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Abstract Foundation soils are often under non-propor-
tional cyclic loadings. The deformation behaviour and the
mechanism of non-coaxiality under continuous pure prin-
cipal stress rotation for clays are not clearly investigated up
to now. In order to study the effect of pure principal stress
rotation, a series of cyclic undrained tests on Shanghai soft
clay subjected to cyclic rotation of principal stress direc-
tions keeping the deviatoric stress constant under the pure
rotation condition were conducted using hollow cylinder
apparatus. Based on this, the evolutions of excess pore
pressure and strains during cyclic loading were investi-
gated, together with the effects of the intermediate princi-
pal stress parameter and the deviatoric stress level on
stress—strain stiffness and non-coaxiality. The result can
provide an experimental basis for constitutive modelling of
clays describing the behaviour under non-proportional
loadings.
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1 Introduction

Foundation soils during the construction or operation of
geotechnical structures are often under complex loadings
(e.g. wave loadings, earthquakes, and traffic loadings).
These loadings result in continuous and cyclic principal
stress rotation in soils, which is classified as non-propor-
tional loading, and will cause non-coaxiality behaviour of
soils compared to conventional proportional loading. In
general, natural soils are inherently anisotropic. This
inherent anisotropy highlights the fact that their response to
loading will depend on the orientation of principal stress
with the deposition direction. Experimental studies have
indicated that cyclic rotation of principal stress directions is
able to generate plastic strain, plastic compressed volu-
metric strain under drained conditions, or excess pore
pressure under undrained conditions even up to liquefac-
tion [1-4, 7, 15, 17, 18, 24, 25, 28, 30, 31, 35, 36].
Moreover, the cyclic rotation of principal stress directions
will induce more prominent stiffness degradation than
cyclic loading under a fixed principal stress direction [8].

Up to now, a relatively thorough understanding was
implemented in granular soils under principal stress rota-
tion, but not for clay. Actually, it is technologically diffi-
cult to perform non-proportional loading tests for soft clay,
so the existing experiments were confined to proportional
loading or fewer cycles, which resulted in incomplete
understanding of the deformation behaviour and the
mechanism of non-coaxiality under pure principal stress
rotation.

Therefore, this paper focuses on the cyclic degradation
and non-coaxiality of soft clay subjected to pure rotation of
principal stress directions. For this purpose, a series of
undrained tests are conducted on Shanghai soft clay sub-
jected to cyclic principal stress rotation under varying
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intermediate principal stress parameter b (b = (6,—0a3)/
(61—03)) and the magnitude of deviatoric stress g using a
hollow cylinder apparatus. In addition, the anisotropic
cyclic degradation and the non-coaxiality behaviours are
also investigated.

2 Equipment and test program
2.1 Test equipment

The TJ-5 Hz hollow cylinder apparatus (HCA) testing
equipment at Tongji University was used in this study to
investigate the behaviour of soft clay. The hollow cylinder
apparatus can apply normal stresses individually to a
specimen, including vertical normal stress, inner and outer
cell pressures and shear stress. By combining the normal
stress and the shear stress, complicated stress path loading
conditions can be simulated.

The HCA has four individual systems for the control of the
axial load W, torque T, inner cell pressure P; and outer cell
pressure P,, which can enable the control of axial stress o,
radial stress a,, circumferential stress g, and shear stress g,
respectively (Fig. 1). They are conveniently converted into
an equivalent set of four stress-related parameters, p, g, b,
and o (the angle between the major principal stress direction
and the deposition direction, o, = arctan[21,¢/(c,—0g)1/2).
Two individually hydraulic control devices are responsible
for regulating the inner and outer cell pressures, which are
measured by hydraulic pressure transducers. The axial and
torsional loads are generated by two mechanical-electronic
servo control systems and recorded by the internal load cell,
respectively. The corresponding axial displacement and
rotation angle are measured accordingly when the servo-
actuator is in the position control mode and read by digital
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Fig. 1 Stress state of soil element in hollow cylinder apparatus
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control systems. The excess pore pressure is monitored by a
pore pressure cell, such that the effective stress can be
calculated.

The sample size used in the TJ-5 Hz HCA is as follows:
outer radii r, = 50 mm, inner radii r; = 30 mm, and
height H = 200 mm.

2.2 Sample preparation

The soil used in this study for the sample preparation was
obtained from a deep excavation site in Shanghai at a depth
of 18-20 m. The physical properties of the tested clay are
shown in Table 1. A conventional oedometer test on the
undisturbed sample was carried out, as shown in Fig. 2,
from which the preconsolidation pressure ¢, was deter-
mined to be 149 kPa.

All samples were trimmed to the specified outer diam-
eter from top to bottom with a wire saw in a rotary manner
in a sample preparation platform. Hollow cylinder samples
were then formed by placing the soil cylinders in a metal
mould with a height of the required sample size and cutting
the cylinders by a special drill bit which has a radius of
30 mm spirally at the bottom of the centre from bottom to
top. The cutting depth in each spin is no more than 1 cm,
and the drill bit is rotated slowly about 1 cycle per minute
to ensure the inner surface stable. The removed clay in
each spin was dropped off under the action of gravity with
some attached to the drill bit. The process was repeated
until the desired inner diameter was achieved. For some
drier samples, surface smoothness by careful fine trimming
using the side of a blade was needed to prevent the non-
uniformity caused by the friction between the inner clay
surface and the drill bit. Finally, the sample was trimmed to
the specified height with a wire saw along the metal mould.
During the whole preparation, the inner wall is fully
observed through a camera connected to the computer to
ensure the quality of the inner wall.

2.3 Test program

Based on the study of Hight [11], the stress and strain
components in HCA depend on the thin-wall assumption
detailed in Table 3 in Appendix.

A back pressure of 50 kPa was applied, and the degree
of saturation of all hollow cylinder specimens was exam-
ined by B values exceeding 0.96. Subsequently, all samples
were isotropically consolidated to a mean effective stress
of 150 kPa. Then, the designed stress path was automati-
cally conducted through four independently controlled
loads. Figure 3 shows the deviatoric stress path in the stress
plane of t,9—(g,—0g)/2.

To investigate the inherent anisotropy of soft clay, two
groups of undrained tests were carried out in this study.
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Table 1 Physical properties of Shanghai soft clay

Natural water content w, (%) Plasticity index Ip

Liquidity index I,

Specific gravity G Initial void ratio eq

38.4 18.2 0.99 2.75 1.060

12 : : : principal stresses were continuously rotated during the pure

L1E ¢~1.060 ] rotation tests. . o . o
Lol — 1 In general, the stress path given in Fig. 3b with principal
l =148.6kPa stress rotation is defined as non-proportional loading used
091 ‘ to simulate cyclic loading induced by wave loadings based
v 0.8F 1 mainly on Ishihara [14]. In the pure rotation tests, the
0.7+ ] torque was applied with an angular displacement rate of
061 - ] 0.2°/min to reduce the effect of the excess pore pressure
— hysteresis according to Akagi and Saitoh [1]. Akagi and
051 ‘ Saitoh [1] and Zhou et al. [36] conducted similar tests on
0.4 10 100 1000 10000 Tokyo clay and Hangzhou clay, respectively, using the

lg o (kPa)

Fig. 2 Compression curve in e-log ¢, from odometer test

The first test group was under monotonic loadings by
increasing the deviatoric stress g monotonically up to
failure, whereas the major principal stress inclination o
was fixed at a specific angle, a mean total stress p and an
intermediate principal stress parameter b kept constant, as
shown in Fig. 3a. The second test group was under pure
principal stress rotation, as shown in Fig. 3b, where the
magnitude of deviatoric stress was first increased to a
specific value (point B) under the drained condition, and
then, the specimens were anisotropically consolidated,
maintaining the constant stress ratio at a desired stress
state. Subsequently, the shearing stage involving pure
rotation of the major principal stress direction (B-C-D-E-
B) was commenced under undrained condition. The p, b,
and ¢ and the total principal stresses oy, g5, and g5 were
maintained constant, whereas only the directions of the

720 A q
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.=45°
=60 =307
—=90° =(°
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(0.-00)/2
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same loading rate with excess pore water pressure equi-
librium in sample during loading. Since the tested Shanghai
clay is a silty clay with even a little bit higher permeability
than Tokyo and Hangzhou clays, the selected rate should
more easily make the equilibrium of excess pore water
pressure in clay samples. This equilibrium was further
confirmed by conducting a test at the loading rate of 0.3°/
minute, in which almost identical excess pore pressure was
measured, compared to the test at the rate of 0.2°/minute.

All tests were performed under the same initial mean
effective stress of p’ = 150 kPa which is slightly bigger
than the preconsolidation pressure o, to make sure the
tested clay is normally consolidated. According to previous
tests on permanent deformation responses of shanghai clay
subjected to loadings with principal stress rotation [20], the
clay shows cyclic stability (shakedown) under lower cyclic
stress ratio (less than 0.25) but tends to cyclic plastic
deformations up to failure under higher cyclic stress ratio
(more than 0.30). Since the tested clay was taken from the

q 720 A
J C
A P’
D 20 B
(o B >
A (0,-00)/2
E
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Fig. 3 Stress path in deviatoric stress space: a monotonic loading; b pure rotation of principal stress directions
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Table 2 Test program

Test number P’ (kPa) Q (kPa) B o5 (?)/cycle numbers
Series 1
MF00-1 150 Failure 05 0
MF30-1 150 Failure 0.5 30
MF45-1 150 Failure 0.5 45
MF60-1 150 Failure 0.5 60
MF90-1 150 Failure 0.5 90
Series II
RLO00-2 150 30 0 0~ 1260/7
RLO05-2 150 30 0.5 0~1260/7
RL10-2 150 30 1.0 0~1260/7
Series II1
RHO00-3 150 60 0 0~720/4
RHO05-3 150 60 0.5 0~720/4
RH10-3 150 60 1.0 0~720/4

same location with 2 m deeper, two cyclic stress ratios
were determined with the lower and higher cyclic stress
ratio 0.2 and 0.4, respectively.

As mentioned in introduction, since the paper mainly
focuses on the stress—strain characteristics, such as cyclic
degradation and non-coaxiality, only several cycles were
applied during which the excess pore pressure is mainly
developed. In total, 11 undrained tests were conducted
under various conditions. According to the stress paths and
applied deviatoric stress levels, all tests were divided into
three series, as listed in Table 2.

3 Test results and discussion

3.1 Strength anisotropy of undisturbed Shanghai
soft clay

Because undisturbed soft clay is inherently anisotropic
owing to particle orientation in the deposition process, it
experiences deformations due not only to variations in the
magnitudes of the principal stresses but also to changes in
their orientation with reference to the depositional plane.
For test series I, results of monotonic loading tests on
undisturbed Shanghai soft clay are shown in Fig. 4. The
peak shear stress was reached in all tests and was taken as
the undrained shear strength plotted with the principal
stress direction.

It can be observed that the undrained shear strength
decreases with increasing ¢, and reaches its minimum
value at approximately o, = 45°. Then, the undrained
shear strength is slightly increased according to the
increase in os. This undrained shear strength is dependent
on major principal stress direction, similar to undisturbed
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San Francisco clay by Lade and Kirkgard [16], London
clay by Nishimura et al. [19], Wenzhou clay by Wang et al.
[27], indicating clearly the inherent anisotropy of undis-
turbed Shanghai soft clay (see Fig. 4d).

The failure slope from monotonic tests can be plotted in
p'-q plane as a reference. M, s was obtained from the test
MFO00-1 of series I. The friction angle ¢, = 42.1° was
calculated by SMP criterion according to Eq. (1) [32-34].
Then, the failure slope of M,,_y corresponding to the triaxial
compression state and M,_; o corresponding to the triaxial
extension state was calculated by Eqgs. (2) and (3),
respectively.

Tsmp _ 2 (01—02)2+<02—03>2+(03—01)2
JSMP 3 2\/0'10'2 2,/0’20’3 2\/0'30'1
Y

= Ttan (,256
(1)
6sin ¢,
My—o = m (2)
65sin ¢
M. _ c
b=10 7 3 sin 0} 3)

3.2 Variation of stress components

The stress trajectory of test series II and III is of the same
shape, and only test series III is plotted in the deviatoric
stress plane t,0—(0,—0g)/2, shown in Fig. 5a—c, which is
approximately a circle and almost identical to the designed
stress path in Fig. 3b. The effective stress paths in p'—
q plane for test series I and series III are shown in Fig. 5d—
f, in which the deviatoric stress ¢ was maintained constant.

It is observed from Fig. 5d—f that the effective mean
normal stress was reduced leading the soil to failure. Fig-
ure 5d—f also indicates that the number of cycles of rotation
required to reach failure depends on both the b value and
the magnitude of the deviatoric stress. For example, for the
specimen subjected to a deviatoric stress of 60 kPa, 4
cycles of rotation bring it to failure under the condition of
b = 0.5 and b = 1.0 but not for b = 0.

3.3 Evolution of excess pore pressure

The excess pore pressures generated during principal stress
rotation under various conditions are shown in Fig. 6.
Although the deviatoric stress was maintained constant
during the pure rotation test, the excess pore pressure buildup
due to principal stress rotation alone was consistently
observed. From the test results, the generation of excess pore
pressure is dependent on the value of b and the magnitude of
the deviatoric stress g. The rate of excess pore pressure
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Fig. 4 Results of monotonic loading tests on undisturbed Shanghai soft clay: a effective stress paths in p'—q space; b stress—strain curves;
¢ undrained shear strength variation under different principal stress directions

generation under the condition b = 0 was slower than those
under the conditions » = 0.5 and b = 1.0, regardless of the
deviatoric stress magnitude. This observation suggests that
the relative magnitude of the intermediate principal stress
plays an important role in principal stress rotation. Under
otherwise identical conditions, the pore pressure generally
increased more rapidly at the higher level of deviatoric stress,
which suggests that the deviatoric stress magnitude also has a
significant influence on the pore pressure response. These
observations are in agreement with those observed in
undrained tests of sand [18, 23, 28].

A better view of the variation of excess pore pressure in
each cycle is plotted in Fig. 7, where the excess pore
pressure ratio, defined as the ratio between the excess pore
pressure and the initial mean effective stress, is a helpful
representation of the undrained strength [28]. It is clear
from Fig. 7 that the excess pore pressure decreases when
o rotated from 0° to 90° and increases in the region from
90° to 180° except in the first cycle. A reasonable expla-
nation for this observation can be the different resistance to

excess pore pressure exhibited in different directions of the
soil, which can be related to the anisotropy of stress—di-
latancy analysed by experiments of Ishihara and Towhata
[15] and by the micromechanical model of Chang and Yin
[5] and Yin and Chang [29]. The variation of (0,—ag)/2
decreased first and then increased in a cycle brought about
by this oscillation of excess pore pressure as shown in
Fig. 7. The excess pore pressure also shows a dramatic
change when o is near 45° and 135° owing to the lowest
undrained shear strength at the specified weak fabric ori-
entations, which in turn accelerate the generation of excess
pore pressure, as shown in Fig. 5.

It is also observed from Fig. 7 that the excess pore
pressure accumulates quickly at the primary stage, and the
accumulation rate tends to decrease with increasing num-
ber of cycles. For example, at the first cycle of rotation, the
value of the excess pore pressure ratio is 0.174, compared
with 0.019 at the seventh cycle in the pure rotation stress
path under the conditions of ¢ = 30 kPa and b = 0.5.
Comparison between Fig. 7a and b suggests that the excess

@ Springer
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Fig. 5 Stress trajectory in deviatoric stress space for test series III (a—c) and effective stress paths in p’'—g space for test series II and series 11T

dfH:ab=0;bb=05¢cb=10;db=0;eb=05fb=1.0

pore pressure ratio fluctuated more in each cycle for higher
deviatoric stress. For example, the fluctuation of the excess
pore pressure ratio is 0.181 for the specimen subjected to a
deviatoric stress of 60 kPa and b = 0.5 and is 0.073 under
the conditions of g = 30 kPa and » = 0.5 in the third
cycle.

@ Springer

3.4 Variation of strain components and strain paths

The typical development of four normal strain components
(contraction is defined positive in this paper) with the
number of cycles for test series II and III under three cases
of b is presented in Figs. 8 and 9. It is clear that although
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Fig. 7 Variation of normalised excess pore pressure ratio with o:
aqg=30kPa, b =0.5;bg=60kPa, b =0.5

the magnitudes of deviatoric stress were maintained con-
stant during the pure rotation test, apparent plastic strains
were produced owing to principal stress rotation alone.

When o rotated starting from point B (Fig. 3b), the
vertical strain ¢, decreased, and the circumferential strain
&g increased, which coincides with the variation of the
vertical stress and the circumferential stress, respectively.
Owing to the inherent anisotropy due to particle orientation
during the deposition process and the applied initial major
principal stress direction along the z-axis before the prin-
cipal stress rotation, the soil specimen has a lower con-
traction and higher dilatancy along the z-axis than those
along the 0-axis. As a result, a large dilative vertical strain
and contractive circumferential strain are induced owing to
the easier tendency. Meanwhile, it is clear that the shear
strain 7y, has a sinusoidal variation in a rotation cycle,
which also coincides with the variation of the shear stress.

In Fig. 8, it can be found that the intermediate principal
stress parameter b plays an important role in the develop-
ment of the strain. The ¢, and ¢ change from contraction to
dilatancy as b increased from O to 1.0. However, the radial
strain ¢ shows the opposite trends, varying from dilatancy
to contraction as b increased from O to 0.5, and the con-
tractive strain tends to develop under » = 1.0. Meanwhile,
the variation of the shear strain has a similar pattern for all
three values of b and shows only different amplitude. A
reasonable explanation for the different evolution tendency
of normal strains (&,, &y, and ¢,) is that the value of b re-
flects the constraint in the radial direction. The low con-
straint under b = 0 leads to the expansion of the radial
strain, whereas g, becomes the major principal stress under
b = 1.0. Finally, the contractive radial strain is induced
owing to the easy contraction tendency caused by inherent
anisotropy in the radial direction, and correspondingly, &,
and ¢y changed from contraction to dilatancy.

Comparison between Figs. 8 and 9 also suggests that the
deviatoric stress magnitude has a significant influence on
the development of the strain. Under otherwise identical
conditions, the strain components become gradually
stable with the pure principal stress rotation at lower
deviatoric stress g = 30 kPa, as shown in Fig. 8, whereas it
tends to gradually increase for tests under higher deviatoric
stress ¢ = 60 kPa, shown in Fig. 9.

A better view of the behaviour influenced by the mag-
nitude of deviatoric stress is provided by the strain paths in
the deviatoric strain space for test series II and III, shown
in Figs. 10 and 11. Clearly, the magnitudes of strains are
accumulated by two different types with an increased
number of cycles of rotation. For tests with lower devia-
toric stress g = 30 kPa, the strain envelope tends to sta-
bilise gradually, but the position is kinematic. A drastic
development of deformation can be observed in the pure
rotation tests at higher deviatoric stress g = 60 kPa, and
the strain envelope is developed towards failure in a spiral
manner with the principal stress rotation.

@ Springer
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Fig. 10 Strain paths in deviatoric strain space for test series II:
ab=0;bb=05,¢cb=1.0

3.5 Stress—strain relationship and variation
of stiffness

Figures 12 and 13 present the stress—strain relationship for
test series II and III. It can be found that although the
deviatoric stress is maintained constant during the pure
rotation tests, the stress—strain curves are still hysteretic
with plastic characteristics. It is notable that the deviatoric

stress plays a significant role in the stress—strain
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Fig. 11 Strain paths in deviatoric strain space for test series III:
ab=0;bb=05¢chb=10

relationship in pure rotation tests. For tests with lower
deviatoric stress g = 30 kPa, the shear stress—strain rela-
tionship shows cyclic stability, and the hysteretic loops
tend to become stable with increasing number of cycles, as
shown in Fig. 12a—c. Meanwhile, the stress—strain curves
shown in Fig. 12d—f are cyclic plastic creep, and the hys-
teretic loop size is maintained constant, but the position is

@ Springer
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kinematic. However, as shown in Fig. 13 for tests with
higher deviatoric stress g = 60 kPa, the hysteretic loops
appear unclosed, indicating the occurrence of plastic
deformation due to the principal stress rotation alone, and
tend to cyclic failure. The results show that there should be
a threshold of deviatoric stress from cyclic mobility turned
to cyclic degradation.

To achieve a better view of the importance of deviatoric
stress, the stiffness is quantified and compared for two test
series. Based mainly on the studies of Hill and Hutchinson
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[12], Vardoulakis [26] and Desrues and Chambon [6], the
secant modulus in the jth cycle of the shear stress—strain
curve and normal differential stress—strain curve is defined
as shear stiffness G; and normal differential stiffness G;,
respectively. The stiffness is simply represented by the
ratio between the jth cycle and the first cycle, G;/GT and
G;/G,. The variation of stiffness ratio for different b values
with the number of cycles is shown in Fig. 14. Comparison
between Fig. 14a-b suggests that the variation of stiffness
due to the change of the deviatoric stress magnitude shows
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different patterns. For test series II, which were conducted
at a lower deviatoric stress level, the stiffness experiences a
slight hardening in the first 2 cycles and then remains
approximately unchanged in subsequent cycles. For test
series III, which were conducted at a higher level of g, the
stiffness degradation is observed in cycles of principal
stress rotation. By comparing the tests with different values
of b, it can be seen that the effect due to the change of the
b values is also considerable. The stiffness under the

conditions b = 0.5 and b = 1.0 is lower than that under the
condition b = 0.

Based on Desrues and Chambon [6], it is incrementally
isotropic case when the shear moduli G=G " and the contrary
is equivalent to say that the material is incrementally ani-
sotropic. It is notable that the shear stiffness G; and the
normal differential stiffness G; in cycles of principal stress
rotation are unequal, G; #G;, indicating that the soil
sample is incrementally anisotropic [6], which can be an
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Fig. 14 Variation of stiffness ratio for different b values: a series II;
b series 111

internal mechanism of induced non-coaxiality. This ani-
sotropy reveals the results of Huang et al. [13] on the same
Shanghai soft clay. Comparison between Fig. 14a—b also
suggests that the shear stiffness is greater than the normal
differential stiffness for test series II but not for test series
III, which indicates that the stiffness degradation or sta-
bility is more pronounced by shear stress.

3.6 Non-coaxial behaviour

Roscoe et al. [21] were among the first to observe the non-
coincidence between the principal stress direction and prin-
cipal strain increment in simple shear tests. Experimental
studies [9, 10, 15, 17] with HCA indicated that the plastic
strain increment direction and the stress direction were non-
coincident in principal stress rotation. This non-coincidence is

@ Springer

1
= = 1
o 23IC211’1<

) @)

O, — 09
1 2d‘L'Z.9
o= A t E——
%o = Harctan (daz — d00> (5)
1 dy.
e = = t & 6
g = 5 arctan <d£z - ds()) (6)
B = oa; — g (7)

abs(AB) = ds = \/{d(%zz)r*[d(%ﬂz

2
Vide — )P+ aa]’ an — d
ds - ds

|AC| = 9)

If the direction of the strain increment vector coincides
with the stress increment vector, it implies that the strain
produced at each load increment is determined solely by
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changes in stress irrespective to the current state of stress.
The stress—strain relationship will be similar to elastic
behaviour, and the plastic deformation is induced by the
stress rate [22]. Conversely, if the strain deformation is
along with the stress vector irrespective to the stress
increment, i.e. 5 = 0, then the plastic increment behaviour
is referred to as the classic coaxial plastic rate.

Figures 16 and 17 present the stress paths and strain
increment vectors for test series II and III. It can be found
that the strain increment shows different levels of non-
coaxiality under two deviatoric stresses, and the strain
increment differs significantly in different stages. When o
rotated in ranges of [0°, 45°] and [90°, 135°] where the
shear stress 7,q is increased, the deformation stiffness is
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small, the coaxial plastic rate is large, and the plastic effect
caused by the stress rate is slight. In this case, the non-
coaxiality angle is small; i.e. the clay behaves more like an
ideal plastic material. However, when 1,4 is decreased and
o is in the ranges of [45°, 90°] and [135°, 180°], the soil
stiffness is larger, the coaxial plastic rate is smaller, and the
plastic effect caused by the stress rate is significant. In this
case, the non-coaxiality angle is bigger; i.e. the elastic-like

@ Springer

behaviour is induced in these ranges. Comparison between
Figs. 16 and 17 suggests that the deformation stiffness is
larger and the non-coaxiality is more important under
lower deviatoric stress levels. This observation is in
agreement with that observed in sand conducted under
principal stress rotation by Gutierrez et al. [10].

To better reveal the correlation between non-coaxiality
and soil stiffness and its anisotropy in cyclic loading,



Acta Geotechnica (2018) 13:943-959

45 -
g Sty
40 : .-'% Ty
8%] Dugl_,g&:‘ A@j Do.b WA
35+ O P00 W e L DdFOAA
%%OO%I. Q‘PD:EJOOI A
30| om B =y NI
‘:ﬂk-. = (N
> P’ <-4 °xA Ae A
L 25¢ aat
N
& 20 = Istcycle,b=0
15L e Istcycle,h=0.5
A Istcycle,b=1
10 + o 7th cycle,b=0
50 o 7th cycle,b=0.5
& Tth cycle,b=1
0 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180
a (%)
(@)
20
‘3!0;&%5
£ DTN
1.5F o° l% n QoA
_ A 200 Tralte
X . DG%A 4 oty © n_1® A
o (™ 0 %ﬁ A ﬁ%o 0P Mo
) o 0% miaA "l o, a%e O%
= [ VA ) O A _ A
1.0 7 oo M o 0 g ks
= s 0 O Op . J opP0 DDOQJO%.%f
o DDDZOOOOODED. Ist cycle,biﬁf“zqJ Eg"h&
< o e Isteycle,h=0.5 76
051 4 Istcycle,b=1
o 7th cycle,b=0
o 7thcycle,b=0.5
0.0 . . .2 Ttheycle.h=1 | . .
0 20 40 60 80 100 120 140 160 180
a (%)
(b)

Fig. 18 Variation of non-coaxiality angle and strain increment for
series II: a non-coaxiality angle; b strain increment

Figs. 18 and 19 illustrate the non-coaxiality angle and the
magnitude of strain increment vector against the major
principal stress direction for test series II and III. Consid-
ering Fig. 5, one can find that non-coaxiality is closely
related to the strength anisotropy. When o rotated from 0°
to 45° and 90° to 135°, the soil strength is decreased, the
strain increment is increased (Figs. 18b and 19b), and the
non-coaxiality is decreased (Figs. 18a and 19a). However,
when o rotated in the ranges of 45°-90° and 135°-180°,
the soil strength is increased, the strain increment is
decreased, and the non-coaxiality is increased. Comparing
Figs. 18 to 19 also suggests that the non-coaxiality
increases owing to cyclic stiffness stability (Fig. 18b) at a
lower deviatoric stress level, and the non-coaxiality is
weakened because of cyclic degradation under the higher
deviatoric stress level. There is no doubt that the cyclic
evolution of non-coaxiality agrees with the segmentation
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Fig. 19 Variation of non-coaxiality angle and strain increment for
series III: a non-coaxiality angle; b strain increment

characteristics that the non-coaxiality depends on the
stiffness variation in one cycle. The non-coaxiality varia-
tion under deviatoric stress level depends on stiffness, and
the stiffness degradation or stability is also consistent.

4 Conclusions

This paper investigated the undrained deformation beha-
viour of soft clay under the effects of pure principal stress
rotation using a hollow cylinder apparatus. Monotonic
loading tests were first carried out to investigate the
inherent anisotropy of undisturbed Shanghai soft clay. Pure
rotation stress path tests were then conducted in which the
deviatoric stress, the mean effective stress, and the inter-
mediate principal stress parameter remained constant,
whereas only the principal stress direction was rotated
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continuously and cyclically. The stiffness degradation and
non-coaxiality were observed particularly, based on which
the dependence between the non-coaxiality and the
strength anisotropy was discussed. The major experimental
conclusions are summarised as follows:

The excess pore pressure was accumulated owing to
the rotation of principal stress direction, even though
the deviatoric stress was maintained constant during
the pure rotation test. The intermediate principal
stress parameter b and the magnitude of deviatoric
stress had a significant effect on the response of
The rate of excess pore
pressure generation was increased with increasing
b, and the larger the deviatoric stress, the faster the

Although the deviatoric stress was maintained constant
during principal stress rotation, the stress—strain curves
showed hysteretic and plastic characteristics. The
stress—strain characteristics were significantly affected
by the deviatoric stress. At higher deviatoric stress
levels, the stiffness degrades. However, under lower
deviatoric stress levels the stiffness experienced a
slight hardening in the first 2 cycles but remained
approximately unchanged in subsequent cycles. Fur-
thermore, the stiffness is decreased with increasing

1.
excess pore pressure.
pore pressure buildup.
2.
b value.
3.

Plastic deformation was induced owing to principal
stress rotation alone. The b value and the magnitude of
deviatoric stress had a significant effect on the
deformation characteristics. The strain envelope was

Table 3 Test parameter calculation

kinematic in position and tended to stabilise with the
cyclic stiffness stability at lower deviatoric stress
levels. However, with the cyclic stiffness degradation
under higher deviatoric stress, the strain envelope in
the deviatoric strain space developed towards failure in
an open spiral manner.

4. Apparent non-coaxiality was observed during pure
principal stress rotation. The non-coaxiality showed
segmentation characteristics. Shear stress—strain stiff-
ness and normal differential stress—strain curves were
observed. The difference between them indicated
incremental anisotropy, which was an internal mech-
anism of non-coaxiality. With cyclic stiffness stability
at lower deviatoric stress levels, the non-coaxiality
tended to increase. Conversely, with cyclic stiffness
degradation at a higher deviatoric stress level, the non-
coaxiality tended to weaken.

In future work, tests with more or high number of cycles
will be carried out for long-term behaviour of cyclic
degradation and non-coaxiality.
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Appendix: Equations used to calculate the stress
and strain parameters

See Table 3.
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