couid be seen clearly that after sheared to 3 cm, the sand showed a
quick and great loss in shear strength, and thereafter, the shear strength decreased
slowly with increasing shear displacement From the grain crushing analysis presented
in Figure 4.14, it could be considered that this slow reduction in shear strength was

resulted from the grain crushing within the shear zone.

Following the same method, the grain crushing analysis was performed on the test of
dense sample (presented in Figure 4.2). The results are presented in Figure 4.15, and it
could be seen clearly that Figure 4.15 shows the same tendency as that in Figure 4.14:
the sample from the shear zone is the finer than the original sample. It is needed to say
that, after the test was finished and the upper parts of the shear box were moved, the

shear zone was very clear, showing the same shape of cross section as, but thicker than,



56

that in Figure 4.13 (as shown in Figure 4.16), duc to more severe grain crushing.

From the cross section of the shear zone appeared in both the loose state and dense state,
it could be inferred that the shear was localized in the shear zone, now matter the sand
was in loose state or in dense state. Therefore, it counld be concluded that liquefaction

was limited in the shear zone in ring shear tests,

4,3.3 Collapse Behaviour of Loose Sand Within the Shear Zone

To analyze the undrained shear behavior of loose sand, the collapse behaviors in ring
shear tests at different initial normal stresses were examined, As reflected by Figure 4.3,
the point of peak shear strength at each effective stress path lies on the same line, which
was referred to as “collapse line” by Sladen (1985). According to Sladen’s proposition,
this line binding the points of peak shear strengths for the tests at different normal
stresses passes through the steady state point, and is dependent on initial void ratio.
Similar to this concept of collapse line, Vaid and Chem (1983) proposed a concept of
“critical stress ratio line” (CSR), and they found that the points of peak shear strengths
lie in the same line, and this line projects back through the origin and is independent on
initial void ratio. This CSR line is called the flow liquefaction surface (FLS), presenting
the onset of flow liquefaction. It could be seen that these two concepts of collapse line
and critical stress ratio line share the same meaning: marking the onset of quick strain
softening that would result in flow liquefaction. Nevertheless, they showed
controversies evidently, although they were all based on triaxial compression tests
results. Some commenced rescarch works support Sladen’s collapse line (Ishihara 1993;
Sasitharan et al. 1994), Meanwhile, “Critical stress ratio line” was supported also by
some studies (Vaid et al1989; Alarcon-Guzman et al. 1988; Negussey et al. 1988;
Konrad 1993). In this undrained ring shear tests, from the tendency of collapse line
drawn in Figure 4.3, it could be seen evidently that collapse line projects back through

origin, supporting Vaid's critical stress ratio line (collapse line).
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As aforementioned, the grain size could affect the undrained shear behavior. To examine
the effect of grain size on the collapse behavior, here a series of tests was conducted on
§7 at differcnt initial normal stresses. The resulis of tests on loose S7 were presented in
Figures 4.17a. From this figure, it could be found easily that coilapse behaviour
happened in each test: after the peak shear strength was mobilized, the sand failed
rapidly accompanying the quick generation of pore pressure and reduction in shear
resistance; connecting the peak strength points formed a‘collapse line and this collapse
Iine projected back trough the origin. A comparison of the inclination of collapse line
shown in Figure 4.3 and that shown in Figure 4.17a could result in a finding that the
collapse line for loose S8 in Figure 4.3 is steeper than that for S7 in Figure 4.17a. This
could be interpreted by the different relative densities. As shown above, in these series
tests, although the void ratios in series tests on S8 were approximately 1.15, while those
in the series tests on S7 were approximately 0.98, seemed denser than S8, the relative
densities for the series tests on S8 were approximately 63.3%, while those for the series

tests on $7 were approximately 47.2%, evidently smaller than that of the tests on §8.

To compare the effects of grain size on collapse behavior, it is desirable to conduct the
tests on $7 and S8 at the same relative densities. However, as proved by the results of a
trial test on S7, when the initial relative density reached at 57.9%, the undrained shear
behavior showed a typical sliding surface liquefaction phenomenon with a strong
rehardening process (as shown in Figure 4.5), namely without any collapse behaviour
that could result in the quick liquefaction failure. Hence, it could be inferred that when
the relative density of S7 reaches 63.3%, at which S8 showed quick collapse failure,
there would be no collapse failure behavior for §7. Nevertheless, a series of trial tests on
S7 with collapse behavior in the undmined shear process showed that collapse
behaviour is dependent on the grain size as well as on the relative density. The samples
of this series tests were made by means of dry deposition without tamping and

consolidated at different normal stresses with void ratios being approximately the same,
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0.93 (56.6% in relative density). The tests results were presented in Figure 4.17b in the
form of effective stress path. As shown, in each test, after the peak strength (before the
re-hardening process) was mobilized, the sample failed, showing an evident collapse
process during which excess pore pressure generated quickly and shear resistance
reduced consequently, However, after a certain period of quick strain-softening, the
sand re-hardened, and showed a limited increase (very small) in shear resistance before
the failure; after failure, with increasing shear displacement, pore pressure built up and
then shear resistance was reduced consequently, this led to the effective stress path
dropped down along the failure line. It could be seen that the final point of each test
tended to approximately the same value, and binding the peak strength (before the
re-hardening process) of each test formed a direct line that projects back the origin,
showing consistency with the tests results of those two series described above.
Comparing this collapse line with that of S8 shown in Figure 4.3 could lead to a finding
that the collapse line for S7 at relative density of 56.6% is steeper than that for 88 at the
relative density of 63.3%. Meanwhile, as shown, the inclination of the collapse line in
Figure 4.17a is approximately 19.0 degrees, while that in Figure 4.17b is
approximately 22.1 degrees. Although the difference in inclination is just two degrees,
considering the difference between their void ratios is very small Gust 0.035 in e value),
it could be seen that the increase tendency of inclination of collapse line with initial
void ratio is evident. Therefore, it could be concluded that the collapse behavior was

affected not only by the grain size, but also by the initial relative density.

4.3.4 Brittleness Index for Sand at Different Stress States

From field observations, it is normally understood that slope failure behavior is
controlled by the slope angle and soil thickness, namely well connected with the initial
stress state. To predict the fluidized slope failure behaviour through the tests results,
here the brittleness index for sand at different stress state were examined. Because the

brittleness index is strongly dependent on the initial density (Bishop, 1969), to
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minimized the effects of initial density, here the effects of stress state on the brittleness

index will be examined basing on those tests presented in Section 4.2.2,

The effect of initial normal stress on the brittleness index could be seen evidently from
an observation of Figure 4.3, where the undrained peak shear strength increases with
increasing initial normal stress, while the steady state shear strengths for all the tests are
approximately the same. Therefore, it could be concluded that the brittleness indexes
are differing from each other (I = 0.64, 0.72, 0.75, and.U.?Q, for the test with normal
stress being 147.0, 196.0, 245.0, and 294.0 kPa, respectively); the test on sand
consolidated to greater normal stress has a greater brittleness index, just as shown in
Figure 4.18a. As mentioned previously, a greater brittleness index indicates a greater
reduction in shear strength that may be associated with larger and faster deformation
after the initiation of liquefaction. Hence, it could be inferred that for a fluidized
landslide in practice situation, the thicker the failed scil mass is, the faster and longer

the soil mass would move.

The effect of initial shear stress on brittleness index could be drawn also from Figure
4.4, through which it could be seen that the peak shear strength becomes greater with
increase of initial shear siress while the steady state shear strength is the same.
Therefore, the brittleness index (I5) becomes greater consequently. This tendency is
illustrated evidently in Figure 4.18b, where the brittleness indexes are plotted against
initial shear stresses. Therefore, It could be concluded that the fluidized landslide

initiated at a steeper slope will suffer from faster and larger progressive motion.

4,35 Characterization of Fluidization Behavior of Sand with Different Grain Size
and Fine-Particle (Loess) Contents

In dealing with the possible fluidization behavior of a soil mass in the field, the pore

pressure generation process, peak shear strength and steady state strength may be the

key parameters. Therefore, the different characterization of fluidization behavior of



60

sands due to the change in grain size and fine-particle (loess) content will be examined
in these three aspects.

4.3.5.1 Pore pressure generation at different stages

As mentioned before, mass liquefaction only appeared in loose sand, while most of
them showed sliding surface liquefaction, where a process of negative
dilatancy-positive dilatancy-negative dilatancy appeared with the increasing shear
displacement (described as Stage 1 to Stage 3 in Section 4.2.1.2), therefore, to examine
the effects of grain size on the compressibility, dilatability and crushing characteristic of
samples respectively, the effects of grain size on pore pressure generation during these
different stages (for sliding surface liquefaction) were examined. In the present stage of
this research, tests were conducied on 87, S8, M10, M20, and M30, respectively,
namely on samples with grain size becoming finer. Because there was no rehardening
process for the tests on M30, here the results of tests on 87 and S8 are used to illustrate

the effects of grain size on the pore pressure generation.

The pore pressures generated in different stages (as introduced in Section 4.2.1.2) were
examined separately for the tests on 87 and S8, and plotted in Figure 4.19 against
relative density. Figure 4.19a reflects the generated pore pressure due to shear
deformation before the phase transformation point, corresponding to stage 1. As
showing, S8 has a greater pore pressure than S7 at this stage, while their relative
densities are the same. This substantiates the explanation given in section 4.2.1.2, finer
sand S8 having higher deformation potential than S7. Figure 4.19b presents the
reduction of pore pressure due to dilatancy of dense sands, cormresponding to Stage 2. It
could be seen that the generated pore pressures were all negative during this period.
From the fact that the reduction of pore pressure for $7 is greater than that for 58, while
their relative densities being the same, it could be concluded that dense coarser sand has

greater dilatancy potential when subjected to undrained shearing. But when we focus on
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Figure 4.19¢, we could find that the initiated pore pressure for 57 in Stage 3 is greater
than that for 58, showing that coarser sand has higher volume shrinkage potential due to

grain crushing during shearing.

4.3.5.2 Undrained peak shear strength

For the tests carried out under the same initial stress state, the peak shear strength could
reflect whether it is difficult for a given sample to suffer fluidization failure or not.
Therefore, emphasis was directed to the peak shear strength during the analysis of
fluidization behaviors of sands with different grain size and fine-particle (loess)

contents.

Because the peak shear strength is dependent on the initial shear stress, here the peak
shear sirengths are all those tests carried out under the same initial stress state (initial
normal stress = 196 kPa, and initial shear stress = 0). The peak shear strengths versus
relative density for S7 and S8 are plotted in Figure 4.20a. An observation of this figure
could immediately lead to an understanding that S7 has a greater peak shear strength
than S8, while their relative density are provided the same.

The peak shear strength for M10, M20, and M30 were plotted in Figure 4.20b against
relative density. As reflected in this figure, peak shear strength increases with increasing
relative density for each sample. From the changing trend of each sample, it could be
seen that given the initial relative density being the same, the peak shear strength
becomes smaller with increasing fine-particle (loess) content (within the tested range of

loess content of 30%).

From the tests results presented above, it could be concluded that when the grain size
becomes finer or with increasing fine-particle (loess) content (within tested loess

content limitation of 30%), the sample becomes easier to suffer fluidization failure.
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4.3.5.3 Steady state strength

Steady state strength plays an important role on the motion of fluidized soil mass. It is
directly related to the final slope angle when the fluidized mass stopped. As an
important component in analyzing the fluidization behavior of sands with different grain

size and fine-particle (loess) contents, here the steady state strengths are examined.

Although the steady state strength is just a functiop of initial relative density,
irrespective of initial stress staie, the apparent friction angle (see Chapter 2) is
dependent on the initial normal stress. To analyze the fluidization behavior of sample,
here those strengths at steady state for all the samples are from all the tests conducted at

different initial void ratios and the same initial normal stress (196 kPa).

Figure 4.21 show the steady state points for §7 and S8, plotted on a D, versus log( r ;)
and D, versus log{ ¢ ;") plane, where ¢ and r; are the effective normal stress and
shear strength at steady state in ring shear test, respectively. From the tendency, it could
be seen that the steady state line of S8 is located above that of §7 both in Figure 4.21a
and 4.21b, It shows that finer sand SB has smaller effective normal stress, and then
smaller shear strength consequently than 87, while their relative densities being the

SAITIE.

The steady state strengths for M10, M20, and M30 were presented in Figure 4.22,
where initial relative densities are plotted as ordinates, and shear strengths and effective
normal stresses at steady state as abscissas in logarithm form (Figures 4.22a, b). As
shown, with increasing fine-particle (loess) content, the steady state line shifts the
position from that of the M10; when the relative density for each of them are the same,
the shear strength at steady state becomes smaller with increasing fine-patticle (loess)

content, at least within the range of loess content being 30%.

According to the suggested criterion for judging fluidization behavior of soil in

undrained ring shear tests, the apparent friction angle should be less than 10 degrees,
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namely the undrained shear strength at steady state should be less than 34.6 kPa, given
the initial normal stress being 196 kPa. Here we use r . to term this value of 34.6 kPa,
The corresponding line is drawn in Figure 4.21a and Figure 4.22a in the form of dotted
line, and then the area on the left of this line presents that flridization is initiated, while
the area on the right presents no fluidization. Therefore, the relative density (Dy)
corresponding to that at the intersection point of the steady state line and this dotted line
for each sample is critical; when the initial relative density is smaller than this value,
fluidization could be initiated, while greater, no fluidization. From Figure 4.21a, it
could be seen that this value of Dy, for $8 is much greater than that for §7. Meanwhile,
Figure 4.21b shows the same tendency: with increasing fine-particle (loess) content,
this value of Dy is becoming greater, and the when the fine-particle (loess) content
increases to some extent (30% of loess content), fluidization could be initiated in almost

all the tests, even in the most dense state.

4.3.6 Maintaining of Generated Pore Pressure in Shear Zone

In practice situation, there were many cases where liquefaction had been initiated but
the liquefaction-induced movements were of only limited extent (McCulloch and
Bonilla 1967, Seed 1968). Although there are many reasons why a slide caused by soil
liquefaction may not result in large deformations, the maintaining of generated pore
pressure may be the most important factor. Liquefaction can only persist as long as high
pore pressures persist in a soil; if drainage can occur rapidly then liquefaction may
persist for such a short period of time that large displacements are unable to develop. In
practice, the liquefied soil mass could be regarded as in undrained conditions during the
very short period of failure triggered by earthquake, rainfall or some other factors, but
could not be treated as in undrained condition throughout the whole moving process.
Therefore, the persisting of generated pore pressure will be an important factor affecting
the run-out distance of a fluidized landslide in the field, just as stated by Seed (1968).

Considering that in this ring shear test series and in many historic liquefaction failures,



liquefaction was limited in the shear/slide zone, it is highly desirable to have an insight
into the maintaining of pore pressure in the shear zone, Therefore, a series ring shear
tests was carried out to examine the dissipation of generated pore pressure in the shear
zone. During tests, the saturated samples were shear in undrained condition to a large
displacement where the liquefaction was ensured to have been initiated, and thereafter
tumned the shear box into drained condition to observe the dissipation of generated pore

pressure and recovering of the shear strength.

Figure 4.23 presents the results of tests on §7, S8, M10, M20, and M30, where the
shear resistances are plotted against the elapsed time, In all these tests, the moment
when the shear box was tumed into drained condition was treated as the zero point of
elapsed time. Because the recorded value in pore pressure transducers just present the
pore pressure outside the shear zone (as illustrated in Chapter 3), when the shear box
tumed into drained condition, the pore pressure within the shear zone could not be
observed correctly. Nevertheless, the recovering of shear strengths could reflect the
dissipation of generated pore pressure. As shown in Figure 4.23, when the shear box
was tumed into drained condition, the shear strengths of S7, S8, M10, M20 were
recovering with the elapsed time, i.e., with the dissipation of generated pore pressure.
However, an observation on the inclination of each curve (recovering rate of shear
strength) could direct to the finding that the when the sample became fine and the
fine-particle (loess) content became greater, this recovering rate of shear strength was
becoming smaller, especially for the test on M3, there was almost no recoveting
tendency could be seen. Therefore, it could be inferred that once the liquefaction was
initiated in the soil mass containing greater fine-particle, the pore pressure could be kept
for a long time that would result in large deformation. This result showed a consistency
with many laboratory researches and field cases (Seed 1968; Zeng and Arulanandan

1995).
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4.4 SUMMARY

Several sets of undrained ring shear tests were conducted on S7, 88 and the mixtures of
S8 with different loess content by weight to smdy the fluidization behavior of sand
within the shear zone. By inserting slices of Toyoura sand with different color into the
shear box during the undrained shear tests on S8, the formation of sand within the shear
box was observed. By taking sample from the shear zone after the undrained shear tests,
grain crushing behavior was examined aiso. Based on the tests results, the effects of
initial relative density, initial stress state, and samples on the undrained shear behavior
were examined by analyzing the undrained peak shear strengths and sieady state shear
strengths, and then the fluidization behavior was examined. By turning the shear box
into drained condition after the sample was sheared to a high pore pressure under
undrained condition, the dissipation of generated pore pressure from the shear zone for

different samples was examined also.
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Chapter 5§

Tue FrLvibrzation BeEgavior oF LANDsLIDE Mass iv Tae Frome

TEsTS
s —

5.1 INTRODUCTION

Rainfall-induced landslides pose significant hazards in many pars of the world
especially in the mountainous areas in a sub-agueous environment, because they
occurred frequently and some of them were characterized by rapid movement and large
run-out distance. It is generally recognized that rainfall-induced landslides are caused
by increased pore pressures and seepage forces during period of intense rainfall
(Anderson and Sitar 1995; Sitar et al. 1992). It is indicated that it is the increased pore
pressure that decreases the effective stress in the soil, and then reduces the soil shear
strength, and eventually results in the slope failure (Brand 1981, Brenner et al. 1985).
Further study points out that slide along the sliding surface leads to the grain crushing,
then leads to the sliding surface liquefaction, and finally results in rapid movement

(Sassa 1996, Sassa 1998a, b).

As mentioned in Chapter 2, if the slope failure is a kind of fluidized landslide, there are
two kinds of after-failure behaviour for the landslide mass comrespondingly; one is

flowstide, and the other is rapid slide. Flowslides triggered by dynamic effects, such as
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earthquakes, or by static effects, such as rainfall (Eckersiey, 1985; Sassa, 1998a, b),
snowmelt, etc., had received much attention and had been studied extensively (Bishop
1967, 1973; Casagrande 1971; Ishihara et al. 1990; Marui 1996; Sassa 1984a, 1996,
1998a, 1998b; Seed 1966; Terzaghi 1956), and the majority of these studies have been
concerned primarily with evaluation of liquefaction susceptibility and steady state
strength of liquefied materials. It was found that the liquefaction resistance of a sand is
influenced by a number of factors, including relative density, confining pressure, initial
shear-stress conditions, as well as grain angularity, over-consolidation ratio, previous
strain history, length of tme under sustained pressure, grain structure or fabric, and
loading rate (Castro 1969; Casagrande 1971; Castro & Poulos 1977, Hird and Hassona
1990). However, the understanding of all of these failures has relied almost entirely on
laboratory testing of small specimens under idealized conditions. It is highly necessary
to confirm these observations by measuring processes in real flowslides (Eckersley
1990; Hungr and Morgenstern 1984a). Along this line of thought, Eckersley (1990)
triggered liquefaction and flowslides in coking-coal stockpiles by raising the water table,
and showed that excess pore pressures were generated during, rather than before,
movement. However, in this work, the sliding displacement was recorded only by video
cameras; observations of deformation within the stockpiles were .not camied out. By
using a flume, Kubota (1997) performed a series of tests on silica sand and loess to
study the mechanism of flowslides under conditions of rainfall. Kubota concluded that
the generation of pore pressure was a result of sudden initiation of subsidence. Another
laboratory flowslide study was conducted on loose saturated fine quartz sands in which
the motion of liquefied sands and pore pressures during motion were analyzed (Spence
& Guymer [997). However, how the excess pore pressure generates, and how the
liquefaction and slide motion are affected by grain size, void ratio, fine-particle content,
and other basic factors, are still poorly understood. Therefore, in the present study, by
changing the initial void ratic and samples, a series of laboratory experiments was

performed in a flume under conditions of antificial rainfall. Meanwhile, to examine the
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pore pressure maintaining mechanism of the fluidized landslide mass during motion, the
double cylinder mixing tests were conducted also on different samples. Based on the
results, the initiation and maintaining of pore pressure were examined, and then the
resulting movement of failed landslide mass were analyzed. Finally, the initiation and

motion of fluidized landslide in flume tests was scrutinized.

5.2 TEST CONDITIONS
Test conditions and some test data are surnmarized in Table 5.1. In this research, the
flome angle was kept at 30 degrees, and the thickness of soil layer was 10 cm, Density
was expressed by density index Iy In all these tests the given rainfall intensity was 1.7
mm/min. The tests were carried out in three series, i.e.,

® Testseries [ : tests on S7;

® Testseries [: tests on S8;

® Testseries II: tests on M10, M20, and M30.

5.3 OBSERVED PHENOMENA AND DISCUSSION
Although the observed phenomena were differing from each other, they shared some
similarities. In general, the entire process required 25 to 30 minutes for slope wetting,

and a few seconds for failure (reviewed by video recordings).

5.3.1 Generation of Excess Pore Pressure

To study the effects of pore pressures on the motion of failed masses, pore pressures
were monitored at three places. The pressure transducers installed at the places of x3 and
x3 were planned to monitor the pore pressure during motion. However, pore pressures
monitored at x; and X3 were not correct (in many cases, they were not obtained), due to
the effect of possible existing of air in the tube before the failed mass passed by, and
meanwhile, due to the rapidly changing depth of flowing-over mass, as well as the

pore-pressure dissipation during motion. Then, the pore pressure monitored at the
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location of x; was used to analyze the behaviour of pore pressure generation in the
source area. Here, the results of one test are used to interpret the generation of pore

pressure.

Figure 5.1 shows the results of test S8y s, where Figure 5.1a iflustrates the time series
of pore pressure and sliding distance immediately before and after the failure. Figure
5.1b is the enlargement of Figure 5.1a for the very short period of failure. The precise
monitoring of transient pore pressures in relation to slope movement demonstrated that
excess pore pressures in the shear zone did not exist prior to the initiation of failure
(Figure 5.1b). As shown, there was gradual increase of pore pressure, u;, probably due
to the rise of water surface in the sample before the failure. After failure, the pore
pressure Tose rapidly; this must have been due to the influence of excess pore-pressure
generation due to shearing because rainfall intensity was kept constant. Thereafter, the
pore pressure fell (Figure 5.1a), probably because the soil mass moved downward and
the resulting decrease of mass height resulted in dissipation of pore pressure. It shouid
be noted that the maximuin value of pore pressure (i) measured was much greater than
w;. Figure 5.1b illustrates the concept that excess pore pressure was generated during
shearing rather than before the failure of slope, as had earlier been pointed out in the
research by Eckersley (1990}).

5.3.2 Motion of Failed Landslide Mass

The resulting motion of landslide mass is differing for the tests on different samples at
different initial densities. In the series tests on S7, although the test phenomena were
differing from each other when the initial densities were different, just retrogressive
sliding happened. However, in the series tests on 58 (Series ) and the mixtures of
M10, M20, and M30 (Series II), rapid flowslides were initiated. Therefore, in the
following, the interpretations of the test phenomena will mainly concentrate on the

description of these two different phenomena: retrogressive sliding and flowsliding.
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5.3.3.1 Retrogressive sliding

Among the tests on S7 in which retrogressive sliding were initiated (Series I ),
according to the video recordings, it was observed that the motion of failed mass was
affected greatly by the initial density. The test phenomena were summarized in Fignre
5.2 (Type A and Type B). Although the more detailed failure process than Figure 5.2
was differing for different tests conditions, to have a brief understanding on the whole
failure process, the failure mode was divided into type A and type B, and the failure

process was divided into four periods.

(1) Wenting: After sprinkling, the water came down toward the base gradually, and
werting front was approximately parallel to the base. During this period, there
appeared obvious normal displacement in type A, while there was no visible normal
displacement in type B.

{2} Precursory failure: After the wetting front reached the base, with the rising of
saturation degree, retrogressive compound shallow sliding appeared at the toe part

of slope. After sliding, the masses became very thin and then flowed downward.,

(3) Major failure: Following the retrogressive compound shallow sliding, major failure
happened. The failed mass slid a certain of distance (AS, as shown in Figure 5.2),
with the styrene foam ball in it, and then stopped. During this period, the sliding
behaviors were quite different in type A and in type B. In Type A, during the motion
of failed mass, several blocks were formed at about the same time. While Type B is
characterized by slow retrogressive sliding, After one (usually big) block failed and
slid downward, the next block was formed. This retrogressive process continued
several times. The results show that the initial void ratio has great effect on the
failure mode. In general, the extremely loose samples were susceptible to the failure

of type A, while loose samples were susceptible to the failure of type B.

{4) Successive motion: After the major slides, with continuing of sprinkling, the slid
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masses became very shallow and flowed downward slowly. In this process, because
the flowslide was too shallow that the foam ball could not be carried to move

together, the moving displacement was not obtained.

5.3.3.2 Flowslides

As observed, the initiated flowslide phenomena varied with the samples and samples’
initial density. Nevertheless, to make a distinguish ‘between the flowslides and
retrogressive slides, here the failure process of flowslides, initiated in test series [I and

I, were divided into 4 periods also, and summarized in Type C shown in Figure 5.2,

As shown in Figure 5.2, for the failure of Type C, each step has its own characters. (1)
In the fist period of wetting, the samples behaved the same as that described in Type A
and Type B. And obvious nomal displacement appeared just in the tests on extremely
loose sample. (2} In the precursory failure period, the sample behaved differently from
that of Type A and Type B. There happened obviocus shear deformation within the
whole layer. (3) During the major failure period, failed mass accelerated quickly, run out
a certain distance and then stopped. According to the video recordings, it was found that
the motion at the surface was faster than that at the flumne bottom, i.e., there was relative
motion within the failed mass along different thickness, showing the characteristics of
flows. (4) As the successive motion, the once stopped failed mass began to move and

flew downward slowly.

Compared with the observed retrogressive failures, flowslides usually have greater
moving speed and larger moving distance, To exatnine the motion characteristics of
flowslides, here test results of 88, 5 (the same in Figure 5.1) are used to interpret the
motion process. The time series data of sliding distance and sliding velocity just before
and after the failure of the test are shown in Figure 5.3. Because there was relative
motion within the soil layer during flowing as mentioned above, the “velocity” used

here refers to the velocity along the flume base because the sliding distance was
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monitored by the linear-displacement transducer installed along the base. As shown,
after failure the mass flowed and showed rapid movement for approximate 45 c¢m, and
then it stopped. With continuing rainfall, the once-stopped soil mass then began to move

at an almost constant slow speed.

Figure 5.4 shows the variation of velocity durng sliding in relation to the sliding
distance. As indicated, the moving process involved three stages as follows:

(1) Stage 1 (Accelerating process): After failure, the sliding mass accelerated until
reaching a certain velocity, which was the peak value during the entire sliding

process.

(2) Stage 2 (Decelerating process): After velocity reached its peak value, the sliding
mass decelerated; with increased sliding distance, the velocity reduced to zero.

(3) Stage 3 (Steady slow sliding): After a certain distance (AS) of movement, the mass
began to accelerate again and finally shifted to a very slow motion at an almost

constant value.

As shown in Figure 5.4, the sliding distance {AS) was initiated during major failure
period. Meanwhile, as described above, for the retrogressive failure of both Type A and
Type B, there was a certain of sliding distances (AS) happened in the major failure
period for each test, Becanse the excess pore pressure for each test was obtained in the
major failure period, to examine the relationship of generated excess pore pressure and
initiated sliding distance, the corresponding resulted sliding distance in the major failure
process was examined and summarized in Table 5.1. For simplification, the shiding
distance of movement during the major failure period (AS) is termed the “rapid run-cut
distance” {AS) in the following sections, both for the retrogressive failures and flowslide

failures.

The sliding velocity (in Figure 5.4) undoubtedly is affected by the generation of excess
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pore pressure. At stage 1, excess pore pressure was generated which reduced the shear
resistance, and then an unbalanced driving force was resplted in, which caused the
acceleration of sliding. At stage 2, the pore pressure dissipated with an increase in
sliding distance; the shear resistance became greater than the driving force, and then
deceleration was resulted in. Finally, in stage 3, the driving force and shear resistance

reached a balance, and the sliding velocity tended to the same value.

5.4 EFFECTS OF INITIAL VOID RATIO

The initial void ratic plays an important role in liquefaction. Saturated sands with
considerably greater void ratio than those on the steady-state line were found to liquefy
when subjected to undrained monotonic shear (Castro 1969). In undrained shear tests,
the void ratio still remains at its prefailure value. Therefore, the undrained steady-state
shear strength is a function of void mtio only (Ishihara 1993). However, as
aforementioned, although most shear tests have been conducted under undrained
loading, this is not in itself a prerequisite for liquefaction (Sassa 1985a; Sladen et al.
1985). To study the effect of void ratio on the generation of pore pressure and resulting
motion of failed mass under the naturally drained unsaturated situation, a series of tests

was conducted on §7 and S8 by changing the initial density.

5.4.1 On Excess Pore Pressure

Excess pore pressure was generated during quick failure of the slope, as shown in
Figure 5.1. To analyze the relationship between excess pore pressure and failure motion,
the excess pore pressure (Au) of each test was estimated by regarding it approximately
as the difference between u,, and u; (Figure 5.1), and then, the relationship of Ax with

initial density (expressed as initial density index Iy) was examined.

The test results show that the generated excess pore pressure for each test greatly

depended on the initial density index. Excess pore pressures for the series tests on 37
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and S8 versus density index are plotted in Figure 5.5. As presented, with increasing
density index, the excess pore pressure increased until a certain value of I (f; value at
which excess pore pressure reached its peak value is denoted as fa,), and thereafter, it
decreased. Although many factors are involved in the build-up of excess pore pressure,
in this situation the main reason is considered to be as follows. For the tests in which Iy
is smaller than [l the permeability is greater; thus, the dissipation will be quicker
accordingly, and pore pressure buildup will be weaker. For the tests in which [zis
greater than Iz, because of the smaller void ratio, the volume reduction during shearing
will be small; thus, lower pore-water pressure generation will accompany the failure.
Therefore, it is concluded that there is an optimal density index for excess pore-pressure

generation.

5.4.2 On the Motion of Landslide Mass

5.4.2.1 On the failure mode of retrogressive sliding

In section 5.3.2, the failure processes of retrogressive sliding were classified into two
types and each type was divided into four stages to give an illustration in detail.
According to the test results, it was made clear that the failure mode was greatly
affected by the initial void ratio. Usually, extremely loose sand (Ig < ) was easy to
suffer from the failure of type A, although there was an exception of 3734 (Is = 0.01),
during which the failure of type A happened also; while the initial density indexes
ranged from 0.17 to 0.5 (0.17 = Iy < 0.5). the samples were more prone to suffer from

the failure of type B.

5.4.2.2 On the flowslide motion
In the series tests on S8, MI10, M20, and M30, rapid flowslides were initiated. To
investigate the characteristics of the initiated flowslides during motion, the relationship

of sliding distance and stiding velocity for each test at different initial densities was
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examined. Variation of sliding velocity in relation to sliding distance for the tests on S8
is shown in Figure 5.6. It could be seen that all the cases show the accelerating,
decelerating, and steady slow-movement stages. During the rapid-movement stage
(accelerating period and decelerating period), the peak values of velocity and rapid
ren-out distance (AS) differ for the samples with different initial density indexes.
However, during the final steady slow-movement stage, there appeared no obvious

difference in their sliding velocities.

Although there were some exceptions (S8 v, S8p.10 , as shown in Table 5.1) because
of the difficulties with test-sarple preparation, the peak value of velocity and rapid
run-out distance (AS) of flowslide became generally greater with increase of the initial
density index (Figure 5.6a). Also, there was a certain density index at which both of
peak velocity and rapid run-out distance (AS) reached their maximum values. After
that, with increase of initial density index, they tended to decrease (Figure 5.6b). This
variation was in accord with the tendency of excess pore-pressure generation in relation
to initial density index (Figure 5.5). As shown, the test with the greater excess
pore-pressure generation had greater peak velocity and longer rapid run-out distance.
Therefore, high excess pore pressure generated during failure must be responsible for

the rapid motion,

5.5 EFFECTS OF GRAIN SIZE AND FINE-PARTICLE {LOESS) CONTENT

As mentioned in Chapter 4, sands with different grain size and fine-particle (loess)
contents behaved differently in the undrained ring shear tests. To examine the grain size
on the fluidization behavior of sands in flume tests, the generated excess pore pressure
for the tests on S7 and S8 were examined; and meanwhile, the results of tests on M10,
M20, and M30 were added to analyze the effects of fine-particle (loess) contents on the

resulting motion of 1andslide mass.
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5.5.1 Differences in Excess Pore Pressure Generation

When we focus on the variation tendency of generated excess pore pressure in relation
to initial density index for the tests on S7 and S8 (Figure 5.5), it could be found that §7
and S8 had the same changing tendency, as mentioned in Section 5.4.1. However, an
observation on these two curves could find that the generated excess pore pressure for
88 is generally greater than that for S7. It shows that finer sand S8 is easier to suffer

from quick failure with higher excess pore pressure,

5.5.2 Differences in Resulting Motion of Landslide Mass

The effects of grain size on the resulting motion of landslide mass were efficient. As
introduced above, for the tests on S7, there just appeared retrogressive slides; while in
the tests on S8, mpid flowslides were initiated, showing completely different failure
mode.

The effects of fine-particle (loess) on the resulting motion of landslide mass were
examined by performing tests on S8 with different loess content. At first, the tests were
conducted on loess with different initial void ratios. Because the flume was only 15 cm
high, the effect of cohesion is relatively greater when the normal stress is relatively
small. Under these conditions, flowslides did not occur; there was only surface erosion.
However, by adding loess to S8, high-speed flowslides were produced. In this series of
tests, the samples were made with different loess contents (10 percent, 20 percent, and
30 percent). To minimize the effects of varation of initial void ratio, the samples were
formed by using the same damping method with the same 10-cm height Due to
difficulties in sample preparation, the initial densities were not the same, but were 1.01,
1.06, and 1.03 glem® Their initial density indexes were 1.61, 1.50, 1.58, respectively
{Table 5.1). From these limited test resuwlts, there was no obvious difference in
generated excess pore pressures {4u) at the time of failure; they were 0.56, 0.55, and
0.58 kPa for M10, M20, and M30, respectively. However, the flow behaviors varied
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considerably. Thus, considerable attention was paid to the effects of fine-particle (loess)

content on the motion of the initiated flowslides.

Figure 5.7 shows variation in sliding velocity in relation to sliding distance for samples
with different fine-particle (loess) contents. As shown, for the tests on S8 and M10,
completed curves (including the accelerating, decelerating and steady slow-sliding
stages) occurred. However, for the tests on M20 and M30, the landslide mass continued
to move without deceleration that might be caused by pore-pressure dissipation. This
suggests that a mechanism for maintaining excess pore pressure be at work during
moticn. This mechanism was proposed by Sassa (1988a), where the maintaining of
excess pore pressure was explained by the flotation of finer grains and the resulting
increase of specific gravity of pore liquid. Due to pore pressure transducers placed at
places of x; and x3 did not work correctly, i.e., there was no data available to proving
whether the generated pore pressure within the moving mass was kept without
dissipation, the double cylinder mixing apparatus was used to examine the pore pressure

maintaining during motion.

5.6 PORE PRESSURE MAINTAINING MECHANISM DURING MOTION
THROUGH DOUBLE CYLINDER MIXING TESTS

To scrutinize the relationship of pore pressure maintaining and motion of soil mass, a

series of ring-cylinder rotating tests was performed. By changing the rotating velocity,

the variation of pore pressure within the moving mass was observed; and through

conducting the tests on 87, 8§, M10, M20, and M30, the effects of fines on the pore

pressure generation were discussed.

According to Casagrande (1936), .during shear deformation, the volume decrease of
sand in loose state and the volume increase in the dense state would tend to produce the
same “critical density” or “critical void ratio” Therefore it ¢could be inferred that the

sand would tend to the same void ratio after reaching steady state motion, now matter
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the sand was in loose or dense state initially. Hence, in this test series, all the samples
were placed by means of dry deposition without tamping, and the effects of initial

density was not examined.

5.6.1 Test Phenomena

In this series, tests were conducted on the five samples mentioned above. Although the
test phenomenon was differing from each other for different samples, it was found that
in each test the measured pore pressure depended greatly not only on the rotating
velocity, but also on the changing tendency of rotating velocity (in accelerating or
decelerating process). Here the results of test on S8 will be used to illustrate the

variation of pore pressure along with rotating velocity.

Figure 5.8 shows the test results for 88, where the pore pressure is plotted against
rotating velocity (here the rotating velocity presents that of the mixing rods). As shown
in this figure, when the rotating velocity increased from zero, the pore pressure
increased consequently; however, after the rotating velocity was increased to a certain
value (point T in Figure 5.8), the measured pore pressure was found to decrease with
increasing rotating velocity. During the deceleration process (shown in a solid line), the
pore pressure was found to decrease with decreasing rotating velocity. When we
compare the generated pore pressure in different periods, it could be found that
generally the measured pore pressures in the deceleration process were greater than
those measured in the acceleration process (shown in a dotted line) when their rotating

velocities were the same.

With respect to this increasing pore pressure, an interpretation was given by Sassa
(1988a). It was pointed cut that when the mixture of sample and water begin to move
together, the grains of sample begin to float in the water, and then the mobilized specific
gravity of the fluid becomes to increase, and this would necessarily result in the increase

of pore pressure consequently. When the rotating velocity becomes greater, grains of
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bigger size in diameter begin to float. If every grain floats in water, it could be conclude
that the mixture is 100 percent liquefied, namely full liquefaction was resulted in. After
point T shown in Figure 5.2, because the mixing rods rotated too fast (relative to the
moving mixtures) that the mixtures could not move with the mixing rods together, this
then made the mixtures being sheared, and therefore, a reduction in pore pressure was
resulted in consequently, just as shown in this figure evidently. During deceleration
process, with decreasing rotating velocity, grains of greater size will settle down, and
then reduction of pore pressure would be result in as a consequence. But due to the
delay in settling down for the floating grains, the grains in this deceleration process
waould be much more than that in the acceleration process, this would necessarily lead to
the difference in pore pressures, with the pore pressure measured in the deceleration
process being greater than that measured in the acceleration process even though the

rotating velocities are the same.

It is obvious that the generated increment in pore pressure depends on the initial water
level and sample height. To compare the effects of rotating velocity and samples, test
results were normalized by the total normal stress { o (), and were presented by floating
ratio{ry) and pore pressure ratio (1,). Floating ratio is a kind of pore pressure ratio (the
SAIME a§ excess pore pressure ratio in value) that could be referred to Sassa (1988a), and

is formulated as:

5 l
'} it |+o+ouuuunnu-uunnrnunun..unn-uu|n+u-unu-ur------------------nuou----( -

Where, u: measured pore pressure;
o total normal stress (#y hg);
u,: static water pressure (ry hy), is regarded as the initial water pressure that was
measured before the rotating:

r,- unit weight of water, was regarded as 1.0 gffem’ during calculation;
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¥y unit weight of saturated soil, was obtained from the calculated dry unit
weight (rs = weight of the used sample / occupied volume) of the soil in

cylinder and the corresponding void ratio (e), namely,

It was pointed out that if every grain floats in water, namely 100 percent liquefied, 1 =
1.0.

Figure 5.9 presents an illustration of the test results in the form of floating ratio 1; and
porc pressure ratio ry, where the acceleration process is plotted by dotted line, and
deceleration process by solid line. As shown, the floating ratio increases from zero with
" increasing rotating velocity and reaches (.62 at 32.4 cm/sec, while the pore pressure
ratio increases from approximately 0.68 to 0.83 comespondingly, with an increment of

approximate 20%.

5.6.2 Effects of Sample

As mentioned above, the measured pore pressure during rotating depends on not only
the rotating velocity, but also the sample itself. According to the test results, it was
found that in all the tests, the pore pressure increased with increasing rotating velocity,
and vice versa, the measured pore pressure for the same sample was greater in the
deceleration process than that in the acceleration process, showing the same tendency as
that described in Figure 5.8, To examine the effects of samples, the tests results for all
these samples normalized by the total normal stresses are shown in Figure 5.10, in the
form of floating ratio and pore pressure ratio. For clarity, the floating ratios
comesponding to the acceleration process for all the tests are plotted in Figure 5.10a
against the rotating velocity, while those corresponding to the deceleration process are

presented in Figure 5.10b, the pore pressure ratio corresponding to the acceleration
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process in Figure 5.10c, and the pore pressure ratio corresponding to deceleration
process in Figure 5.10d. From Figure 5.10a, it could be seen that although the floating
ratio increases with increasing rotating velocity for all the tests, the floating changing
tendency along with rotating velocity is differing for different samples. Corresponding
to & certain rotating velocity, for the samples in the order of §7, 88, M10, M20, and
M30, namely when the sample becomes finer and the fine-particle (loess) content
becomes greater, the generated floating ratic becomes greater, as reflected evidently by
the change in curvature of the floating ratio versus rotating velocity plotted in Figure
5.10a. This phenomenon could be interpreted by the main factors controlling the
generation of pore pressure during motion. As mentioned above, the increase in pore
pressure is due to the floating of grains in the fluid that would increase the mobilized
specific gravity of fluid. Finer grains are easier to float. Therefore, corresponding to a
certain rotating velocity, there should have more grains for the finer sample involving in
floating, and then the resulted pore pressure increment should be greater. Meanwhile,
with increasing fine-particle (loess) content, the fine-particle in the mixture would
increase, and then the cohesive coefficient would become greater, the increased
cohesion coefficient then could prevent or delay the settlement of grains. At the same
time, increased clay content would prevent the dissipation of generated pore pressure
due to shear deformation. This could be seen from the changing tendency of M20 and
M30 shown in Figure 5.10a. Because pore pressure ratio {(shown in Figures 5.10¢, d) is
just another presenting form of the generated pore pressure, it could be seen that the
variation tendency of pore pressure ratio in relation to rotating velocity for each sample
is the same as that shown in Figures 5.10a, b. Therefore, a detailed description on the
changing tendencies of pore pressure ratio in relation to rotating velocity for different

samples is neglected here.
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5.7 INITIATION PROCESS AND MOTION OF FLUIDIZED LANDSLIDES

5.7.1 Initiation Process of Fluidized Landslides

As mentioned before, fluidized landslides refer to those landslides where liquefaction is
initiated and rapid motion is resulted in. Considering that fluidized landslides usually
have small apparent friction angles, a criterion for judging the appearance of fluidized
landslide was given as 10 degrees in apparent friction angle in Chapter 2, basing on the
observation on some typical fluidized landslides. And then using this criterion, the
fluidization behavior in undrained ring shear tests was discussed in Chapter 4.
Therefore, in this flume test situation, a criterion for fluidized landslides should have the
same apparent friction angle of 10 degrees, i.¢., the excess pore pressure ratio should be

greater than (.74, given the intemal friction angle of sands being 34 degrees.

For practice sitnation, the apparent friction angle reflects the final state of fluidized
landslide, and then in ring shear test, the pore pressure ratio was calculated
comrespondingly by using the generated pore pressure at steady state when the soil was
subjected to undrained shearing. However, for this flume test simation, when the failure
was initiated, the sotl mass was in a drained condition, and meanwhile, the measured
pore pressure could just reflect that initiated at the beginning of the movement, not at
the final state (steady state), therefore, it seemed difficult to analyze the iniiation of

fluidized landslides in flume tests by using the criterion given in chapter 2.

Nevertheless, as stated by Seed (1987), “There is much evidence to show that if the pore
pressure ratio in a soil do not build up to high values, e.g., exceeding a pore pressure
ratic of about 60%, liguefaction (in any of its forms) will not be triggered in the soil, If
the soil does not liquefy in the sense that a high pore pressure ratio, r, is developed,
then: (1) there is usually no problem of sliding since the soil retains high shear strength;
and (2) there is usually no serious deformation problem.” From this statement, it could

be seen that 0.6 in pore pressure ratio seemed to be a critical value 10 initiation of
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liquefaction. Therefore, it seems practicable to use a criterion of 0.6 in pore pressure
ratio that obtained from the beginning of the movement to judge the initiation of
fluidized landslide in this flume test sitwation.

However, in this flume test situation, although the excess pore pressures at the
beginning of the movement were measured, most of the values obtained from the
normaj stress transducers were incorrect, due to the smal:l size of sample, effect of side
friction, and other possible factors that are not clear. Thus it is difficult to make a direct
calculation of pore pressure ratio from the observed pore pressure and normal stress. On
the other hand, during sprinkling, there was settlement in the sample, this made the void
ratio immediately before the failure differing from the initial void ratio, meanwhile, the
saturation degree is different for soil layers in different height. Because the settlement of
the soil layer and the water content in different soil layers were not observed, a
theoretical calculation seemed difficult also. Due to these problems, in this flume test
situation, the initial normal stresses were used as the references to the total normal
stresses immediately before failure to estimate the excess pore pressure [ratio
approximately. Considering the measured pore pressure being that in a static place, not
that within a certain soil mass during motion (in most situation, the pore pressure will
increase with increasing moving velocity), here a modified criterion of excess pore
pressure ratio being 0.5 will be used as the criterion for judging the initiation of

fluidized landslide in flume tests.

As stated above, the excess pore pressures were generated during, rather than before, the
failure, and the generation of excess pore pressure greatly depended on the initial
relative density, and the sample itself. As shown in Table 5.1, in the series tests on 57,
there was just one test (S7,.4) where the estimated excess pore pressure ratio was
greater than 0.3, while there were seven tests (tests S8 .3~ S8, 9) where the estimated
CKCESS pore pressure ratios were greater than 0.5 in the series tests on S8, meanwhile, it

could be found that in the series tests on mixtures of S8 with different loess content
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(M10g.1, M20y.1, M30yq.1), all the estimated excess pore pressure ratios were greater
than 0.5. Therefore, it could be concluded that the initiation of fluidized landslide
depends not only on the initial relative density, but also (and much more) on the sample
itself (its grain size and fine-particle content).

5.7.2 Motion of Fluidized landslides

As mentioned before, rapid movement will be necessarily commenced as the result of
liquefaction for a practice fluidized landslide. Nevertheless, it is not to say that large
movement will be necessarily resulted in, the motion of fluidized landslide greatly
depends on the persisting of liquefaction, i.¢., on the maintaining of high pore pressure.

As reflected in Table 5.1, among the tests where fluidized landslides were initiated, the
peak values of velocity during motion for all of them were greater than 10 cm/sec,
except for the test of 88 7 This exception may be due to the problem in the sliding-
distance-measurement system, sometimes, the foam ball connecting with the liner
displacement transducer (see Figure 3.3) failed to move with the moving soil mass
together. Considering the prototype size, it could be said that rapid movement had been
initiated in these fluidized landshides. Of course, there were some tests {Tests S8p.1p ~
58 ;.12 } where the moving velocities were greater than 10 cm/sec. It could be interpreted
as follows: although the measured excess pore pressures at the beginning of the failure
were small, i.e., fluidization was not initiated {judged from the measured excess pore
pressure during failure), high pore pressure might be initiated during motion, according

1o the results of double cylinder mixing tests.

The dissipation of generated high pore pressure may be the main factor controlling the
failure mode and run-out distance, As shown in Figure 5.2, the tests on §7 just showed
retrogressive slide, without any flowslide, even though there were two tests were
recognized as fluidized landslides, and the resulted run-out distances were small in

general. This could be interpreted by the greater permeability of $7. During failure, due
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to the quick shearing, pore pressures were generated within the shear 2one, but due to
the great permeability, they dissipated very quickly, and then the once fluidized
landslide stopped very soon with a small run-out distance. On the contrary, due to the
low permeability of S8, it became difficult for the generated high pore pressure to
dissipate, and then, large movement could be resulted in. Meanwhile, when the
fine-particle {loess) content became greater, the permeability of sample would be
necessarily reduced, and then the dissipafion of generated high pore pressure would
become more difficult to happen; meanwhile, with increasing moving velocity, much
more grains would float during motion. Hence, the resuited fluidized landslide would be
characterized by larger run-out distance and greater moving velocity, with the sand
becoming fine and fine-particle (loess) content becoming greater. This tendency could
be seen from Table 5.1. In terms of magnitude, for a slope of only 10-cm thick in
prototype, this tendency was phenomenal.

5.3 COMPARISON OF RING SHEAR TEST AND FLUME TEST

As aforementioned, undrained ring shear tests were cartied out (o simulate those failures
that happened so quickly that pore pressure could not dissipate immediately within the
quite short period of failure, and during the failure, shear zone was formed and
liquefaction was initiated within the shear zone. Flume tests represented a kind of
failure situation that the soil mass was in drained condition, and the build-up of pore
pressure was resulted from the collapse of contractive soil structure where little if any
grain crushing was involved, and dependent on the permeability of soil mass. Therefore,
these differences would necessarily result in differing tendency in the generation of pore
pressures, As shown in Figure 4.21b and Figure 4.22b, when the soil was in undrained
condition, with decreasing initial relative density (soil becomes looser), the generated
pore pressure at steady state would be greater, showing that fluidization was becoming
easter to happen. While results obtained from flume tests showed that there was an

optimal density for high pore pressure to generate, as shown in Figure 5.5.
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Nevertheless, the results from ring shear tests showed good consistencies with those
obtained from flume tests in many aspects. In undrained ring shear tests, S8 of finer
grain size showed to be easier to suffer from fluidization failure than §7. Flume tests on
S8 and 87 showed the same tendency: most of the tests on S8 showed fluidized failure,
while just one of the tests on $7 did, as shown in Table 5.1. Ring shear tests on the sand
containing fine-particle (loess) showed that with increasing fine-particle (loess) contents,
both peak shear strength and steady state shear strength became smaller, e.g., the sample
becomes easier to suffer fluidization failure, Meanwhile, with increasing fine-particle
(loess) content, dissipation of the high pore pressure generated in the shear zone became
slower when the shear box was turned into drained condition. This means the possible
run-out distance of fluidized landslide would become greater. This tendency was
certified by the flume tests on the mixtures of 88 with different fine-particle (loess)
contents, as shown evidently in Figure 5.7, Therefore, it could be concluded that the
initiation and motion of fluidized landslides in practice situation could be predicted by

using the ring shear tests results.

5.9 SUMMARY

Using a small flumne, a series of tests has been conducted to cause ramnfall-induced slope
failure. Based on meonitoring of sliding distance and pore pressures, the process of
excess pore pressure generation in relation to sliding distance is discussed. A set of test
results on the temporal and longitudinal variation of sliding velocity for the initiated
flowslide is presented. By changing the initial dry density and performing tests on sands
with different grain sizes, the effects of these factors on the generated pore pressure and
resulting motion of failed soil mass have been analyzed. To investigate the influence of
fine-particle (loess) contents on flowslide motion, samples are prepared by mixing loess
into the silica sand at threc different contents. A series of tests on these samples has
been carried out in which the different modes of flowslide motion are observed; and

then to examine the pore-pressure generation during motion, double cylinder mixing
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tests have been conducted on sands with different grain size and fine-particle (loess)
contenis, Basing on these tests results, finally the initiation and motion of fluidized
landslides have been discussed.
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Chapter 6

Case Stupy oN THE MEcHANISM OF A Frumwrzep ILANDSLIDE
TrRIGGERED BY THE AvcUsT 1998 HEAvY RaINFALY, FUKUSHIMA

PREFECTUREi iZAPAN

6.1 INTRODUCTION

There was a heavy rainfall distributed in the Northeastern Japan from Auogust 26 to 31,
1998, During this rain-falling peried, many landslides and debris flows occurred, and
great losses of properties and lives were resulted in. Around the area of Taiyonokuni, a
place of Nishigo Village, Nishi-Shirakawa County, Fukushima Prefecture, 13 landslides
were triggered with high mobility, and among them, the biggest one was the
Karamatsu-so landslide, which destroyed a general welfare institution paming
Karamatsu-s0, and five deaths were brought in. Although ail these landslides were
characterized by deep scarps, the bedrock above which sliding surface was developed,
was relatively gentle. Nevertheless, imespective of the gentle slope angle and small

scale, almost all these landslides were characterized by high mobility and long run-out

distance.

These failures are of great interesting, because this kind of area does not belong to the

prevention area according to two Japanese laws concerning slope hazards. One is the
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Landslide Prevention Law issued in 1958, which is chiefly to prevent reactivated
large-scale landslides in gentle slopes (the characteristic landslide topography is visible)
on which hoyses or paddy fields are constructed; the other is the Law for Prevention of
Failure of Steep Slopes issued in 1969, which aims to the prevention of small-scale
shallow landslides in steep slopes back of houses (Sassa, 1999). The source arca of the
landslide before failure is neither steep nor showing old landslide topography. The
landslide is just virginal, which is induced initially by the rainfall. Therefore, how could
these failures with high mobility be initiated on gentle slopes is of great interesting, and
it is highly desirable to make the mechanism of this kind of failure clear.

As mentioned previously, among these landslides, Karamatsu-so landslide is the biggest
and of the most hazards. However the motion was stopped by houses and the deposits
were moved away immediately after the failure for rescue, to examine the
characteristics of these landslides and make the sliding mechanism clear, ancther
long-runout landslide, Hiegaesi landslide, triggered by the same minfall and located in
Hiegaesi, Otakura, approximate 3 kim south to Taiyonokuni, was investigated in detail,
Landslide mass of this long-runout landslide slipped out of the source area, traveled
across a drain channel, and deposited in a paddy field after moved a long distance. This
landslide was kept in natural state without any man-made disturbance. This made the

investigation on the mechanism of initiation, motion and deposition possible.

6.2 LANDSLIDE PROPERTY

Both of the Karamatsu-so landslide and the Hiegaesi landslide located in Nishigo
village, Fukushima Prefecture, approximate 6 km west of Shin-Shirakawa station of
Shin-Kansen super-express (as shown in Figure 6.1). Figure 6.2 is a photograph taken
by Dr. Chigira when he¢ investigated the geo-hazards induced by this ramnfall as a
member of the Urgent Investigation Team of Japanese Landslide Society. The sliding

direction is near due west. The main scrape is visible at the left of the photograph. The



landslide mass deposited above the rice plants on the paddy field. Trees standing on the
landslide mass show that this fluidized landslide moved as a block, During the heavy
rainfall period, the bottom of the paddy field was full of water.

On November 3, this landslide was investigated in detail by Sassa and coileagues. The
height of the slope where the landslide occurred is several tens meters, It is observed
that all the failed mass had slipped out of the source area, divided into three fingers,
traveled across a drain channel, and finally run into and deposited on the paddy field. It
was observed that the landslide almost jumped over the drain channel, showing very
high mobility. By means of a total station, the plane shape and the central longindinal
section of the landslide were surveyed. Figure 6.3a illustrates the plane shape and
traveling distances of the three fingers of this landslide. They are 67.3 m, 63.6 m, and
48.2 m from the measure point at the end of the source area, respectively. Figure 6.3b is
the central longitudinal section. Travel angle of the landslide, which is defined as an
inverse tangent function of the ratio of landslide height to landslide total length (see
Figure 6.3b) (Cruden and Vames, 1996), is about 112 degrees, substantiating its high

mobility and long-runout character.

Figure 6.4 is a photograph showing the source area. The width, length and depth of the
surface of rupture are approximately 23.0 m, 32.8 m, and 2.5 m, respectively; and the
volume of the landslide mass is approximately 1200 m® The angle of the base slope is
approximately 25 degrees. The base slope consisting of dacite tuff is dominant, and it
could be seen clearly in this photograph that a yellow bond of pumice layer is over the
dacite tuff. And it was exatnined that the landslide occurred in the weathered dacite tuff

layer.

A common phenomenon between the landslides in this site and that in Karamatsu-so is
that, after the landslide mass slipped from the source area, the bamboo grasses in front

of the source area were just brought downwards to the sliding direction, and they are
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keeping alive without any obvious damage in their leaves (Figure 6.5) From this
phenomenon, it could be inferred that when the landslide mass slipped on them, the
shear force acting on bamboo grasses be very small, showing the possibility of a full

fluidization faifure.

To investigate the sliding behavior of the landslide during motion, especially the
formation of shear zone, a pit was dug in the deposition area, The pit location is
indicated in Figure 6.3 (Point P). Figure 6.6 is a photograph taken in the pit. As shown,
the rice plants were brought down towards the sliding direction, with the landslide mass
overlaying on them. A soil-layer, approximately 20 ¢ in thickness, was confirmed as
the sliding zone, which was differing from the soil above this shear zone evidently in
color. The soil within the shear zone is completely disturbed due to the long-distance
shearing, while the overlaying soil mass remains refatively integrated with little if any
disturbance, Meanwhile, the soil within the shear zone is softer and greater in
water-content than the soil layer overlaying on it, examined by hand touching. To
examine whether there is grain crushing or not, two samples were taken from this pit,
one from the shear zone and another from the soil layer above the shear zone, and
laboratorial grain size analyses were performed later. Figure 6.7 presents the analysis
results of grain size distribution of the two samples. The soil from the sliding zone is
pbviously finer, compared with the soil above the shear zone, substantiating that grain
crushing occurred within the shear zone. From the visible gray tuff at the bottom of the
pit, it could be inferred that this shear zone formed from the source arca was kept
through the whole long distance movement. Therefore, it could be concluded that if
there was liquefaction happened, it must be limited in this shear zone, namely, be a kind

of sliding surface liquefaction.

According to the field observation, besides the grain crushing that is confirmed by the
results shown in Figure 6.7, another two questions are raised; how was the landslide

initiated with very small shear resistance when it slipped out of the slope, and why
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could the landslide mass travel over the rice plants for such a long distance? To make
these problems clear, using the sample taken from the source area (sample $3, shown in
Figure 6.3) and sample S2, three sets of ring shear tests were carried out.

6.3 RING SHEAR TESTS

6.3.1 Ring Shear Test on the Sample From Source Area

As described above, the landslide showed a small friction resistance after the soil mass
slipped out of the source area. During the heavy rainfall, the strongly weathered dacite
tuff layer ensures that the landslide mass above the fresh base rock be fully saturated.
As observed in the ficld, the landslide shows high-mobility character. Therefore, it is
inferred that high pore pressure was gencrated during the failure.

To study the mechanism of soil mass slipped out of the source area, with small shear
resistance, two tests were planned. The first one is saturated undrained ring shear test by
means of speed-control to observe the generation of pore pressure, and its purpose is to
examine whether the scil from the field is liquefiable. The second one is saturated
drained ring shear test by means of torque-control, and its purpose is fo cxamine
whether high mobility with small shear resistance could be initiated under drained
condition, because in the field, the depth is small and the soil might be in drained
condition when the failure was initiated,

6.3.1.1 Saturated undrained speed-control ring shear test

This test is to examine whether the soil from the source area is liquefiable or not. At
first, the sample from the source area is saturated and a high satration degree (Bp =
0.98) is ensured with help of CO, and de-aired water. And then, the sample is normally
consolidated at a normal stress of 40 kPa, which is corresponding to the initial normal
stress acting on the soil mass at the bottom of the landslide mass in the source arca

before failure. To observe the generation of pore pressure along with the shear



93

deformation cotrectly, speed-controlled method with a final shear speed of 2 mm/sec
was selected during this undrained test.

Figure 6.8a presents the variation of normal stress, pore pressure, and shear resistance
in relation to shear displacement. To check the shear behavior at the beginning of the
test more precisely, logarithm shear displacement is used as the abscissa. As shown in
this figure, normal stress was kept constant through the whole shear process. With
increasing shear displacement, shear resistance increased gradually from zero, and when
the shear displacement reached 0.5 mm, shear resistance reached its peak value (point
"B"). Thereafter, it decreased with the increasing shear displacement. After sheared to
100 mm, the shear resistance reduced approximately to zero. Meanwhile, it could be
found that pore pressure increased quickly along with the increasing shear displacement
in the earlier shearing period, and reached to approximately 37 kPa, very close to the
norrnal stress at the shear displacement of 100 mm.

Figure 6.8b shows the corresponding effective stress path (ESF) and total stress path
(TSP) monitored in the test. From the start point "A", shear resistance increased directly
to point "B" (black points). Then due to the quick generation of excess pore pressure,
the effective stress moved to point "C" almost horizontally. After point “C”, the shear
resistance decreased rapidly. When effective siress was about 20 kPa, the effective
stress path reached the failure line (approximate 41 degrees in inclination angle), and
decreased along it to a very small value (approximate zero). In this effective stress path,
it is recognized that the shear resistance reached its peak strength before reaching the
failure line, and there is quick shifting of effective stress path from point “B™ to the
failure line, showing a collapse failure process that could be resulted from the failure of
metastable soil structure. The late part of effective stress path shows a typical stress path

of sliding-surface liquefaction,

To examine the grain crushing susceptibility of the sample under the applied small
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normal stress of 40 kPa, after the test was finished, the shear box was opened, and the
soil within the shear zone was taken out for grain size distribution analysis. Figure 6.9
presents the results, where the grain size distribution of the sample from the shear zone
is illustrated by the line with filled point, while that of the original sample from the
source area by the line with blank point. As presented, the line for the sample from
shear zone is locating quite above that for the original sample, showing that huge grain
crushing happened within the shear zone, even though the normal stress is very small,

As illustrated in Figure 6.8b, the stress path, falling down along the failure line,
indicates that the generation of the excess pore is mainly caused by grain crushing
within the shear zone along with the shearing. Therefore, it is concluded that the soil

mass from the source area is liquefiable, due to the high grain crushing susceptibility.

6.3.1.2 Saturated drained torque-control ring shear test

Although the soil mass from the source area is certified liguefiable in undrained
condition, considering that the soil mass in the source area is just 2.5 m in thickness,
and undrained condition could not be ensured during the failure. Therefore, it is
desirable to examine whether liquefaction could be initiated in drained condition. With
the same method as described above, the sample was prepared, saturated (with high
saturation degree, Bp = 0.98), and normally consolidated at normal stress of 40 kPa.
Thereafter, shear siress is applied at a loading rate of 0.1 kPa/sec until sample failed,
while keeping the normal stress being constant and shear box being in drained condition.

In this test, medium gear is selected.

Figure 6.10 illustrates the test results, where the variation of normal stress, shear
resistance, and pore pressure in relation to elapsed time are presented in Figure 6.10a;
and variation of sample height and shear displacement in relation to elapsed time in
Figure 6.10b; Figure 6.10c shows the comresponding effective stress path. As illustrated

in Figures 6.10a, b, with increasing shear stress, shear displacement increased slowly;
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after approximate 135 seconds (Dotted line A), shear displacement began to increase a
little more quickly, while the sample height began to decrease obviously along with the
further increasing shear stress. During this period, the monitored shear displacement
probably was resulted from the creep deformation within the soil mass, and the decrease
in sample height might be resulted from the deformation or the failure of some soil
structures; however, no pore pressure was monitored during this period, probably due to
the lower pore pressure generation rate and relatively quicker dissipation rate.
Nevertheless, after 235 seconds (Dotted line B), shear displacement showed quicker
increasing, and then sample height decreased more quickly, along with the time. This
quicker change in sample height resulted in the quick built-up of pore pressure, not only
within, but also outside the shear zone; as the result, a transient increase in pore pressure
was monitored (as shown in Figure 6.10a), irrespective the drained condition. After a
short duration (from dotted line B to dotted hine C, approximate 7 seconds), the sample
failed, and shear resistance decreased quickly until to zero, Thereafter, along with the

elapsed time, shear resistance recovered slowly due to the slow but existing dissipation.

As shown in Figure 6.10¢, when the shear stress increased from A, the start point, the
effective stress path (ESP) raised almost vertically to point B, and after that, due to the
quick pore pressure genmeration, ESP shifted left-upward but did not reach the failure
line (obtained in Figure 6.8b), fell down to zero, and finally tended to the End point.
Because the shear box is in drained condition, and the pore pressure within the shear
zone was not monitored comectly, then the ESP after the failure peint did not fall down
along the failure line. Nevertheless, the shear resistance was monitored comectly, and

the apparent friction angle in this drained test situation was approximately 7.0 degrees.

From these results presented above, it is concluded that full liquefaction could be
initiated even in drained condition. As a possible reason, it could be interpreted as
follows: high containing of fines (greater than 40% in Figure 6.9) makes the

permeability very slow, and then enables the accumulation of pore pressure during



shearing. This might be the main reason why porc pressure was monitored
accompanying the faster changing in shear displacement and sample height in the
drained condition after dotted line B, as shown in Figure 6.10a, cven though this
monitored pore pressure could only present that above the shear zone (see the
measurement of pore pressure in Figure 3.2e). Meanwhile, grain crushing increases the
fines within the shear zone, while makes the quick generation of pore pressure possible,
and then decreases the permeability further more. For this reason, high pore pressure
was accurnulated quickly within the shear zone, and shear resistance decreased
consequently to a very small value within limited shear distance (0.7 m), and then
landslide soil mass could slip out of the source area rapidly, with little if any damage to
the grasses. It is worth to note here that although the permeability is small, the sample
height in the ring shear box is limited (the thickness above the shear zone was less than
5.5 cm at the peint of full liquefaction), the dissipation rate of pore pressure from the
shear zone must be quite faster than that in the field situation (where the depth is
approximately 2.5 m). Therefore, provided that soil mass within the shear zone on the
field being in drained condition, full liquefaction failure ¢ould be initiated and the
recovering of shear strength could be much slower than that in this drained ring shear

test situation.

With these test results, the small friction resistance phenomenon observed in the source
arca of fluidized landslide can be well explained. As confirmed by the field grain
crushing data, the soil within the sliding zone has high grain crushing susceptibility.
During the heavy rainfall, the soil layer was fully saturated. Along with the increasing
pore pressure induced by rainfall, shear resistance of the landslide mass reduced. Then
through a creep deformation at first, the complete failure of soil mass was followed. It
can be assured that high excess pore pressure is generated quickly after the failure, and
then quick reduction of shear resistance is resulted consequently. Loose structure and

high grain crushing susceptibility of the soil are the main reason for the accumulation of
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great excess pore pressure. And the fines (including the original fines and newly formed
fines due to gmin crushing) reduce the permeability of s0il and then retard the
dissipation of generated high pore pressure, and finally enable the high mobility with

long mn-out distance.

6.3.2 Examining the Motion of Failed Landslide Mass on the Rice Plants Based on
Ring Shear Test
As aforementioned, the maintaining of generated pore pressure is of great importance to
the motion of a fluidized landslide. It is made clear that high pore pressure was
generated and kept within the shear zone while the soil slipped out of the source area.
Because the failed landslide mass run into the paddy field immediately after it slipped
out of the slope and kept sliding on the rice plants, the shear between the soil and rice
plants seemed to be the most important controlling factor for this fluidized landslide.
Therefore, it is desirable to examine the shear behavior of soil mass shearing along the

rice plants, and the maintaining of pore pressure during motion.

The sample was prepared following the procedures illustrated in Figure 6.11. In the
lower part of the shear box, the soil taken from the paddy field was set with 5 clusters
rice plants vertically inserted in it. There were 15 pieces of wet rice plants in each
¢luster. Thereafter, the rice plants were brought down towards the direction opposite to
that of the shearing near the boundary between upper part and lower part of the shear
box. Then, the soil taken from the landslide mass (sample S2) was set on the rice plants.

After saturated, the sample was normally consolidated under a normal stress of 40 kPa.
In this test case, only a small Bp value of 0.55 was obtained, probably due to the air left
in the stems of rice plants. The shear box was then switched to undrained condition, and
thereafter speed-control ring shear test was performed. Shear speed was also set as 2
MYsec.
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Figure 6.12a shows the variation of the normal stress, pore pressure and shear
resistance in relation to the shear displacement, where logarithm abscissa of shear
displacement is used to have a good view of the initial shearing period. As the shear
begin, the shear resistance increases rapidly, and reaches its peak value (point “A") after
20-mm of shearing. Thereafter, the shear resistance reduces along with the shearing, and
reaches the steady state at the point of shear displacement being 800 mm. The pore
pressure showed an increasing tendency through the whdle shearing process, except for
a transient reduction. This transient reduction might be resulted from the air left in the
stem of rice plants; with increasing pore pressure, water could be extruded into the stem,
and then lead to the miss measurement of pore pressure, Nevertheless, from the
reduction tendency of shear resistance, it could be inferred that the corresponding pore

pressure within the shear zone should have no reduction,

Figure 6.12b shows the corresponding effective stress path (ESP) and total stress path
{TSP). A failure line of 36.5 degrees is drawn based on the upper boundary of the shear
resistance, Some effective stress points shift from the failure line (point "B"), probably
because of the miss-measurement of pore pressure. However, after sheared
approximately to 800 mm (point "C"), the sample reaches the steady state, where the
shear strength does not decrease further more, and the apparent friction angle obtained
from these stress paths is 8.0 degrees. This value shows a good consistency with that of
11.2 degrees for the actual landslide on the field.

Because the failed soil mass was just 2.5 m in thickness in the source area, and was
becoming thinner along with motion, it is necessary to have an examination on the
dissipation of generated pore pressure form the shear zone. Therefore, the dissipation
form the shear zone in ring shear test was examined by switching the shear box to
drained condition and observing the recover of shear resistance after the undrained test
on the soil mass and rice plants, while keeping the lower part of ring shear box rotating

at a speed of 0.1 mm/sec. Figure 6.13 illustrates the results, where the shear resistance
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is plotted against the elapsed time. As shown, after the shear box was tumed to drained
condition, in the first 30 seconds, there was almost no change in the shear resistance,
e.g., no dissipation of pore pressure form the shear zone; and after that the shear
resistance recovered very slowly with the elapsed time due to extremely slow
dissipation. This result shows good consistency with that obtained from the test on M30
shown in Figure 4.23, where the maintaining of generated pore pressure was interpreted
as the result of increasing fines. Here let us see the grdin size distribution of the soil
from the source area (Figure 6.9), it is not difficult to find that this sample from the
source area contains great amount of fines, especially clay content reached to
approximately 10%, and at the same time, grain crushing made the grain size finer after
a certain distance of shearing. These fines made the permeability extremely slow and
then enable the fluidized landslide to travel a long distance, by keeping the generated

high pore pressure within the shear zone for a long time.

Because the shear box of the ring shear apparatus is not transparent, whether the shear
was initiated between the rice plants and soil mass or not is questionable; to make it
clear, the shear surface between the rice plants and landslide mass after the drained test
was exposed by cutting it. Figure 6.14a shows a section of the sample, and two pins
indicate the border between rice plants and soil from the landslide mass, Figure 6.14b
shows a scratch on the bottom of landslide mass caused by the relative motion with rice
plants. It is obviously confirmed that the sliding occurred within the border between the
rice plants and landslide mass.

Although the undrained shear strength between rice plants and soil mass showed that
the apparent friction angle at steady state (8.0 degrees) is higher than that obtained from
the undrained tests on the soil only (where a full liquefaction was initiated), compared
with those obtained from the drained shear test (7.0 degrees) and field survey (11.2
degrees), it could be concluded that they showed good consistency with each other. The

test on rice plants and landslide mass indicated that, high fines content and high grain
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crushing susceptibility make the shear between the rice plants and landslide mass must
be in an undrained condition, or at least the dissipation rate is extremely small that the
generated high pore pressure could be kept within the shear zone, and then enable the
failed soil mass to have a large travel distance even in the horizontal paddy field.

6.4 SUMMARY

Based on the field survey and observation, a fluidized landslide was introduced and
examined. It was made clear that this landslide is a kind of sliding surface liquefaction
failure. On the basis of laboratory ring shear test results, the initiation and motion
mechanism of this fluidized landslide were examined. It was found that high grain
crushing susceptibility and high content of fine particles made the accumulation and
maintaining of high pore pressure possible, and then enabled the failed soil mass to slip
out from the source area with high mobility and travel a large distance on the horizontal
paddy field.
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Chapter 7

{ ONCLUSIONS

The initiation and motion of fluidized landslides are cornplicated processes. Different
test approaches were used to obtain information from various aspects. The findings
obtained from different test approaches were suitable only to the particular conditions of
the experiments. Nevertheless, a common result was found that fine-particles played an
important role for both the initiation and motion of fluidized landslides. Summarizing

the main results of the study:

1. From the ring-shear test results, it was found that in undrained condition, the
brittlensss index depended greatly on the initial stress state, ie., brittleness index
became greater with larger values of initial shear stress and normal stress; also, both
the peak and steady state shear strengths became smaller when the sands became
finer in grain size or greater in fine-particle content, given the same initial density and
stress state,

2. From the flume tests on sands with the same thickness but different initial densities, it
was observed that there was an optimal density for high pore pressure generation for
a given sand, at which both the comresponding run-out distance and peak velocity

were the greatest. A possible explanation is that below this density, pore pressure
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dissipation occurred more quickly due to higher permeability, while above this
density less pore pressure was generated because the sand was denser.

3. Observations on the motion of fluidized soil mass in flume tests revealed that sands
with greater fine-particle content could tolerate high-speed motion without
deceleration. Meanwhile, from double cylinder test resulis, it was found that sands
with greater fine-particle content had greater excess pore pressure when the rotating
speed was the same. Therefore, it could be concluded that fine-particles played an
important role for maintaining excess pore pressure during motion, i.e., fine-particles
floated more easily during motion and then increased the excess pore pressure.

4. From the observations of a pit dug in the deposition area of the Fukushima fluidized
landslide, it was found that a shear zone was formed on the bottom of this landslide
and fine-particles existed in this shear zone. From the results of ring-shear tests on the
volcanic deposits collected from the source area of this landslide, it was inferred that
grain crushing in the shear zone caused the generation of high excess pore pressure
initiating fluidization; meanwhile, the high content of fine particles in the original soil
and the newly formed fines by crushing reduced the permeability further and made
the dissipation of excess pore pressure from the shear zone more difficult. The
combination of these factors resulted in the fluidized landslide with high-speed and

long run-out distance.

It is worth noting that all these results were based on tests on sands, and the examination
of the findings to real fluidized landslides is limited. However, this study gives an

interpretation for the mechanism of initiation and motion of fluidized landslides.
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CaAPTIONS AND LIST OF SYMBOLS

1. CAPTIONS

Table 4.1a Summary of the ring shear tests data for 87 (Note: see that below Table
4.1c).

Table 4.1b Summary of the ring shear tests data for S8 (Note: see that below Table
4.1c).

Table 4.1c Summary of the ring shear tests data for M10, M20, and M30.
Table 5.1 Summary of the flume tests data

Figure 2.1 Description of critical void ratio concept introduced by Casagrande.
(a): vartation of void ratio along with shear siress for sands at loose and dense state
{after Casagrande, 1936);
(b}): critical void ratio line in void ratio-effective confining plane {after Casagrande,
1936);
(¢): Results of simple shear tests on 1 mm steel balls with a normal stress equal to

20 Ib/sq in, (after Roscoe and Schofield, 1958).
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Figure 2.2 Effective stress paths for undrained triaxial tests.
(SSL: Steady state line; ¢ ': Effective normal stress; r : shear stress.)

Figure 2.3 Stress path and illustration of mass liquefaction and sliding surface
liquefaction (After Sassa et al. 1996).

(a): mass liquefaction; (b): sliding surface liquefaction.
Figure 2.4 The steady state line (SSL) (after Soroush, 1996).
Figure 2.5 Collapse line (after Sladen et al., 1985).

Figure 2.6 Shear stress-axial strain curve in triaxial test.

( z . shear stress at failure; . residual shear strength: 7 : initial shear stress)

Figure 2.7 Shear stress-shear displacement curve in ring shear test.
( sz shear stress at failure; r - residual shear strength; ¢ initial shear stress; Ry

static liquefaction resistance; In: brittleness index)

Figure 2.8 Vames landslide movement scale and proposed landslide velocity scale
(after Turner and Schuster, 1996).

Figure 2.9 Velocity distribution for slide and flow.

Figure 2.10 Definition of apparent friction angle.
{(a): Definition of apparent friction angle for a landslide;

(b): Definition of apparent friction angle in ring shear test.
Figure 3.1 Grain size distribution curves for silica sand no. 7, no. 8 and loess.

Figure 3.2 Ring shear apparatus (DPRI-Ver.6).
(a): Photograph of ring shear apparatus DPRI-Ver.6;
(b): Control system of ring shear apparatus DPRI-Ver.6;

(c): Schematic diagram of ring shear apparatus DPRI-Ver.6;
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(d): Annular ring-shaped sample in ring shear box;

(¢): Close-up diagram of the edges and the pore pressure measurements.
Figure 3.3 Amrangement of flume test apparatus.

Figure 34 Amangement of apparatus to measure pore pressure in moving saturated
soils (after Sassa, 1988).

Figure 4.1 Ring shear iest on loose sand showing mass liguefaction phenomenon.
(Test: 886, Bp=0.99, Dy= 63.3%; SSP: Steady State Point.)
(a): Variation of pore pressure and shear resistance in relation to shear displacement;

(b): Effective stress path.

Figure 4.2 Ring shear test on dense sand showing sliding surface liquefaction
(Test: S8.7; Bp=0.99, D;=95.2%. ¢ = 196 kPa, PTP; Phase Transformation; SSP:
Steady State Point; F: Failure Point; E: Ending of the test).
(a): Variation of pore pressure and shear resistance in relation to shear displacement;

(b): Effective stress path.

Figure 4.3 Results of tests on S8 at different initial normal stresses.

(Tests: S8, 58,15, SB.17, 38..15; D = 03.3%; SSP: Stcady State Point).

Figure 4.4 Results of tests on samples at different initial shear stresses.
(Tests: S8:a1, S8:22, 8821, 88,25, Dr = 68,2%-69.4%; S5P: Steady State Point).
{a) Effective stress paths;

(b) Variation of shear resistance in relation to shear displacement.

Figure 4.5 Comparison of the results of tests on §7 and S8 in loose state.
(Tests: $8:6, S7c11, S7e1s; De = 63.3% for S8.4; Dy = 47.2% and 57.9 % for $7.; and
87:.1, respectively).

(a): Variation of shear resistances in relation to shear displacement;
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(b): Variation of pore pressures in relation to shear displacement;

(c): Effective stress paths.

Figure 4.6 Typical test results for dense S7 and S&.
(Tests: 88,7, 87,7, D= 88.3% for 87,7, D, = 95.2% for S8.7)
(a): Shear resistance versus shear displacement:
{b): Pore pressures versus shear displacement;

(c): Effective stress paths.

Figure 4,7 Comparison on the results of tests on loose M10, M20, and M30,
(Tests: M10.¢, M20.s, M30.5; D = 52.6%, 63.3%, and 67.5% for M10, M20, and
M30, respectively)
(a): Variation of shear resistance in relation to shear displacement;
(b): Variation of pore pressure in relation to shear displacement;

{c); Effective stress paths.

Figure 4.8 Comparison on the results of tests on dense M10, M20, and M30.
(Tests: M10.4, M20:4, M30y5; Dr = 70.4%, 79.4%, and 80.5% for M10, M20, and
M30, respectively; PT: Phase transformation)
{a): Variation of shear resistance in relation to shear displacement;
(b): Variation of pore pressure in relation to shear displacement;

(c): Effective stress paths.

Figure 4.9 Ring shear test on loose sand showing mass liquefaction phenomenon.
(Test S8rs and its complementary test; Bp=0.99, D,=63.3%, ¢ =196 kPa, SSP:
Steady State Point.).
(a): Variation of pore pressure and shear resistance in relation to shear displacement
for the host test;
(b): Variation of pore pressure and shear resistance in relation to shear displacement

for the complementary test;
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{c): Effective stress paths.

Figure 4.10 Shear deformation of vertically inserted slice of Toyoura sand after 3-cm

shear for the complementary test on Test S8 (showing mass liquefaction).

Figure 4.11 Ring shear test on dense sand showing sliding surface liquefaction

phenomenon.

(Test 88;7and its complementary test; Bp= 0.99, D, = 95.2% and 94.9% for the host

test and complementary test on dense S8, respectively; SSP: Steady State Point).

(a): Variation of pore pressure and shear resistance in relation to shear displacement
for the host test;

(b): Variation of pore pressure and shear resistance in relation to shear displacement
for the complementary test,

{¢): Effective stress paths.

Figure 4.12 Shear deformation of vertically inserted slice of Toyoura sand after 3-cm
shear in the complementary test showing sliding surface liquefaction for test S8,7
{Bp = 0.99; D, =94.9%).

Figure 4.13 Formation of shear zone in the test on loose S8 showing mass liquefaction

(Test S8;4; Bp = 0.99; D = 63.3%).

Figure 4.14 Grain-size distribution curves for the original sample and that taken from
the shear zone after test on loose S8 showing mass liquefaction.

{Test S8¢; Bp = 0.99; D, = 63.3%; shear displacement: 10 m).

Figure 4.15 Grain-size distribution curves for the original sample and that taken from
the shear zone after test on dense S8 showing sliding surface liquefaction,

(Test S8;2; Bp = 0.99; D = 95.2%:; shear displacement: 210 m).

Figure 4.16 Formation of shear zone in the test on dense S8 showing sliding surface
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liquefaction.
{Test S8,4; Bp = 0.99; D, = 95.2%; shear displacement: 210 m).

Figure 4.17 Results of tests on loose 87 at different initial normal stresses for two
different test series.
(a): Effective stress paths for the tests with Dy being approximately 47.2% (S7.10;
S7e11s 87c12; 8713);5
{b). Effective stress paths for the tests with I; being approximately 56.6% (57.14;
S7c1s; 87r165 87r17)-

Figure 4,18 Brittleness indexes at different initial stress states.
(a) Variation of brittleness index in relation to initial normal stress (S8.s, S8:.16, $8.17,
S8c18);
(b) Vanation of brittleness index in relation to initial shear stress (S8:4, 58:.15, S8.17,
S8..18).

Figure 4.19 Vanation of generated pore pressure in relation to relative density during
different undrained shear periods for S7 and S8.
(a): Generated pore pressure during Stage 1 due to the failure of meral stable soil
structure and orientation of grains;
(b): Generated pore pressure during Stage 2 due to the dilatancy of dense sand
accompanying the further shearing;
(¢): Generated pore pressure during Stage 3 due to grain crushing accompanying the

shear digplacement.

Figare 4.20 D, versus peak shear strength.
{(a) For the tests on 87 and S8:.
{b) For the tests on M10, M20, and M30.

Figure 4.21 Ring shear test data for S7 and S8 at steady state,
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(a): D, versus log( r); (b): I} versus log( #,").

Figure 4.22 Ring shear test data for M10, M20, and M30 at steady state.
{a): D; versus log( r 5); (b): Dr versus log( #,").

Figure 4.23 Recovering of shear resistance due to excess pore pressure dissipation from

the shear zone.

Figure 5.1 Time series of pore pressure and sliding distance for test S8 3.
(Sample: silica sand no. 8; Capacities of linear-displacement transducer and
laser-displacement sensor are 100 cm and 15 mm, respectively; the
displacements greater than the capacities were not determined.)

(a): Time series of pore pressure and sliding distance immediately before and
after the failure.
(b): An enlargement of Figure 5.1a during the very short period of failure.

Figure 5.2 Summarized failure modes.

Figure 5.3 Variation of shear displacement , sliding distance and sliding velocity for test
S8 1.8

Figure 5.4 Variation of sliding velocity in relation to sliding distance (S8 ).
$3: Beginning of Stage 3

Figure 5.5 Relationship between excess pore pressure and initial density index.

Figure 5.6 Variation of sliding velocity for samples with different initial density
indexes.
(a): for tests with initial densityindex Iy = 0.22 (S8;.5. S8p.6 5875 S8p.12)
(b): for tests with initial density index Iy = 0.22 (88, $8.2. S8;.5).

Figure 5.7 Variation of sliding velocity in relation to sliding distance for samples with
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different loess contents.

58: Silica sand no. 8; M10: Mixture of silica sand no. 8 with 10 percent loess
by weight; M20: Mixture of silica sand no. 8 with 20 percent loess by weight;
M30: Mixture of silica sand no. 8 with 30 percent loess by weight.

Figure 5.8 Variation of pore pressure in relation to rotating velocity for the test on
saturated S3.

Figure 5.9 Pore pressure during motion for test on saturated S8 in the form of floating

ratio and pore pressure ratio.

Figure 5,10 Results of double cylinder mixing tests on 57, 88, M10, M20, and M30.
(a): Variation of floating ratio against rotating velocity in the aceeleration process;
{b): Variation of floating ratio against rotating velocity in the deceleration process;
(c): Variation of pore pressure ratio against rotating velocity in the acceleration
process;
(d): Variation of pore pressure ratio against rotating velocity in the deceleration

process.
Figure 6.1 Location of the fluidized landslides.

Figure 6.2 The Hiegacsi landslide triggered by the August 1998 heavy rainfall
depositing in a paddy field in Hiegaesi of Otakura, Nishigo Village (photograph
courtesy of M. Chigira),

Figure 6.3 Plane sketch and Jongitudinal section of the landslide based on field survey
(81, 82 and 53; sampling points; P: observation pit).
(a): Sketch of plane shape;
(b): Central longitudinal section,

Figure 6.4 Source area of the Hiegaesi landslide {a yellow bond over the dacite wff is
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pumice layer).

Figure 6.5 Bamboo grasses in front of the source area brought down by landslide are
keeping alive,

Figure 6.6 A close-up photograph in the observation pit (S1, $2: sampling points).
Figure 6.7 Grain-size distribution of sample S1 and S2.

Figure 6.8 The undrained ring shear test results on soils (sample S3) taken from the

source area (Shear speed = 2 mm/sec, Bp =0.98, e = 1.93).
(a) Variation of normal stress, pore pressure and shear resistance with shear
displacement;
(b) Effective stress path (ESP) and Total stress path {TSP).
Figure 6.9 Grain-size distributions of sample S3 and that after sheared for 6.5 m in the

drained condition.

Figore 6.10 The drained nng shear test results on soils (sample S3) taken from the
source area (Loading rate = (.1 kPa/sec, Bp = 0.98, ¢ = 1.82).
(a) Variation of normal stress, shear resistance and sample height;
(b) Variation of shear displacement;
{c) Effective stress path,

Figure 6.11 Schematic diagrams of sample preparation of rice plants and the soil from
the landslide mass in ring shear box.
(a) A section in the central line of the shear box and the plane of it showing how to
set the soil from paddy field and rice plants in the lower halve of the shear box;
{b) A sectton in the central line of the shear box showing how to bring-down the rice
plants in the opposite direction to the shear direction at the shear surface, and set

the soil from the landslide mass on it.

Figure 6.12 The ring shear test results on rice plants and soil from landslide mass (shear



speed = 2 mm/sec, Bp = 0.55).
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(a) Variation of normal stress, pore pressure and shear resistance with shear

displacement;
{(b) Effective stress path (ESP) and Total stress path (TSP).

Figure 6.13 Recovering of shear resistance after shear box was switched to drained

condition for the test on rice plants and soil.

Figure 6.14 Lower part of the shear box after the drained ring shear test.

{a) Shear zone between rice plants and sliding soil mass. Pins show the border;

{b) Scratch on the bottom of the sliding soil mass caused by the relative motion with

rice plants in the drained condition.

2. LIST OF SYMBOLS
Bn: parameter of saturation in the direct shear state
Dig: effective grain size
Dso: Mean grain size
D : relative density
e: void ratio
Cmax: MAXiMuUmM void ratio
€min, Minirnum void ratio
Uc: uniformity coefficient
Ip : brittleness index
Ly: density index
L:m: optimal density index for excess pore pressure generation
o > normal stress
r r: undrained shear strength at failure (peak shear strength)

r o residual shear stzength
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r r. Shear resistance at steady state
a5 effective normal stress at steady state
¢ 1: initial normal stress
r i initial shear stress
Ry : static liquefaction resistance
tg: unit weight of dry sample
1y floating ratio
Iy: POTE PIESSure ratio
Iw: URit weight of water
Iy unit weight of saturated soil
U, static water pressure
um: observed peak value of pore pressure during failure of slope
u;: observed pore pressure before the failure of slope
¢ m: apparent friction angle of a landslide.

Au: generated excess pore pressure during major failure process of rainfall-induced
slope failure.

AS: mun-out distance of failed soil mass during the major failure process of
rainfall-induced slope failure.

Gs: specific gravity of sample

Vp: the peak velocity of moving fatled mass during the major failure.
$7: silica sand no. 7

S8: silica sand no. 8

M 10: mixture of silica sand with 10 percent loess by weight

M?20: mixture of silica sand with 20 percent loess by weight

M30: mixture of silica sand with 3¢ percent loess by weight



Table 4.1a Summary of the ring-shear tests data for S7 (Note: see that below Table 4.1c).

Dr ay T1 Tr T: 0’1 Uj Uz U3 RL q’m
Test | Sample | e % | kPa | kPa| kPa | kPa | kPa | kPa | kPa | kPa [ kPa s degree
STu 092 | 379 196 803 | 343 | 492 [ 1094 352 | 753 | 793 0.57 99
87 0.93 56.8 196 704 | 290 | 46.8 16 | 229 § 564 | 704 0.59 84
570 0.92 58.5 196 905 | 36.1 | 462 | 106 -48 912 | 905 0.60 104
Y 094 | 54.7 196 55.7 * * 123.7 | <189 | 379 | 557 * *
57s 0.93 5710 196 757 * * 131 | -30.0 }{ 494 | 75.7 ¥ *
ST 0.81 79.9 196 1846 | 585 | 87.7 | 66.1 | -1369 [ 179.1 | 1846 | 0.68 16.6
57,2 0.76 | 883 196 2200 | 650 | 903 | 27 | -1446 11933 2200 | 070 18.3
Ny 087 | 68.8 196 1684 | 465 | 773 | 86 | -1303 ;1743 | 1684 | 0.72 13.3
57 57 082 | 769 196 O | 1886 517 | 752 | 384 | -87.1 | 1695 1886 | 0.73 14.5
5710 0.98 47.2 147 368 | 116 | 190 + + % 36.8 0.68 4.5
§7.11 098 | 472 | 196 456 | 109 | 04 | + + + | 456 | 076 | 3.2
ST 0.98 47.2 245 659 | 138 | 2146 + + + 65.9 019 3.2
ST 0.98 47.6 294 577 | 10.6 | 203 + + + | 577 0.82 1.5
5744 093 36.6 147 432 | 238 | 363 | 932 -15 30 43.2 045 0.2
STus 0.93 56.6 196 556 | 246 | 38.1 | 1236 -185 | 52.1 556 0.56 1.2
87 093 | 566 | 245 872 | 26,1 | 397 | 147.1 | -25.2 | 883 | 872 0.70 6.1
ST 0.93 36.6 294 047 | 253 | 363 | 188.1 | -22.9 90 94.7 0.72 49




Table 4.1b Summary of the ring-shear tests data for S8 (Note: sce that below Table 4.1c¢).

D, oy | ti | ve | | @’ U, U, Us Re $m
Test | Sample | e % kPa | kPa | kPa | kPa | kPa {Pa kPa \Pa kPa Ia dccgrc
58,4 1.03 | 784 | 196 0 747 | 25.1 | 485 | 889 -1.9 672 | 747 | 066 | 7.3
582 1051 757 | 196 0 576 | 27.1 | 40.2 | 102.7 -4.5 576 | 643 [ 053 | 7.9
583 1.06 | 74.) [96 0 457 1239 | 354 | 1290 -6.0 40.1 457 [ 048 | 7.0
58,4 1.041{ 760 | 196 0 634 | 304 | 465 | 1035 | 47 547 | 634 | 052 | 8.8
585 092 912 | 196 0 7.7 | 60.6 | 823 | 80,7 | -117.1 {1523 | 171.7 | 065 | 172
S8, 1.15] 633 | 196 0 535 [ 152] 283 + + + 535 | 072 | 44
382 08%) 952 | 9§ 0 21021335 479 | 619 | -126.1 (2247 | 2102 | 0.84 | 9.7
S84 0997 826 | 96 0 1110 | 204 | 354 &5 476 1251 1110 | 082 1 59
S8.¢ 1.00 | 81.0 | t96 | 945 | 100.4 | 30.4 | 45.1 + + + 59 [070 ! 88
5810 107 | 727 196 | 1006 | 1057 | 24.7 | 41.3 + + + 5.1 01 | 72
S8, 1.10[ 684 | 196 | 264 | 615 |23.1| 336 | + + + 351 | 062 | 67
8B,z 1.09 | 69.9 | 196 | 599  73.1 [ 220 29.9 + + + 132 | 070 | 64
S2.;1 S8 |107| 723 | 196 | 733 | 859 |287| 378 | + + + 126 | 067 | 8.3
8814 116 | 61.5 | 196 | 568 | 843 [ 161 21.6 + + + 2715 | 081 | 47
S8.1s 091 | 925 | 196 0 1939 ¥ * + + + 193.9 * *
SB.14 115 633 | 294 | 0 | 715 | 159 298 | + + + |-71.5 | 078 | 3.1
$8,17 115 633 | 147 | 0 | 367 | 148 202 | + + + 367 | 060 | 57
S8.1s 115 633 | 245 0 614 | 157 | 277 + + + 614 | 075 | 36
58,19 1.08 | 71.7 196 | 1056 | 13068266 | 374 + + + 312 0.81 71
58,10 1.08| 717 | 196 | 865 [ 1056 * * + + + 19.1 " *
S8, 1.10] 69.0 | 196 | 346 | 683 | 21.3 | 289 + + + 337 1069 | 62
58,22 1.10| 69.1 | 196 | 71.8 | 859 | 19.7] 301 | + + + 141 | 077 | 57
$8,1; 10| 694 | 196 | 1094 [ 1173 222 283 | + + + 79 | 081 | 65
S804 105 753 | 196 | B03 | 1047 | 29.1 | 41.4 + + + 244 [ 072 | 84
S8eas 1.11 | 63.2 | 196 0 514 | 225] 339 + + + 514 | 0.56 | 6.5




Table 4.1¢ Summary of the ring-shear tests data for M10, M20, and M30.

Test | Sample | e D 71 T T te s’ U, U Us Ry Ig P
% kPa | kPa kPa kPa kPa kPa kPa kPa kPa degree

Mg, 1.13 48.5 147 301 4.6 11.7 + + + 30.1 0.85 1.8
MI1Q,» 1.13 48.5 08 192 4.9 1.9 + + + 19.2 0,74 29
MI1O, 5 1.10 52.1 196 48.0 193 ilo + + + 48.0 0.60 5.6
MI10, 4 MI10 0.96 704 126 0 112.3 31.7 56.3 35.1 -43.1 977 1123 | 0.66 109
M1O, s 1.07 56.3 294 70.4 237 34.1 + + + 70.4 0.66 4.6
M1, 1.1 52.6 [96 379 13.3 197 + + + 57.9 0.77 39
MI1O,; 1.02 62.7 194 748 * * + + + 748 * *
M20, 1.06 | 585 490 | 66 | 132 | + + + | 490 | 087 19
M20, - 097 70.1 358 9.5 4.0 + + + 558 (.33 2.8
M20, ; M20 (.94 730 196 0 613 11.3 6.0 116.7 -6.3 69.6 61.3 0.82 33
M20,, .89 7.4 104.6 14,7 13.3 101.6 | 359 112 1046 | 0.86 4.3
M2{, 5 1.02 63.3 51.8 12.4 20.6 + + + 51.8 0.76 3.6
M3, 0.89 80.5 562 6.5 38 “+ + + 56.2 0.88 1.2
M30, » 0.86 | 84.0 740 | 118 | 158 | + N + | 740 | 084 3.4
M3d, M30 088 824 166 0 61.6 a8 12.8 + + + Gl.6 0.86 25
M30,.. 0.08 69.8 52.3 4.2 19 + + + 52.3 0.92 1.2
M30, ¢ 100 | 67.5 500 | 28 | 49 . + + | s00 | 094 0.8

Note: The subscript r, such as in M0, means ring-shear test; 87, and S8: Silica sand no. 7 and no. 8, respectively; M10, M20, and
M30: Mixture of silica sand no. 8 with 10%, 20%, and 30% loess by weight, respectively; e: Initial void ratio; D;: Initial relative
density; o Initial normal stress; r;: Initial shear stress; r Undrained shear strength at failure; z,: Undrained residual shear
strength (usually undrained shear strength at steady state); o Effective normal stress at steady state; U;, U,, and Us: Initiated pore
pressure within Stage I, Stage 2, and Stage 3 (shown in Figure 4.2a) respectively, for those tests shown sliding surface liquefaction;
Ry: Static liquefaction resistance; Ig: Brittleness index; @,: Apparent friction angle; *: Failed to shear to steady state due to water
leakage in the final shear stage; +: Without re-hardening process that would result in minus pore pressure generation.



Table 5.1 Sumnmary of the flume tests data

Test Test | Sample | Gs | emn | €mn | © 14 Au: AS: | Vg
series kPa cm | cmfs
8§71 097 | 049 | 004 | L1 | 07
STz 101 ] 041 0.03 * ¥
STia .14 | 0.17 | 0.21 32 | 45
8714 122 001 | 072 | 83 | 145
87, I 57 263 (123|070 | 124 | -006 | 054 | 53 | 106
5714 135 | -0.23 | 0.23 * *
8713 141 | -034 | 032 | 55 | 7.6
S71a 149 | 049 | 017 | 82 | 95
57 150 | 051 | 018 | 23 | 7.3
S8y, 129 | 046 | 0.10 | 134 | 4.1
S$8p. 1.41 | 031 | 048 | 339 | 86
S8ga 146 | 025 | 053 * *
5854 146 | 025 | 062 * *
S8 148 | 022 | 101 | 812 | 368
S8ns 1.50 | 020 | 102 | 79.0 | 350
5805 I 38 263 (166085 .51 012 | 099 | 296 | 85
S804 158 | 0.10 | 064 | 456 | 298
S84 168 | -0.03 | 051 | 586 | 396
S8y .10 170 | -0.05 | 013 | 11.8 | 161
S8yt 1.71 | -0.06 | 033 | 24.0 | 31.1
S8,.00 1.77 | -0.14 | 020 | 393 | 181
Mg MI0 |[264 | 151|073 | 161 -013 | 055 | 907 | 59.3
M20g ; i1 M20 [ 265|152 073|150 001 | 054 | »100 | 68.2
M30g , M30 [266 1356|073 |1358 | -002 | 0.58 | =100 | 776

Vp: Peak value of velocity for each test; AS: Run-out distance during main failure; Au:
Generated excess pore pressure during main failure; *: Unable to measure distance,
because the “Ball” of the distance measurement system in Figure 5.3 did not properly
move with the soil.
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Figure 2.1 Description of critical void ratio concept introduced by Casagrande.
(a): variation of void ratio along with shear siress for sands at loose and dense state

(after Casagrande, 1936);
(b): critical void ratio line in void ratio-effective confining plane (after Casagrande,

1936).
{c): Results of simple shear tests on | mm steal balls with a normal stress equal to

20 lb/sq in. (after Roscoe and Schofield, 1958).
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Figure 2.2 Effective stress paths for undrained tnaxial tests.
{SSL: Steady state line; « " Effective normal stress; + : shear stress)



A. (Mass) Liquefaction

Shear stress

Shoar stress

Nomnal stress

Destruction of

| Ground water path soil structure

Potential of
volume changey

-
* -------- Y b e s =
- I
AR )
S P I TE 'Y . ! s

(medium) layer  Grain crushing
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liquefaction (After Sassa et al. 1996).
(a): mass liquefaction; (b): sliding surface liquefaction.
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Figure 2.8 Vames landslide movement scale and proposed landslide velocity scale
(after Turner and Schustar, 1996).
(a): Vames landslide movement scale;

(b): Proposed landslide velocity scale.
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Figure 2.10 Definition of apparent friction angle.
(a): Definition of apparent friction angle for a landslide (after Sassa, 1985);
(b): Definition of apparent friction angle in ring-shear est (after Sassa et al, 1998).
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Figure 3.2 Ring shear apparatus (DPRI-Ver.6).
(a): Photograph of ring shear apparatus DPRI-Ver.6,
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Figure 3.2 Ring shear apparatus (DPRI-Ver.6).
(b): Control system of ring shear apparatus DPRI-Ver.6;
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Figure 3.2 Ring shear apparatus (DPRI-Ver.6).
(c): Schematic diagram of ring shear apparatus DPRI-Ver.6;
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Figure 3.2 Ring shear apparatus {(OPRI-Ver.6).
{d}: Annular ring-shaped sample in ring shear box;
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Figure 3.2 Ring shear apparatus (DPRI-Ver.6).
(e): Close-up diagram of the edges and the pore pressure measurements.
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Figure 3. 3 Amrangement of experimental apparatus.
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soils (after Sassa, 1988},
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Figure 4.1 Ring shear test on loose sand showing mass liquefaction phenomenon.
(Test: S8.6; Bp=0.99, D;= 63.3%; SSP: Steady State Point.)
(a): Vaniation of pore pressure and shear resistance in relation to shear displacement;

(b): Effective stress path.
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Figure 4.2 Ring shear test on dense sand showing sliding surface liquefaction
(Test: S8, Bp=0.99, D;=95.2%, o = 196 kFa, PTP. Phase Transformation; SSP:
Steady Siate Point; F: Failure Point; E: Ending of the test).
{a): Vanation of pore pressure and shear resistance in relation to shear displacement;
(b): Effective stress path.
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Figure 4.3 Results of 1esis on S§ at different initial normat siresses.
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Figure 4.4 Results of t2sts on samples at different initial shear stresses.
(Tests: S8:a1. $8.22, S8.23, $8c3s5; D = 68.2%-69.4%; SSP: Steady State Point).
(a) Effective stress paths;
{b) Variation of shear resistance in relation to shear displacement.
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Figure 4.5 Cornpanison of the results of tasts on S7 and 58 in loose state.
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$7.1, respectively).
(a): Variation of shear resistances in relation to sheac displacement;
(b): Variation of pore pressures in relation to shear displacement;
(c): Effective stress paths.
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Figure 4.6 Typical test rasuits for dense 87 and S8.
(Tests: 883, S7¢7; De= 88.3% for S7cr;, Dr= 95.2% for S8.7)
(a): Shear resistance versus shear displacement:
(b): Pore pressures versus shear displacement;
(c) Effective stress paths,
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Figure 4.7 Comparison on the results of tests on loose M10, M20, and M30.
{Tests: M10:s, M20,5, M30:5; De = 52.6%, 63.3%, and 67.5% for M10, M20, and
M30, respectively)
(2): Variation of shear resistance in relation to shear displacement;
(b): Variation of pore pressure in relation to shear displacement;
(c): Effective stress paths.
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{a); Variation of shear resistance in relation 1o shear displacement;
{b): Variation of pore pressure in relation to shear displacement;
{c): Effective stress paths.
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Figure 4.9 Ring shear test on loose sand showing mass liquefaction phenomenon.

{Test S8 and its complementary test; Bp=0.99, D=63.3%, ¢ =196 kPa, SSP:

Steady State Point.).

(a). Varation of pore pressure and shear resistance in celaticn 1o shear displacement
for the host test;

(b): Vanation of pore pressure and shear resistance in retation io shear displacement
for the complementary test;

(¢): Effective stress paths.
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phenomencn.
(Test 58,7 and its complementary test; Bp= 0.99, D, = 95.2% and 94.9% for the host

test and complementary test on dense S8, respectively; SSP: Steady State Point).

(a): Variation of pore pressure and shear resistance in relation to shear displacement
for the host test;

(b}: Vanation of pore pressure and shear resistance in relation 1o shear displacement
for the complementary test,

(c): Effective stress paths.



Figure 4.10 Shear deformation of vertically inserted slice of Toyoura sand after 3-cm
shear for the complementary test on Test S8r.s (showing mass liquefaction).



Figure 4.12 Shear deformation of vertically inserted slice of Toyoura sand after 3-cm
shear in the complementary test showing sliding surface liquefaction for test S8;7
(Bp =0.99; D; = 94.9%).



Figure 4.13 Formation of shear zone in the test on loose S8 showing mass liquefaction
(Test 886, Bp = 0.99; D, = 63.3%).
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Figure 4.14 Grain-size distnbution curves for the original sample and that taken from
the shear zone after 2st on loose S8 showing mass liquefaction.
(Test 88,6 Bo = 0.99; D, = 63.3%; shear displacement: 10 m).
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Figure 4.13 Grain-size distnbution curves for the onginal sample and that taken from
the shear zone after test on dense S8 showing sliding surface liquefaction.
(Test S8c3; Bp = 0.99: D = 95.2%; shear displacement: 210 m).



Figure 4.16 Formation of shear zone in the test on dense S8 showing sliding surface

liquefaction.
(Test S8;7; Bp = 0.99; D, = 95.2%; shear displacement: 210 m).
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Figure 4.17 Results of tests on loose S7 at different initial normal stresses for two
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(a): Effective stress paths for the wests with D, being approximately 47.2% {S7.i0:
STens 871 73k
(b): Effective stress paths for the tests with D; being approximately 56.6% (S7.14;
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{a) Vanation of brittleness index in relation to initial normal stress (S8s, S8.1s, S8r.17,
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Figure 4,19 Variation of generated pore pressure in relation to relative density during
different undrained shear periods for $7 and S8.
(a): Generated pore pressure duning Stage 1 due to the failure of metal stable soil
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Figure 4.23 Recovering of shear resistance due to excess pore pressure dissipation from
the shear zone.
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(Sample: silica sand no. B; Capacities of linear-displacement transducer and

laser-displacement sensor are

100 cm and 15 mm, respectively; the

displacements greater than the capacities were not determined.)
(a): Time series of pore pressure and sliding distance immediately before and

after the failure.

(b): An enlargement of Figure 5.1a during the very short period of failure.
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Figure 5.2 Summarized failure modes.
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Figure 5.3 Variation of sliding distance and sliding velocity for test 385 s.
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Figure 5.4 Variation of sliding velocity in relation to sliding distance (S8 5).

S3: Beginming of Stage 3; AS: Rapid run-out distance.,
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Figure 5.6 Variation of sliding velocity for samples with different initial density
indexes.
(a): for tests with initial density index Iy = 0.22 (58,5, 5846, 58;4. S84.12);
(b): for tests with initial density index Iy = 0.22 {88, 582, S85.5).
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Figure 5.7 Variaticn of sliding velocity in relation to sliding distance for samples with
different loess contents.
S8; Silica sand no. 8; M10: Mixture of silica sand no. 8 with 10 percent loess
by weight; M20: Mixture of silica sand no. § with 20 percent loess by weight;
M30: Mixture of silica sand no. § with 30 percent loess by weight.
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Figure 5.8 Variation of pore pressure in relation 0 rotating velocity for the test on
saturated S8.
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Figure 5.10 Resulis of double cylinder mixing tests on 57, 88, M1G, M20, and M30.
(a): Variation of floating ratio against rotating velocity in the acceleration process;

{b); Variation of [loating ratio against rotating velocity in the deceleralion process;
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Figure 5.10 Resolts of double cylinder mixing Lests on 87, S8, M0, M20, and M30.

(c): Variation of pore pressure ratio against rotating vclocity in the acceleration
process;

(d): Variation of pore pressure ralio against volating velocily in the deceleralion
process.
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Figure 6.1 Location of the fluidized landslides,




Figure 6.2 The Hiegaesi landslide triggered by the August 1998 heavy rainfall
depositing in a paddy field in Hiegaesi of Otakura, Nishigo Village (photograph
courtesy of M. Chigira).
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Figure 6.3 Plane sketch and longitudinal section of the landslide based on field survey
(S1, 52 and S3: sampling points; P: observation pit).
(a): Sketch of plane shape;
(b): Central longitudinal section,



Figure 6.4 Source area of the Hiegaesi landslide (a yellow bond over the dacite wuff is

pumice layer).



Figure 6.5 Bamboo grasses in front of the source area brought down by landslide are
keeping alive.



Figure 6.6 A closc-up photograph in the observation pit (S1, S2: sampling points).
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Figure 6.7 Grain-size distribution of sample S| and S2.
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Figure 6.8 The undrained ring-shear tesi results on soils {(sample $3) taken from the
source area (Shear speed = 2 mm/sec, Bp = 0.98, ¢ = 1.93).
(a) Vamation of normal stress, pore pressure and shear resistance with shear
displacement;
(b} Effective stress path (ESP) and Total stress path (TSP).
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Figure 6.10 Results of drained ring-shear test on soil (sample $3) taken from the source area.
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(¢} Effective stress path.
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Figure 6.11 Schematic diagrams of sample preparation of rice plants and the seil from
the landslide mass in ring-shear box.

(a): Schematic illustration of setting rice plants into the sample in nng-shear box;
{b); A schematic illustration of the motion of landslide mass on rice plant in

ring-shear box,
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Figure 6.12 The ring-shear test results on rice plants and soil from landslide mass
(shear speed = 2 mmv'sec, Bp = 0.33).
(a) Variation of normal stréss, pore pressure and shear resistance with shear

displacement;
(b) Effectiva stress path (ESP) and Total stress path (TSP).
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Figure 6.13 Recovering of shear resistance when shear box was turmed
into drained condition for the test on rice plants and soil.
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(b)

Figure 6.14 Lower part of the shear box after the drained ring-shear test.
(a): Shear zone between rice plants and sliding soil mass. Pins show the border;
(b): Scratch on the bottom of the sliding soil mass caused by the relative motion

with rice plants in the drained condition.
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