Metadata, citation and similar papers at core.ac.uk

Provided by Kyoto University Research Information Repository

Bl =
oo o e/,
&

Kyoto University Research Information Repository > KYOTO UNIVERSITY

Shear Resistance of Sands under Undrained Condition and
Title Potential for Rapid Flow Phenomena by Means of Ring Shear
Tests

Author(s) | OKADA, Yasuhiko; SASSA, Kyoji; FUKUOKA, Hiroshi

00000000 0OOO.B=Disaster Prevention Research

Citation | | 1titute Annuals. B (2002). 45(B): 77-89

Issue Date | 2002-04-01

URL http://hdl.handle.net/2433/129088

Right

Type Departmental Bulletin Paper

Textversion | publisher

Kyoto University


https://core.ac.uk/display/39258042?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

HOED K ¥ B KBRS B W 45 B Pk14824 A
Annuals of Disas. Prev. Res, Inst,, Kyoto Univ., No. 45 B, 2002

Shear Resistance of Sands under Undrained Condition and

Potential for Rapid Flow Phenomena

by Means of Ring Shear Tests

Yasuhiko OKADA*, Kyoji SASSA, and Hiroshi FUKUOKA

* National Research Institute for Earth Science and Disaster Prevention

Synopsis

Shear resistance of two kinds of sands (fine silica and weathered granitic sands) mobilized

within shear zone subjected to large shear displacement is examined. The undrained shear

strengths at steady state of the specimens formed over the wide range of initial void ratios

by ring shear tests are directly compared with those from the undrained triaxial

compression tests. The steady state strengths in ring shear tests were smaller than those in

triaxial compression tests due to grain crushing. While, small steady state strengths were

observed by triaxial compression tests on dense fine silica sand in which there were clear

shear surfaces and shear deformation must be concentrated on these surfaces to generate

excess pore pressure. To express extent of apparent reduction of internal friction, the new

parameter (Py) was proposed as ratio of drained internal friction angle to apparent friction

angle. Potential for rapid flow phenomena of employed two kinds of sands are clearly

evaluated by P over the wide range of void ratio.

Keywords: Ring shear test; Grain crushing; Excess pore pressure; Shear resistance;

Potential for rapid flow phenomena

1. Introduction

The rapid flow phenomena generally have the
characteristics of high velocity and long travel
distance along the moderately inclined slopes which
and the
subsequent severe damages and huge economic losses.

are considered safe against landslides,

The rapid flow phenomena are usually considered the
expression of high excess pore pressure generation, in
which the liquefaction of the soil mass or the
specified thin shear zone would occur. Liquefaction
was defined by Castro (1969) as:

“Liquefaction is a phenomenon wherein a mass of
soil loses a large percentage of its shear resistance
due to the excess pore pressure generation, when
subjected to undrained monotonic, cyclic, or shock

loading, and flows in a manner resembling a viscous
liquid until the shear stresses acting on the mass are
as low as or lower than the reduced shear resistance.”

Liquefaction phenomenon has been focused by
many researchers since the 1964 Niigata earthquake
hit the south coast of Awa-Island Niigata, Japan, and
the drastic effect on the slope stability was found in
and reported (Seed and lee 1966, Yoshimi 1977,
Seed 1979, Finn 1981, and Ishihara et al. 1990, etc.).
Accordingly, there are unnumbered experimental
studies on liquefaction behaviour of sands and the
undrained shear behaviour of sands has been rather
elucidated. Castro (1969), Castro and Poulos (1977)
and Poulos (1981) defined the steady state concept as
the steady state for any mass of particles being that
state in which the mass is continuously deforming at



a constant volume, constant normal effective stress,
constant shear stress, and constant velocity. Based on
their results, the steady state is independent of the
initial soil structure, consolidation stress ratio, and the
loading mode (cyclic or static) and is a function of
initial void ratio only. This is one of the most
appealing concepts such that the soil engineer
confronting the soil liquefaction failure could judge
the plots of the soil sample above the steady state line
(on initial void ratio, e, — effective mean stress, p’
diagram) at initial stress state would be susceptible to
liquefaction and the plots below would be safe
against it. Been and Jefferies (1985) proposed “state
parameter” to express the properties of soil in relation
to steady state. And as shown in Martin et al. (1975)
and Groot et al. (1997), the trial of estimation in
excess pore pressure generation under undrained
condition from the drained test results were also
conducted by using simple shear and triaxial
compression tests. However, these studies were
within the quite limited range of shear displacement
and the effect of the formation of shear surface and
the resulting grain crushing on the liquefaction
characteristics was barely taken into consideration.
Furthermore, Sassa (1996) and Sassa et al. (1996)
showed the conspicuous effect of grain crushing
along the shear surface of ring shear test on excess
pore pressure generation, and proposed the new
concept of “sliding-surface liquefaction.” This
of breakthrough that
sliding-surface liquefaction could take place in

concept has the point
medium dense or even dense states as well as loose
one to cause rapid flow phenomena.

In this study, the shear resistances of the two kinds
of sand under wundrained condition by the
conventional triaxial compression tests and ring shear
tests which can give the limitless shear displacement
are examined over the wide range of initial void ratio
and the potential against rapid flow phenomena is
discussed with the parameter of potential for rapid
flow phenomena (P;) which is the ratio of internal
friction angle under drained condition to apparent

friction angle mobilized under undrained condition.
2. Characteristics of Samples

In this research, fine silica (silica sand no.8) and
weathered granitic sands (Osaka-group coarse sandy

soils) were employed.

Silica sand no.8 is a uniform sandy silt, consisting of
92 through 98 percent quartz and a little amount of
feldspar, the grains being sub-angular to angular with
the mean diameter Ds, = 0.048 mm, a uniformity
coefficient Uc = 2.8, and specific gravity Gs = 2.63.

Osaka-group coarse sandy soils, Pliocene to
Mid-Pleistocene limnic and marine deposits of
weathered granitic sands (Ichihara 1996), are widely
distributed in the Kansai area, Japan. The sampling
site was at the headscarp of the Takarazuka Golf
Course landslide, which was triggered by the 1995
Hyogo-ken Nanbu earthquake. The sampling point
depth was about 4 m. Totally, more than 1 ton of soil
were removed by an excavating machine. The
composition of this sandy soil was weathered granite,
consisting of 77 percent of quartz and 23 percent of
feldspar, the grains being angular with the mean
diameter D5y = 1.2 mm, a uniformity coefficient Uc =
3.4, and specific gravity Gs = 2.61. The Takarazuka
Golf Course landslide is a typical of long run-out
rapid flow phenomenon (Fukuoka et al. 1997) and it
may have occurred under the saturated undrained
condition (Sassa et al. 1996, and Okada et al. 2000).

Figure 1 presents the grain size distribution curves

of two kinds of sand employed in this study.
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Fig. 1 Grain size distribution curves of
employed samples

3. Apparatus and Test Procedure

3.1 Apparatus

The triaxial compression test apparatus used accepts
specimens with a nominal height of 200 mm and
diameter of 100 mm. Air pluviation (rained sand
through air) was used to prepare the sample because
it provides a more uniform specimen (Gilbert and
Marcuson 1988, and Mooney et al. 1998) and forms
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specimens with the lowest resistance to liquefaction
(Mulilis et al. 1977, Ishihara 1993, and Sukumaran et
al. 1996). Tamping was used to form medium dense
through dense specimens.

Meral filter (100
Hl Felt cloth filter
H Metal filter (40 pm)

Porous metal

]

[0 rotuting pare BZZ73 Stightly moveable part

Fig. 2 A half section of undrained shear box and pore
pressure measurement

Lower drain
valve

The ring shear test apparatus used is the fifth version
(DPRI-5; first used in 1996) of a family of ring shear
test apparatuses developed at the Disaster Prevention
Research Institute, Kyoto University. It is an
improvement on DPRI-3 (Sassa 1995) in that it
provides better pore pressure measurement. This test
apparatus enables us to simulate all different kinds of
static or cyclic loading under speed- or
stress-controlled condition on the donut-shaped
specimens with 180 mm in outer diameter and 120
mm in inner diameter. The nominal specimen height
during shearing is about 60 mm and the shear surface
locates at about the centre of the specimen. Figure 2
illustrates a half section of undrained shear box and
pore pressure measurement system (DPRI-5). It
should be mentioned that, in order to prevent the
leakage of water and soil from the gap between the
upper and lower halves of the shear box, a rubber
edge was glued to the upper surface of the lower half
of the shear box. In addition, the contact surface was
turned on a lathe to remove any unevenness. After
assembling the ring shear test apparatus, the contact
force was kept constant at 1.4 kN. Teflon was sprayed
on the rubber edge to decrease friction between the

contact surface, and silicon grease was spread on it to

obtain the complete undrained condition. The
free-fall deposition method was used to prepare the
loose specimen. The oven-dried sample was poured
by the cup into the shear box. Tamping and
overconsolidation were conducted to form the

medium dense and dense specimens.

3.2 Test Procedure

After setting up the specimens for both of triaxial
compression and ring shear tests, the specimens were
saturated by means of carbon dioxide and de-aired
water as following;

(1) Carbon dioxide was flushed (for 1 hour) from the
bottom into the specimens to replace the air.

(2) De-aired water was percolated through the
specimen for about 12 hours.

The pore pressure parameter, B (Skempton 1954),
was measured by the undrained triaxial compression
test in order to check the degree of saturation of the
specimen. Pore pressure parameter, By, proposed by
Sassa (1988 and 1995) for the undrained direct shear
condition, was measured in undrained ring shear tests.
By is approximately equal to B for uniform soils. The
B and By, values are derived in equations (1) and (2).

B=Au/Aoy (1)

where Au is the excess pore pressure under undrained
condition, Ao; the increment of minor principal stress,
and Ao the increment of normal stress. In this study,
all of the specimens used in the analyses were with B
or Bp values larger than 0.95 and were regarded as
fully saturated specimens.

In order to investigate the influence of initial void
ratio on the undrained shear strength, the specimens
ratio for

at the wide range of initial void

speed-controlled triaxial compression tests (Oy
through Oy on Osaka-group coarse sandy soils and
no.8) and

speed-controlled ring shear tests (O; through O, on

Sy through Sy, on silica sand
Osaka-group coarse sandy soils and S, through S;5 on
silica sand no.8) were formed at total normal stress of
approximately 197 kPa. Axial speed in the triaxial
compression tests was (0.05 mm/sec for up to 50 mm
axial displacement. Shear speed in the ring shear tests
was 0.3 mm/sec up to 1 m shear displacement, after
which it was held at 3.0 mm/sec up to as much as 10



Table 1 Test identification number and condition

Test No. Sample Apparatus 0(313,1';)’0 € B or By 3?&?2%?1
Sq 198 1.11 0.96
S 198 1.07 0.96
Si 198 1.05 0.96
Sy 198 1.01 0.95
S Triaxial 197 1.00 0.96
S compression 198 0.96 0.95
Sy 197 0.92 0.95
Sis 197 0.90 0.95
S Silica sand 199 0.88 0.95 .
Sug no.8 197 0.86 0.96 Undrained
Sy 197 1.10 0.96
Sp 198 1.08 0.96
Sis 197 1.07 0.96
o Ring shear | —{o7 0:98 093
S 198 0.93 0.96
S, 197 0.89 0.95
Sa 197 0.86 0.96
Oy 196 0.76 0.96
Op 196 0.73 0.96
Ogp 195 0.67 0.96
o e e e
0'5 Osaka-group compression 196 0' 33 O. 95 )
O: coarse sandy 157 057 005 Undrained
Og soils 196 0.55 0.95
Oy 196 0.52 0.95
Oy 196 0.75 0.96
O, Ring shear 195 0.61 0.95
O 196 0.55 0.95

m shear displacement. Table 1 summarizes the test

numbers and conditions.

4. Comparative analysis of the undrained shear

strengths from ring shear and triaxial compression

tests

4.1 Conventional liquefaction and sliding-surface

liquefaction

Sassa (1996) and Sassa et al. (1996) proposed the
concept of sliding-surface liquefaction based on their
1995
Hyogo-ken Nanbu earthquake, using the undrained

studies on landslides triggered by the
ring shear tests. Liquefaction is normally generated
by destruction of the meata-stable soil skeletal
structure of a loose saturated soil mass. Grain
crushing is not required. The stress path usually
indicates collapse failure before the failure line is
reached. On the contrary, sliding-surface liquefaction
occurs as shear displacement progresses. Destruction
of the loose structure is not always necessary. Excess
pore pressure is generated by grain crushing and
comminution within the shear zone. If grains are

crushed and comminuted along the sliding surface,

causing the volume shrinkage, sliding-surface
liquefaction is reckoned to occur at any void ratio,
even in the very dense state. The stress path in
sliding-surface liquefaction necessarily reaches a
failure line, thereafter moving left-downward along a

failure line.
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Fig. 3 Effective stress paths of loose silica sand no.8.
(a)triaxial compression test (Sy:ep=1.11), (b)ring
shear test (S,;:€9=1.10)
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As it is actually impossible to show all of the results,
in this paper only typical test results on the specimen
at loose, medium dense, and dense state is illustrated
in the form of effective stress paths. Figure 3(a) and
(b) shows the effective stress paths of loose silica
sand no.8 specimens in triaxial compression test (S;;:
ep = 1.11) and ring shear test (S;;: g = 1.10). Numeral
in the figure expresses axial and shear displacements,
respectively. In ring shear test, excess pore pressure
was generated monotonically, and quite small shear
resistance at 10 m shear displacement was observed
after the effective stress path reached a failure line at
13.7 mm
liquefaction took place, with the progress of shear

shear displacement. Sliding-surface
displacement to cause grain crushing and resulting
excess pore pressure generation (Sassa 1996 and
Sassa et al. 1996). The effective stress path came to a
standstill when the effective normal stress became so
small that it caused no further grain crushing.
Whereas, pore pressure in triaxial compression test
was increased first with deviator stress showing a
very small temporary peak, however, at 4.5 mm axial
displacement of phase transformation point defined
by Ishihara et al. (1975) to exhibit quasi steady state
(Alarcon-Guzman et al. 1988), it was decreased to

regain the high deviator stress, g” (= (ai - 0'3)/ 2)

at 50 mm axial displacement at which test was ceased.

Accordingly, the loose silica sand no.8 at almost the
same void ratio, sliding-surface liquefaction was
observed in the ring shear test on the one hand, while,
1976)
behaviour was obtained in triaxial compression test.

only limited liquefaction (Casagrande
The effective stress paths of loose Osaka-group
coarse sandy soils (Test Oy: ey = 0.76 and O,y ¢ =
0.75) are shown in Fig. 4(a) and (b). In both tests,
excess pore pressure continued to monotonically
increase, resulting in very low deviator stress in
triaxial compression test or shear resistance in ring
shear test being observed at the end of the tests. The
notable difference is that a failure line appeared in the
effective stress path in Test O, however, is not
observed in Test Oy;. The effective stress path for Test
O, was typical of conventional liquefaction. It
reached peak, g’ at 1.8 mm axial displacement after
which flow deformation was generated and the
effective stress path moved without reaching any
failure line. As for loose Osaka-group coarse sandy

soils at almost the same void ratio, sliding-surface
liquefaction was observed in ring shear test and
conventional liquefaction phenomenon was produced
by triaxial compression test, indicative that different
types of liquefaction were taking place.

(a) triaxial compression
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Fig. 4 Effective stress paths of loose Osaka-group
coarse sandy soils. (a)triaxial compression test
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The different undrained shear behaviour of the both
specimens in triaxial compression tests and ring shear
tests undoubtedly due to the difference in the shearing
actions of the two types of shear apparatuses. The
triaxial compression test produced homogeneous
deformation within the whole specimens, whereas,
the direct shear condition along a specified shearing
surface was given in the ring shear tests causing
much more grain crushing within shear zone.

4.2 Excess pore pressure generation associated with
shear deformation along shear surface

The effective stress paths of medium dense silica
sand no.8 (Test Si: €9 = 0.96) and dense (Test Syo: €
= 0.86) in triaxial compression tests and medium
dense (Test S;5: ep = 0.98) and dense (Test S5t ¢p =
0.86) found in ring shear tests are presented in Fig.
5(a) and (b). The shape of the effective stress paths of
Test S,s and S,g found in ring shear tests were similar.
The effective stress paths moved left-ward to reach
phase transformation (PT) and going right-upward to
show peak shear after which

resistance, they

proceeded left-downward to low shear resistance
along a failure line due to excess pore pressure
generation by grain crushing. Shear resistances at
peak and 10 m shear displacement were in inverse
the void
liquefaction behaviour.

relation to ratio and they showed

sliding-surface Whereas,
Tests Sis and S, showed quite different behaviour
such that S4 regained quite high deviator stress at 50
mm axial displacement and S,;o exhibited quite low
deviator stress after effective stress path showed very
high peak deviator stress and climbed down along a
failure line. The effective stress path of S, was
similar to that of sliding-surface liquefaction found in
ring shear tests. Generally, it is recognized that, the
smaller the void ratio, the higher the deviator stress in
the sandy soils at steady state, and the test results of
loose and medium dense silica sand no.8 specimens
(Su and Si) were in accordance with it. However,
dense specimen (Test S;0) produced the lower
deviator stress than even that of loose specimen.
Figure 6(a) and (b) illustrates the effective stress
paths of medium dense and dense Osaka-group
coarse sandy soils in triaxial compression tests (Tests
Oy and Oyg) and in ring shear tests (Tests O,; and O,3).
As found in medium dense and dense silica sand no.8
specimens of ring shear tests, shear resistances at
peak and 10 m shear displacement of medium dense
and dense specimens (Test O, and O,;) were
inversely proportional, and the effective stress paths
moved left-downward along a failure line to very low
shear resistance. Sliding-surface liquefaction took
place with the progress of shear displacement due to
grain crushing within shear zone. While, in the
medium dense specimen of triaxial compression test
(Test Oy), the
left-downward considerably at the beginning of the

effective stress path moved

test, however, strain hardening behaviour was
observed to regain the strength at 50 mm axial
displacement. Dense specimen (Test O) showed the
same tendency found in Test O,,, like the effective
stress path showed phase transformation at 4.7 mm
axial displacement and moved right-upward, however,
it reversed its direction at 463 mm axial
displacement proceeding left-downward along a
failure line associated with excess pore pressure
generation. Due to the limitation of the linear
transducer for axial displacement measurement, test

was finished at 50 mm axial displacement and
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deviator stress exhibited about 230 kPa, However, if
it was possible 1o continue the test further, the
effective stress path would go left-downward more to
show much low deviator stress.
(a) silica sand no.8
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Fig. 7 Relationship of deviator stress (q) and pore
pressure (u) versus axial displacement of dense
specimens. (a) silica sand no.8 (S, €=0.86), (b)
Osaka-group coarse sandy soils (O : €0=0.55)

In general, much lower shear resistances were
obtained in ring shear tests than those in triaxial
compression tests, except for dense silica sand no.8

and loose Osaka-group coarse sandy soils. As stated,
this undoubtedly is due to the difference in the
shearing actions of two types of apparatuses. Smaller
displacements between soil particles generally occur
in the homogeneous deformation with limitation of
axial displacement that takes place in triaxial
compression  tests, whereas, much larger
displacements are produced between soil particles
along the shear susface during shearing in ring shear
tests. With formation of a shear surface, excess pore
pressure are generated due to grain crushing and give
rise to lower shear resistances in ring shear tests than
those in triaxial compression tests. The dense
specimens (Test S;0 and Og) showed marked
regeneration of excess pore pressure and the decrease
of deviator stress in relation to axial displacement as
presented in Fig. 7(a) and {b). The deviator stress of
Test S,;p had peak at 19.3 mm axial displacement and
then it decreased gradually up to 43.8 mm axial
displacement, followed by sudden reduction of
deviator stress with the rapid excess pore pressure
generation. And the deviator stress of Test Oy
showed peak at 40.0 mm axial displacement and had
the sudden reduction at 46.3 mm axial displacement.
Photo 1(a) and (b) presents the those dense
cylindrical specimens in the triaxial compression tests
(Tests Sy and Og) with definite shear surfaces
formed at about 50 mm axial displacement. In this
stage, shear deformation of the specimens may have

been concentrated along formed shear surfaces.

(b) Osaka-group coarse sandy soils

Photo. 1 Shear surfaces formed in the cylindrical dense specimens.
(a) silica sand no.8 (Sup © e = 0.86), and (b) Osaka-group coarse sandy soils (O : ep = 0.55)
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Therefore, considerable sliding undoubtedly occurred
along these shear surfaces, and the grains may have
been very much crushed as in ring shear tests. Excess
pore pressure regeneration in this case probably was
due to grain crushing on the shear surfaces, and the
mechanism was the same as that of the
sliding-surface liquefaction found in the undrained

ring shear tests.

4.3 Mobilized peak and steady state strengths and
potential for rapid flow phenomena

The peak shear strengths and steady state strengths
ought to be some of the most basilical shear
parameters to determine the wundrained shear
behaviour such that they introduce the concepts of the
initiation and consequence or motion of liquefaction
failure to generate rapid flow phenomena. Figure 8(a)
and (b) shows the relationship between initial void
ratio and peak strengths of silica sand no.8 (Tests Sy
through Sy and S, through S,5) and Osaka-group
coarse sandy soils (Tests O, through Oy and Oy
through O,;). It should be mentioned that, in order to
compare the results of triaxial compression tests
directly with ring shear tests, shear resistances in the
triaxial compression tests are the values on the
theoretical shear surfaces being formed in the
cylindrical specimen calculated through equation (3)

as following.

. -1 .
t;eak =4 peak xcos(sin” " (g peak | P' peak ) 3

- - t - -
in which Tpeak is peak shear resistance on the

theoretical shear surface in triaxial compression test;

9 peak Peak deviator stress; and p'poq) effective

mean stress at peak, respectively. The smaller void
ratio generated larger peak strengths in both of the
ring shear tests and triaxial compression tests for each
specimen. Given the void ratio being the same, the
smaller peak strengths were obtained in ring shear
tests than in triaxial compression tests in silica sand
no.8, in contrast, triaxial compression tests produced
smaller peak strengths than those in ring shear tests in

Osaka-group coarse sandy soils except for dense state.

It means that silica sand no.8 sample are easier to
suffer from liquefaction failure in the direct shear
condition of ring shear tests than in the homogeneous
deformation of triaxial compression tests, on the

contrary, Osaka-group coarse sandy soils generally
showed the opposite tendency. The difference might

be dependent on the grain size distribution,
crushability, and mineral component, etc.
(a) silica sand no.8
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Fig. 8 Relationship between initial void ratio and
peak shear strengths by triaxial compression and
ring shear tests. (a) silica sand no.8, and (b)
Osaka-group coarse sandy soils

Figure 9(a) and (b) presents the relationship of
steady state strengths versus initial void ratio of in
silica sand no.8 (Tests S; through S;;p and S,; through
S;s) and Osaka-group coarse sandy soils (Tests Oy
through Oy, and O, through O,3). Shear resistance at
steady state in triaxial compression tests was
calculated at 50 mm axial displacement at which tests
were ceased by equation (4) as follows.

t.is =4 (la=50mm) X COS(Sin_l(q(la=50mm) /p‘(la=50mm) )
4

where rﬁs is shear resistance at steady state in

triaxial compression test; deviator

9 (la=50mm)

stress at 50 mm axial displacement; P'(la=50mm)

effective mean stress at 50 mm axial displacement,
respectively. Shear resistance at steady state for ring
shear tests were plotted at 10 m shear displacement at
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Fig. 9 Relationship between initial void ratio and
shear resistance in steady state by triaxial
compression and ring shear tests. (a) silica sand
no.8, and (b) Osaka-group coarse sandy soils

which tests were ceased, and as a reference, the shear
resistance at 50 mm shear displacement were also
plotted in the figure to compare shear resistance at
steady state from triaxial compression tests at similar
shear displacement. Except for dense silica sand no.8
specimen, steady state strengths were also inverse
relation to initial void ratio, as was seen in peak
strengths. It was found that, shear resistance at 50
mm shear displacement as well as steady state
strengths at 10 m shear displacement were smaller
than steady state strengths in triaxial compression
tests as for silica sand no.8 sample, except for except
for dense specimens. Whereas, steady state strengths
of Osaka-group coarse sandy soils in triaxial
compression tests were slightly smaller than shear
resistance at 50 mm shear displacement in ring shear
tests and larger than steady state strengths in ring
shear tests, except for loose specimen. As mentioned
before, these may be due to the difference of grain
size distribution, crushability, and mineral component,
etc. However, it can be said that the steady state
strengths at 10 m shear displacement in ring shear
tests after sliding-surface liquefaction took place were,
than those from ftriaxial

in general, smaller

— 8

N

compression tests. And the point to mention is that
quite good correlation between three series of shear
resistance and initial void ratio were observed, and
shear resistance could be approximated by respective
straight lines. It is worth while noticing that there is a
controversy on the existence of the unique steady
state line (Hanzawa 1980, Miura and Toki 1982,
Kuerbis and Vaid 1988, Vaid et al. 1990, Riemer and
Seed 1997, and Mooney et al. 1998, etc.) and on the
difference between steady state line and critical state
line (Poulos 1981, Sladen 19885,
Alarcon-Guzman 1988, and Been et al. 1991,
Yoshimine and Ishihara 1998, etc.). The consensus

et al

that the steady state depends on the stress path
(compression or extension in triaxial tests) and that
the steady state line and critical state line are the same,
seem to be prevailing. Hence, the straight lines found
in Fig 9(a) and (b) are regarded as in steady state.
Matos (1988) investigated the influence of uniformity
coefficient of the specimens on the steady state line
using the same crushed quartz sands by means of
triaxial compression tests. A specimen having a
different grain size distribution has a different steady
state line in ey — p’ diagram such that the steady state
line shifts downward in a greater uniformity
coefficient. However, it should be remembered that
Poulos (1981) insisted that the steady state could be
obtained only after all particle crushing was complete
and this condition could be attained only at larger
strains — well beyond those that can be reached in
triaxial tests. As well-known, the grain crushing in
the triaxial compression tests are limited, whereas in
ring shear tests the grains along the shear surface
were crushed as much as possible when
sliding-surface liquefaction took place to reach steady
state. Along this line of thought, steady state line
should shift leftward, as grain crushing proceeds, to
reach ultimate position when grain crushing along the
shear surface is terminated. Accordingly, the steady
state line determined by the ring shear tests subjected
to large shear displacement after the sliding-surface
liquefaction took place can be proposed as “ultimate
steady state line” which gives the undrained shear
strengths in the long run-out landslides. It should be
mentioned about the fact that steady state strengths at
50 mm axial displacement in the triaxial compression
tests on dense silica sand no8 specimens presented

smaller values than those on ultimate steady state line

[



from ring shear tests. This should be due to the fact
that, in those cases, several shear surfaces (see Photo
1(a)) were formed in the cylindrical specimens and
shear deformation took place along those surfaces not
only one surface to generated excess pore pressure
simultaneously by grain crushing.
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Fig. 10 Relationship between initial void ratio and
potential for rapid flow phenomena (Pf) from
triaxial compression and ring shear tests. (a) silica
sand no.8, and (b) Osaka-group coarse sandy soils

4.4 Potential for rapid flow phenomena

Sassa (2000), and Sassa et al. (2001) proposed the
criterion about the rapid flow phenomena such that
the rapid flow phenomena take place when mobilized
apparent friction angles become smaller than 15
degrees. The potential for rapid flow phenomena
could be evaluated by the apparent reduction of
internal friction angle of soils during sliding motion.
Usually the sandy soils have the similar internal
friction angles under drained condition of about 30
through 40 degrees, however, the apparently
mobilized friction angle (apparent friction angle)
during sliding motion are quite different for different
samples. Therefore, the new parameter “potential for
rapid flow phenomena” is proposed as following to
express the reduction potential of apparent internal
friction angle during sliding motion for flow potential

evaluation.

tan ¢4

F= tan ¢, ©)

in which Py is potential for rapid flow phehomena, ba
internal friction angle under drained condition, ¢,
apparent friction angle, respectively. When rapid flow
phenomena occur, the apparent friction angles were
small, leading to the bigger potential for raid flow
Higher
phenomena would explain the transition from “slide”
to “flow” of landslides. And it is considered that
internal friction angle under drained condition (¢4)

phenomena. potential for rapid flow

and effective internal friction angle under undrained
condition (¢-) are nearly equal, potential for rapid
flow phenomena (P;) would be calculated using
effective internal friction angle under undrained
condition (¢-).

The potential for rapid flow phenomena of ring
shear and triaxial compression tests versus initial void
ratio are shown in Fig. 10, in which (a) presents the
results of silica sand no.8 and (b) Osaka-group coarse
sandy soils, respectively. Based on the criterion to
judge the flow behaviour (Sassa 2000, and Sassa et al.
2001), assuming the effective internal friction angle
under undrained condition being 36 degrees, potential
for rapid flow phenomena would occur with P
smaller than 2.7 when apparent friction angle is set at
15 degrees. Hence, the dotted line at 2.7 of potential
for rapid flow phenomena was drawn in the figure as
a reference. In the area on the right side of this line,
rapid flow phenomena would be resulted in, on the
contrary in the area on the left side, no flow. As seen
in general, the greater potential for rapid flow
phenomena were observed when initial void ratio
were larger and ring shear tests in each sample. As for
Osaka-group coarse sandy soils, ring shear tests
generated rapid flow phenomena irrespective of
initial void ratio, whereas triaxial compression test
produced rapid flow phenomena in rather loose state
at void ratio greater than about 0.67 (see Fig. 9(a)).
While, loose silica sand no.8 specimen in ring shear
tests and dense specimens in triaxial compression
And in
medium dense through dense specimens in ring shear

tests generated rapid flow phenomena .

tests and loose through medium dense specimens in
triaxial compression tests, no flow was obtained.
results above,

Based on the test presented

Osaka-group coarse sandy soils have high potential to



suffer from rapid flow phenomena, irrespective of
initial void ratio under the direct shear condition of
ring shear tests. Whereas, in medium dense through
dense state, the low potential of rapid flow

phenomena was obtained in  homogeneous

deformation of triaxial compression tests.
Accordingly, the greater potential for rapid flow
phenomena was obtained in direct shear condition
which formed the shear surface in the specimens on
which grain crushing should take place considerably
to generate excess pore pressure, than in
homogeneous deformation. While in silica sand no.8
sample presented rather small potential for rapid flow
phenomena such that in only loose state by ring shear
tests and in dense state by triaxial compression tests
rapid flow phenomena were observed. But in this
case also, it would be mentioned that the potential for
rapid flow phenomena was influenced by grain

crushing characteristics on the shear surface.
5. Concluding remarks

Based on the test results of the series of the
undrained ring shear tests and another series of
undrained triaxial compression tests on silica sand
no.8 and Osaka-group coarse sandy soil samples
formed over the wide range of initial void ratio, the
followings could be drawn.

(1) The quite different undrained shear behaviour was
obtained from ring shear tests and triaxial
compression tests on the specimens at almost the
same void ratio. The undrained ring shear tests
generated sliding surface liquefaction behaviour
much more than ftriaxial compression tests,
irrespective of initial void ratio and samples. This
undoubtedly is due to the difference in the sliding
actions of the tow types of shear apparatuses.

(2) To evaluate the extent of apparent reduction of
internal friction angle during shearing, the new
parameter of potential for rapid flow phenomena (Py)
was proposed as the ratio of internal friction angle
under drained condition to the apparent friction
mobilized under undrained condition.

(3) Direct
sogenannt steady state from undrained ring shear and

comparison of shear resistance in

triaxial compression tests, it was revealed the ring
shear tests, in general, generated smaller steady state
strengths and potential for

larger rapid flow

phenomena (Py) than triaxial compression tests. Since
the steady state in ring shear tests was reached after
all particle crushing having been terminated
ultimately and it is quite different from that of the
triaxial compression tests, it was proposed as
“ultimate steady state” in which the undrained shear
strengths and the potential for rapid flow phenomena
for study of long run-out landslides ought to be
evaluated.

(4) As is usual in the studies on steady state, steady
state strengths of silica sand no.8 in triaxial
compression tests were generally proportional to
initial void ratio. However, the dense specimens
produced regeneration of excess pore pressure to
make the effective stress paths move left-downward
along a failure line to very small steady state point. It
was assured that the shear deformation accompanied
by grain crushing along several shear surfaces formed
in the cylindrical specimens regenerated excess pore
pressure as the same mechanism of sliding-surface

liquefaction.
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