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Abstract

During the service life of marine structures, environmental loads, such as earthquakes and ocean wave storms, may exert
dynamic shear stresses of different amplitudes and orientations in the foundation soil. To investigate the undrained cyclic
behavior of marine soft clay under a complex shear stress state, a laboratory study was performed on remolded clay
specimens using a variable-direction dynamic cyclic simple shear system, through which two mutually perpendicular shear
stresses can be simultaneously applied to the specimen within the horizontal x—y plane. Stress paths of linear, circular, and
elliptical patterns were obtained by adjusting the amplitude ratio (1) between the two cyclic shear stresses and applied to
investigate the undrained behavior of soft clay. The undrained cyclic responses of the clay specimens were presented and
then analyzed from the viewpoint of energy dissipation. A strain-softening phenomenon was observed when the cyclic
effective stress path reached the failure line determined by the monotonic test. The cyclic strength of clay subjected to
multidirectional cyclic shear stresses (i.e., circular and elliptical stress paths) was 0.775" times that under unidirectional
shear stress (i.e., linear stress path). The coupling effects of CSR and 7 on the cyclic strength and accumulation of residual
pore water pressure can be uniformly correlated to energy dissipation.

Keywords Cyclic shear strength - Dissipated energy - Marine soft clay - Multidirectional loading - Pore water pressure -
Simple shear tests

1 Introduction multidirectional cyclic loading [15, 29, 35-37, 39].

Accordingly, it is important to understand the multidirec-

Many marine structures such as anchors, offshore wind
turbines, and oil/gas platforms are founded on marine clay
sediments. During the service life of these structures,
operational vibrations of the superstructure and environ-
mental loads from storm waves, earthquakes, and currents
may apply cyclic loads of different amplitudes and orien-
tations to the foundation soil. Compared with unidirec-
tional cyclic loading, it has been reported that the residual
deformation and associated failure probability of the
foundation soil can be amplified when subjected to
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tional cyclic behavior of marine soft clay to ensure the
functionality and safety of the marine structures.

Over the past few decades, extensive laboratory tests
with unidirectional cyclic loading have been performed to
study the cyclic behavior of soft clay, for example, triaxial
tests [12, 47] and simple shear tests [7, 24]. In the course of
storm waves or earthquakes, the cyclic shear strength of
clay is a key parameter in the design of clay-based engi-
neering installations. A contour diagram framework on
cyclic strength of clay has been proposed by Andersen
[4, 5] for unidirectional cyclic loading, where the cyclic
stress ratio and number of cycles to cyclic failure are two
key parameters. Compared to the monotonic strength of
soil, which can be solely represented by stress, the cyclic
strength must be described by a combination of the cyclic
stress ratio (CSR) and number of cycles required for the
specimen to reach failure (Ny); in other words, the cyclic
strength is usually defined as the CSR required to reach
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cyclic failure in a specified number of loading cycles. Ny is
used to evaluate the magnitude of the environmental load
in engineering. For instance, Ny was 15 and 30 cycles,
which can simulate earthquakes with magnitudes 7.5 and
8.5, respectively [15]. A criterion is needed to judge
whether the specimen reaches cyclic failure; however,
different choices of failure criteria exist in the literature.
Lee [18] conducted a series of cyclic triaxial tests on two
types of sensitive undisturbed clay and indicated that a
shear failure surface would form in both high- and low-
sensitivity clay specimens when the shear strain reaches
4-6% and 2-3%, respectively. Thus, a single-amplitude
strain of 3% was considered as the failure criterion for the
cyclic deformation of the clay. However, criteria based on
different levels of shear strains, for example, 1%, 5%, 10%,
and 15%, also exist in the literature [14, 47]. Alternatively,
the failure criterion can be based on the effective stress. For
example, Malek et al. [24] proposed that a clay specimen is
in a failure state when the cyclic effective stress path
reaches the failure envelope determined in monotonic tests.
Because the pore water pressure response can be reflected
in the undrained cyclic stress path, the effective stress-
based criterion can also be considered as a pore water
pressure-based criterion. It has been frequently observed in
laboratory tests [19] that clay specimens collapse in a rel-
atively short period once the amplitude of shear strain is
larger than that corresponding to the inflection of the shear
strain—cycling number curve. Therefore, Li et al. [19]
proposed that the inflection of the curve of single-ampli-
tude shear strain versus the number of cycles can be con-
sidered as a distinct sign of cyclic failure. Its emergence
can also be considered a suitable failure criterion for clays.
It can be seen from the above that no consensus has been
reached on suitable criteria for judging the cyclic failure of
soft clay.

As fueled by the advancement of bidirectional loading
test apparatus, several studies have been conducted to
investigate the multidirectional cyclic behavior of soft clay.
Gu et al. [10] studied the undrained cyclic behavior of soft
clay using cyclic triaxial tests with a variable confining
pressure. The test results showed that the excess pore water
pressure, cyclic axial strain, and cyclic strength were sig-
nificantly influenced by the cyclic confining pressure.
Matsuda et al. [27] performed a series of multidirectional
simple shear tests in a strain-controlled manner to inves-
tigate the cyclic behavior of clay, in which cyclic shear
strains with the same amplitude but different phases were
applied to the specimen from two perpendicular directions
in the horizontal plane. It is shown that the excess pore
water pressure and post-cyclic consolidation deformation
induced by multidirectional cyclic shear are larger than
those generated by the unidirectional one of the same
shear-strain amplitude and loading cycles. To present the
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combined effects of multidirectional cyclic loadings, the
concept of dissipated energy, determined from the hys-
teretic loops of stress—strain, has been proposed and
applied. This method was first introduced by Liang et al.
[22] to assess the liquefaction potential of sand under
complex random cyclic loading conditions. Because the
dissipated energy reflects the damage to the soil skeleton
when subjected to external cyclic loading [28], it has been
applied in extensive laboratory studies to quantify the
influences of key factors, including the effective confining
pressure [17], relative density [9], consolidation stress ratio
[45], and loading waveform [31] on the cyclic strength and
pore water pressure responses of soils. In particular, the
accumulation of dissipated energy can be mathematically
related to the residual pore water pressure, which can be
used to numerically predict the soil response [9, 33]. In
view of the above, the effects of the phase difference of
multidirectional shear loadings and the energy dissipation
associated with unidirectional cyclic loading have been
reported. However, the effects of the amplitude differences
of multidirectional shear stresses on the cyclic responses,
let alone interpretation from the perspective of energy
dissipation, remain untouched in the literature, which
motivates the present study.

In this study, the influences of multidirectional shearing
on the cyclic behavior of soft marine clay were investigated
using a variable-direction dynamic cyclic simple shear
system. Four series of laboratory tests with different
loading amplitudes and stress path patterns were designed
and performed. Cyclic results, including the effective stress
path, shear strain, cyclic strength, and pore water pressure
were presented and analyzed. The characteristics of clay
specimens under multidirectional shear loading were
revealed by comparison with the unidirectional loading
case. The concept of dissipated energy was adopted to
quantify the cyclic shear strength and pore water pressure
generation of soft clay under multidirectional cyclic shear
stress paths. Finally, two criteria for cyclic failure and their
influence on evaluating the cyclic strength and pore water
pressure of clay specimens were discussed.

2 Materials and experimental methods
2.1 Test materials

The soil used in the present study was soft clay obtained
from Wenzhou, which is characterized by its high water
content, low permeability, high compressibility, and low
bearing capacity [11, 41]. Remolded samples were used
because undisturbed uniform soft clay samples are very
difficult to obtain. The remolded soft clay was prepared
using a slurry consolidation method. The clay blocks
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sampled from the field were first dried in an oven, and then
ground to a powder using a crushing machine. The clay
powders were mixed with de-aired water to obtain a slurry
with a water content of 80% (=~ 1.33wy, where wy repre-
sents the liquid limit). The slurry was slowly poured into a
large consolidation apparatus with a diameter of 300 mm
and height of 400 mm. Vertical consolidation pressures
were applied step by step in the sequence of 12.5 kPa,
25 kPa, 50 kPa, and a final pressure of 100 kPa. The
consolidation process was complete when the consolidation
settlement reached a steady value at each consolidation
pressure level. More specific information regarding the
remolded clay preparation process can be found in Hu et al.
[13] and Wang et al. [43]. The basic index characteristics
of the soft clay samples are summarized in Table 1.

2.2 Test apparatus and procedures

This study employed a variable-direction dynamic cyclic
simple shear (VDDCSS) system. As shown in Fig. 1, the
system consists of three encoder-controlled high-precision
actuators. The axial actuator can exert a vertical force. The
two horizontal actuators can simultaneously exert hori-
zontal forces. More specific information regarding this
apparatus can be found in the work of Li et al. [20] and Jin
and Guo [15].

Cylindrical specimens with a diameter of 50 mm and
height of 20 mm were trimmed from the remolded soft clay
block. The prepared clay specimen was then placed in a
shear box, as shown in Fig. 2. A stack of low-friction
Teflon-coated rings was placed outside the membrane of
the specimen. Because the radial stiffness of the rings is
sufficiently high, K, conditions of the specimen can be
ensured during the consolidation and shearing tests. The
stack of rings, each of thickness 1 mm, offers flexibility in
developing shearing failure in the specimen along the
weakest horizontal surface, which should be deemed as an
improvement over the pre-set shearing surface scenario

Table 1 Index properties of remolded soft clay

Index properties Value
Specific gravity, G 2.71
Initial water content, w (%) 43-45
Initial density, po (g/cm®) 1.72-1.76
Initial void ratio, eq 1.19-1.23
Degree of saturation, S, (%) 97.9-99.1
Liquid limit, wy (%) 60
Plasticity index, I, 32

Clay fraction (%) 41

Silt fraction (%) 55

involved in the conventional direct shear test. After placing
the shear box at the base of the VDDCSS testing apparatus,
an initial vertical consolidation stress of 100 kPa was
applied. When the consolidation process was completed, a
series of simple shear tests were carried out under a con-
stant volume condition. The variations in the vertical stress
(Ao,) required to keep constant volume throughout a
simple shear test are equal to the measured pore pres-
sures(Au) in an undrained simple shear test for clay
[1, 2, 8]. Throughout the consequential stages of specimen
preparation, consolidation and cyclic shearing, no back
pressure was applied; therefore, the specimens remained
below 100% saturation. However, a degree of saturation
(S;) greater than 97% can still be guaranteed, as shown in
Table 1. Notably, the degree of saturation does not affect
the mechanical response of soils provided the matric suc-
tion is small, and the constant volume condition is satisfied
[3, 38]. Thus, the non-fully saturated condition should not
be deemed as a drawback in our test.

The two horizontal actuators provide cyclic forces with
the same cycling frequency; however, their amplitudes and
phases can be different. When only one horizontal actuator
is activated (e.g., the one along the x—direction), a unidi-
rectional cyclic loading condition can be achieved, whose
typical waveform is given in Fig. 3(a). The shear stress
path is linear (Fig. 4). The typical waveforms with a phase
difference of 90° when the two actuators work simultane-
ously are presented in Fig. 3(b). When the two horizontal
forces have the same and different amplitudes, the cyclic
shear paths are circular and elliptical, respectively, in the
horizontal plane, as shown in Fig. 4. The 90° phase dif-
ference between the two cyclic shear stresses is chosen
because it serves as the most unfavorable loading condition
for cyclic behavior of clay specimens when compared to
other phase differences (e.g., 20°, 45°, 70°, etc.) [23, 26].
In this study, the cycling frequency of the horizontal
loading was taken as the typical frequency of wave load-
ing, that is, 0.1 Hz [4, 40]. A low cycling frequency is also
favorable for the reliability of the pore water pressure
measurement of the specimen and for the precise control of
cyclic stress [26].

By varying amplitudes 7, and 7, of the two cyclic shear
stresses, different loading conditions can be established to
perform the undrained cyclic simple shear tests, as sum-
marized in Table 2. To facilitate the description, the shear
stress ratio # is defined as the amplitude ratio between the
two cyclic stresses, that is, n = t,/t,. The cyclic stress ratio
CSR is defined as the ratio of 7 to ¢’\o (i.e., CSR = 1,/
d'.0), where ¢’ denotes the vertical consolidation stress.
N denotes the number of cycles to failure of the specimen.
The failure criteria will be discussed in the following
sections.
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Fig. 1 Schematic of variable-direction dynamic cyclic simple shear (VDDCSS) system in a x—z plane and b y—z plane
Rubber membrane

Teflon coated rings

- O-ring

Porous stone

V “Drainage
Bottom plate

Fig. 2 Schematic of test specimen in the shear box

Four test series were designed in this study. Series I and IT
are associated with unidirectional (# = 0) and equal-mag-

loadings of the same CSR and different . The combinations
of CSR and # associated with Series IV are set such that they

nitude multidirectional (# = 1) loading conditions, respec-
tively. To investigate the effects of # on the cyclic behavior
of soft clay, the Series III tests are conducted under cyclic
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are different from those of the remaining test series. In this
way, the results from Series IV can help verify the empirical
laws established based on test Series I-II1.
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Fig. 4 Schematic of cyclic shear stress in unidirectional and
multidirectional cyclic loading conditions

3 Monotonic shear test results

Before performing the cyclic shearing test, the clay spec-
imen is sheared monotonically to evaluate its strength
characteristic. Two consolidation stresses were considered:
oyo = 100 kPa and 200 kPa. After consolidation, the
specimen was sheared monotonically at a shear rate of
0.05%/min under the undrained condition. The test results
for the stress—strain relationship and effective stress path
are presented in Fig. 5. It can be observed that the
undrained shear stress (1) increases with the shear strain (y)
before the specimen reaches the peak shear strength, and
then 7 decreases slightly in the subsequent shear process.
The peak strength increases with the consolidation stress.
Excess pore water pressure generates during the shearing of
the clay specimen. Thus, a decrease in the vertical effective

Table 2 Summary list of undrained cyclic simple shear tests

Series No. of ¢’y Ty Ty CSR=1/ n=1/ Ng
tests (kPa)  (kPa) (kPa) o'y Ty

I L1 100 15 0 0.15 0 255
L2 100 20 0 0.20 0 35
L3 100 25 0 0.25 0
L4 100 30 0 0.30 0

11 Cl 100 14 14 0.14 1 78
C2 100 15 15 0.15 1 36
C3 100 18 18 0.18 1 17
C4 100 20 20 0.20 1 7
C5 100 25 25 0.25 1 2

111 L2 100 20 0 0.20 0 35
El 100 20 6 0.20 0.3 24
E2 100 20 14 0.20 0.7 11
C4 100 20 20 0.20 1 7

v E3 100 16.5 11.5 0.165 0.7 44
E4 100 18 9 0.180 0.5 34
E5 100 238 72 0.238 0.3 7

L: linear stress path, E: elliptical stress path, C: circular stress path

stress is observed in Fig. 5(b). A failure line (FL) can be
constructed by connecting the peak strength and origin of
the stress space, as indicated in Fig. 5b. The slope of the
failure line is determined to be t/0, = 1/1.7.

4 Representative cyclic responses

For the Series I test, representative results on the effective
stress path, stress—strain curve, and development of cyclic
shear strain ().y.) and double-amplitude shear strain (ypa)
are presented in Fig. 6 for test No. L2, i.e., CSR = 0.2. The
effective vertical stress (¢’,) decreases drastically in the
first two cycles because pore water pressure generates.

@ Springer
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Fig. 6 Cyclic simple shear responses of soft marine clay under unidirectional loading (Test No. L2: CSR = 0.2): a effective stress path; b stress—

strain curve; ¢ cyclic shear strain; and d double-amplitude shear strain

During the subsequent cyclic loadings, the rate of
decreasing o', is reduced, and a “butterfly” stress path can
be formed. The failure line (FL) defined in the monotonic
shear tests is superimposed on the cyclic stress path, as
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shown in Fig. 6a. The moment when the effective stress
path touches FL can be read from the figure as N = 34.25,
which is generally rounded up to an integer, that is, N = 35.
In the cyclic shearing following N =35, the strain-
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softening phenomenon characterized by the amplitude of
the cyclic shear stress being below the target value of
20 kPa can be observed, as indicated by the dashed line in
Fig. 6a. This phenomenon can also be observed in the
hysteresis loop relating shear stress to shear strain, as
shown in Fig. 6b. That is, the S-shaped loops are generally
close to each other at the initial stage; however, they
become more flattened and sparsely spaced when the
number of shearing cycles N > 35. Figure 6¢, d shows that
the cyclic shear strain (y.,.) and the double-amplitude
shear strain (ypa) increase significantly after the cyclic
stress path reaches FL (i.e., N > 35). ypa is the sum of the
maximum and minimum (in absolute value) shear strains
obtained from each cycle of y.. in Fig. 6¢c. A similar
linkage between the cyclic behaviors observed above and
the monotonic failure line has been widely reported for
sandy soils [21, 30, 44, 46].

When multidirectional cyclic loadings are involved, that
is, horizontal forces applied along both the x and y direc-
tions, it is more convenient to describe the cyclic behavior
using the cyclic resultant shear stress (Tg.cyc) and cyclic
resultant shear strain (yr.cyc), Which are defined as:

Tifcyc + T%—cyc (1)

YR—cyc = \/ Vifcyc + ygfcyc (2)

For the Series II test, typical results on the effective
stress path, the stress—strain curve, and development of 7y
and yr.cyc are presented in Fig. 7 for test No. C4, i.e.,
CSR=02and = 1.

Similar to the observations made from the Series I test,
the strain-softening phenomenon occurs when the effective
stress path reaches the failure line. As can be seen from the
dashed lines in Fig. 7, the amplitude of the resultant shear
stress remains below the target value of 20 kPa; the hys-
teresis loops gradually become more inclined toward the
horizontal axis, indicating a decrease in shear stiffness, and
the cyclic shear strain increases drastically.

By maintaining the same CSR while reducing # to 0.7,
an elliptical shear stress path can be formed, that is, Test
No. E2 in the Series III test. The cyclic behavior is pre-
sented in Fig. 8. The trends of the effective stress paths,
hysteresis loops, and development of shear strain over the
number of cycles are the same as those depicted in Fig. 7.
However, the number of cycles of the multidirectional
shear stress when the effective stress path reaches the
failure line is different between the two tests, that is, N = 7
in test No. C4 and N =11 in E2. This difference is
expected because the elliptical cyclic shear path is within
the circular path, as shown in Fig. 4.

Figure 9 presents semi-log plots on yp4 against N for the
four tests in Series I. At a first glance, the ypa—log(XN) plots

TR—cyc =

are nonlinear and separated by the different CSR values, a
pattern similar to the results of previous works [10, 19].
ypa develops slowly at the initial stage of the cyclic
loading. However, when the number of cycles reaches a
certain value, the shear strain increases sharply, and the
specimen will collapse. The number of cycles corre-
sponding to the effective stress path touching FL (i.e., the
critical number of cycles) can be determined from its plot,
for instance, Figs. 6, 7, 8, which are marked with solid
points on the ypa curve. The yps corresponding to the
critical number of cycles is located in the section where
Ypa increases sharply. Those shear strains can be connected
to form a line with correlation coefficient (R%) of 0.95 in
the ypa—log(N) plot. For multidirectional cyclic shear
loadings, the residual resultant shear strain ygr_, (i.e., yr at
the end of each cycle) is plotted over the cycling number N,
as shown in Fig. 10a, b for circular and elliptical stress
paths, respectively. The trend of yr_—log(N) is similar to
those depicted in Fig. 9.

5 Cyclic shear strength

As mentioned in Introduction, the strength failure of a clay
specimen can be established when the cyclic effective
stress path reaches the failure line determined in monotonic
tests [7, 24]. The cycling number when the effective stress
path touches the failure line can be determined from its
plot, as shown in Figs. 6, 7, 8. Therefore, the number of
cycles associated with the solid points in Figs. 9 and 10 can
be defined as the number of cycles to failure (Ny).

Using the cyclic shear stress ratio and the number of
cycles to failure, a point can be determined in the CSR-
log(Ng) coordinates. Figure 11 presents the points corre-
sponding to test Series I (i.e., unidirectional loading) and II
(multidirectional loading of circular stress path). In gen-
eral, N; decreases as CSR increases. For a given CSR, the
required Ny under a circular stress path is less than that
under a linear stress path, indicating that the failure is
accelerated under multidirectional cyclic loadings. The
discrete data points in the figure can be fitted using the
following equation:

CSR = al(N;)™" (3)

where a represents the intercept of the fitting curve to the
vertical axis when Ny=1 (i.e., a represents the CSR
required for the failure of the specimen with only one cycle
of loading), and b is the slope of the log(CSR)-log(Ny) plot.
a = 0.350 and b = 0.155 can be determined for both the
test series. The difference in shear strengths is reflected by
parameter A, whose value is 1 and 0.775 for the linear and
circular shear stress paths, respectively. This observation

@ Springer
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Fig. 7 Cyclic simple shear responses of soft marine clay under multidirectional loading (Test No. C4: CSR = 0.2 and 5 = 1): a effective stress
path; b stress—strain curve; ¢ cyclic shear strain; and d cyclic resultant shear strain

suggests that the cyclic strength of clay under a circular
stress path is 0.775 times that under a linear stress path.
To study the effects of the elliptical stress path (i.e.,
0 <5 < 1) on the cyclic shear strength, Fig. 12 presents
the test data of Series III, which is presented as the
amplitude ratio (1) between the two cyclic stresses versus

the normalized number of cycles to failure (Nf/N;’ZO).

N}FO denotes the number of cycles to failure under unidi-

rectional cyclic shear tests, which can be predicted using
Eq. (3). Notably, the four tests in Series III are of the same

CSR = 0.2. In the semi-log plot of n against Nf/N)?:O, the
four data points from test series III can be connected to a
straight line. It can be observed that Ny /Nf:0 decreases

with increasing n. To test the applicability of this linear
relationship, data points corresponding to test series IV are
added to Fig. 12, and a good match was observed. Thus,

the linear relationship is independent of CSR in the  —
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In (Nf / Nf" :O) plot. The line that reflects the effect of # on

Nt is as follows:

o 1 n=0
or
Ny /NI = 20l (5)

Substituting Eq. (3) into Eq. (5), the following expres-
sion is obtained:

CSR = a)"(Ny) ™" (6)

Equation (6) suggests that the cyclic strength of clay
under multidirectional shearing (i.e., elliptic and circular
stress paths) is A" times that under unidirectional shearing
(i.e., linear stress path).
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6 Energy dissipation analysis of cyclic

responses

The amount of dissipated energy represents the irreversible
structural damage sustained by the soil skeleton during
cyclic loading process [16, 17, 31]. The density of energy
dissipation is represented by the area of the hysteresis loop
relating the shearing stress to the shear strain, which can be

calculated as follows:
W=n1y

(7)

In the multidirectional shear tests, Eq. (7) can be

rewritten as

W = ‘CR—UYC’)}Rfcyc

(3)

After substituting Egs. (1) and (2) into Eq. (8), Eq. (8)

can be rewritten as
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2 2
W= \/(Txfcycyxfcyc) + (Tyfcycyyfcyc) + Tyfcycﬁ/xfcyc + Txfcycyyfcyc (9)

where the two bracketed terms can be evaluated by
calculating the area of the hysteresis loop in the x- and y-
directions. Because the stress and strain directions of the
last two terms are perpendicular to each other, there is no
energy dissipation (i.e., the values of the last two terms are
zero). The evaluation process is schematized in Fig. 13,
where the area of the hysteresis loop is discretized into a
series of load increments, that is,

(tiv1 + ) (Vi1 — ) (10)

where n denotes the total number of increments; 7; and y;
represent the shear stress and strain of the ith increment,
respectively.

6.1 Energy dissipation for cyclic failure

The development of the energy dissipation (W) with the
number of cycles is presented in Fig. 14. The accumulation
of W with the number of cycles shows a similar pattern to
the development of ygr_. (see Fig. 10), that is, W develops
slowly at the initial stage of cyclic loading, and it increases
sharply when the number of cycles reaches a certain value.
The accumulation of W is highly dependent on CSR and #.
When CSR varies and 5 remains constant, as shown in
Fig. 14a, the energy dissipated during the first loading
cycle (i.e., N=1) increases with increasing CSR. With
increasing N, the gap between neighboring W-
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Fig. 11 Number of cycles to failure (NVy) against CSR under linear and
circular stress paths

log(N) curves increases before the failure state is reached.
When # varies and CSR remains constant, a similar
observation can be made, as shown in Fig. 14b. The ver-
tical coordinate of the solid points in Fig. 14 represents the
energy dissipation when cyclic failure occurs in the spec-
imen, which is denoted as Wy, and it is dependent on N; or
cyclic stress amplitude.

Certain test cases in Table 2 show the same or similar
number of cycles to failure even though the stress paths are
different, for example, Ny = 7 for cases L3, C4, and ES5, and
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Fig. 10 Semi-log plots of residual resultant shear strain over number of load cycles in multidirectional loading: a circular stress path; b elliptical

stress path
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N; ~ 35 for cases L2, C2, and E4. For these cases, the
accumulations of W are drawn in Fig. 15 for the increasing
number of cycles N. It is observed that the W-log(N) curves
associated with the same/similar Ny almost overlap. Fig-
ure 16 summarizes the results of the energy dissipation for
cyclic failure (Wy) against the number of cycles to failure
(Np). Notably, all data points converge around a curve
regardless of the stress paths, which implies that the cou-
pling effects of CSR and 5 on the cyclic strength can be
uniformly interpreted utilizing the concept of energy
dissipation.

6.2 Pore water pressure analysis based
on energy dissipation

The pore water pressure (Au) of soft clay is important for
understanding its cyclic behavior and evaluating the
effective stresses [25, 32, 42]. The development of Au with
increasing cycling numbers is presented in Fig. 17 for test
Series III. The four tests utilize the same CSR and different
values of 1. The accumulation rate of Au increases with #.
For instance, the specimen requires 24 cycles to develop
Au = 60 kPa when 1 = 0, whereas it only takes 6 cycles to
reach the same Au for cyclic loading with n = 1. The
development trends of Au of the specimens associated with
different n share the same power-law pattern when the
loading cycle increases. Au can be divided into transient
and residual components, as shown in Fig. 17. The former
is equal to the change in the total stress, and thus, it
oscillates with the cycling load. The latter is derived at the
end of each stress cycle, that is when the cyclic shear stress
becomes zero [34]. Thus, the residual pore water pressure
(Au,) reflects the irrecoverable pore water pressure accu-
mulation, which directly alters the effective stress and,
subsequently, the soil strength.

4
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Fig. 14 Semi-log plots of energy dissipation (W) over number of cycles (N): a test Series II; b test Series III
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Fig. 16 Energy dissipation for failure (Wy) against number of cycles
to failure (NVy)

Au, has been studied from the viewpoint of energy
dissipation [31, 33, 45]. Figure 18 presents the variation in
Au, versus energy dissipation before specimen failure. The
Au—~log(W) plots associated with different stress paths (i.e.,
combinations of CSR and ) are convex to the vertical axis,
that is, the developing rate of Au, changes from high to low
with increasing energy dissipation. Figure 18 shows that
the energy dissipation (W) increases with increasing CSR
and # for a particular lever of power water pressure accu-
mulation (e.g., Au, = 50 kPa).

The development of the residual pore water pressure can
be normalized by dividing the residual pore water pressure
at failure, that is, Au/Au, ¢ The accumulation of energy
dissipation can be processed in the same manner, that is, W/
Wt. The processed data from all the test cases in Table 2 are
presented in Fig. 19, which falls within a narrow strip
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Fig. 17 Development of excess pore water pressure with respect to
number of cycles under CSR = 0.2

bounded by two dashed lines. This demonstrates that the
normalized pore pressure—energy relationship of soft clay
is independent of the cyclic shear stress path.

7 Discussion on criteria for cyclic failure

As mentioned in Introduction, different criteria exist in the
literature for judging the cyclic failure of clay specimens.
Here, we focus on two types of criteria: one is failure—line
based [7, 24], that is, cyclic failure occurs when the ever-
developing effective stress path touches the failure line,
and the other is inflection based [19] because the clay
specimens generally collapse in a relatively short period
once the shear strain is larger than that corresponding to the
inflection of the shear strain—number of cycle curves. To
determine the inflection, the initial and later trends of the
curve are represented by two tangents, as shown in Fig. 20.
The two tangents intersect at an angle, the bisector of
which crosses the strain curve; the crossing point is the
inflection. Similar methods for determining the inflection
of curve can be found in the work of Ansal and Erken [6].
The strain obtained from the inflection is referred to as
failure strain. Evidently, the first criterion is rooted in the
physical mechanism of material strength, whereas the latter
is characterized by phenomenological laboratory observa-
tions. To compare the two criteria, four inflections are
identified and superimposed in Fig. 9, which contains solid
points representing cyclic failure, as determined by the
failure line-based criterion. The four inflections in Fig. 20
are connected to form a straight dashed line, which is
separate from the solid line.

With the number of cycles to failure (N;) determined
from the inflection-based criteria, the data presented in
Figs. 12, 16, and 19 can be processed in the same manner,
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Fig. 20 Comparison on failure line and inflection-based criteria for
assessing cyclic failure of clay specimens
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as shown in Fig. 21. Notably, the distribution patterns of
the scattered data points as well as the fitting/bounding
curves are largely the same as those in Figs. 12, 16, and 19,
which indicates that the linear dependence of Ny on the 7,
the stress path-independent relationship between Wy and N,
and the correlation between Au/Aus and W/W; are not
affected by the failure criteria adopted.

8 Conclusions

In this study, the cyclic responses of marine soft clay
subjected to multidirectional cyclic shear stresses were
investigated using a variable-direction dynamic cyclic
shear system. Four series of laboratory tests with different
loading amplitudes (i.e., the cyclic stress ratio (CSR)) and
patterns of stress path (i.e., the linear, circular, and ellip-
tical paths governed by the amplitude ratio (1)) were

@ Springer

designed and conducted. The effective stress path, shear
strain, cyclic strength, and pore water pressure were pre-
sented and analyzed. Moreover, using the concept of dis-
sipated energy, the undrained cyclic strength and pore
water pressure generation of soft clay were studied. The
main conclusions are as:

(1) After the cyclic effective stress path reaches the
failure line determined in monotonic tests, a strain-
softening phenomenon can be observed. It is more
pronounced for multidirectional shear loading than
for unidirectional loading.

(2) An empirical formula is established to predict the
cyclic strength of soft clay under different shear
stress paths. In particular, it is found that the cyclic
strength of clay subjected to multidirectional cyclic
shear stresses (i.e., circular and elliptical stress paths)
is 0.775" times that under unidirectional shear
stresses (i.e., linear stress path).
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(3) The accumulation of dissipated energy with increas-
ing loading cycles is influenced by CSR and #, which
is essentially related to the number of cycles to
failure. The coupling effects of CSR and # on cyclic
strength can be uniformly interpreted through the
concept of energy dissipation.

(4) By establishing the normalized energy—residual pore
pressure relationship, a unified interpretation method
is proposed, whereby the residual pore pressure is
uniquely related to the dissipated energy, irrespective
of the cyclic stress amplitude and stress path.
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