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Synopsis

Undrained monotonic stress-controlled ring shear tests were conducted on silica
sand to study the shear deformation process of granular materials. Four stages of
deformation have been selected for this study namely the state between phase
transformation and failure point, during the acceleration after failure, the moment the
steady state appeared, and at the steady state shearing after shear displacement reached
10 m, which represent the beginning to the residual states of deformation processes
respectively. Investigating the ‘undisturbed’ sample which collected by using a new shear
zone sampler, revealed that the thickness of developed shear zone tends to increase with
the progress of those stages and the shear zone could be divided into three parts i.e. the
core, the adjacent zone above the core and the adjacent zone below the core respectively.
At a particular final state, the shear zone has a tendency to become separated into parts of
coarse and fine particles (by segregation process during steady state shearing) and finally
the parallel orientation structure of the grains which correspond to the ‘flow structure’
was developed. This evidence is consistent with Casagrande earlier observations of flow
structure. This structure is responsible to the residual behaviour of granular material.
Therefore, under undrained stress-controlled test by using ring shear apparatus, the
deformation process of granular material is predominantly by grain reorientation and
rearrangement. If the grain crushing exist, the fine particles will be accumulated at the
lower part of shear zone at residual state. Those results are very important for
understanding the mechanism of rapid long runout landslides, and progressive failure on
granular materials as well.
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1. Introduction

This research is concerned with the perceptive
of granular materials behaviour in undrained
monotonic test under stress control by using ring
shear apparatus.

The deformation process on granular material is
very important topic for landslide research
particularly for rapid long runout type study. By
knowing the evolution of the deformation processes,
the mechanism of such failure could be understand,
thus the prediction and mitigation to this kind of
hazard for minimizing the degree of destroying and
casualties could be done properly.

The stipulate of this study is based on the
previous extensive research on rapid long runout
landslide by means of ring shear apparatus (Sassa,
2000). Based on detail field investigation on some
landslides occurred in Japan and supported by
laboratory experiments by using ring shear, Sassa
(1996) proposed the sliding surface liquefaction
concept. This concept explained about the
phenomenon of localized liquefaction on saturated
dense sandy soil along the shear zone affected by
grain crushing and pore pressure generation. Then
he suggested that grain crushing that corresponds to
the pore water pressure generation are responsible
for very low apparent friction angle of granular
material after failure. In consideration into account



to that concept, therefore the study of shear zone
development process is crucial for landslides
research particularly to the rapid long runout type.

As reported by Castro (1969) that in his lecture
Casagrande proposed a flow structure concept. He
assumed that during liquefaction slide the relative
position of the grains is constantly changing in
manner which maintains a minimum resistance.
Poulos (1981) based on a critical void ratio concept,
proposed the steady state of deformation is that state
in which the mass is continuously deforming at
constant volume, constant normal effective stress,
constant shear stress, and constant velocity.

In particular shear zone study, the researcher
investigate the shear zone development process on
granular material by using ring shear apparatus
under speed control test (Mandl et al., 1977,
Fukuoka, 1991) and almost all available references
was considered to the drained condition by means
of ring shear test (Bishop et al., 1971; Lupini et al.,
1981; Wang F.W., 1998) or dry samples (Mandl et
al., 1977; Fukuoka, 1991).

Mandl et al. (1977) reported the detail
investigation of shear zone development process on
granular material. In his research, the series of tests
on various materials including sands, glass spheres,
pyrex glass, and sugar were conducted by using ring
shear apparatus under speed control (very slow with
displacement rates between 2 and 5 mm/min) to
investigate the structure development process in
accordance to the geologic process (mechanics of
tectonic faulting). No information about pore water
pressure generation process is available in his paper.

Wang, G., and Sassa (2002) by using an
intelligent ring shear apparatus (DPRI Ver.6) which
allow for complete undrained test condition,
reported the developed shear zone under undrained
test at very large of shear displacement. The shear
zone then was investigated by drainage method i.e.
the water content of the specimen after test was
drained through the lower part of the shear box by
forcing the air through the upper drainage hose and
draining water from the lower drainage valve of
ring shear. Unfortunately he did not explain about
the developed structure within the shear zone.

Wang, F.W., 1998 investigate the grain crushing
existence by means of ring shear apparatus in
relation to the excess pore water pressure generation
for rapid landslide movement study. In his study he
analyzed the relationship between grain crushing
possibility of sand under dry test to the pore
pressure generation in a saturated condition of
undrained test on sandy materials, and also no
information about the possibility of structural
development within the shear zone.

In fact the references on undrained shear
deformation processes which focused on the
progression of shear zone development process on

granular material by taking into consideration to its
mobility (acceleration) after failure to the residual
state is quit limited. More over, the structural
development processes within the shear zone and
the process responsible for developing shear zone
on granular material are not yet understood. Indeed,
these processes are very important to be known for
understanding the mobility of flows and also for
studying the progressive failure on granular material.
Therefore by a new approached this study will try to
investigate such processes.

2. Ring shear apparatus

The fifth version (DPRI Ver.5) in a family of
ring shear apparatuses was employed in this study.
This apparatus was developed by Disaster
Prevention Research Institute, Kyoto University, in
1996 (Sassa, 1997) which considered to be an
intelligent, improved type as both of the satisfying
criteria of the simplicity of construction and
operation.

The advantages of the ring shear apparatus
compared to the other devices for conducting the
experiments in soil mechanics laboratory is that the
ring shear apparatus could be used for carrying out
the experiment on disturbed sample which allow to
be sheared to very long and almost un-limited of
shear displacement such as for investigating the
residual behaviour as many researchers interested in
(Bishop, 1971; Tika et al., 1996; Lupini et al., 1981,
Wang and Sassa 2002). Other researchers
investigating the strain-rate effect by means of ring
shear test whether the speed of rotation (mobility)
will influence the friction angle of the specimen or
will not affect (Hungr and Morgenstern, 1984;
Bridgwater, 1972; Sassa, 1986; Fukuoka, 1991).

The great value for this apparatus is the facility
of complete undrained testing to investigate pore
pressure generation before and after failure or
collapse of soils (Sassa, et al., 2003). Therefore, this
apparatus is the most applicable tool to reproduce
the stress condition along the shear surface of the
landslide in situ with very long shear displacement,
then extended laboratory tests by means of ring
shear test apparatus have been performed (Sassa et
al., 1984, Fukuoka, 1991, and Sassa, 2000).

2.1 Structure

The sketch of the DPRI Ver.5 ring shear is
shown in Fig. 1. The soil sample is set in the
donut-like (circular) shear box (upper and lower
boxes in Fig. 1) made of stainless at around the
middle of this apparatus. The outer diameter of
shear box is 18.0 cm and the inner diameter is 12.0
cm, thus the area of shear surface is approximately
141.4 cm. The specimens will be sheared with the
lower half of the shear box rotated by servomotors
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Fig. 1 Sketch of the ring shear apparatus
(DPRI Ver.5) employed in this study. This
apparatus was developed in 1996 by Sassa
and colleagues (Disaster Prevention Research
Institute, Kyoto University). a) Ring shear
apparatus with all measurement devices. b)
Donut likes of the sample within the ring
shear boxes and the transducers for shear
resistance at the left and right arms of the
upper outer ring box.

(rotatable part on Fig. 1) on the one hand, while the
upper half of shear box retained by two resistance
transducers, for measuring shear resistance. Both of
speed-controlled test and stress-controlled test are
possible. Rubber edge is bonded on the upper
surface of lower half of shear box in order to
prevent the leakage of water and specimen in the
process of consolidation and shearing. Detail
information about the structure of this apparatus is
provided in Sassa (2000), and Okada (2002).

3. Shear zone sampler

In order to collect an ‘undisturbed’ sample from
the specimen after the test, a new shear zone
sampler was used. This additional tool has a total
dimension of 10 cm, 9 cm and 2.2 ¢cm for the length,
wide, and thickness respectively. It made of a thin
metallic aluminum of 0.03 c¢cm of the thickness,
which gives a good flexibility, easy to be formed
and also to minimize the degree of disturbances of
the collected sample as required for structural
investigation. It also preferable material for keeping
the water content of the specimen during sampling
procedures.

b. Back face

INNER

OUTER

d. Top viewing

c. Permissible to be
separated

Fig. 2 The over view and dimension of a new
shear zone sampler for DPRI Ver.5

This shear zone sampler is permissible to be
separated into 2 parts, the outer and inner part, in
which have diameters of 17.6 cm and 12.4 cm
respectively. The inner part has a folding flat at the
both sides to hold up the outer part when they have
to be combined before used (see Fig. 2 and Fig. 3.c).
In order not to destroy the ring shear apparatus i.e.
rubber edge, the outer and inner parts of this tool
was made to have a 0.4 cm distances from each
edge of the outer and inner ring of the ring shear
apparatus respectively as shown in Fig. 3.b.

4. Sample characteristics

For this study the Silica Sand No.8 is selected
as the sample. Silica sand is an artificial sand which
made by grinding of silica sandstone with the main
purpose for construction’s materials. It comprises of
angular and sub-angular quartz and feldspar in
which quartz predominant by about 80%. The
particles ranged from fine sand to silt with a
specific gravity of approximately 2.65. The
maximum and minimum dry densities were found
to be approximately 1.494 g/cm® and 1.053 g/cm’,
respectively. The grain distribution is presented in
Fig. 4 which gives the mean diameter (D50) of
approximately about 0.041 mm.

S. Procedure and employed method

Oven dried sand was filled into the ring shear
box by dry deposition method following Ishihara
1989. To makes dense specimen the additional
tamping method was used. Next, Co2 gas was
supplied to force out the air for about an hour and
then de-aired water were percolated slowly for
fifteen hours to make the specimens completely
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Fig. 3 Sample collecting procedure by a new
shear zone sampler for DPRI Ver.5. a) the sketch
to show the position of shear zone sampler in use
after the upper outer ring was lifted up. b) Top
viewing of half sliced of ring shear box for
emphasizing the placement of shear zone
sampler. c¢) the sketch of the situation after the
sample was oven dried for 12 hours. After
cooling, the inner part of the shear zone sampler
was pulling out to show the developed shear
zone. The marked line pointed by an arrow of
‘Gap’ in the Fig.. represents the location of the
gap between the upper and lower boxes of ring
shear
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Fig. 4 Grain size distribution curve for Silica
Sand No.8.

saturated. When the specimens were consolidated at
50 kPa of normal stress, the pore pressure parameter
(Bp) was measured for checking the degree of
saturation.

Au
B,=—
Ao
where Au is increment of pore pressure and Ac is
the increment of normal stress.

When the obtained Bp value is larger than 0.95
is considered as a completely saturated (Sassa,
1985) and then tests were ready to be conducted.
Next, the specimens were consolidated at the initial
normal stress of 180 kPa. All ring shear tests were
conducted under monotonic stress-controlled
condition; shear stress was increased at the loading
speed of 0.098 kPa/sec and stopped at a predefined
state condition based on the progression of
deformation process. The situations for test A to F
are shown in Fig. 5 and the list of the experiments
was provided in table 1.

Since an investigation of the shear zone
generation processes is the main purpose of this
study, therefore four stages of deformation of the
granular material under undrained monotonic
stress-controlled have been selected.

The first state is that between the phase
transformation and failure point. In this state one
experiments were conducted (points A in the Fig. 5)
with relative density of the specimen of 77.6%.

The second state, the experiments were stopped
at a particular value of acceleration after the
specimens has failed. Within this state three
experiments were performed and stopped when the
shearing speed has reached of 5 mm/sec, 16 mm/sec,
and 30 mm/sec respectively. In this state each
specimen has a relative density of 75.6%, 72.8%,
and 73.9% respectively.

The third state is that at the steady state
shearing. In this state one test was conducted with
relative density of 73.9%.

For the final state, the experiment was stopped
when the specimen has been sheared for about 10 m
of shear displacement. In this state one test was
conducted with the relative density of 78.1%.

After finishing each test, the shear zone sampler
was immediately used to collect the sample of the
employed specimen within the shear box just after
the loading plate of the ring shear apparatus was
lifted up. The collected sample then must be directly
brought into the oven and let it stay for at least 12
hours in order to remove all pore water. The
investigation of shear zone then performed by using
a soft paint brush as a tool to clean the surface of
the collected sample. The sample collecting
procedure is shown in Fig. 3.



Table 1 Summary of ring shear tests on Silica Sand No.8

TEST | Relative fe“Sity’ disp?zflce;?;ent, The predefined stage
No. Dr-% DL, mm

A 77.6 55 After passing the phase transformation before failure point.
B 75.6 32 At acceleration stage when shear speed reached 5 mm/sec
C 72.4 199 At acceleration stage when shear speed reached 16 mm/sec
D 73.9 527 At acceleration stage when shear speed reached 30 mm/sec
E 73.9 1,338 In the beginning of Steady state shearing
F 78.1 10,000 At steady state shearing and large shear displacement (10 m)

After finishing the structural investigation
within the shear zone, then the sample was
separated into three parts i.e. the compacted oven
dried (core), the adjacent zone above the core
(upper) and the adjacent zone below the core
(lower) parts of the collected sample, respectively
(Fig. 6) in order to analyze the grains distribution of
each part by hydrometer method following the
standard laboratory procedure of ASTM-D421-58
(Bowels, 1978). Through out this paper to make
convenience and easy to be understandable three
abbreviation terms namely ‘Core’ for the compacted
part of the collected sample; ‘Upper’ means the
adjacent zone above the core; and ‘Lower’ which
represent the adjacent zone below the core are used.

6. Experimental results

6.1 Shear zone

Another advantage of the new shear zone
sampler is the capability to ‘extract’ the shear zone
within the specimen after test in relative
undisturbed condition. After pulling out the inner
part of the shear zone sampler carefully, the
investigation of the developed shear zone and its
possibility of the structural growth could be
performed by using soft paintbrush for cleaning the
sample’s surface then finally the photos were taken
by a digital camera. By this method the shear zone
that developed inside the collected sample is clearly
exposed even in oven dried condition. More over,
the collected sample could be divided into three
parts i.e. the core representing the compacted (dried
oven) part; the upper and lower parts of sample
respectively (see Fig. 6).

6.2 Structural investigation:

The structural investigation discussed in this
paper is the structure which might be developed
inside the core of oven dried sample during
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Fig. 5 Series of stress-controlled undrained
monotonic tests by using ring shear apparatus
under 180 kPa of initial confining pressure and
0.0981 kPa/sec of stress increment, for studying
the shear zone development process on granular
material. Point A—F represents the selected
deformation states. a) Effective Stress Path of
test F with additional end points of other tests,
b) Variation of normal stress, pore pressure,
shear resistance, and shear speed in relation to
the shear displacement for test F (BD = 0.96, Dr
= 78.1%) with additional end points of other
tests ( @ points represents the shear resistances
represents the pore pressures).

and % points
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Fig. 6 The sample collected by a new shear
zone sampler after oven drying for 12 hours.
When the inner part of shear zone sampler
was pulling out and the sample’s surface was
cleaned up by the soft paint brush, the
compacted core of shear zone could be
identified clearly. The marked line pointed by
an arrow of ‘Gap’ in the Fig.. represents the
location of the gap between the upper and
lower boxes of ring shear

deformation process. This method was selected due
to the condition of the granular material itself (as a
cohesionless material), means though it was
predominantly by very small fraction (<0.1 mm
more than 92%), but it was very difficult to collect
undrained sample just as is (in wet or saturated
condition) after the test without disturbing its
structure. On the other hand, if the water inside the
specimen be drained before collecting the sample,
the developed structure inside the shear zone might
also be disturbed. To avoid these difficulties
therefore the oven dried sample was selected by the
assumption that no structural changed when it was
being dried by oven. The changing appeared by this
method is only the pore water within the void of the
collected sample whilts the heating effect could be
neglected.

This method was employed for six experiments
which represent four stages of deformation process
on granular material (Silica Sand No.8). The shear
zone development process which focused on the
structural growth inside it will be explained below:

6.2.1The first stage, between the phase
transformation and failure point (point A in
Fig. 5)

The deformed part inside the sample could not
be identified by the present method; it means that
the shear zone was not generated yet in the visible
state (Fig. 7.a). The inter-granular relationship

’//c__oncavs
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Fig. 7 Transversal cross section of the
collected sample after oven dried and then
sliced vertically to identify the developed
shear zone. a) at acceleration stage after
failure in which the shear speed was
generated 16 mm/sec correspond to 5.5 mm of
shear displacement. b) at the final stage i.e.
after shearing for about 10 m of shear
displacement. Left: the photos taken directly
to the collected sample; Right: the sketch of
the compacted core of shear zone and the
generated structure.

within this state is predominantly by rearrangement
and reorientation process such as grains overriding
(dilatancy) as a response to the stress increment
acting along the predetermined failure plane (gap
between ring boxes). Within this state the grain
crushing effect at the contact faces (edges) is
possibly to occur but macroscopically, this evidence
can not be identified by the employed eye
observation. Pore pressure generation in this state
tends to decrease after passing the phase
transformation point. Further, the investigation of
structural growth inside the collected sample in this
state revealed that no indication of compacted zone
developed within the specimen and also no
evidence of the accumulation of fine particles along
the predetermined failure plane (marked on the
shear zone sampler as shown in Fig. 6).

6.2.2The second stage, during the acceleration
after failure (point B, C and D in Fig. 5)

In general, within this state the fact that the
upper surface of the compacted core within shear
zone tend to provide the concave form as shown in
Fig. 7.a according to the predetermined failure
plane (gap between the ring boxes) and the
thickness of the core has a tendency to increase
which correspond to the generated shear speed and
the distance of shear displacement. The failure
surface was well developed particularly at the
beginning of this state and was apparently
recognized within the core.
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a. The collected sample when the experiment
was stopped between the phase transformation
and failure point (point A in Fig.. 5). No
evidence of developed shear zone. The dashed
line pointed by an arrow of ‘Gap’ in the Fig..
represents the location of the gap between the
upper and lower boxes of ring shear.

b. Asymmetrical shear zone was developed
along the failure plane at acceleration state after
failure in which the shear speed was generated 5
mm/sec and the shear displacement reached 5.5
mm (point B in Fig.. 5)

d. The tendency to become parallel orientation
structure of the grains within the compacted
core of shear zone at accelerating state when
shear speed was generated 30 mm/sec and the
shear displacement reached 199 mm (point D

in Fig.. 5)

Parallel orientation

e. Relatively smooth surface with parallel
orientation  structure developed inside the
compacted core of shear zone at the steady state in
which the continuous shearing speed of 54 mm/sec
was reached and the shear displacement reached
1,338 mm (point E in Fig.. 5)

c. Fold structures within the compacted core of
shear zone could be identified clearly at the
acceleration state of deformation after failure in
which the shear speed was generated 16 mm/sec
and the shear displacement reached 32 mm
(point C in Fig.. 5)

-- -J!- i

f. Smooth surface of the compacted core of the
shear zone at the final state when the specimen
was sheared for 10,000 mm of shear
displacement (point F in Fig.. 5)

Fig. 8 Evidence of the developed structure inside the compacted core of shear zone for each deformation
state (point A—F in Fig. 5). Left: the photos which taken directly to the collected sample (the transversal
cross section of a & b, and the longitudinal cross section of c—f of the collected samples); Right: the
sketch of the compacted core of shear zone and the generated structure inside it

Point (B) in Fig. 5 (shear speed = 5 mm/sec)

At this state, the structure growth inside the
shear zone was developed unevenly of about + 1~3
mm (Fig. 8.b). Some parts of it show undulating and
tend to grow in asymmetrical according to the

predetermined failure plane (the gap between the
ring boxes which marked on the shear zone
sampler). This phenomenon probably because of the

pore pressure within the specimen was suddenly
generated partially when the specimen just failed.
By another word, when the failure just occurred (the



mobility has begun) the strength of the specimen
particularly along the potential failure surface was
developed heterogeneously.

Point (C) in Fig. 5 (shear speed = 16 mm/sec)

The core of shear zone of about 4~6 mm thick
along the predetermined failure surface was
developed. Inside this core, the growth of fold
structure was clearly recognized (Fig. 8.c). Usually,
the fold structure could be grown well on cohesive
sample (ductile material) such as clay (Morgenstern
and Tchalenko, 1967) or cemented material (Mandl
et al., 1971). The evidence obtained by the present
method probably because the specimen used in this
study is mainly consists of fine particles (silty) with
good uniformity coefficient (2.4) according to the
grain size distribution analysis. Additionally, it was
probably due to the gradual increasing of pore
pressure generation without abrupt change in this
test (see also Fig. 5.b. point D) which makes the
discontinuity of the shear surface during
deformation processes.

Point (D) in Fig. 5 (shear peed = 30 mm/sec)

At this state, the core of shear zone was created
of about 6~8 mm thick (Fig. 8.d). Beside the fold
structure growth inside the core, it shows the

tendency of parallel orientation along the shear zone.

The grain parallel orientation is common structure
which developed on granular material (glass beads)
under dry condition (Fukuoka, 1991) or undrained
condition (Okada, 2001) by means of ring shear
tests. The tendency of the grains to grow in parallel
orientation obtained by the current method
reflecting the response of granular material under
undrained shearing at a certain value of shear speed
by using ring shear apparatus.

6.2.3The third stage, the moment the steady state
appeared (point E in Fig. 5)

The thickness of the developed shear zone was
about 8~10 mm thick (Fig. 8.e). Within this zone,
the clear grain orientation was revealed but no fold
structure inside the core could be identified.
Relatively smooth surface of ‘dried oven’ core was
exposed. This condition reflects the continuity of
failure surface might be already developed by
which the continuous shear speed of the lower box
of ring shear has been reached. Means that the
dense specimen selected in this study was already
separated into two parts i.e. the relative movement
part (lower), and the relative static part (upper)
which separated by developed shear zone as the
boundary between those parts.

6.2.4The final stage, at the shear displacement of
10,000 mm (point F in Fig. 5)

This state represents the residual state of

deformation process on granular material. The
thickness of the compacted core was about 10~12
mm (Fig. 8.f). Parallel orientation is clearly
developed with very smooth surface of upper
‘dried-oven’ core inside the shear zone. The fact
that was obtained in this state when the sample was
sliced vertically, the shear zone tends to developed
in oval form with the concave smooth on the upper
surface as shown in Fig. 7.b.

According to the facts obtained by this method,
therefore the conclusion could be addressed. The
development process of shear zone on granular
materials is begun after failure and the thickness of
shear zone tends to increase by deformation process
(mobility). This process was influenced by grain
crushing which correspond to the pore pressure
generation during movement. From the beginning
of shear zone development process to the condition
in which the mobility of the specimen was
generated of about 30 mm/sec the growth of uneven
structure as well as fold structure (discontinuity of
failure surface) could be obtained. On the other
hand, at the steady state the structure was changed
to parallel orientation until the end of deformation
process (residual state). The degree of compaction
of the core within the shear zone is also tends to
increase with increasing the shear displacement

7. Grain size analysis

For more detail investigation to the shear zone
development process, it should be supported by
grain size analysis on the samples. Based on the
ASTM DA421-58 of standard laboratory test, three
parts of each collected sample i.e. the compacted
‘oven dried’ (core), the adjacent zone above the core
(upper), and the adjacent zone below the core
(lower) parts respectively as discussed in the
previous section, the grain size analysis were
carried out. There is an exception for the sample
which collected before failure (after passing the
phase transformation point). As mentioned before,
in this state no evidence of shear zone development
process, thus the sample was divided into only two
parts i.e. the adjacent zone above the ‘dashed line
marked on the shear zone sampler (upper) and the
adjacent zone below the ‘dashed line marked on the
shear zone sampler (lower) parts (see Fig. 6).

Four samples representing the shear
deformation process have been selected for this
analysis that is one sample representing the state
between the phase transformation and the failure
point, one sample representing the acceleration
shearing state after failure, one sample representing
the steady state shearing and one sample
representing the residual state that shown at the
point A, C, E and F in Fig. 5 respectively, and the
results will be discussed below:
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Fig. 9 Grain distributions at accelerating
stage after failure (Fig.. 8.c) for each part of
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Fig. 10 Grain distributions at final stage of
deformation process in which the sample was
sheared up to 10 m of shear displacement
(Fig.. 8.1) of each part of developed shear zone
i.e. the adjacent zone above the core (upper),
compacted core, and the adjacent zone below
the core (lower) parts respectively.

The first stage, between the phase
transformation and failure point (point A in
Fig. 5)

In this state the grain distribution of the upper
and lower parts are almost the same as grain
distribution of the original Silica Sand No.8. The
little different obtained in this state is probably
because of the edge crushing when the specimen
dilating as expressed by decreasing of pore pressure
after passing the phase transformation or probably
because of grain crushing affected by sample
preparation (tamping method was used for making
dense specimen) as mentioned before.

7.2 The second stage, acceleration state after
failure point (point C in Fig. 5)

The shifting of grain distributions in particular
at the end of the analysis for all parts (the upper,
core, and lower) compared to the original Silica
Sand No.8, are evidence. For the compacted core,
the shifting of grain distribution is higher than the
others. This condition reflecting more fine particles
content in this part compared to the others. The
most possible reason for this evidence is that due to
the grain crushing when the specimen just failed.
The other possible reason for this phenomenon,
since the test is performed under undrained
condition, is that during mobile (represented by
generated acceleration after failure) the fine
particles (including the results of grain crushing)
were accumulated within the core of shear zone. By
another word, the developed shear zone within this
state consists of mixed grain i.e. the coarse and fine
particles which distributed randomly. For the lower
and upper parts of shear zone, even though they
tend to shift compared to the original Silica Sand
No.8, the grain distributions for those parts are
almost the same. These conditions were shown in
Fig. 9. Actually, during preparation of this analysis
could be reported that the degree of compaction of
the core was not so high (easy to be broken) but
unfortunately the measurement of degree of
compaction is very difficult to be performed.

7.3 The final stage, at 10,000 mm of shearing
(point F in Fig. 5)

The interesting phenomenon was obtained in
this state. The grain distribution of the compacted
core of shear zone tends to decrease even from the
original Silica Sand No.8 as shown in Fig. 10. This
situation indicated that within the core part, the fine
particle content is very limited compared to the
other part. This phenomenon was supported by the
evidence during hydrometer analysis, that after 30
minutes (7" step of hydrometer analysis procedure)
the water inside the tube/jar has become clear. It
means that the sedimentation process for all
particles had already finished. In contrast, the grain
distribution of the bottom part is shifted more than
the others (Fig. 10), means that this part consists of
high percentage of fine particles compared to the
other parts. The possibility reason of this situation is
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Fig. 11 Grain distributions of the compacted
‘oven-dried’ core of shear zone represent three
states of deformation process under undrained
shearing on Silica Sand No.8 (Fig.. 8.c-e-f).

that the lower part of shear zone is the place of
accumulation of fine particle at residual state (see
also Fig. 7.b). Whilst for the upper part the grain
distribution is almost the same as the original.

8. Discussion and conclusion

According to the result of undrained monotonic
stress-controlled tests on dense packed of Silica
Sand No.8 which consolidated initially by 180 kPa
of confining pressure, the shear zone development
process from the beginning of deformation to the
residual could be explained as follow:

From the beginning of deformation process
until the state between the phase transformation and
failure point based on the progress of effective
stress path, macroscopically the evidence of
generated shear zone could not be obtained. In this
state the possibility of grain crushing in particular
contact faces of grains during grains reorientation
(dilation) might be occurred since the relative
density is more than 70% for all tests. Unfortunately
the microscopic analysis is very complicated to be
conducted due to the difficulties for preparing the
thin section without disturbing its structure. As the
cohesionless material though it was very fine but to
carry out the direct investigation to the developed
structure is always problematic. Thus, for this
condition macroscopically analysis is preferable. In
this state, after passing the phase transformation, the
pore water pressure decreases due to the increase of
void ratio when the grains overriding each other

B

Fig. 12 Hydrometer analysis (ASTM D421-58)
on each part of the collected sample after the
specimen was sheared for 10 m of shear
displacement. This photo was taken after 30
minutes of analysis. A, B, and C in the Fig..
represent the compacted core, the adjacent zone
above the core (upper), and the adjacent zone
below the core (lower) parts of shear zone,
respectively.

(dilation) represents the grains rearrangement and
reorientation process within the specimen.

The second stage of deformation process is the
acceleration state post failure. In the beginning of
this state the strength of the material is dropped
suddenly correspond to the abruptly generation of
the pore pressure and gradual increase of the shear
speed (represents the mobility of specimen after
failure). The generated pore pressure at the
beginning of this state is shown by ‘x’ in Fig. 5.b.
By progressing the acceleration, the thickness of
developed shear zone tends to increase correspond
to the accumulation of fine particles within the
shear zone. The discontinuity of failure surface
which expressed by undulating and the fold
structure might be developed in this state.

In the final stage of deformation process is the
residual state where the parallel orientation of the
grain (particularly inside the core of the shear zone)
has been established and the process of separation
(segregation) of the grains i.e. between the coarse
and the fine particles has been reached. In this state
the strength of the specimen still tends to decrease
with progressing of the shear deformation until the
condition in which the normal stress, resistance, and
pore pressure generation become unchanged at the
end of tests. In this stage, shear zone was
completely generated without any increasing of the
thickness (no volume changed) and also completely
grain parallelism is finished, no grain crushing
proceeds. This is the end of the deformation process
in which usually called as steady-state (Poulos,
1981) or ultimate steady state by means of ring
shear test (Wang G. and Sassa, 2002).



9. The hypothetical theory of shear zone
development process in granular material

Apart from the pore water pressure generation
and the grain crushing as the main role for the
possibility condition of long runout landslide to
occur (Sassa, 2000), the other important key which
responsible to makes very low strength of granular
material at the residual state is the structural
development process within shear zone as shear
deformation progressed.

In regards to the results of the series of
experiment explained on the previous chapter, the
hypothetical theory of shear zone development
process by emphasizing to the structural
establishment of granular materials post failure
(since no evidence of developed shear zone
obtained before failure, therefore the beginning
stage of shear zone development process is the
acceleration stage) to the residual state is proposed
as shown in Fig. 13 which can be explained as
follows.

When the material failed, its strength as a
response to prevent the increment of stress that
acting along the potential failure plane is suddenly
dropped. As a consequence, the pore water pressure
was generated and the mobility (acceleration) of the
failed mass has begun. In this situation the shear
zone was developed in asymmetrical and uneven
forms (Fig. 13.a). The shear zone itself is consists of
the coarse grains and its fine particles (including the
results of grain crushing) which distributed
randomly (mixed). Within this stage the condition
inside the shear zone was expressed by its mobility
which mechanically expressed by generating shear
speed (acceleration) by means of ring shear
apparatus. More speed generation is more fine
particles content exist within shear zone affected by
grain crushing and rearrangement of the originally
fine particles content until the continuous shear
speed has been generated.

On the other hand, at the residual state, the
shear zone was separated into two parts by
segregation process. The first part is the core in
which the parallel orientation of the grains was
established so long where the shear deformation
processes still keep going. This part mainly consists
of coarse grains with limited fine particles. The
second part is the bottom part of the shear zone as
the place for the accumulation of fine particles (Fig.
13.c). The segregation process is probably caused
by the steady state shearing of the localized
deformation of the specimen (shear zone) along the
predetermined failure plane when the shear
deformation still in progress under undrained
condition.

Between those stages above (the initial post
failure stage and the residual stage) there is a
transitional condition namely the transition stage

Residual

Failure Transition

Fig. 13 The hypothetical mechanism of shear
zone development process in accordance to its
structural development process on granular
(cohesionless) material which correspond to
the shear deformation process under
undrained condition by means of ring shear

(Fig. 13.b), which also represent the transitional
structural development process i.e. randomly
oriented to become parallel oriented of the grains
along the shear zone. This situation occurred when
the relative motion between the moving mass to the
other has been completed. The assumption for this
situation is represented by the generating of
continuous shear speed by means of ring shear
apparatus in which the specimen inside the rotatable
box is moving relatively to the specimen inside
upper box.

Based on this founding, the residual behaviour
of granular material is depend on the developed
structure (parallel orientation) inside the shear zone
which correspond to the segregation process
(separation between the coarse and fine particles
during mobile) in which the fine particles as the
result of the grain crushing at the acceleration state
after failure and the originally contained particles of
the specimen are accumulated at the bottom of the
shear zone. This structure may be called as a flow
structure stated by Casagrande (1971). This
condition eventually reached the steady state
condition (Poulos, 1981) or ultimate steady state by
means of ring shear apparatus (Wang and Sassa,
2002) when the constant volume, constant effective
normal stress, constant shear resistance, and
constant velocity has been reached.

References

Bishop, A.W., Green, GE., Garga, V.K., Andersen,
A., Browns, J.D., 1971: A new ring shear
apparatus and its application to the measurement
of residual strength. Geotechnique 21, No.4,
pp.273-328.

Bowles, J.E., 1978: Engineering Properties of Soils
and Their Measurement, second edition.
International student edition.. McGraw-Hill
International Book Company. 213 p.

Broemhead, 1979: A simple ring shear apparatus.
Ground engineering, Vol.12, No.5, pp.4-44

Casagrande, A., 1971: On liquefaction phenomenon.
Geotechnique, Vol.21, No.3, pp.19-202



Castro, G., 1969: Liquefaction of sands. Ph.D.
dissertation, Harvard University

Fukuoka, H., 1991: Variation of the friction angle of
granular material in the high-speed high-stress
ring shear apparatus — Influence of re-orientation,
alignment and crushing of grains during shear.
Bulletin of the Disaster Prevention Research
Institute, Vol.41, pp. 243-279.

Hungr, O. and Morgenstern, N.R., 1984: High
velocity ring shear tests on sand. Geofechnique
34, No.3, pp.415-421.

Ishihara, 1993: Liquefaction and flow failure during
earthquake. Geotechnique, 43 (4), pp. 73-89.

Lupini, J.F., Skinner, A.E., and Vaughan, P.R., 1981:
The drained residual strength of cohesive soils.
Geotechnique 31, No.2, pp.181—213.

Mandl, G, L.N.J. de Jong, and A. Maltha, 1977:
Shear zones in granular material. An experimental
study of their structure and mechanical genesis.
Rock Mechanics 9, pp. 95-144.

Morgenstern, N.R., and J.S. Tchalenko, 1967:
Microscopic structures in kaolin subjected to
direct shear. Geotechnique 17, pp. 309-328.

Okada, Y., 2002: A study on the potential for rapid
flow phenomenon. Ph.D. dissertation, Kyoto
University. Japan.

Poulos, S.J., 1981: The steady state of deformation.
Journal of Geotechnical Engineering Division
ASCE, 107 (GT 5), pp. 553-562.

Sassa, K., 1984: The mechanism starting liquefied
landslides and debris flows. Proc. 4"
International Symposium on Landslide, Toronto,
Canada, Vol.2, pp. 349-354.

Sassa, K., 1985: The mechanism of debris flows. In
Proceedings of the 11™ International conference
on Soil Mechanics and Foundation Engineering,
San Fransisco, Calif., Vol.3, pp.1173-1176.

Sassa, K., 1986: The mechanism of unsaturated
debris flow such as the Ontake debris flow, 1983,
in Japan. Annals of Disaster Prevention Research
Institute, Kyoto University, No.29B-1,
pp-315-1176.

Sassa, K., 1997: A New intelligent type dynamic
loading ring shear apparatus. Landslide News
(Japanese Landslide Society), No.10, pp.33

Sassa, K., 2000: Mechanism of flows in granular
soils. GeoEng 2000, Vol.l: Invited Papers,
pp.1671-1702.

Sassa K., Wang GH., Fukuoka H., 2003:
Performing undrained shear test on saturated
sands in a new intelligent ring shear apparatus.
ASTM Geotechnical Testing Journal (in press).

Tika, T.E., Vaughan, PR., and Lemos, L.J.L.J,,
1996: Fast Shearing of pre-existing shear zones in
soil. Geotechnique 46, No.2, pp.197-233.

Wang F.W., 1998: An Experimental study on grain
crushing and excess pore pressure generation
during shearing of sandy soils- a key factor for
rapid landslide motion. Ph.D. dissertation, Kyoto
University Japan.

Wang, G and Sassa, K., 2002: Post Mobility of
saturated sands in undrained load-controlled ring
shear tests. Canadian Geotechnical Journal,
Volume 39. Number 4, pp. 821-837

L ABRERIC & IR EAMBEDT R Y A D RBA~DEELL

Loy R U748 TU7rk - g8 - i

*AHKE BEPHRMMKRERNFER

EERD O IEHEAK BT IS DA ) o 7 AUERBR A JE M L. RDIR IR O AT TR R A AR L T2

WD 4 S>DIETRRE R 1R A THIIEZ AT > 72, BIH.” phase transformation” s & S O, BEE% O IHIER,
TEHARBER R E % OWREE, B LU AW 10m £ TOEFKRETORABIRETSH 5, # L < MR L7728 Ak
=TT =T IIENCEL BTNV ERILFANTZE 2 A, RRESREBOET & RITE AN Y —
DES BT DA H Y . FAWY — T3 ODENITHENTE L2 ERdbioTz, ZD 3 HODE4 & IZAD
b, a7, arok#, BXORaT7oOFEHTHDL, FCREDRETIE (EFREABTOSEERICL->T) ¥
AT — R DRLRL - & AR 2SS AN B 0 | BRI, TFiuiE ) & — Bt AR oAT
IRBFIREE SR LT, 2 Casagrande OFEIVEIEDOIIIE L — 5T 5, Z OREERLIRIEO BB ZB O KN T
b5, BB, HEPAUSHEIE Y > 78 ARERER T3, RDRIEOZERIZ BN T, R ORLH, B RS <%
Wt %, RIEHREA & 725 A . RRIREICB O THIDWRL I3 AW — > O TEICER-T 5, s iR
FTRY DR H = X ARCKLRIROHEITHERIE O BRI 30 T O ARBFZERRIIIEF ICEHE R O TH D,

F—T—FIEPKISEE, R, AW =2 3T ol g



	Introduction
	Ring shear apparatus
	2.1 Structure

	3.  Shear zone sampler
	4.  Sample characteristics
	5.  Procedure and employed method
	6.  Experimental results
	6.1 Shear zone
	6.2 Structural investigation:
	6.2.1The first stage, between the phase transformation and failure point (point A in Fig. 5)
	6.2.2The second stage, during the acceleration after failure (point B, C and D in Fig. 5)
	Point (B) in Fig. 5 (shear speed = 5 mm/sec)
	Point (C) in Fig. 5 (shear speed = 16 mm/sec)
	Point (D) in Fig. 5 (shear peed = 30 mm/sec)

	6.2.3The third stage, the moment the steady state appeared (point E in Fig. 5)
	6.2.4The final stage, at the shear displacement of 10,000 mm (point F in Fig. 5)
	7.  Grain size analysis
	7.1 The first stage, between the phase transformation and failure point (point A in Fig. 5)
	7.2 The second stage, acceleration state after failure point (point C in Fig. 5)
	7.3 The final stage, at 10,000 mm of shearing (point F in Fig. 5)

	8.  Discussion and conclusion
	9. The hypothetical theory of shear zone development process in granular material
	References

