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Ring-Shear Tests on Sliding Surface Liquefaction Behavior of Sandy Soils
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Synopsis

To study the mechanism of rapid landslide, especially, the factors affecting high-
mobility, three series of ring shear tests (drained speed-controlled test, undrained speed-
controlled test and undrained cyclic-loading test) were conducted by ring-shear system.
The employed samples were Toyoura standard sand, silica sand and Osaka group coarse,
sandy soil. Excess pore pressure ratio, expressed as excess pore pressure with respect to the
initial effective normal stress, was used as an evaluation index for the degree of mobility.
The test results showed that, in the soil susceptible to grain crushing in drained tests, the
pore pressure generate easily both in undrained speed-controlled test and undrained cyclic-
loading tests. Parametric studies, involving initial stress state, initial relative density, and
frequency of cyclic-loading were also performed.

Keywords: sliding surface liquefaction; ring-shear tests; landslide; cyclic-loading; excess

pore pressure ratio; high-mobility

1. Introduction

Landslide is a common geo-hazard in
mountainous area with the progress of regional
development due to population growth and
urbanization, especially in high seismic area. Those
with high-mobility often cause great damage and loss
to the society (Sassa et al., 1996; Sassa et al., 1997).
Investigation on the factors that cause high-mobility
is very important to disaster mitigation. Based on
triaxial compression tests, many achievements have
been accomplished. The 'pontaneous liquefaction’
phenomenon was considered to be the main cause of
slope failures likely to occur in saturated deposits of
fine silty sands (Terzaghi et al., 1948; Seed and Lee,
1966; Castro, 1969; Ishihara, 1993). Recently, a
concept of 'Sliding Surface Liquefaction' was
proposed by Sassa et al. (Sassa, 1996; Sassa et al.,
1996), in studies of some landslides triggered by the
1995.1.17 Hyogoken-Nanbu earthquake through the
undrained ring-shear tests. They explained the

difference between (mass) liquefaction and sliding
surface liquefaction as follows: "(Mass) Liquefaction
is normally caused by destruction of the meta-stable
soil structure in loose sandy soil mass, that the failure
will occur before stress path reaches the failure line,
while, sliding surface liquefaction takes place only
along a sliding surface, that need not destruction of
the structure. It can take place even in medium or
dense soil structure because grain crushing along the
sliding surface results in volume shrinkage and pore
pressure generation” (Sassa et al., 1996).

A new undrained ring-shear system was used in
this study (Sassa, 1997). Besides its advantage of
limitless shear displacement, the undrained capability
of this system can simulate the stress state along the
shear zone of a slide, which is regarded as the
undrained condition during landslide motion.

The main purpose of this study is on the sliding
surface liquefaction behavior of sandy soil. It aims to
verify the relation of grain crushing and high-
mobility, and to analyze the excess pore pressure
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behavior of different types of soil during sliding
surface liquefaction. The susceptibility of sliding
surface liquefaction of various samples were
analyzed in undrained speed-controlled tests, and,
different initial conditions of slopes, different initial
relative densities, and frequencies of cyclic-loading
were involved in undrained cyclic-loading tests.

2. Setup of the ring-shear system

A new intelligent-type, undrained dynamic-
loading ring-shear system was used in this study.
This system consists of two sets of apparatus,
designated as DPRI-5 (a smaller shear box with 120
mm (inside) and 180 mm (outside) diameters) and
DPRI-6 (a larger shear box with 250 mm (inside) and
350 mm (outside) diameters). The shear surface area
of shear box for them is 141.37 cm?, and 470.94 cm?,
respectively. The maximum shear speed at the center
of sample is about 10 cm/sec for DPRI-5 and 224
cm/sec for DPRI-6. Frequency of cyclic-loading
ranges from 0.01 to 5 Hz. The maximum data-
recording rate is 200/sec.

The apparatuses were introduced by Sassa
(1997), and Wang and Sassa (1997). The comparison
among DPRI-3, 4 (the previous versions), and DPRI-
5, 6 was introduced by Vankov and Sassa (1998). In
this research, DPRI-5 was used for the undrained
cyclic-loading tests (CU-C test), and DPRI-6 was
used for the consolidated drained speed-controlled
test (CD test) and consolidated undrained speed-
controlled test (CU test).

3. Samples properties

Toyoura standard sand (T-sample), silica sand
(S-sample) and Osaka group coarse, sandy soil (O-
sample) were used in this study.

T-sample is predominantly a uniform subangular
to rounded quartz fine sand with appro}(imately 90%
of quartz and 4% of chert.

S-sample sand is construction material for
industrial use. It is made of weathered silica sand,
and has a uniform grain size distribution. The grain is
almost angular. It consists of 92 ~ 98% of quartz, and
a little amount of feldspar. In this study, the silica
sand no.7, with a mean grain size of 0.16 mm was
used.

O-sample was taken from the Takarazuka
landslide, located in the Takarazuka Golf Club,
which was triggered by 1995.1.17 Hyogoken-Nanbu
earthquake (Sassa et al., 1996). Osaka group is a
limnetic and marine deposits of Pliocene to Mid-
Pleistocene distributed around Osaka area (Itihara,

1996). It comes from weathered granite and is
composed of 77 percent of quartz and 23 percent of
feldspar. The grain is angular. In this study, due to
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Fig. 1 Ring-shear test results for residual friction
angle on the three samples (shear speed = 3 mm/sec).
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Table 1 Calssification property of samples

Classification property T S 8]
Mean grain size, D;,(mm) [0.18 {0.16 |0.80
Effective grain size, D,y 0.11 [0.09 [0.28
(mm)
Coefficient of uniformity, 1.7 2.1 4.7
Cu
Maximum void ratio, e, 10.98 |1.30 [1.17
Minimum void ratio, e, 10.61 |0.71 {0.66
Specific gravity, Gs 2.64 [2.64 |2.61
Residual friction angle, #(32.8 [32.8 [34.5
(degree)

the needs of apparatuses, grains larger than 4.75 mm
were sieved out.

To get the residual friction angle of the three
sandy soils, speed-controlled ring-shear tests were
conducted with dry sample. The procedure is (1) set
oven-dried sample in the ring-shear box; (2)
consolidate the sample under 490 kPa; (3) Shear the
sample at 3 mm/sec. After the residual strength was
reached, during shearing, reduce the normal stress
gradually. The obtained failure line and residual
friction angle for the three samples were presented in
Figure 1. Some classification and index properties of
the employed samples are listed in Table 1.

4. Test program

In this study, three series tests were planned.
They are: (1) shear speed-controlled drained ring-
shear test (CD-test) to investigate grain crushing
susceptibility; (2) shear speed-controlled undrained
ring-shear test (CU-test) to investigate the excess
pore pressure generation behavior; and (3) undrained
cyclic-loading ring-shear test (CU-C test), to study
the sliding surface liquefaction behavior of sandy soil
at cyclic-loading, and analyze the effects of soil type,
initial relative density, initial stress state, and
frequency of cyclic-loading on high-mobility and
excess pore pressure generation.

Natural falling method was used for preparing
loose samples (indicated as L for O-sample and no
sign for the others), while tamping method was used
to make dense samples (indicated as, D).

4.1 Shear speed-controlled ring-shear tests

In this series of tests, CD-test and CU-test were
conducted. CD-test was mainly to investigate the
grain crushing susceptibility. As by-products, the
compression index, Cc for each samples were also
obtained. The procedure for CD-test is: (1) set oven-

Table 2 Relative density of test samples

Test No. D,(%) | Du(%)
T-CD 216 | 397
S-CD 40.7 | 608
0-CD(L) 294 | 871
0-CD(D) 814 | 1008
T-CU 25.1 45.9
S-CU 388 | 636
0-CU(L) 294 | 935
0-CU(D) 814 | 980

dried sample in the ring shear box; (2) consolidate the
sample under normal stress of p, = 98 kPa and p, =
196 kPa, respectively, and calculate the
corresponding void ratio, e, and e,. Then, the
compression index,

Cc = (e,- e,)/ (log(p,)-log( p))) (¢)]

can be obtained; (3) shear the sample at shear speed
of 3 mm/sec under normal stress of 196 kPa. (4) after
the CD ring-shear test, take the sample in the shear
zone and analyze the grain-size distribution.

It needs to mention that, to evaluate the grain
crushing susceptibility caused by shearing only,
samples of the same relative density with that in CD
tests were prepared, and consolidated under normal
stress of 196 kPa. Then the consolidated samples
were taken out, and grain-size distribution was
analyzed.

For CU-test, the procedure is: (1) set oven-dried
sample in the ring shear box; (2) saturated the sample
through CO, and de-aired water (details can be
obtained in Wang et al. (1997); (3) consolidate the
sample at 50 kPa and confirm the degree of saturation
by B, (= Au/As). B, value is pore pressure
parameter in the direct shear state (Sassa, 1985). A
high B, value indicates a high degree of saturation.
The samples with B, values higher than 0.95 were
used in the undrained tests. (4) consolidate the
sample at 196 kPa or so, and shear it at constant
speed of 3 mm/sec.

Basically, final shear displacement for both CD-
tests and CU-tests was 42 m. However, in CU-test,
test was closed early when the pore pressure could
not generate any more.

The test parameters are listed in Table 2. D _ is
the initial relative density of a sample before
application of any load, while D_ is relative density
after normal consolidation.
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W =y:H cosO

Fig. 2 Schematic diagram of the undrained cyclic-loading ring-shear tests.
A,;: Initial stress state in dry condition. o = Wcos 8, r = Wsin 4;
P,: Initial stress state when initial pore pressure u,= y ,h cos® & exists.

4.2 Undrained cyclic-loading ring-shear tests

This consolidated-undrained cyclic-loading test
(CU-C test) simulates the stress condition of a soil
element subjected to a horizontal seismic force in the
sliding zone of an infinitely long slope (Figure 2). To
represent an "ideal" slope, depth of potential sliding
surface was assumed to be 30 m, slope angle to be
25° , and initial pore pressure u, = 20 kPa.
7, =20k N/m® was taken as the unit weight of all
the samples. A condition of 15° of slope angle was
also considered to analyze the effect of initial stress
state, as well as a test with dense O-sample was
planned to analyze the effect of initial relative density
on the "Sliding surface liquefaction". The seismic
coefficient ratio, K/Kc is defined as the cyclic stress
amplitude parameter. Where, K is horizontal seismic
coefficient, and Kc is the critical seismic coefficient
for the stress path to reach the failure line by adding
KcW to the initial stress point P in Figure 2. K¢ can
be given by Eq. (2) .

Kc=tan( g- #)-[tan & +tan( g - )]usin /W (2)

Where, gis the angle of residual friction of sample
(in Fig. 1). Thus, the critical increment of normal
stress and shear stress causing slope to fail can be
calculated as:

Ao =KcWsind 3)
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Fig. 3 Stress pattern used in the undrained cyclic-
loading ring-shear tests (case of frequency = 0.1 Hz).

Az =KcWcosd @

To study the post-failure behavior of soils, K/Kc =
1.5 was used for all of the tests, while K/Kc = 2.0 was
used for a dense O-sample test. The amplitude of
normal stress increment:

Ac=KKcAo, (&)

and shear stress increment:
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Table 3 Sample relative densities and amplitude of
cyclic-loading.

Test No. D, | D, | Kc |4o| At
T-C(0.1)-25° 32.7 {432 [0.128]48.5/104.1
S-C(0.1)-25° 51.6 |67.8 {0.128]48.5/104.1
0-C(0.1)-25° 22.8 |111.1]0.15759.7]128.1
0-C(0.5)-25° 22.8 |117.6 |0.157]59.7]128.1
0-C(0.02)-25° | 22.8 |115.410.157]59.7{128.1
0-C(0.1)-15° 22.8 |115.8 10.348|76.7|286.3
O(Dense)-C(0.1)| 111.21119.8 |0.157|59.7|128.1
-25°(K/Kc=1.5)
O(Dense)-C(0.1)[111.2]119.8 |0.157{79.6/170.8
-25°(K/Kc = 2.0)

Az =KKeAr, ©)

The relative density of sample (at initial state
and after consolidation) and amplitude of cyclic-
loading is listed in Table 3.

Cyclic loads of constant amplitude lasted for 10
cycles with different frequencies of 0.02 Hz, 0.1 Hz,
and 0.5 Hz were loaded after the initial stress and
pore pressure were applied (Figure 3). The CU-C
test was named in the order of soil name-cyclic-
loading (frequency)-slope angle, except the test on
dense O-sample. For example, 0-C(0.1)-25° means
that the sample is O-sample, frequency of cyclic-
loading is 0.1 Hz, and the angle of the ideal slope is
25° .

5. Consolidated-drained (CD) ring-shear test
results

At first, the CD tests were performed. Variation
of sample height versus shear displacement is
presented in Figure 4. In compression (shrinkage),
sample height is decreased, while in dilatancy,
sample height is increased. All of the curves show
that, at the onset of shear (until 7.0 mm), the samples
were compressed; from 7.0 mm to 25 mm, O-CD(D),
showed a dilative tendency, S-CD and T-CD seem to
be no volume change, and compression rate in O-
CD(L) turned smaller. Thereafter, samples shrank
with the shear displacement at different rates. The
rates for O-CD(L) and O-CD(D) are about the same,
and for S-CD and T-CD, they are almost the same but
smaller. The shrinkage speeds of O-sample at loose
and dense states are obviously larger than that of S-
sample and T-sample.

After drained shear tests were over, it was
observed that, except T-CD, grain crushing mainly
generated in the shear zone of 10 ~ 20 mm. Figure 5
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Fig. 4 Variation of sample height during speed-

controlled drained ring-shear tests.

is the results of the grain-size distribution analysis of
samples after consolidation and samples taken from
shear zone after shearing. For simplification, Marsal's
breakage factor, B, is used to quantify the grain
crushing susceptibility (Marsal, 1967). This method
involves the change in individual particle sizes
between the initial and final grain-size distribution.
The difference in the percentage retained is computed
for each sieve size. This difference will be either
positive or negative. Marsal's breakage factor, B, is
the sum of the differences having the same sign. The
B value for T-CD was 0.2%, for S-CD was 3.4 %, for
0O-CD(L) was 8.2%, and for O-CD(D) was 9.0%. The
Marsal's breakage factors, B, as well as the
compression index, Cc of samples at a certain relative
density, against the final sample height changes, are
plotted in Figure 6. It is indicated a good relationship
between the sample height change and the grain
breakage factor, B, and the compression index, Cc .
When B = 0, the final sample height change is -2.0
mm. It presented that volume shrank even with little
or no grain crushing. The motion of fine grain to the
pore in the coarse grain skeleton could due mainly
cause the phenomenon. From Fig. 6, it is found that,
at drained condition, the variation of sample during
shearing is determined by two factors: grain crushing
and compression, and the variation of sample height
consists of two parts: one part is caused by grain
crushing, one is caused by the rearrangement of the
grains as mentioned above. Because the sample
height change has a near lineal relation with grain
breakage factor, B, the variation of sample height
could be used as a relative index to evaluate the grain
crushing susceptibility.

There are many papers concerning with grain
crushing (Fukuoka, 1991; Lade et al., 1996).
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Fig. 5 Grain-size distribution of samples after consolidation and samples taken from the shear zone after shear
finished. Dotted line: sample after consolidation; Solid line: sample from the shear zone after sheared.

According to the above test results, it is found that
the internal affecting factors on grain crushing are 1)
Mineral component. Sands consisting of hard
minerals such as quartz are difficult to be subjected to
the grain crushing than those consisting of feldspar
and mica. 2) Grain shape. Sands with angular shape
are easier to be crushed than those with rounded
grains. S-sample and T-sample are mainly composed
of quartz, but S-sample was easily crushed. It is
probably because S-sample is angular, while T-
sample is rounded.

6. Consolidated-undrained (CU) ring-shear test
results i

The initial relative densities of samples in CU
tests were about the same with CD tests as shown in
Table 2. In Figures 7, the excess pore pressure ratios
during tests are presented. Effective stress paths for
all four tests are shown in Figures 8. Excess pore
pressure ratio is expressed as the ratio of excess pore
pressure increment to initial effective normal stress
(Popescu et al.,1997). If evaluating the high mobility
of post-failure behavior of soils by the excess pore
pressure ratio greater than 0.7, high mobility was
observed in O-CU(L), O-CU(D) and S-CU. However,
the case of S-CU showed high excess pore pressure
ratio (>0.7) after long shear displacement of 2000
mm. Because real situation is not a completely
undrained condition, there will be considerable pore
pressure dissipation took place during the long shear
displacement, therefore, silica sand (S-sample) will
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Fig. 6 The relationship between final sample height
change and Marsal's breakage factor, B, and
compression index, Cc.

unlikely cause high mobility. During the undrained
shearing, T-sample had large pore pressure
dissipation from 3.0 mm to 150 mm of shear
displacement, and had less pore pressure generation
during long shear displacement, it is not a soil
showing high-mobility.

The characteristics of sliding surface
liquefaction and (mass) liquefaction can be observed
in Figures 8. In test O-CU(L) (Fig. 8(a)), because of
loose structure, the soil failed before the stress path
reached the failure line at first, formed a stress path
of (mass) liquefaction. Thereafter, the stress level
reduced along the failure line when shear
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displacement increased. In test O-CU(D) (Fig. 8(b)),
the stress path once reached the failure line, then, it
went upward along the failure line because of high
density and the resulting dilatancy. However, the
stress path went downward along the failure line until
a very small stress with shear displacement
increasing thereafter. The high pore pressure
generation with the progress of shear displacement is
caused by grain crushing in the shear zone (Sassa,
1996; Sassa et al., 1996). This is a typical stress path
of the sliding surface liquefaction. T-sample showed
almost no stress reduction after sheared for 42 m
(Fig. 8(c)). Stress path of test on S-sample in Fig.
8(d) showed a medium behavior between O-CU(L)
and T-CU. It indicates that: at loose and dense state,
O-sample is susceptible to generate high-mobility
(either in liquefaction type, or in sliding surface
liquefaction type), S-sample can generated high
excess pore pressure after very long shear
displacement in the "ideal" undrained condition,
while T-sample can not show high-mobility.
Comparing the results of CU and CD tests, it is
easily found that, the process of pore pressure
generation with shear displacement in CU test, is
similar to that of the sample height change process
with shear displacement in CD test. Both of the
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processes are mainly controlled by grain crushing
(although the compression property and grain
rearrangment also has some effects on it). So, the
susceptibility of high mobility phenomenon of sandy
soils can be estimated by the sample height change
behavior in drained ring shear tests. This makes
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Fig. 7 Excess pore pressure ratio of various samples
in speed-controlled CU tests.
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possible the prediction of high mobility behavior of
failures even by means of drained ring shear test
which can be done by the conventional ring shear
apparatus (Bishop et al., 1971) or even by drained
shear test with shear box.

7. The undrained cyclic-loading (CU-C) ring-
shear test results

In consolidated undrained cyclic-loading (CU-
C) ring-shear tests, after confirmation of B, value, the
sample was normally consolidated. Only those
samples with B, value higher than 0.95 were tested
continually. Then, both initial pore pressure and
initial shear resistance were applied in the drained
condition. Finally, normal stress increment (A& o)
and shear stress increment (A 7 ) were applied
simultaneously under the undrained conditions.

7.1 Description of CU-C tests

All of the time-series data and stress path (total
stress path (TSP) and effective stress path (ESP) is
concluded) of the CU-C tests are presented. From the
time-series data, the change of pore pressure, shear
resistance, and shear displacement, can be checked.
While, in the stress path, whether the tested sample
generated high mobility or sliding surface
liquefaction, can be determined. The apparent friction
angle ¢, defined as (Lee et al., 1996):

tan 4 = (Final shear resistance) /( The initial
total stress) (@)

can be calculated and used as an evaluation index of
soil mobility.
(1) Test O-C(0.1)-25°

Fig. 9 shows the test results of O-C(0.1)-25° .
The O-sample used in the test was at loose state.
From the time-series data, it is found that, at the first
cycle, the sample failed, because the shear resistance
did not increase up as the shear stress was applied. At
the same time of the failure of sample, pore pressure
generated rapidly. At the beginning of the second
cycle, the pore pressure reached its peak value, and
shear resistance decreased to a small value.
Thereafter, shear resistance kept the constant value,
while pore pressure varied at the same phase with the
cyclic-loading of normal stress. Only the shear
displacement increased. The state of the sand
deforming continually, at constant volume and under
constant shear stress and normal stress, is called
'steady state' (Castro, 1975). From the stress path, it is
found that, from the start point, the effective stress

path (ESP) reached the peak failure line, and the
stress reduced along the failure line. In this process,
the failure line shows a change from peak failure line
to residual failure line. From the total stress path, it
can be checked that, at the end of the second cycle of
cyclic-loading, the shear resistance became to the
constant value. It is obviously, high-mobility
phenomenon generated in this test. Because the ESP
line reduced along the failure line. It is recognized
that the sliding surface liquefaction generated. The
final apparent friction angle is only 3.6° .

(2) Test T-C(0.1)-25°

The test results of test T-C(0.1)-25° were
shown in Figure 10. They are very different from
those in test O-C(0.1)-25° . In the time-series data, it
can be checked that the sample also failed in the first
cycle, because the upper phase of shear resistance did
not raise to the peak as that applied in shear stress.
But in the whole process, the shear resistance showed
a decreasing trend, pore pressure showed an
increasing trend, and shear displacement increased
cycle by cycle gradually. At the end of ten cycles of
the cyclic-loading, the final shear displacement was
only about 360 mm. Shear displacement ceased at the
end of cyclic-loading.

In the stress path, from the start, the ESP line
reached failure line, and showed a bit decrease along
the failure line. However, the shear resistance at the
end of cyclic-loading, is larger than the initial shear
stress. The high-mobility phenomenon did not
generate in this test.

(3) Test S-C(0.1)-25°

Figure 11 shows the test results of S-C(0.1)-
25° . The shear resistance in the time-series data
shows a gradual decreasing tendency, and pore
pressure increased cycle by cycle. The generation of
pore pressure is slower than that in test O-C(0.1)-
25° . The ESP shows the stress reduced along the
failure line, but at the end of cyclic-loading, the stress
level is not so small. The apparent friction angle is
12.9° . Somewhat mobility generated in this test,
but the high-mobility was not reached.

(4) Test 0-C(0.02)-25°

This test is to analyze the effect of frequency of
cyclic-loading on the sliding surface liquefaction.
The frequency is 0.02 Hz. Time-series data and stress
path is shown in Figure 12. At the first cycle, the pore
pressure reached its peak value, and shear resistance
reduced to the constant low value. Thereafter, typical
characteristic of "steady state" can be observed. The
apparent friction angle at the end of cyclic-loading is
2.9° . Because cyclic-loading with lower frequency
has larger energy, or Arias intensity (Kayen et al.,
1997). The Arias intensity measure (also termed
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accelerogram energy) is the sum of the energy
absorbed by a population of simple osillators evenly
in frequency (Arias, 1970). It is certain that cyclic-
loading with lower frequency would make high-
mobility generation easier.

(5) Test 0-C(0.5)-25°

This test is one of the series tests to analyze the
effect of frequency on sliding surface liquefaction.
The frequency is 0.5 Hz. It has smaller energy than
that in test O-C(0.1)-25° and O-C(0.02)-25° . From
the time-series data and stress path presented in
Figure 13, it is easily found that, the reduction of
shear resistance and generation of pore pressure is
slower. After the ten cycles of cyclic-loading
finished, the pore pressure also generated. The
apparent friction angle at the end of cyclic-loading is
9.5° .

(6) Test 0-C(0.1)-15°

This test is to analyze the effect of initial stress
state on the sliding surface liquefaction, because
there were so many landslide occurred on gentle
slopes (Zhang, 1996). Figure 14 shows the test
results. Comparing them with test results of O-
C(0.1)-25° , a similar pattern could be found.
However, at the end of cyclic-loading, the shear
displacement is about 4800 mm, and the apparent
friction angle is 2.1° . It is smaller than that in the
test O-C(0.1)-15° . It is concluded that at the same
K/Kc value, gentle landslide generate high-mobility
easily.

(7) Tests on dense O-samples

A test on dense O-sample at the same dynamic
condition with that in test O-C(0.1)-25° was planned
to analyze the effect of initial relative density on the
sliding surface liquefaction. According to Sassa et al.
(1996), sliding surface liquefaction can generate even
in medium and dense sandy soil, while (mass)
liquefaction can only generate in loose sandy soil.
The test results at K/Kc = 1.5 were shown in Figure
15. At the end of cyclic-loading, the shear
displacement was only 8.6 mm, and the excess pore
pressure was just 80 kPa. From the stress path, it is
difficult to justify whether the sample failed. Because
the Kc value was obtained based on residual friction
angle, but dense sample would have high peak
strength, the cyclic stress intensity may be too small
to cause the dense sample fail.

So, a test on dense O-sample at K/Kc = 2.0 was
carried out. The test results were presented in Figure
16. In the time-series data, shear resistance reduced
greatly after the seventh cycle. Thereafter, the shear
displacement generated rapidly, while pore pressure
reached the peak value at the eighth cycle. The stress
path shows that, the first seven cycles of cyclic-

loading make the sample reach its peak strength
(peak friction angle = 42.1 ° ). After the residual
strength was reached, the ESP reduced to the constant
value. At the last two cycles, the sample reached the
steady state. The apparent friction angle is 4.8° . Itis
obviously that the high-mobility generated, with a
typical effective stress path of sliding surface
liquefaction.

7.2 Excess pore pressure and shear displacement

In the time-series data described above, it is
found that, after the sample reached the steady state,
pore pressure varied at the same phase with normal
stress, and large pore pressure always generates when
large shear displacement generates. According to
Sekiuchi et al. (1998), under the undrained cyclic-
loading, the measured pore pressure can be divided
into two components: fluctuating component and
residual component. The fluctuating component is
mainly caused by variation of normal stress
increment. It is almost equal to the increment of
normal stress under fully saturated condition. The
residual component is mainly due to plastic shear
displacement. As an example, Figure 17 shows the
data-processing with test result of 0-C(0.1)-25° .
The residual component was refined from the total
pore pressure for these series tests to show the
generation of excess pore pressure with shear
displacement.

(1) Results of various samples in CU-C tests

To show the difference excess pore pressure
generation behavior induced by samples themselves,
the excess pore pressure generated in test O-C(0.1)-
25° , T-C(0.1)-25° , and S-C(0.1)-25° , the CU-C
tests on O-sample, T-sample and S-sample at K/Kc =
1.5 with cyclic frequency = 0.1 Hz, are presented in
Figure 18.

The results show the same trend as that observed
in the speed-controlled CU tests. If also evaluating
high mobility by pore pressure greater than 0.7, O-
C(0.1)-25° shows high mobility, while T-C(0.1)-
25° did not show high-mobility. S-C(0.1)-25°
shows a trend similar to 0-C(0.1)-25° , but the rate
of pore pressure generation is smaller. The pattern of
pore pressure generation with shear displacement is
almost the same as that in the speed-controlled CU
tests.

It is indicated that, in cyclic-loading, grain
crushing also strongly affected the excess pore
pressure behavior of sandy soils.

(2) Results of O-samples at various frequencies

Frequency is an important index of seismic
wave. To investigate how the frequency affects the
pore pressure behavior under the undrained
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Fig. 18 The residual excess pore pressure ratio of
various samples in CU-C tests.
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Fig. 19 The residual pore pressure ratios of O-
samples in CU-C tests with different frequencies.

condition, two frequencies of 0.02 Hz and 0.5 Hz
were used in the CU-C tests on O-sample. The results
were compared with that of O-C(0.1)-25 and shown
in Figure 19. O-sample generated high mobility at
100 mm of shear displacement for all tests. Before
that, although test data with 0.5 Hz can not be
clarified because of noise, the excess pore pressure
ratio of 0.1 Hz is larger than that of 0.02. There are
two possible reasons for this phenomenon. (1) For the
same shear displacement, greater number of cycles is
loaded in the higher frequency. Pore pressure
generation may be affected by the cycle number of
cyclic-loading; (2) Higher frequency causes faster
pore pressure generation. Faster pore pressure
generation will effectively build up excess pore
pressure in the shear zone, because excess pore
pressure will dissipate upwards and downwards from
the shear zone in the shear box.
(3) Results of O-samples in various initial stress

states

This is to compare the pore pressure behavior of
O-sample at different slope angle of 15° and 25°
Figure 20, is the test results of 0-C(0.1)-25° and O-
C(0.1)-15° . Under the same value of K/Kc (= 1.5),
the excess pore pressure responses of O-sample, can
be compared. Both curves show a slight decrease or
at least no increase from 4.0 mm to 10 mm shear
displacement. With the same mechanism as that in
speed-controlled CU tests, this is caused by the
dilative behavior when the soils begin to be sheared.
Thereafter, the pore pressure ratio increased rapidly
as the shear displacement increased, and then caused
high-mobility. The difference is that the pore
pressure response is higher in 15° slope than that in
25° slope. It is indicated that, under the same K/Kc
condition, high-mobility phenomenon takes place
easier in gentler slope. This is because that, when
K/Kc values are kept the same, the shear stress
increment acts in the gentler slope is larger than that
acts in the steeper one.
(4) Results of O-sample at different initial relative

densities

Figure 21 shows the comparison of loose O-
sample at K/Kc = 1.5, 0.1 Hz and dense O-sample at
K/Kc = 2, 0.1 Hz. The loose sample almost had no
pore pressure dissipation in the whole shearing
process. It went to high-mobility directly. While,
dense O-sample, generated negative excess pore
pressure before 10 mm of shear displacement, this is
caused by dilatancy resulting from the initial dense
state. Thereafter, the excess pore pressure generated
rapidly from 10 mm to 100 mm of shear
displacement. This phenomenon is similar to that in
the speed-controlled CU tests. It is indicated that, on
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the soils susceptible to grain crushing, sliding surface
liquefaction could generate even in dense state.

8. Conclusion

The following conclusion may be drawn from
the results obtained in the ring-shear tests with
different sands and sandy soils.

Grain crushing can be evaluated with the
variation of sample height in the CD ring-shear test
for a certain shear displacement. The variation of
sample height provides a good relationship with the
grain breakage factor, B.

The sliding surface liquefaction behavior in CU
tests can be estimated by the results of CD tests. The
soils susceptible to grain crushing are prone to the
sliding surface liquefaction in the saturated undrained
condition.

The excess pore pressure generation in the CU-
C tests on various samples show the same trend with
that in speed-controlled CU tests. The excess pore
pressure behavior obviously depends on the grain
crushing characters during shearing.

At different initial slope angles for a soil, the
high-mobility generated easier at the gentler slope.

For different frequency, it is shown that higher
frequency causes excess pore pressure generate more
quickly.

Sliding surface liquefaction can generated in
soils susceptible to grain crushing, even at dense
state.
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