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Abstract

It is important to be fully aware of the dynamic characteristics of saturated soft clays under complex loading conditions in
practice. In this paper, a series of undrained tests for soft clay consolidated with different initial major principal stress
direction & were conducted by a hollow cylinder apparatus (HCA). The clay samples were subjected to pure principal stress
rotation as the magnitudes of the mean total stress p, intermediate principal stress coefficient b, and deviator stress g were
all maintained constant. The influences of intermediate principal stress coefficient and initial major principal stress
direction on the variation of strain components, generation of pore water pressure, cyclic degradation and non-coaxiality
were investigated. The experimental observations indicated that the strain components of specimen were affected by both
intermediate principal stress coefficient and initial major principal stress direction. The generation of the pore water
pressure was significantly influenced by intermediate principal stress coefficient. However, the generation of pore water
pressure was merely influenced by initial major principal stress direction when b = 0.5. It was also noted that the torsional
stress—strain relationships were affected by the number of cycles, and the effect of intermediate principal stress coefficient
and initial major principal stress direction on the torsional stress—strain loops were also significant. Stiffness degradation
occur under pure principal stress rotation. Anisotropic behavior resulting from the process of inclined consolidation have
considerable effects on the strain components and non-coaxial behavior of soft clay.

Keywords Initial major principal stress direction - Intermediate principal stress coefficient - Natural soft clay -
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1 Introduction

The geotechnical problem of soft clay is widespread in
Wenzhou, a coastal city in China. Being one of the most
developed areas in China, a large number of infrastructures
have been constructed on this kind of soil. The soil grounds
of these projects may undergo long-term cyclic loads
during construction and operation period. The disturbance
of soil layer and the reduction of bearing capacity, due to
the effect of cyclic loads like waves, may result in foun-
dation instability, huge loss of life and property. The dis-
placement and rearrangement of soil particles will be
caused by cyclic load as wave load, the major principal
stress direction is rotated away from the vertical by an
angle during consolidation, which leads to anisotropic
‘inclined’ consolidation. The anisotropy in stress—strain
relationship, strength and other mechanical behavior occurs
due to the different consolidation states. Meanwhile, sea-
bed and marine structure foundation are subjected to
complex stresses under wave loads, which induces
dynamic stress, dynamic strain and generation of pore
water pressure [23]. For example, in Bohai region of China,
the cyclic wave load caused platform sliding and inclining,
and the deposition distance of one petroleum pipeline in
Bohai gulf went over certain limits. The second west
breakwater of Niigata port destroyed under storm activity.
They are all closely related to complex loads involved
principal stress rotation. Therefore, it is important to be
fully aware of the dynamic characteristics of saturated soft
clays under complex loading condition.

As described in detail by Wang et al. [21], wave load, a
special kind of cyclic load with reciprocation for a long
time, is different from the static load and the seismic load.
According to Ishihara and Towhata [3], the cyclic variation
of vertical stress is 90 degrees out of phase with the cyclic
change in the horizontal shear stress. During the cyclic
alteration of these two components of shear stress, the soil
element is subjected to continuous rotation of the principal
stress direction.

In recent years, many investigations focused on cases
under complex loading conditions involving principal
stress direction rotation during shearing. Ishihara and
Towhata [3] examined the impact of the principal stress
axes rotating on undrained behavior of saturated sand by
cyclic triaxial—torsional shear tests. Miura et al. [8] carried
out a series of drained tests under more general stress
condition involving principal stress rotation. In their tests,
it was found that the effect of rotation of principal stress
axis cannot be negligible. However, as pointed out by
Shibuya et al. [16], due to the limitation of their apparatus,
the principal stress rotation was not independent of inter-
mediate principal stress coefficient. Based on the limitation
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mentioned above, a new hollow cylinder apparatus was
developed by Hight et al. [2]. Then, different conditions
including initial anisotropy, different intermediate principal
stress coefficient and principal stress rotation can be
investigated. Symes et al. [17] investigated the effect of
principal stress rotation on undrained anisotropy of sand at
a constant stress during both monotonic and cyclic loading,
drained tests were also conducted [18]. Nakata et al. [9]
found that pore pressures and strains were accumulated
under the principal stresses rotation although the deviator
stress remains constant. However, the intermediate princi-
pal stress coefficient in these tests were all fixed to 0.5.
Yang et al. [28] were among the first to study the effect of
different intermediate principal stress coefficients on the
undrained behavior of soils and found it had significant
impact. Based on the research, Tong et al. [19] conducted a
series of tests to study the effect of intermediate principal
stress coefficient on drained behavior of sands under
principal stress rotation. Similar conclusions are obtained
that the effect of different intermediate principal stress
coefficients on the response of sand is significant.

The soft clay under complex loading involved principal
stress rotation has been investigated by many researchers.
Wang et al. [24] investigated the anisotropic deformation
behavior and shear strength of Wenzhou natural soft mar-
ine clay by HCA, the influence of intermediate principal
stress and principal stress direction on deformation
behavior of soft clay were discussed in detail. Shen et al.
[15] conducted comprehensive tests including cyclic prin-
cipal stress rotation, cyclic shear with abrupt change of
principal stress orientation and cyclic shear, with fixed
principal stress orientation to obtain the critical behavior of
Hangzhou intact soft clay. In order to investigate cyclic
deformation behavior of natural soft marine clay, Wang
et al. [22] conducted a series of undrained tests with the
deviator stress kept at a constant level as principal stress
rotating 5000 cycles. Zhou and Xu [30] also found that the
influence of shear stress level on strain development was
remarkable by different types of tests, including a shearing
test along fixed principal stress direction, a pure rotation
test, and both clockwise and anti-clockwise rotation tests.
A series of cyclic heart-shaped and cyclic triaxial
undrained tests were performed on Shanghai clay through
simultaneously varying the torsional shear stress and the
normal stresses, the plastic shakedown behavior of satu-
rated clay subjected to traffic loading with principal stress
rotation was discussed in detail by Qian et al. [12, 13].

However, the reports summarized above are all con-
ducted by fixing the major principal stress axis in the
vertical direction prior to shear in the experiments. In
actual field conditions, the direction of major principal
stress is not always parallel to the vertical during process of
consolidation. Many field loading situations, such as wave
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Fig. 1 Stress and strain states in hollow cylinder specimen

loading on seabed deposits, seismic excitation in level
ground, and traffic loadings on the sub-grade, may involve
significant rotation of the principal stress directions.
However, little is known concerning the effects of aniso-
tropic ‘inclined’ consolidated. Multi-stage embankments
built on soft marine ground, which rely on foundation
strength improvements taking place by consolidation under
load, provide the best-known practical example of this
condition. Jardine and Smith [4] focused on the effects of
anisotropic ‘inclined’ consolidation, where the major
principal stress direction is rotated away from the vertical
by an angle during consolidation, and presented a numer-
ical simulation of a multi-stage embankment, including
detailed predictions of stress conditions developed in the
foundation designed by a ‘consolidated undrained’
approach. Zdravkovic and Jardine [29] conducted experi-
mental investigations on dense silt samples involving
principal stress rotation during consolidation, they pointed
out that although the effective stress paths were guided by
the conditions of multi-stage embankments built on soft
ground, the results have considerable significance in other
practical geotechnical problems. Considering that little
attention was given to the effect of anisotropic consolida-
tion on the deformation behavior of soil involved various
loading conditions, Xiong et al. [26] studied the impacts of
anisotropy on deformation behavior by using a hollow
cylinder apparatus, the tests that sheared with a fixed
principal stress direction and tests that sheared with a
constant deviator stress under pure principal stress rotation
alone are both studied. With the rapid development of
coastal cities, numerous buildings and infrastructures have
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been built on soft clay foundations. The geotechnical
problems existing in soft clay have drawn attention to
many researchers. To the authors’ concern, there have been
little studies of tests on the behavior of soft clay involved
anisotropic ‘inclined’ consolidations reported in the
literature.

Based on the consideration above, in this study, a series
of undrained HCA tests involving pure principal stress
rotation on soft clay with different initial major principal
stress directions were carried out, the effect of intermediate
principal stress coefficient was also studied. The emphasis
of this paper was placed on the impact of intermediate
principal stress and initial state on strain components
development, pore water pressure and non-coaxiality of the
anisotropic ‘inclined’ consolidation soft clay.

2 Sampling preparation and test procedures

In this paper, the natural soft clay used was obtained from a
pit of a depth of 3—6 m below the ground surface from the
coastal zone in Wenzhou, a coastal city in eastern China.
All clay samples were obtained by pressing thin-walled
tubes slowly into a horizontal bench prepared in the pit, the
diameter of the tubes is 150 mm and the length of the tubes
is 250 mm. After that, the tubes were excavated from the
pit and then sealed at the both ends. They would be
transported to the laboratory and stored in a humidity room
until they were used for testing. The details of the sampling
procedure were explained by Kirkgard and Lade [5]. The
primary physical index properties of this Wenzhou clay are
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Table 1 Equations used for calculation of stress of stress and strain components

Stress Strain
Vertical 6. = W pogpirt &E=—F
SCEIANCE)
Circumferential agp = ’% gy = — (’;Zi‘r'l‘)
Radial o, = tnten & =~ Troor)
Torsional shear T = % S 20(r3—r})

Major principal
jor p p o = a;;ﬂu +
Intermediate principal 0y = 0y

Minor principal a+ay
03 ="7 —

(55%) 422,

SH(r(z)frlz)

_ &te &—e0\2 | .2
e =550 4/ (55) %

& = &

- 2 . N
0:—09 2 _ &ten &8 2
)+ &3 =550 =\ (55) 0%

specific gravity, G, = 2.70; water content, w, = 59-62%;
initial density, po = 1.61-1.65 g/cm’; initial void ratio,
eo = 1.64-1.71; plasticity gravity, w, = 33; liquid limit,
wy, = 65; clay fraction, 41%, silt friction is 55% and plas-
ticity index, I, = 36.

The hollow cylinder apparatus has four subsystems
responsible for the control of the axial load W, torque Mr,
and internal and external pressures p; and p,, respectively,
such that complex stress path involving the change of the
principal stress direction can be achieved. In the hollow
cylinder apparatus, the outer diameter r,, inner diameter r;
and height H of test clay specimens were 100 mm, 60 mm,
and 200 mm, respectively. The clay specimens were
trimmed by a specialized tool and then placed on the base
pedestal and enclosed with the inner and outer membrane.
Then, the specimens were first saturated at a back pressure
of 200 kPa with an effective stress of 10 kPa. The b-value
check was conducted to guarantee that b-value greater than
0.98 for all tests. After that, the specimens in the tests were
anisotropic consolidated to the same stress state with p’ =

100 kPa. In order to investigate the effects of anisotropy
due to different initial state on the deformation behavior of
soft clay, the process of anisotropic consolidation con-
ducted by Zdravkovic and Jardine [29] was adopted, dif-
ferent b-values and different initial major principal stress
directions { with respect to vertical axis are considered.

The description of the control system used in this paper
was introduced in detail by Wang et al. [20]. The pressures
applied to a hollow cylindrical specimen are illustrated in
Fig. 1. The equations used for stress and strain components
in HCA tests, which are based mainly on the studies of
Hight et al. [2], are listed in Table 1.

After the anisotropic consolidation with different initial
major principal stress directions £, the specimens were then
sheared under pure principal stress rotation, with constant
deviator stress during the rotation of the principal stress
axis. The rate of principal stress rotation was 0.4°/min.
Different intermediate principal stress coefficient b = 0,
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Table 2 Parameters adopted in hollow cylinder tests

Test ID Q) P’ (kPa) b q (kPa) dceyN O
R1

R100 0° 100 0 40 0-900/5

R105 0.5

R110 1
R2

R200 30° 0

R205 0.5

R210 1
R3

R300 45° 0

R305 0.5

R310 1
R4

R400 60° 0

R405 0.5

R410 1
R5

R500 90° 0

R505 0.5

R510 1

0.5, 1 and different initial major principal stress directions
{=0° 30° 45° 60° 90° were considered. The test
schemes are listed in Table 2.

The equations of major principal stress direction «, the
intermediate principal stress coefficient b, deviator stress g,
and mean principal stress p are as following:

2t

1
= —arctan ——— 1
o 2arcanaz_00 (1)

b= (02 — 03)/(01 — 03) (2)
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Fig. 2 Variation of outer and inner cell pressures under rotational
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p=(01+02+03)/3 (4)

g= \/(O’l - 62)2+(02 — 63)2+(Gl - 0'3)2

Figure 2 presents the variation of outer and inner cell
pressures under pure principal stress rotation for b = 0, 0.5,
1 under { = 0°. The variations of vertical load and torque
are shown in Fig. 3 for b = 0, 0.5, 1 under { = 0°. It can be
observed that, with the similar pattern of variation of the
vertical load and torque, the variation of the outer and inner
cell pressures showed different patterns in terms of the
amplitude and phase for different b-values. Figure 4 shows
the deviator stress path in the 1,y — (0, — dy)/2 plane,
where ¢, is the vertical normal stress and oy is the hori-
zontal normal stress.

3 Test results and discussion

Undisturbed soft clay is inherently anisotropic resulting
from orientation in the deposition process. Deformation is
caused by both variations in the magnitudes of the principal
stresses and the changes in the orientation with reference to
the depositional plane. As reported by Wang et al. [20, 24],
the strain components of the soft clay under monotonic
tests are affected by both intermediate principal stress
coefficient b and major principal stress directions o. The
shear strength of Wenzhou soft clay from monotonic tests
are different for different « angles under the same strain
level, while the difference gradually reduces when the
strain level is high. As shown in Fig. 5, the strength of soft
clay is dependent on different b-values and o angles,
similar to undisturbed San Francisco clay by Lade and
Kirkgrad [7], London clay [10], Hangzhou clay [31] and
Shanghai clay [14], which should be considered in the
geotechnical engineering design with great caution.

Figure 6 shows the typical evolution of four normal
strain components (take contraction as positive) with
increase in principal stress direction for test series R1 under
b =0, 0.5, 1. It can be seen that the development styles of
strain components differ and depend on b-value, it is
similar to the undrained results of intact natural Hangzhou
soft clay [31] and Shanghai soft clay [14] under pure
principal stress rotation. To further investigate the influ-
ence of coefficient b on the deformation characteristics of
specimens, the evolutions of the strain components &, 7.,
&g, & for varying b =0, 0.5, 1 with varying initial major
principal stress directions { are shown in Figs. 7, 8, 9, 10,
respectively.

Figure 7 shows the effect of coefficient b on the evo-
lutions of axial strain ¢, for different test series. Take
Fig. 7a as an example, in a rotation period (0°-180°), ¢,
increases in tensile side and then decreases gradually. With
the increasing rotation cycles, the accumulation of ¢, occur.
At the end of each cycle (x = 180°, 360°, 540°, 720°,
900°), the specimens are subjected to compression in the

@ Springer



1384

Acta Geotechnica (2019) 14:1379-1401

360
a ()

0 180

540

360
a ()
(b)

0 130

540

0 180 360 54
a ()

(c)

@ Springer

10

720

T (kND

<«Fig. 3 Variation of vertical load and torque under rotational shear:
ab=0;bb=05,¢cb=1

T,k
7B
) c
A 7’
D 20, B -
A (GZ-GS)/z
E

Fig. 4 Stress path under pure principal stress rotation

0.5

0.4

1.00

“©, _\"A\“c
2y 90 0.00 L

Fig. 5 Influence of b and « on shear strength of soft clay (Wang et al.
[20D)

axial direction under b = 0 and b = 0.5, and the value of
compressive axial strain under b = 0 is obviously higher
than that under b = 0.5. The specimen is subjected to
tension in the axial direction under b =1 during pure
principal stress rotation, the value of tensile axial strain
increases with increasing loading cycles. Same phe-
nomenon was observed in undrained tests of intact soft clay
conducted by Zhou et al. [31]. However, the impact of
initial major principal stress direction ¢ on the deformation
behavior of natural soft clay is considerable and that will be
discussed later.
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The variations of &, under different coefficient b are
similar for test series R2, R3, R4, RS, with varying { angles
( = 30°, 45°, 60°, 90°) as shown in Fig. 7b—e. The evo-
lutions of ¢, under { = 30° are shown in Fig. 7b, and the
specimens are subjected to tension in axial direction under

b =10.5 and b =1 during pure principal stress rotation.
While for b = 0, axial strain kicks off in the tension side
first and reaches its minimum value followed by an
increase to the compressive side at the end of each cycle. In
test series RS, the variations of axial strain plotted in
Fig. 7e are contrary to that in R1, as shown in Fig. 7a.
Axial strain &, increases in contractive side and reaches its
maximum value, then decreases gradually. The specimen is
subjected to compression in the axial direction for b = 0
and b = 0.5, and tension in axial direction for b = 1 under
during pure principal stress rotation. It can be concluded
that the effect of different b-values on the variation of axial
strain is significant. The axial strain amplitude, that is, the
difference between the maximum and minimum values of
&, in one cycle, increases with increasing b-values.

The circumferential strains &y are plotted against the
major principal stress direction in Fig. 8 for test series R1,
R2, R3, R4, RS, respectively. It can be seen clearly that the
variations of &y are contrary to the variations of ¢,. Cir-
cumferential strains &y increases in compressive side in the
initial stage and then decreases gradually, and circumfer-
ential strains &, accumulate with the rotation of principal
stress axis. With the same initial major principal stress
direction (, the variations of & differ under different b-
values. By comparing the generation trends of & in dif-
ferent test series, & is dominated by compression for b = 0
and tension for b = 1. The circumferential strain amplitude,
that is, the difference between the maximum and minimum
values of ¢y in one cycle, increases with increasing b-
values.

Figure 9a—e shows the evolution of torsional strainy,g
for different test series R1, R2, R3, R4, RS, respectively.
For the initial major principal stress direction { = 0° and
{ =90°, the variations of torsional strains in each cycle are
contrary. Take test series R1 shown in Fig. 9a as an
example, in the first cycle (0°-180°), the torsional strain y,y
increases in contractive side and reaches its maximum
value, then decreases gradually until reaches the minimum
value. However, the torsional strain is symmetrical relative
to the horizontal ordinate, and the torsional strain ampli-
tude, difference between the maximum and minimum
values of 7y, in one cycle, increases with increasing of b-
values. However, the variations of torsional strains y,9 are
dominated by tension in different tests under { = 30°, 45°,
60° during pure principal stress rotation, the torsional strain
amplitude also increases with increasing b-values.

Other than the oscillation in variation of ¢, 9 and &g, an
approximately linear relationship between radial strain &,
and major principal stress direction o is observed as shown
in Fig. 10. It is similar to the results obtained by normally
consolidated intact Hangzhou clay [31] and Shanghai clay
[14], and it supports the fact that the variations of radial
stresses are dependent of intermediate principal stress
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coefficient. It needs to mention that when b = 0.5, very
small radial strain developed during the whole rotation, and
it indicates that the assumption of plane strain condition is
reasonable when b = 0.5. And also, the radial strain &,
accumulates in the tensile side for » = 0, and &, accumu-
lates in the compressive side for b = 1. Wang et al. [20]
investigated the influence of intermediate principal stress
coefficient on the radial strain and gave the explanations as
that, due to that the value of b reflects the constraint in the
radial direction, the lower constraint under b = 0 leads to
the occurrence of the extension radial strain ¢. Higher
contractive radial strain ¢, is finally induced due to easy
compressive tendency in the radial direction, which is
because the radial stress g, becomes the major principal
stress under b = 1.

To compare influence of different stress histories on the
strain components (&, 7,9, €9, &) under pure principal stress

rotation, Figs. 11, 12, 13, 14 show the variation of strain
components (&,, Y,0, €9 &) With increasing o angles under
different initial major principal stress directions (. It is
obvious that the strain components are different under
different initial major principal stress directions (.

Figure 11a—c presents the evolution of axial strain e,
under ¢ = 0°, 30°, 45°, 60°, 90° for b = 0, 0.5, 1, respec-
tively. It can be obviously seen that with the same b-value,
the variations of axial strain differ under different initial
major principal stress directions (.

It can be seen in Fig. 11a, ¢, increases in tensile side in
the first cycle under b = 0 for { = 0° and { = 30°. At the
end of cycle (o =900°), the specimen is subjected to
contraction in the axial direction. With increasing initial
major principal stress direction (, ¢, is dominated by con-
traction and increases in contractive side with the increase
in loading cycles. For b =0, { =90° the axial strain

3 2
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increases rapidly during the first cycle (a = 0° ~ 180°)
and reaches 1.7% at the end of the first cycle (¢ = 180°),
and then the increasing rate of ¢, is slow with the rotation
of principal stress axis. The variations of axial strain for
different tests under b =0.5 (Fig. 11b) and b =1
(Fig. 11c) are similar to that under b = 0. However, when
b = 1, the value of tensile axial strain for { = 0°, 30°, 45° is
higher, and at the end of loading cycle (o = 900°), the
specimen is subjected to tension for all tests under b = 1,
which is due to the impact of intermediate principal stress
coefficient b.

The variations of circumferential strains &, for different
initial major principal stress directions under b = 0, 0.5, 1
are contrary to that of axial strains ¢, as shown in Fig. 12.
With the increase in initial major principal stress direction
{, the circumferential strains increase and generate toward
the tensile side. In each cycle, the amplitudes of

circumferential strains are little difference for different
initial principal stress directions &, and it can be concluded
that circumferential strain amplitudes are merely influ-
enced by { angles.

The evolutions of torsional strains y,4 for different initial
major principal stress directions under b =0, 0.5, 1 are
shown in Fig. 13. It is obvious that the torsional strains y,q
are symmetrical relative to the horizontal ordinate for
{ =0° and { = 90°. The variations of torsional strains are
similar for { =30°, (=45° and { = 60°; the torsional
strain amplitudes are also approximately equal. It can be
concluded that whether the specimens are subjected to
contraction or tension are dependent on the initial major
principal stress direction (.

As discussed before, the radial strains are approximately
a linear relationship between radial strain ¢ and major
principal stress direction o. However, the effect of different
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Fig. 13 Evolution of torsional strain for different tests: ab=0;bb=05;¢cb =1

initial major principal stress directions { on the variation of
radial strain is merely, as shown in Fig. 14. For b = 0.5, the
radial strain is approximately equal to O, the conclusion is
consistent with that of natural soft clay under the fixed
principal stress direction during shearing [24], and it
indicates that the assumption of plane strain condition is
reasonable when b = 0.5 [31].

The generations of pore water pressure under pure
principal stress rotation for different series R1-R5 are
shown in Fig. 15. Although the deviator stress and total
mean stress are constant during pure principal stress rota-
tion, pore water pressure accumulates significantly with the
increase in principal stress direction, and clear fluctuations
are observed. The pore water pressure generation is sig-
nificant during the first cycle, and shows less volatility and
grows approximately linearly. Moreover, the correspond-
ing major principal stress directions are different when the

@ Springer

peak value of pore water pressure occurs in different tests;
it indicates that the generation of pore water pressure is
significantly dependent on stress path. The observation is
similar to the results obtained in undrained shear tests with
fixed principal stress directions during shearing conducted
by Kumruzzaman and Yin [6]. Comparing the generation
of pore water pressure under different test series, it can be
obtained that the rate of pore water pressure generation
under b = 0 is much slower than that under b = 0.5 and 1.
This observation is consistent with that observed in sand
[28] and soft clay [31] under pure principal stress rotation.

Figure 16a—c presents the generation of pore water
pressure under pure principal stress rotation for b = 0, 0.5,
1, respectively. Due to complex impact factors on accu-
mulation of pore water pressure, the discreteness is larger
under b =0 and b = 1 than that under b = 0.5 with dif-
ferent initial major principal stress direction { applied.
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When b = 1, larger values of pore water pressure occur
when { =0° and { =90°. It can be concluded that the
changes in the direction of principal stress alone could lead
to pore water pressure accumulation [28, 31]. Moreover,
different values of pore water pressures generate under
different initial major principal stress directions {. To the
best knowledge, the accumulation further causes soil
degradation; then, it should be considered in practice.
While the deviator stress is maintained constant during
the tests, the clay specimens show hysteretic and plastic
characteristics. The torsional shear stress—strain relation-
ships of R1 under three cases of b-values are shown in
Fig. 17, different cycles are plotted using different types of
alignment. Where N1 represents the first cycle, and it is so
on for N2-NS5. It is obvious that the hysteretic loops of the
torsional shear stress—strain curves occur during pure
principal stress rotation. The hysteretic loops appear
unclosed for the first cycle, it manifests the accumulation

of plastic strain occur due to the rotation of principal stress
direction alone. With the number of cycles increasing,
significant stiffness degradation is observed and the hys-
teretic loops tend to be closed.

To have a better view of the impact of the coefficient
b on the torsional shear stress—strain relationships, the first
cycle (N1) and the third cycle (N3) are plotted under dif-
ferent b-values for different test series as shown in
Figs. 18, 19, 20, 21, 22. It can be obviously seen that the
stiffness degradation is more significant with increasing b-
values. The observation agrees well with the tests on sand
[19, 28] and clay [14, 31].

Dynamic modulus, as an important indicator measure-
ment of soil stiffness under cyclic loading, has very
important significance. Yang et al. [28] considered that the
stiffness degradation is simply represented by the ratio
between the secant modulus in the rth cycle of rotation
shearing and the secant modulus in the first cycle of
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rotation, G,/G,. Soil with a high degradation index value
will have a low degree of degradation [21].

The variations of stiffness ratio for different initial major
directions and different b-values with the number of cycles
are shown in Fig. 23. Figure 23a shows the variations of
stiffness ratio for different b-values with { = 45°, it is
obvious that stiffness degradation occur under cyclic
principal stress rotation. It can be also seen that the influ-
ence of b-values on the stiffness degradation is consider-
able. With increasing b-values, the stiffness ratio decreases.
Influence of different initial major principal stress direc-
tions ¢ under b = 0.5 on the stiffness ratio is presented in
Fig. 23b. It can be seen that stiffness degradation is
observed with pure principal stress rotation and different
value of stiffness ratio is obtained with different { angles. It
can be seen that the stiffness ratio with & = 0° is larger than
other tests in each cycle. With { changes from 30° to 90°,
the corresponding stiffness ratio remains approximately

unchanged in the first three cycles and then increase in the
subsequent two cycles.

Many laboratory test results indicate that geo-materials
always show non-coaxiality. Non-coaxiality is defined as
the non-coincidence of the principal stress direction and the
principal strain increment direction. Some researchers
focused on the non-coaxial behavior of soil and found that
it has very important influences on analysis and design in
geotechnical engineering, the geotechnical design without
considering the effects of non-coaxiality may be unsafe
[1, 11, 14, 25, 27]. The collective results of deformation
non-coaxiality provoked the development of conventional
plastic theory to better predict inherent soil behaviors. As
shown in Fig. 24, the strain paths of tests with b = 0.5
developed in the first rotation period are plotted, it is
similar to the pattern presented by Miura et al. [8] and Qian
et al. [14]. It can be obviously seen that the generation of
the strain paths are dependent on the initial major principal
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Fig. 20 Shear stress—strain relationships under different b-values (R3): a N1; b N3

stress direction. In addition, comparing with the stress
paths shown in Fig. 4 during pure principal stress rotation,
the strain paths are not consistent with the stress paths
under the same test series, which can be concluded that
non-coaxiality occur. It can also be obviously seen that the
fashion of the strain paths are dependent on the initial
major principal stress direction. It indicates that the ani-
sotropic behavior resulting from the process of inclined
consolidation may have considerable effects on the strain
components and non-coaxial behavior of soft clay.

In this paper, due to that it is difficult to accurately
separate the elastic strain increment from the total strain
increment. According to the studies of Gutierrez et al. [1],
the elastic strain increment can be disregarded as it takes

much smaller proportion in the total strain increment than
the plastic strain increment. The total strain increment is
used in analysis of non-coaxiality, instead of the plastic
strain increment. Then the degree of the non-coaxiality, f3-
degree, can be represented by the angle between the prin-
cipal stress directions o and principal strain increment
directions f3,, in which:

ﬁ = ﬂds —a (5)
_ 1 -1 dyz()
ﬁdx - Ztan dSZ — d89 (6)

To better study the effect of intermediate principal stress
coefficient b on the variation of non-coaxiality during
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rotation of principal stress axis, Fig. 25 illustrates the
degrees of non-coaxiality angle against the major principal
stress direction under { = 0° for the first and thirst cycle.
Recalling Figs. 5 and 24, it can be obtained that non-
coaxiality is closely related to strength anisotropy. With
principal stress direction changes from 0° to 45° and 90° to
135°, the non-coaxiality is decreased corresponding to the
strength variation of soft clay presented in Fig. 5. The
results are consistent with the results obtained from normal
consolidated Hangzhou soft clay [31] and Shanghai soft
clay [14]. The variations of non-coaxiality against the
major principal stress direction for the third rotation period
shown in Fig. 25b are similar to that of the first rotation
period. It can be also seen that the non-coaxiality decreases
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with increasing b-values. It suggests that the non-coaxiality
increasing with cyclic stiffness stability at different b-val-
ues. As the value of b reflects the constraint in the redial
direction, the lower constraint under b = 0 leads to the
occurrence of extension radial strain. Then, the degrees of
non-coaxiality are higher under b = 0 than the degrees of
non-coaxiality under » = 0.5 and b = 1; it can be supported
with the generation of non-coaxiality results reported in the
literature [19, 24].

To investigate the effect of initial major principal stress
direction { on the variation of non-coaxiality, Fig. 26
shows the relationship between the degrees of non-coaxi-
ality at the first rotation period N1 (0°-180°) and the third
rotation period N3 (360°-540°). Different initial major
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principal stress direction { ({ = 0°, 30°, 45°, 60°, 90°)
under b = 0.5 are plotted against major principal stress
direction. Even some similar evolutions occur, some dif-
ferent evolutions exists for different initial major principal
stress directions (. The similar situation is that the initial
degree of non-coaxiality approximately equals to 45° at the
initial loading. Then, it can be obtained that same variation
of non-coaxiality occurs when { = 0° and { = 90°, con-
tracts to that of { = 45°. And also, the same variation of
non-coaxiality occurs when { =30° and { = 60°. The
corresponding major principal stress direction to the peak
value of {-angles is different. For example, a difference of
o = 15° exists when the peak value of (-angle occurs
between { = 0° and { = 90°. It can concluded that the non-
coaxiality of soft clay is influenced by initial major prin-
cipal stress direction. However, the maximum and

minimum value of non-coaxiality in each period is
approximate the same, and it means that the influence of {-
angle on the maximum and minimum value of non-coaxi-
ality in each period is slight.

4 Conclusions

This paper investigates the undrained behavior of soft clay
with different initial major principal stress directions under
pure principal stress rotation. The influence of the inter-
mediate principal stress coefficient b is investigated and
discussed. The major experimental observations and con-
clusions can be summarized as follows:

(1) During pure principal stress rotation, the variation of
the strain components depends on both the initial
major principal stress direction ¢ and the interme-
diate principal stress coefficient b. The radial strain
is mainly influenced by b-values, and when b = 0.5,
the radial strain is approximately equal to O, it
indicates that the assumption of plane strain condi-
tion is reasonable when b = 0.5

(2) Although the principal stress axes rotate alone, the
pore water pressure accumulates. The pore water
pressure generation is significant during the first
cycle, and shows less volatility and grows approx-
imately linearly. The generation of pore water
pressure is significantly dependent on stress path.
The rate of pore water pressure generation under
b = 0 is much slower than that under » = 0.5, and
the discreteness is larger under b = 0 and b = 1 than
that under b =0.5 with different initial major
principal stress directions.
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(3) The hysteretic loops of the shear stress—strain curves decreasing. The stiffness ratio with ¢ = 0° is larger
occur under different b-values and different initial than other tests in each cycle; with { angle changes
major principal stress directions. The hysteretic from 30° to 90°, the corresponding stiffness ratio
loops appear unclosed for the first cycle, and it remains unchanged in the first three cycles and
manifests the accumulation of plastic strain occur. increase in subsequent two cycles.

The stiffness degradation is more significant with (5) Anisotropic behavior resulting from the process of
increasing b-values. The influence of initial major inclined consolidation have considerable effects on
principal stress directions on the shear stress—strain the strain components and non-coaxial behavior of
relationships is significant. soft clay. The b-values had a significant influence on

(4) Stiffness degradation occurs under pure principal non-coaxiality of soft clay, the degrees of non-
stress rotation. The influence of b-values and ( coaxiality decrease with increasing b-values. The
angles on the stiffness degradation is considerable. variation trend of non-coaxiality of soft clay is
With increasing b-values, the stiffness ratio is influenced by initial major principal stress direction,
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but the influence of (-angle on the maximum and
minimum value of non-coaxiality in each period is
slight.
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