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ABSTRACT

For clarifying the effects of relative density (D,) and Atterberg’s limits on the cyclic shear-induced pore water
pressure properties of soils, sandy soils with similar index properties and clayey soils with different Atteberg’s limits
were collected from Vietnam and Japan and used for this study. Specimens at D,= 50% of Nam O sand and
D, =70% of Toyoura sand, and those of Hue clay and Japanese Kaolin clay were consolidated under the vertical stress
of g,, = 49 kPa. They were then subjected to undrained cyclic shear for various cyclic shear directions and wide ranges
of the number of cycles and shear strain amplitudes. Under the same cyclic shearing conditions, specimens of sand at
higher D, (Toyoura sand) and clay with higher Atterberg’s limits (Kaolin) show a lower pore water pressure ratio. The
number of cycles and the cumulative shear strain at the starting point of pore water pressure generation were observed
for different soils and testing conditions. In addition, using the cumulative shear strain, a new strain path parameter, the
effects of shear strain amplitude and cyclic shear direction can be captured, resulting in a unique #,./c", - G' relation
on each soil. Based on this, fitting lines can be drawn and referred to promote a prediction of the cyclic shear-induced
pore water pressure accumulation for the used soils under different cyclic shear conditions.

Keywords: Atterberg’s limits, clay, cyclic shear condition, pore water pressure, relative density, sand.

1. Introduction

Under undrained cyclic  shear, no
permanent pore water pressure remains after
cyclic loading when the applied amplitude is
smaller than a specific threshold value. The
cyclic shear strain amplitude () that divides
the domains with no pore water pressure

when y> 7, continuous and rapid
accumulation of cyclic shear-induced pore
water pressure (u,..) is observed with the
number of cycles (n). In contrast, when y < 3,
such accumulation of u,. is negligible even
after many cycles (Hsu and Vucetic,
2006). y;,is  considered a  fundamental

accumulation and significant accumulation is
called the threshold cyclic shear strain (),

*Corresponding author, Email: ttnhan@hueuni.edu.vn

property of the cyclic behavior of saturated
soils subjected to undrained cyclic loading
and is visually defined as an illustration given
by Hsu and Vucetic (2006) in Fig. 1.
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Figure 1. Definition of the threshold shear strain
amplitude for pore water pressure buildup (Hsu
and Vucetic, 2006)

For sandy soils, y, has been investigated
and mentioned in different researches. By
using the strain-controlled cyclic direct
simple shear test on compacted dried sand,
Youd (1972), Silver and Seed (1971), and
Pvke et al. (1975) suggested the wvalue
of 7, ~ 0.01% and below which no change in
volume occurs. Dobryet al. (1982)
demonstrated the existence of the same
value ¥, ~ 0.01% and below which no pore
water pressure develops in saturated sand.
The concept of y, was used to predict the
liquefaction potential and develop a model
for pore pressure buildup in saturated sands
(Dobry et al., 1980; 1985). On the contrary, a
few studies directly or indirectly dealing with
the concept of y, were carried out for clays.
Based on the stress-controlled cyclic triaxial
test on saturated clay, Matsui et al. (1980)
proposed a value of 7, ~0.1% for normally
consolidated clay (NC clay). Later, by
conducting several series of undrained
uniform and irregular cyclic simple shear tests
on saturated NC Kaolin, Ohara and Matsuda
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(1987; 1988; 1989) and Matsuda et al. (1991)
indicated that the pore water pressure starts to
increase when y> 0.05% and the significant
changes at y= 0.1%. Based on six cyclic NGI-
type DSS constant volume equivalent
undrained tests on one sand, two elastic silts,
and one clay, Hsu and Vucetic (2006)
indicated that cohesive soils show a larger
value of %,than those obtained on
cohesionless soils and that ¥, generally
increases with the plasticity index (/,) of
cohesive soils, namely , increases from
0.024% to 0.06% when I, increases from 14 to
30 meanwhile for sand and gravels,
¥» becomes smaller, changing in the range
from 0.01 to 0.02%.

Based on several series of uni-directional
and two-directional cyclic shear tests on
normally and over-consolidated clays (NC
and OC clays), Matsuda et al. (2015)
indicated that j, induced by the two-
directional cyclic shear increases from 0.1%
to 0.2% for the range of OCR from 2 to 5 and
is smaller than those induced by the uni-
directional cyclic shear which had been
confirmed to increase from 0.05% to 0.29%
for OCR from 1 to 6 by Matsuda and Ohara
(1989). In addition, since the relative density
and the Attergerg’s limits have been
confirmed in significantly affect the dynamic
behavior of soils subjected to different cyclic
shear conditions and models (Matsuda et al.,
2011; 2012; Vucetic and Dobry, 1991), the
threshold number of cycles and cumulative
shear strain for pore water pressure generation
and buildup have been generally compared
between different soils (Nhan et al.,
2012; Nhan and Matsuda, 2020) and initially
clarified in more detail for Nam O sand and
Hue clay (An et al., 2022). Therefore, in this
study, the pore water pressure properties,
including such parameters for pore water
pressure generation in these soils, were further
observed and compared with those obtained
on Toyoura sand and Kaolin clay which have
been widely used for laboratory testing and
study in Japan.
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2. Cyclic simple shear test
2.1. Test apparatus and specimen preparation

The multi-directional cyclic simple shear
test apparatus including the situation of soil
specimen in the shear box are shown in

Fig. 2. The outline of the test device is shown

in Fig. 3a, and the deformation model of the
specimen under uni-directional and two-

directional cyclic shears are shown in Figs. 3b
and c, respectively.

Figure 2. (a) Photo of the test apparatus; (b), (c), (d) and (e) situation of specimen of Nam O sand,
Toyoura sand, Hue clay and Kaolin in the shear box, respectively

The cyclic shear strains from two
orthogonal directions on horizontal plane (X
and Y directions) can be simultaneously and
independently applied by using the electro-
hydraulic servo system while the vertical
stress is automatically controlled by the aero-
servo system. The shear strain amplitude y is
defined as a ratio of the maximum horizontal
displacement (J) to the initial height of
specimen (/4,). In the uni-directional cyclic
shear test, only one component of the shear
strain in either X or Y direction, was applied to
the specimen (e.g. only in X direction as seen
in Fig. 3b) and in this case, the orbit of cyclic
shear strain forms a linear line. Meanwhile for
the two-directional test, two orthogonal
components of the shear strain with various
degrees of the phase difference were
simultaneously applied to the specimen under
the same shear strain amplitude (Fig. 3c).
Then the orbit shows a linear line
when 6 = 0° an elliptical line when
0° < #<90° and a circle line for &= 90°.
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Figure 3. (a) Outline of the test device and
deformation model of the specimen under (b) uni-
directional and (c) two-directional cyclic shears

This study used two sandy soils, including
Nam O and Toyoura sands, and two clayey
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soils, including Hue and Kaolin clays, for the
cyclic shear tests. Hue clay is a silty clay that
partly constitutes the Phu Bai formation, and
Nam O sand is the fine-grained sand of the
Nam O formation. Hue clay is a dark-colored
and weak organo-sedimentary soil
characterized by high organic content and
compressibility, low bearing capacity, and
shear resistance (Nhan, 2004). Meanwhile,
Nam O sand has low relative density and
disadvantageous  index  properties  to
liquefaction resistance (Nhan, 2019). Besides
widely spreading along the coastal plain in
Thua Thien Hue and Quang Tri provinces, the
soils also have changeable thickness and
distribution depth and, in most case, extends
close to the ground surface (Nhan, 2004;
Thao, 2004; Vy, 2007). The map typically
showing the distributions of Nam O sand and
Hue clay has been presented by An et al.
(2022).

Consequently, these soils have caused
adverse effects on buildings’ foundation
stability and historical monuments’ lifetime,
as well as reducing technical and economic
efficiencies of constructional operations in
the areas (Thao, 2004; Nhan, 2019).
Therefore, the dynamic properties of such

soils have been observed in previous research
in which information about the soils can be
referred to in more detail (Nhan, 2019; Nhan
and Matsuda, 2020; An et al., 2022; Nhan et
al., 2022). Kaolin clay, a standardized clay,
and Toyoura sand, a natural sand, are

commonly used for laboratory testing in Japan
(Lashkari, 2009; Matsuda et al., 2011; 2012).
The grain size distribution curves of the
soils are shown in Fig. 4, and several physico
properties

mechanical summarized

in Table 1.
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Figure 4. Grain size distribution curves of tested
soils (results of Nam O sand and Hue clay were
referred from An et al., 2022)

Table 1. Physico-mechanical properties of tested soils (results of Nam O sand and Hue clay were referred

from An et al., 2022)

Properties Nam O sand | Toyoura sand Properties Hue clay | Kaolin

Specific gravity, G, 2.643 2.637 Specific gravity, G, 2.68 2.71
Maximum void ratio, e,,,, 0.960 0.991 Liquid limit, w; (%) 294 47.8
Minimum void ratio, e,,;, 0.653 0.630 Plastic limit, wp (%) 18.7 22.3
Maximum dry density, P (g/cm’) 1.599 1.617 Plasticity index, /, 10.7 25.5
Minimum dry density, pumm (&/cm’) 1.348 1.324 L
Coefficient of uniformity, U, 2.30 1.90 Compression index, C 0.20 0.31
Coefficient of curvature, U’. 0.91 0.85

N A 0.290; 0.255; | 0.240; 0.205; [Swelling index, C; 0.04 0.05
Dso: Dsoi D3o; Dyo (mm) 0.182;0.126 | 0.160;0.126

The results in Fig. 4 and Table 1 indicate
that Kaolin clay shows smaller grain size and
higher Atterberg’s limits than those of Hue
clay, and therefore to clarify the effect of the
Atterberg’s limits on the dynamic properties of
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the soils, the same specimen preparation and
testing condition should be used. Reconstituted
samples of Hue and Kaolin clays were firstly
mixed with de-aired water to form a slurry with
a water content of about 1.5 times their liquid



Vietnam Journal of Earth Sciences, 45(1), 33-48

limits (i.e., w= 44.1% and 71.7% for Kaolin
and Hue clays, respectively). It is seen that
Nam O sand has a mean particle size of D5, =
0.255 mm and a coefficient of uniformity
of U.= 2.30. Thus, this soil is classified as
poorly-graded sand, being hard to compaction
and vulnerable to liquefaction. Since Nam O
and Toyoura sands have similar grain sizes
and index properties (Fig. 4 and Table 1),
specimens at different relative densities
should be used to clarify the effects of this
parameter on the dynamic behavior of the
soils. In addition, the natural density of Nam
O sand was confirmed in the range from 41%
to 58.3% for the distribution depth from
0 mto 19.5 m (Hai, 2016; Hai et al., 2017;
Tin, 2019; Nhan,2019) and then, the
specimen at D, = 50% were prepared for Nam
O sand while the specimen of Toyoura sand
was fixed as D, = 70%. Dried sand samples at
predetermined intended  to
produce D, = 50% and 70% were mixed with
de-aired water, so the sand was immersed in
water. The slurry (of Hue and Kaolin clays)
and sand-mixed water (of Nam O and
Toyoura sands) were kept under constant
water content for one day and de-aired in the
vacuum cell before pouring into a rubber
membrane in the Kjellman shear box
of the test apparatus (Fig. 2). The slurry of
clay and sand-mixed water were then
consolidated under the vertical stress of
Oy, = 49 kPa. During the consolidation test,
the wvertical stress was automatically
controlled at o, = 49 kPa, and the pore water
pressure was measured. The consolidation test
is finished when the pore water pressure is
dissipated (i.e., equal to zero). The records of
vertical stress and the pore water pressure
measurements during the consolidation test
are typically shown in Fig. 5 for Kaolin clay
(Nhan, 2013).

volumes

>0 T A ™
40 Vertical stress Kaolin
c'yo=49kPa
S30 t
<
é) 20 ¢ Pore water pressure
3
&10
O L T i
0 4 8 12 16 20

Elapsed time (min.)

Figure 5. Typical records of the vertical stress and
the pore water pressure during consolidation test
before cyclic shearing (Nhan, 2013)

2.2. Test procedures and conditions

After the consolidation, the dimensions of
the soil specimen are 75 mm in diameter and
about 20 mm in height with an average void
ratio of e= 0.73 and 1.15 for Hue clay and
Kaolin, respectively, and with the relative
density of Dr = 50% £+ 5 and 70% + 3%
corresponding to Nam O and Toyoura sands.
The soil specimen was then subjected to
cyclic shear under undrained conditions. Since
the saturation of Hue and Kaolin clays was
confirmed by referring to the B-value > 0.95,
the undrained cyclic shear test was naturally
carried out, and the cyclic shear-induced pore
water pressure (u,..) was measured by closing
all drainages. In addition, the membrane-
enclosed specimen was surrounded by a stack
of acrylic rings (Figs. 2b-e) which permit
cyclic simple shear deformation on the
specimen under constant cross-sectional area.
The aero-servo system automatically adjusted
the vertical stress so that the height of the
specimen was kept unchanged, and such a
constant-volume condition was applied to
Nam O and Toyourasands. Since the
decrement in the effective stress (|407,

) under

37



Tran Thanh Nhan et al.

the
pressure

constant-volume condition is equal  to
the pore
under

increment in water
(i-e., 40| = tyee) fully saturated
condition, the  similarity of these two
conditions for simulating the undrained cyclic
shear has been confirmed and widely applied to
both sands and clays (Ishihara and Yamazaki,
1980; Matsuda et al., 2004; 2011; 2012; Nhan,
2013; Yasuhara and Andersen, 1991).

The waveform of the cyclic shear strain was

Table 2. Conditions for undrained cyclic shear tests

sinusoidal with the frequency of f = 0.5 Hz
(T=2.0 s). The shear strain amplitude was
changed from y= 0.1% to 2.0%. The number
of cycles was changed from n =10 to 200 for
sands and was fixed as n = 200 for clays. The
cyclic shear direction includes uni-direction
and two-direction, and for the two-directional
cyclic shear, the phase difference (6) was
changed from 0° to 90° (called cyclic gyratory
shear). Conditions of the undrained cyclic
shear tests are summarized in Table 2.

. Consolidation | Frequency /' [Number o Unl-dlrectlp L - Two-direction -
Soil Shear strain Phase difference Shear strain
stress o, (kPa) - (Hz) cyelesn | plitude 7(%) 9 (%) amplitude 7 (%)
Hue clay 200 0.05-1.0 45°,90° 0.1-1.0
Kaolin 49 0.5 0.1-2.0 20°,45°,70°, 90° 0.1-2.0
INam O sand 10 - 150 0.1-2.0 0°. 45°. 90° 01-1.0
Toyoura sand 15-200 0.1-1.0 T ) )

3. Results and discussions

3.1. Changes in effective stress of sands and
pore water pressure of saturated clays during
undrained cyclic shears

As mentioned previously, the effective
stress (o’,) in Nam O and Toyoura sands
decreases during the constant-volume cyclic
shearing, equal to the increase in the pore
water pressure in Hue clay and Kaolin (i.e.
|[40°,| = use). The changes of o, and u,,. are
typically shown in Fig. 6 for Nam O sand and
Kaolin subjected to undrained uni-directional
and two-directional cyclic shears at the shear
strain amplitude y= 0.1%, 0.4% and 1.0%.

It is
increases during the undrained cyclic shear

seen that o', decreases and .,

(i.e. with the number of cycles ) and that the
larger the amplitude of the cyclic shear, the
quicker the decrease in ¢, on Nam O sand and
the Kaolin.  Since

increase in Uy, ON
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O, = 0, tu,.and when o', equals to zero
(o', = 0) meaning that u,.. equals to the initial
vertical stress (i.€. U, = Gy, = 49 kPa), then the
soil is liquefied. It is seen in Fig. 6 that
liquefaction occurs on Nam O sand meanwhile
this condition is not reached on Kaolin even
after a relatively large cycle number (r = 200).
In addition, the cyclic shears with larger y(y=
0.4% and 1.0%) result in sudden decreases in
o’, and consequently, liquefaction occurs on
Nam O sand after several cycles. Comparisons
of the results between Figs. 6a and b indicate
that atthe same n and y, the two-directional
cyclic shear (6 = 90°in Fig. 6b) induces
quicker decreases in ¢’, and increases in .,
than those under the uni-directional one. Due to
the relation of |[46”,| = u,. and for simplifying
the remaining content, the terms of pore water
pressure accumulation u,.. should be used for
both undrained conditions (An et al., 2022).
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Figure 6. Typical decreases in o’, on Nam O sand and increases in u,.. on Kaolin during undrained cyclic
shearing with different amplitudes and directions ((a) uni-direction and (b) two-direction at & = 90°)

3.2. Considering the pore water pressure

responses of saturated soils  using
conventional parameters
To show the pore water pressure

accumulation from the beginning to the end of
the cyclic shear, the pore water pressure ratio,
defined by wu,./0’,, where ¢’,, is the initial
effective stress, are plotted against the
logarithm of » for all soils as seen in Fig. 7. In
Fig. 7a, several experiments at the same
conditions (cyclic shear direction and y) were
performed on Toyoura sand and the obtained
agreements confirm the precision of the
testing results. It is seen in Fig. 7 that the pore
water pressure ratio u,./o’,, increases with n,
and at the same 7, cyclic shear tests at larger y
result in higher Ugee! O vor At the
same 7 and ¥, the two-directional cyclic shear
induces the higher u,./oc’,,. The discrepancy
of wuy,/0 between the uni-directional

and two-directional cyclic shears reveals the
effect of the cyclic shear direction on the
cyclic shear-induced pore water pressure
accumulation of saturated soils. For Nam
O and Toyoura sands (Figs. 7a, b), the
discrepancies of wu,./0’, are evident at
y=0.1%, tend to decrease with y and become
negligible when y = 1.0%. For Hue and
Kaolin clays (Figs. 7c, d), such discrepancies,
even become largest at = 0.2%-0.4% and still
remain at y= 1.0% and n= 200, show more
complicated variation with n and y. Matasovic
and Vucetic (1992, 1995) indicated that the
cyclic resistance and degradation of soils are
significantly related to and affected by cyclic
shear-induced pore water pressure
accumulation. Therefore, the higher ../, in
Figs. 7a-d suggests the higher disturbance and

degradation of the soils when subjected to the
two-directional cyclic shear.
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Figure 7. Changes of u,./0’,, on (a) Toyoura sand, (b) Nam O sand, (c) Kaolin clay and
(d) Hue clay subjected to undrained cyclic shearing with different conditions

To show the effects of the relative density
of sands and Atterberg’s limits of clays on the
cyclic shear-induced pore water pressure
property, the results of u,./c’,in Figs. 7a-
dare compared between sands and clays
under the same testing conditions as shown in
Figs. 8 and 9. It is seen that Toyoura sand at
higher density and Kaolin with higher
Atterberg’s limits show a slower rate of the
pore water pressure accumulation and
consequently, at the same n, obtained values
of u,../0’,, on Toyoura sand and Kaolin are
lower than those on Nam O sand and Hue
clay, respectively. Based on the cyclic shear
test results on normally and over-consolidated
clays and sands, Vucetic and Dobry (1991)
indicated that the Atterberg’s limits (namely
the plasticity index) importantly govern the
dynamic behavior of soil deposits and that the
higher the Atterberg’s limits of fine-grained
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soil, the lower the stiffness degradation at an
arbitrary amplitude of the cyclic shear
strain. Therefore, based on the obtained
results of the pore water pressure
accumulation, Toyoura sand at higher density
and Kaolin clay with higher Attergber’s
limits show higher cyclic resistance than
those of Nam O sand at lower density and
Hue clay with lower Atterberg’s limits,
respectively and such an observation is
confirmed for both uni-directional and two-
directional cyclic shears.
3.3. Threshold number of cycles for pore
water pressure generation on saturated
sands and clays

By plotting the results of u,../c",, against
the logarithm of n as shown in Figs. 7-9, the
changes in the pore water pressure can be
described from the beginning to the end of the
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cyclic shearing, and since y> 7, (i.e. the
smallest ¥y = 0.1% used in this study and
therefore being larger than y, = 0.024%-
0.06% and %, = 0.01%-0.02% as previously
mentioned for clay and sand, respectively),
the pore water pressure is quickly generated
after the application of the cyclic shear
strain. It is seen in these figures that, for each
soil, the number of cycles at which the pore
water pressure starts to generate (i.€. U/ o
becomes >0) decreases with y. This parameter
was referred to as the threshold number of
cycles for cyclic shear-induced pore water

pressure generation, symbolized as n,,. n, was
generally mentioned for clays and sands
(Nhan et al., 2012; Nhan, 2013; Nhan and
Matsuda, 2020) and recently determined
in more detail for Hue clay and Nam O sand
subjected to uni-directional and two-
directional cyclic shears (An et al., 2022).
Therefore, in this study, n, should be
determined for Toyoura sand and Kaolin
subjected to the same cyclic shearing
conditions so that the effects of the soil
properties and cyclic shearing conditions can
be considered.

1.0 1.0
(b) 6 =90°
V= 1.0 %
° V= 0.4 %
S
305 1 0.5 7 y=03% - ]
s " 7=02%
V= 0.1 %
i / — Toyoura sand — Toyoura sand
P Y o Nam O sand A e Nam O sand
0.0 : i L am— 0.0 R
0.01 0.1 1 10 100 0.01 0.1 1 10 100

Number of cycles n

Figure 8. Comparison of relations between u,../0”,, and n on saturated sands subjected to undrained
cyclic shear with different amplitudes and directions ((a) uni-direction and (b) two-direction at & = 90°)

1.0 1.0
(a) Uni-direction (b) € =90°
|—Kaolin 1 —Kaolin
J . Hue clay j IELIL Hue clay
2 y=1.0% 7=1.0 %
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§ -_—
v= 7=
e =
0.0 A e 0.0 i T+ *
0.01 0.1 1 10 100 0.01 0.1 1 10 100

Number of cycles n

Figure 9. Comparison of relations between u,../c”’,, and n on saturated clays subjected to undrained cyclic
shear with different amplitudes and directions ((a) uni-direction and (b) two-direction at & = 90°)

Obtained results of n, on Toyoura sand
and Kaolin (symbolized as n,70 and nyx40,
respectively) are summarized in Table 3.
Changes of this parameter with yare shown in

Fig. 10. In Table 3 and Fig. 10, the results of
n, on Nam O sand and Hue clay (symbolized
as nyno and ng,uy, respectively) were referred
from previous research (An et al., 2022) in
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which method for determination of n, was
described in detailed. The observations
indicate that 7, generally decreases with y
regardless of the types of soils and the cyclic
shear direction. In addition, when comparing
n, between the soils under the same cyclic

shearing conditions, Toyoura sand at higher
relative density shows smaller 7, than those
of Nam O sand at lower density (Fig. 10a).
Meanwhile, in Fig. 10b, Kaolin with higher
Atterberg’s limits shows higher n,, compared
with that of Hue clay.

Table 3. Obtained results of n,, for saturated soils subjected to undrained cyclic shear with different

amplitudes and directions

Shear direction Uni-direction 0=90°
Soil )| 0.1 0.2 0.4 1.0 0.1 0.2 0.4 1.0
Nam O sand (11,,50) 0.63 0.25 0.2 0.075 0.44 0.31 0.27 0.15
Hue clay (1,,10) " 0.15 0.125 | 0.075 0.05 0.175 0.15 0.125 0.05
Kaolin (11,,40) 0.15 0.98 0.22 0.11 0.45 0.43 0.40 0.14
Toyoura sand (1, 70) 0.26 0.055 <:> 0.025 8'83 0.047 <:‘> 0.026
pTO 0.425 0.081 ¢ 0.027 0.12 0.035 9 0.026

) Results of Nam O sand and Hue clay were referred from An et al. (2022). © The results obtained for y = 0.3%
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Figure 10. Changes of n,, with y for (a) sandy soils and (b) clayey soils subjected to uni-directional
and two-directional cyclic shears (obtained results on Nam O sand and Hue clay were referred
from An et al., 2022)

3.4. Threshold cumulative shear strain for
pore water pressure generation on saturated
sands and clays

To show the changes of u,./c",, with the
cumulative shear strain G*, which is a new
strain path parameter, the observed results in
Figs. 8 and 9 are shown again in Figs. 11, 12,
respectively. G° in these figures was

)

determined by applying Eq. (1) proposed by
Fukutake and Matsuoka (1989). The advantage
of this parameter in simulating the cyclic
shear-induced pore water pressure

accumulation during undrained cyclic shear
has Dbeen thoroughly analyzed in previous
research (Matsuda et al., 2011; 2012; 2013;
Nhan, 2013; Sato et al., 2018).
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G = ZAG = XAy’ + A3)" (1)
Where Ay and Ay, are the shear strain

increment in two orthogonal directions, i.e.,
X and Y directions, respectively.
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;/:
©
- 0.5 X 4
s y= 0.5
B 7=03 %
=04 %
4 o y=01%
——Toyoura sand — Toyoura sand
------ Nam O sand ==+ Nam O sand
0.0 A 0.0 - : f f f
0.01 0.1 1 10 100 0.01 0.1 1 10 100

Cumulative shear strain G* (%)

Figure 11. Comparison of the relations between u,../o”,, and G on saturated sands subjected to
undrained cyclic shear with different amplitudes and directions ((a) uni-direction and (b) two-direction

at 6= 90°)
1.0 1.0
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Figure 12. Comparison of the relations between u,../c”’,, and G’ on saturated clays subjected to undrained
cyclic shear with different amplitudes and directions ((a) uni-direction and
(b) two-direction at 8 = 90°)

Eq. (1) indicates that G~ denotes the
summation of the shear strain increment
during cyclic shearing, or this parameter
denotes the length along the shear strain path
and is related to the cyclic shear-induced
disturbance of soil structure. This means that
the cyclic shear with a longer application (i.e.,
larger number of cycles) and a larger
amplitude (i.e., y) results in a larger value of
G". For the case of Hue and Kaolin clays
which are not liquefied as seen in Fig. 12 and
all cyclic shear tests were fixed at n = 200, the

cyclic shear at larger induces the larger values
of G° and the larger G results in the
higher u,../oc",,. Meanwhile, the tendencies are
different for Toyoura and Nam O sands, which
were liquefied, as seen in Fig. 11. It is
interestingly indicated that by using G~ instead
ofn(as shown in Fig. 8), the changes
inu,./o’,,become more unique. When
y> 0.3%, the discrepancies of u,./oc",, become
negligible regardless of the shear strain
amplitude and shear direction. Therefore, G
can be used to capture the effect of the shear
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strain amplitude and shear direction on the pore
water pressure accumulation of saturated sands
subjected to undrained cyclic shears.

Using the plots in Figs. 11 and 12, the
threshold cumulative shear strain for pore
water pressure generation, symbolized by G,
and similarly defined as n, can be obtained
for Toyoura sand and Kaolin (symbolized as
G*,,,m and G*mKAO, respectively) under
different cyclic shearing conditions. Obtained
results of G*MO and G*mKAO are summarized in
Table 4 and plotted against yin Fig. 13.
The results of G',, on Nam O sand and Hue
clay (symbolized as G*t,,NO and G*t,,HU,
respectively) were referred from previous

research (An et al., 2022) in which the method
for determination of G*t,, was also described in
detail. In Fig. 13a, despite several scattering
on G*,,,NO, the results of G*,,, are mainly in
the range from 0% to 0.1%. Therefore,
G'»= 0.1% can be considered a criterion
value for pore water pressure generation in
sands. Meanwhile, in Fig. 13b, G,y and
G ka0 generally decrease with 7, and Kaolin
with higher Atterberg's limits shows higher
G*,,, (i.e., G*,,,KA0>G*,,,HU). Since the decreasing
tendency of G*,DHU and G*,,,KAO are not clear and
scattering on G*,,,KAO is remained, uni-directional
and two-directional cyclic shear tests should be
further carried out on other clays.
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E £ .
§ g 04 04
28
= Z L
Ed02F A 02
& : o
=8 e
ER: % ° A o " = &
E g 0.0 I S . 0.0 0 . L
= = 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Shear strain amplitude y (%)
G",, (Soil) Uni-direction| 8= 90°
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G" v (Hue clay) O =
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Figure 13. Changes of G, with g for (a) sandy soils and (b) clayey soils subjected to uni-directional
and two-directional cyclic shears (obtained results on Nam O sand and Hue clay were referred
from An et al., 2022)

Table 4. Obtained results of G*,p for saturated soils subjected to undrained cyclic shear with different

amplitudes and directions

Shear direction Uni-direction 0=90°
Soil %) 0.1 0.2 0.4 1.0 0.1 0.2 0.4 1.0
Nam O sand (G n0) 0.075 | 0.075 0.25 0.125 | 0.045 0.08 0.25 0.13
Hue clay (G 1) © 0.07 | 0.016 | 0.086 0.01 0.16 0.09 0.1 0.08
Kaolin (G ,x40) 0.333 | 0.585 0.15 0.072 0.47 0.57 0.5 0.089
Toyoura sand (G, o) 0.073 0.082 (::> 0.062 8:% 0.025 <:> 0.07
P 0.20 0.096 0.0125 | oo, 0.049 0.072

® Results of Nam O sand and Hue clay were referred from An et al. (2022). © The results obtained for y = 0.3%
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of uu/'y between sands

and clays for different cyclic shear conditions

3.5. Comparisons

The changes of u,./0",, with y are shown
by symbols in Fig. 14(a) for different soils and
cyclic shearing conditions used in this study.
For Toyoura and Nam O sands which were
subjected to cyclic shear tests with different
number of cycles, the results become
scattering, and therefore, several results were
typically noticed by arrows to show the effect
of this parameter on u,./c’,,. It is seen that
when y<0.3%, the undrained cyclic shears
with larger n and with two-direction induce the
higher u,./c’,, suggesting the effects of these
parameters on the pore water pressure
accumulation of sands. However, when
y > 0.3%, Toyoura and Nam O sands are
quickly liquefied; therefore, such effects
become negligible. For Kaolin and Hue clays
subjected to cyclic shear tests with the same n
(i.e., n = 200), the two-directional cyclic shears
induce higher u,./c’,, than those generated by
the uni-directional one, and such an effect of
the cyclic shear direction remains at y= 1.0%.
The results of u,./0’,, in Fig. 14a are shown
against G in Fig. 14b, and it is seen that by
using G~ instead of 7, the increasing tendencies
of u,./0’,become unique on each soil
regardless of the cyclic shear direction, shear
strain amplitude and the number of
cycles. Consequently, fitting  lines can
be referred to promote a prediction of the pore
water pressure accumulation for the soils used
in this study. When comparing the results
between sands and clays for the same G,
Toyoura sand with higher density and
Kaolin  with  higher plasticity = show
smaller u,../o",, than those on Nam O sand and
Hue clay, respectively. These observations
indicate that G~ can be advantageously used to
capture the effects of the cyclic shear
conditions on the pore water pressure
accumulation of sands and clays; meanwhile,
with this parameter, the effects of the relative

density of sands and the Atterberg’s limits of
clays can not be eliminated.

10 Frrrmmrr i S Or TP o

n=20

IToyoura ] n = 304
| sand

2 0.0 :
0.01 0.1 1
\:3 Shear strain amplitude y (%)
NI

-(—B—j—r——r—————————rrr@;.q}o,mm@@- Hipg
i s :

| Nam O sand A @)
_ VA

¢
b

/ Toyoura sand
/

/
A Hue cla

D

1000

0.0 b

1 10 100
Cumulative shear strain G* (%)

Soil Uni-direction| Two-direction| Fitting line|
Nam O sand o) [ I [R——
Hue clay

O | |
Toyoura sand A S
< *

Kaolin

Figure 14. Relations of u,../o’,, versus (a) the
shear strain amplitude y and (b) the cumulative
shear strain G for different soils and
undrained cyclic shear conditions (obtained results
on Nam O sand and Hue clay were referred from
Anetal., 2022)

4. Conclusions

The main conclusions are as follows:

(1) When subjected to the same undrained
cyclic shear conditions, sandy soil at higher
relative density and clay with higher
Atterberg’s limits show a slower rate of pore
water pressure accumulation resulting in a
lower ratio of the cyclic shear-induced pore
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water pressure. For sandy soils, which are
easily liquefied wunder undrained cyclic
loading, the effects of cyclic shear direction
and shear strain amplitude become negligible
when y> 0.3%, whereas for clay with higher
liquefaction resistance, such effects remain
even at = 1.0% and n = 200.

(2) The threshold number of cycles for
pore water pressure generation generally
decreases with yregardless of the soil type
and cyclic shear direction. For sandy
soils which have similar index properties,
Toyoura sand at higher D, shows smaller n,,
(i-e., nypro < nyyo) meanwhile, for clay, Kaolin
with higher Atterberg’s limits shows higher
Ny (i.e., Nypka0 > I’Z[pHU).

(3) As to the threshold cumulative shear
strain for pore water pressure generation, the
values of G, obtained on Nam O and
Toyoura sands mainly change in the range
from 0% to 0.1%. Therefore, G*tp =0.1% can
be considered as a criterion for pore water
pressure generation in sands. For Kaolin and
Hue clays, despite several scattering on
Kaolin, G, generally decreases with  and
Kaolin with higher Atterberg’s limits shows
higher values of G*tp (i.e., G*t,,KAO > G*tpHU).

(4) The effects of shear strain amplitude
and cyclic shear direction on the pore water
pressure accumulation of saturated sands and
clays can be eliminated by using G"
Consequently, relations of u,./c’,, versus G
become unique on each soil. Therefore,
empirical fitting lines can be used to predict
the pore water pressure accumulation of the
used soils subjected to undrained uni-
directional and two-directional cyclic shears.

(5) Even with the application of G, the
discrepancies of u,./c’, are seen between
sandy specimens at different densities and
between clays at different Atterberg’s limits
indicating that the effects of the relative
density and the Atterberg’s limits on the pore
water pressure accumulation of the soils
remain.
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