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Abstract

In certain field conditions such as offshore projects under wave loads or embankments under traffic loads, both the vertical
and horizontal stresses are variable. However, previous investigations rarely considered the variation in horizontal stress.
To better understand the characteristics of natural saturated soft clay, a series of monotonic and cyclic triaxial tests with a
Ky-consolidation state were carried out under a variable confining pressure (VCP) stress path. The development of axial
strain, pore water pressure and effective stress path is analysed. The results show that with the increase in # (the ratio of the
variation in the mean effective principal stress to that of the deviatoric stress), the undrained shear strength (gr) decreases
continuously. The pore water pressure generation is slightly improved under a stress path with increasing confining
pressure. Based on the test results, a unified formula was established to predict the pore water pressure under VCP stress
paths. The unique p—g—e relationship of normally consolidated clay in monotonic VCP triaxial tests was also demonstrated.
Under VCP stress paths, the amplitude of the pore pressure increases, and the effective stress path tilts more sharply to the
right. Moreover, a unified formula was established that can provide a good reference for predicting effective stress paths
under cyclic VCP triaxial tests.

Keywords Kj-consolidation - Soft clay - Triaxial test - Variable confining pressure

1 Introduction

Natural soft clay is widely distributed in the coastal areas
of China, and many projects, such as highways, railways
and airport runways, have been built on this kind of soil
foundation. Both the vertical and horizontal stresses vary in
many actual engineering projects, such as offshore projects
under wave loads or embankments under traffic loads [2]. It
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is very difficult to precisely predict deformation because
the variation in only the vertical stress is considered in
most of the existing studies. To solve this problem, the
monotonic and cyclic behaviour of saturated soft clay
based on stress paths involving variations in both the ver-
tical and horizontal stresses should be investigated.

In the past few decades, many scholars have investi-
gated the monotonic and cyclic behaviour of saturated soft
clay in triaxial tests [8, 10, 17, 18]. Constant confining
pressure (CCP) is commonly used in these triaxial tests,
and the variation in only vertical stress can be considered.
The actual stress path of the soil in an engineering project

@ Springer


http://orcid.org/0000-0003-0853-5803
http://crossmark.crossref.org/dialog/?doi=10.1007/s11440-020-01031-6&amp;domain=pdf
https://doi.org/10.1007/s11440-020-01031-6

1162

Acta Geotechnica (2021) 16:1161-1174

may be very different from the stress path provided by CCP
triaxial tests because the variation in horizontal stress is not
considered with CCP.

With the development of experimental apparatuses, tri-
axial tests with variable confining pressure (VCP) were
conducted recently to simulate the variation in horizontal
stress. Compared with the CCP triaxial tests, the VCP tri-
axial tests can more accurately simulate the actual state by
simultaneously controlling the cyclic variation in both the
vertical deviatoric stress and confining pressure. Currently,
some VCP triaxial test investigations have been performed
on the behaviour of soil [4, 12-14, 16, 19, 21]. Nataatmadja
and Parkin [12] conducted experimental research on bro-
ken rock and found that the value of the rebound modulus
from the CCP test is higher than that from the VCP test.
Wichtmann et al. [19] studied the influence of the VCP
stress path on the unidirectional drainage characteristics of
saturated sand and noted that the coupling of the cyclic
confining pressure and cyclic deviatoric stress changed not
only the strain development rate but also the strain devel-
opment direction. Rondén et al. [13] conducted a series of
CCP and VCP tests on unbound granular materials,
focusing on the cumulative deformation characteristics.
The results show that the cumulative axial strain and bulk
strain are similar under certain stress paths. The CCP tests
underestimated the development of cumulative axial strain
compared to the VCP tests under the other stress paths.
However, most of the existing studies that utilized VCP
tests focused on the rebound characteristics of coarse-
grained material. Few experiments of saturated soft clay
under a VCP stress path were carried out.

Cai et al. [2] and Gu et al. [5-7] studied the cyclic
characteristics of soft clay from Wenzhou, China, under
VCP stress paths. Gu et al. [5] designed stress paths to
simulate the coupling effects of the varying shear and
normal stresses in clays resulting from earthquakes or other
vibration sources and then found that VCP tests are more
appropriate than CCP tests for simulating in situ stress
fields in terms of strong P-wave propagation in soil layers.
Gu et al. [7] investigated the coupling effects of both the
cyclic shear stress and cyclic normal stress on the G/Gy,ax
characteristics of saturated clays through cyclic triaxial
tests under VCP. Cai et al. [2] found that the VCP is vital to
elucidate the one-way behaviour of saturated clay. How-
ever, in all these studies, the soil specimens were isotrop-
ically consolidated. Virtually, during in situ sedimentary
processes, marine clay deposits are mainly in a Ky-con-
solidation state [10]. Andersen et al. [1] first conducted
cyclic triaxial tests on Kj-consolidated clays. However, due
to the limits of experimental conditions, the K, state was
approximately controlled by the ratio of the horizontal
stress to the vertical stress, which results in a limit to the
test numbers. Guo et al. [9] presented systematic cyclic
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HCA tests including parallel cyclic CCP triaxial tests on
Ky-consolidated saturated soft clay. In general, studies of
the monotonic and cyclic behaviour of natural K,-consol-
idated soft clay under a VCP stress path remain limited.

Considering the true consolidation state of natural soft
clay, the cyclic characteristics of Ky-consolidated soft clay
are further studied in this paper to reveal the coupling
effects of cyclic confining pressure and cyclic deviatoric
stress on the properties of natural soft clay. A series of
monotonic and cyclic VCP triaxial tests are conducted. The
development of axial strain, pore water pressure and
effective stress path is analysed. Based on the test results, a
unified formula was established that can provide a good
reference for predicting effective stress paths under cyclic
VCP triaxial tests.

2 Sampling method and soil properties

The soft marine clay tested in this paper is obtained from
Wenzhou, Zhejiang Province, China. This type of clay is
typically 30-100 m thick and has been recognized as one
of the most problematic soils in China due to its remarkable
characteristics of high water content, high compressibility,
low permeability and low bearing capacity. The authors’
research group [3, 5, 8, 9] and many other researchers [10]
have previously conducted several investigations on this
kind of soft clay.

A test pit with a depth of approximately 3 m was
excavated at a site 2 km away from the Wenzhou Longwan
Airport to obtain undisturbed clay samples. The ground-
water level at this site is approximately 0.8 m below the
ground surface. The criteria recommended by [11] are
applicable to Wenzhou clays which means the soil sample
is almost undisturbed. The index properties of the soft clay
used are shown in Table 1.

Table 1 Index properties of the tested soft clay

Index properties Value
Specific gravity, G, (g/cm®) 2.69
Natural water content, w, (%) 56-59
Initial density, po (g/cm?) 1.65-1.68
Initial void ratio, eq 1.55-1.59
Liquid limit, wy (%) 64
Plasticity index, I, 36

Clay fraction (%) 41

Silt fraction (%) 55
Permeability coefficient, k, (cm/s) 25 x 1076
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3 Test apparatus and procedures

The apparatus used in this study is a DYNTTS manufac-
tured by GDS Instruments Ltd., UK. The specimens were
in a diameter of 50 mm and a height of 100 mm. Then, the
specimen was saturated under a backpressure that was
applied in three levels (100 kPa, 200 kPa and 300 kPa) for
24 h with an effective confining pressure of 10 kPa to
guarantee that the B value was greater than 0.98 in all tests.
During Kj-consolidation, axial stress was adjusted contin-
uously to ensure the vertical displacement equal to the
drainage volume divided by the cross-sectional area of the
specimen. Thus, there is no lateral deformation in K-
consolidation. In this paper, the axial stress was
o) = 74.5 kPa, which was greater than the overburden
pressure of 67 kPa, and the confining pressure was
03 = 41 kPa. Therefore, the K, value approximately equals
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Fig. 1 Schematic diagrams of the applied triaxial tests under VCP in
(a) monotonic tests; b cyclic tests

0.55 which is the same with the K, value of Wenzhou clay
in [10].

The loading procedures of monotonic tests are shown in
Fig. la. In addition, the initial mean effective principal
stress po and the initial deviatoric stress g in p-g space can
be calculated as follows:

po = (o5 +203)/3 (1)
90 = 0 — 74 (2)

Therefore, the initial mean effective principal stress was
Po =52.2 kPa, and the initial deviatoric stress was
qo = 33.5 kPa.

During the monotonic tests, the axial stress and the
confining pressure acting on the specimens changed
simultaneously. The variation in the effective principal
stress and the deviatoric stress can be calculated by the
following formulas:

p=(0'1+20'3)/3 (3)
q=01—03 (4)

The ratio of the variation in the effective principal stress to
that of the deviatoric stress was defined as #:

n=p/q= (01 +203)/3]/q=1/3+03/q (5)

In the CCP tests, n = 1/3, because the confining pressure
was constant. In the VCP tests, when the confining pressure
increased, n > 1/3. Otherwise, 1 < 1/3. Five values of 7
(n =-1/3,0, 1/3, 1, 1.56) were applied in monotonic tests.
The loading rate of the deviatoric stress was 0.1 kPa/min.
The tests were ended when the axial strain reached 20%.

Likewise, the loading procedures of cyclic tests are
shown in Fig. 1b. The axial stress (amplitude ¢3™") con-
tinuously changed during the cyclic tests, as did the con-
fining pressure (amplitude o3™') at the same time.
Furthermore, the amplitudes of the mean effective princi-
pal stress and the deviatoric stress can be calculated as
follows:

P = (o™ + 203 /3 (6)
g = g™ — i (7

The ratio of the amplitude of mean effective principal
stress to that of the deviatoric stress was defined as #cyc
which can represent the direction of the effective stress
path in Fig. 1b:

17cyc :pampl/qampl — [(O_zllmpl + 20_;mp1> /3} /qampl
_ 1/3 + O_;lmpl + qampl (8)

Gu et al. [5] once used the results at the frequency of
0.001 Hz to verify the measured results with f = 0.1 Hz for
WZ-A clay and found the results were similar to each
other. Furthermore, the low frequency is able to better
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capture the pore pressure reaction, and the results are more
realistic [23]. Hence, a frequency of 0.001 Hz was applied
in cyclic loading. There were a total of nine tests in this
group. The amplitudes of the cyclic deviatoric stress were
10 kPa, 15 kPa and 20 kPa, respectively. Then, three val-
ues of CSR (CSR = 0.10, 0.14, 0.19), which is defined as
CSR = qcyc/(Zp;)), and three values of #cye (Meye = 1/3, 1,
1.56) were applied to the specimens in the tests.

4 Test results and discussion
4.1 Monotonic tests

Figure 2 illustrates different values of the axial stress o,
and the confining pressure o3, respectively. It shows that
the GDS triaxial test system loads steadily and the stress
precision is relatively high.

The curves of deviatoric stress versus axial strain under
different stress paths can be seen in Fig. 3a. During the
initial loading stage, the deviatoric stress increases more
rapidly with increasing axial strain. The deviatoric stress
remains steady when the axial strain is greater than 10%;
meanwhile, the axial strain continuously increases to 20%.
Due to the end effect, when the axial strain is relatively
large (greater than 10%), the top-down deformation of the
soil will begin to become inhomogeneous, causing the
central part of the specimen to slightly bulge during the
compression process. The mean stress—strain relationship
obtained at this time cannot fully reflect the true stress—
strain state of the soil. Consequently, the deviatoric stress
corresponding to the axial strain of 10% can be taken as the
shear strength (gy) of the specimen.

As shown in Fig. 3b, with the increase in 1, g; decreases
continuously. The corresponding values of g; are 55.7 kPa,
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Fig. 2 Curves of stress versus time
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Fig. 3 a Curves of deviatoric stress versus axial strain under different
stress paths; b the relationship between g (when &, = 10%) and 7
n=-1/3,0,1/3,1, 1.56)

53.8 kPa, 52.9 kPa, 51.2 kPa and 48.9 kPa when the values
of n are —1/3, 0, 1/3, 1 and 1.56, respectively. There are
obvious differences between the strength of soil under
different stress paths (the strength of 1 = 1.56 is 13% lower
than that of # = —1/3). These results may be attributed to
the reduction in effective stress, which is associated with
lower strength. As n increases, the pore water pressure
increases, which then leads to a decrease in the effective
stress. Hence, in the analysis of practical engineering
problems, the strength parameters should be determined
more accurately according to the true stress path of the soil.

Figure 4 shows the variability in the curves of pore
water pressure versus axial strain under different stress
paths. At the initial loading stage, all of the pore pressures
under different stress paths increase with the axial strain.
When the axial strain is 10%, the pore pressure of 1 = 1.56
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Fig. 4 Curves of pore water pressure versus axial strain under Fig. 5 Formula of pore pressure versus axial strain under CCP
different stress paths
Au, = BAo, (10)

is 112% larger than that in CCP (y = 1/3) test. When the
axial strain is larger than 10%, the pore pressure remains
constant (1> 1/3) or decreases (7 < 1/3) with increasing
axial strain. At the same time, the deformation of the
specimen develops rapidly and is inhomogeneous. The
pore pressure at this time may be distorted.

Compared with the results of the conventional triaxial
test (CCP, n = 1/3), the pore water pressure generated by
the specimen under stress paths with increasing confining
pressure slightly increases. In contrast, while the specimens
were under stress paths with decreasing confining pressure,
the produced pore water pressure decreases because the
pore water pressure in the monotonic tests partially results
from the variation in the deviatoric stress and partially
arises from the change in the confining pressure. In terms
of the conventional triaxial tests (y = 1/3), since the value
of the confining pressure is constant, the pore water pres-
sure is generated by the variation in the deviatoric stress
only. Yasuhara et al. [20] analysed the experimental results
of triaxial compression tests of specimens under CCP; then,
the following relationship between pore water pressure and
axial strain was obtained:

€a
a+ bg,

Au(n:m) = (9)
The calculation formula of pore water pressure and axial
strain under CCP is illustrated in Fig. 5. Fitting the test
results with Formula (9), a = 0.11 and b = 0.045 can be
obtained. Formula (9) can accurately express the relation-
ship between pore water pressure and axial strain under the
CCP stress path.

In addition, the pore water pressure that results from the
variation in confining pressure can be calculated by using
Skempton theory [15]:

In this paper, the value of B is approximately 0.98.

By combining Formula (9) and Formula (10), a unified
expression of pore water pressure can be obtained:
— b + BAao,

a+ be,

g
=—"2 4+ ByA 11
a+bsa+ 24 (1)

Au = Au(n:1/3) + Aug,

Figure 6 shows the prediction of the pore water pressure
under different stress paths through Formula (11). It can be
concluded that the calculated results are in good agreement
with the measured data, especially when the axial strain is
lower than 10%.

The stress paths of the Kj-consolidated undrained tri-
axial tests are illustrated in Fig. 7. Under different total
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Fig. 6 Comparison between the measured and the predicted pore
pressures
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Fig. 7 Stress paths of Ky-consolidated undrained triaxial monotonic
tests under VCP

stress paths, the effective stress paths are basically the
same. This is because under the same deviatoric stress, the
pore pressure is produced by the variable confining pres-
sure only and the formation of pore pressure offsets the
variation in confining pressure (Skempton, Formula (10)).
Zeng and Chen [22] highlighted the unique p—g—e rela-
tionship of normally consolidated clay. That is, as to the
specimens with the same void ratio (e) in the undrained
tests, the volume of the soil keeps constant during the shear
process, corresponding to the unique effective stress path
on the state boundary surface, which is independent of the
total stress path. These test results demonstrate that, in
terms of Kj-consolidated saturated soft clay, within the
range of -1/3 < n < 1.56, the unique p—g—e relationship of
normally consolidated clay is still valid.

4.2 Cyclic tests
4.2.1 Loading stresses under VCP

When CSR = 0.10, as shown in Fig. 8, the cyclic loading
stresses of different stress paths varied with the number of
cycles. The cyclic deviatoric stress was cyclically applied
in the form of a sine wave with an amplitude ¢*™"
= 10 kPa. The confining pressure under VCP tests changed
in the form of a sine wave as well. The amplitude of that
can be calculated as follows:

o = g oy~ 1/3) (12)

That is, when #.y. = 1, the amplitude of the confining
pressure was a3 ! — 6.7kPa. When Neye = 1.56, it was

ngpz = 12.3kPa.When CSR = 0.14 and 0.19, the loading
stress—time curves were similar to those shown in Fig. §;
however, when CSR = (.14, the amplitude of the cyclic
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Fig. 8 Variation in the cyclic loading stress under different stress
paths with the number of cycles (CSR = 0.10, #¢yc = 1)

deviatoric stress was ¢*™' = 15 kPa. When CSR = 0.19,
¢*™" = 20 kPa. The amplitude of the confining pressure
can be calculated from Formula (12).

4.2.2 Development of cyclic pore pressure

Figure 9 illustrates the development trends of pore water
pressure under different stress paths with the number of
cycles. It is evident that despite the differences in both the
CSRs and stress paths, the pore pressure increases with the
number of cycles. In particular, the pore pressure increases
rapidly in the early stage of loading and gradually stabilizes
after at least 15 loops. The cyclic variation in confining
pressure has approximately the same effect on the pore
pressure under different CSRs. With the increasing value of
Neyes the amplitude of the cyclic confining pressure
increases, as does the vibration amplitude of the pore
pressure. When #.,.= 1 and 1.56, the amplitudes are about
2.5 and five times larger than that in CCP (#.,.= 1/3) tests.

The pore pressure under cyclic loading can be divided
into the stress pore pressure (elastic pore pressure), the
structural pore pressure (residual pore pressure) and the
transitive pore pressure according to its causes and char-
acteristics [24]. The stress pore pressure is a recoverable
part of the pore pressure caused by the generation of the
elastic volumetric strain potential energy of the soil
skeleton. The structural pore pressure is an unrecoverable
part of the pore water pressure caused by the generation of
the plastic volumetric strain potential energy of the failure
of the soil skeleton. The transitive pore pressure is the
corresponding part of the variation in the volumetric strain
potential energy of the soil skeleton caused by the flowing
of the pore water. The pore pressure can be represented as:
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Fig. 9 Development of pore water pressure under different stress
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u(t+ At) = u(t) + Au = u(t) + Aug + Au, + Aur - (13)

where Aug, Au, and Aur are the elastic pore pressure, the
residual pore pressure and the transitive pore pressure,
respectively.

As shown in Fig. 9, the residual pore pressures of the
specimens under different stress paths are similar. The
cyclic variation in the confining pressure mainly leads to
the change in the instantaneous elastic pore water pressure.
The transitive pore pressure will not be discussed in this
paper due to its multifarious and complicated causes. The
residual pore pressure and the elastic pore pressure of
different stress paths are analysed as follows:

(1) Residual pore pressure

At a low frequency of 0.001 Hz, the strain and pore
pressure reactions are relatively in time during the loading
process. Hence, the strain and the pore pressure of each
specimen can be considered as the residual strain and the
residual pore pressure after each cycle. The development
trends of the residual pore pressure under different CSRs
and different stress paths with the number of cycles are
presented in Fig. 10. The residual pore pressure continues
growing with increasing CSR. Although the stress paths are
different, the relationships between the residual pore
pressure and the number of cycles under the same value of
CSR show roughly the same tendency.

Notably, under the same CSR, such as 0.10, the rela-
tionship between the residual pore pressure and the number
of cycles is approximately hyperbolic, which can be pre-
sented according to the form of the hyperbolic model:

N
" a+bN

Au, (14)

Using Formula (14), a regression analysis of the data in
Fig. 10 was conducted to obtain the parameters a and b.
Therefore, when CSR = 0.10, 0.14 and 0.19, respectively,
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Fig. 10 Development of the residual pore pressure under different
stress paths with the number of cycles
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N Aug(n) = Bg*™! (20)
A — 1 o\ Heye PG
“r = 036349 + 0.0809N (1) ’
N Then, the instantaneous increment of pore pressure
Au, = 015417 - 0.0461N (16) caused by the variation in confining pressure is as follows:
A N " Aug(a*™) = Aug (1) — Aug(1/3) = (Meye — 1/3)Bg™™
* = 0.08052 + 0.04113N (17) (21)

By comparing the predictions of Formulas (15)—(17) with
the test results, as shown in Fig. 11, it is found that the
larger the CSR value, the more accurate the prediction is.
When CSR = 0.19, the correlation coefficient is 0.98125,
which means that a good prediction is provided by Formula
17).

By combining Formulas (15)—(17), a unified expression
of residual pore pressure can be obtained:

N

For example, when CSR = 0.10, the maximum pore pres-
sures in the 20th loop are 13.59 kPa, 20.01 kPa and
23.97 kPa, corresponding to the three stress paths with
Neye = 0.33, 1 and 1.56, respectively. The corresponding
residual pore pressures are 11.21 kPa, 10.27 kPa and
8.53 kPa. Therefore, the pore pressure increments of the 20
loops are 2.38 kPa, 9.74 kPa and 15.44 kPa, respectively.
The instantaneous increment of pore pressure caused by the

Au, =

(41.78CSR? — 15.26CSR + 1.47) + (8.56CSR? — 2.92CSR + 0.29)N

(2) Elastic pore pressure

As mentioned above, the elastic pore pressure is greatly
influenced by the cyclic confining pressure. According to
Skempton theory [15], for saturated soil, a variation in the
mean principal stress generates an equivalent excess pore
water pressure. Figure 9 shows that the residual pore
pressure remained almost unchanged after 15 loops. During
this period, the majority of the pore pressure generated by
the variation in average principal stress can recover after
cyclic loading. The pore pressure at this moment is con-
sidered approximately elastic:

Au=Aus+Au,

N
:omcychampl +

variation in confining pressure is 7.36 kPa when 7y = 1
but 13.06 kPa when 7., = 1.56. Compared with the value

calculated by Formula (21): when  #cy =1,
Au, (og””f”) = (1—1/3) x 0.98 x 10 = 6.53kPa, and the
error is 11.3%. When Heye = 1.56,

Au(a‘;’"”l) = (1.56 — 1/3) x 0.98 x 10 = 12.02kPa, and

the error is 8.0%.

Due to the insufficient response of pore pressure during
the test, one coefficient o is adapted to adjust the elastic
pore pressure value.

In summary, the total pore pressure in a cyclic triaxial
test under VCP can be calculated as follows:

(41.78CSR” — 15.26CSR + 1.47) + (8.56CSR* — 2.92CSR + 0.29)N

Au, = B X Ap (19)

where B is the pore pressure coefficient. In this study,
B was measured to be 0.98.

Combined with Formula (8), the elastic pore pressure
can be calculated by the following formula:

@ Springer

According to the experimental conditions in this study,
taking 0.8 as the value of a is suitable. Taking CSR = 0.19
as an example, the predictions of pore water pressure in
Fig. 12 are based on Formula (22). Figure 12 shows that
the predicted results fit the development trend of the pore
pressure in general, although there are still some devia-
tions. According to Fig. 11, it is worth noting that the
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Fig. 11 Comparison between the prediction and the test results:

a CSR =0.10; b CSR = 0.14; ¢ CSR = 0.19

greater the CSR value is, the more accurate the predicted
results are. On the one hand, since the value of the tran-
sitive pore pressure is not calculated, a difference between
the predicted results and the experimental results exists. On
the other hand, the calculated value of residual pore pres-
sure obtained from Formula (18) may not be sufficiently
accurate.

4.2.3 Analysis of effective stress paths under VCP

The development pattern of the effective stress path
depends on the total stress path and the instantaneous pore
pressure. Based on the discussion about the elastic pore
pressure mentioned above, the development of pore pres-
sure is greatly influenced by the cyclic confining pressure;
therefore, the development of an effective stress path is
distinctive under different stress paths.

Figure 13 presents the total stress paths and corre-
sponding effective stress paths with different CSRs in the
VCP cyclic loading tests. When #y. = 1/3 (CCP), in the
first few cycles, due to the continuous accumulation of pore
pressure, the effective stress path (the red line) develops
towards the direction (left) in which the mean effective
stress decreases. As the number of cycles becomes larger,
the accumulation of the pore pressure becomes low enough
such that the effective stress paths almost overlap. Then,
the final effective stress path slightly tilts to the right. In
addition, during a single cycle, the amplitude of the pore
pressure variation becomes small. Consequently, due to the
slight variation in the pore pressure while loading or
unloading, the effective stress path is almost a straight line.
When #¢y. = 1 and 1.56 (VCP), the effective stress paths
also develop towards the direction in which the mean
effective stress decreases and then become stable after
more cycles. Nevertheless, because of the simultaneous
variations in both the confining pressure and cyclic devi-
atoric stress, the amplitudes of the pore pressure become
larger, and the effective stress paths tilt more evidently to
the right. Furthermore, during a single cycle, the ampli-
tudes of the pore pressure change more intensely while
loading or unloading, so the effective stress paths are no
longer straight lines; instead, they cover a certain area.

Compared with CSR = 0.10, the effective stress paths of
the specimens under different stress paths vary consider-
ably with increasing CSRs. In particular, when CSR= 0.19,
due to the large axial deformation, the cyclic deviatoric
stress somewhat decays with the increasing number of
cycles while loading. When CSR = 0.19 and 7.y = 1.56,

@ Springer



1170

Acta Geotechnica (2021) 16:1161-1174

50

-------- Predicted results
Experimental results

40

20

\ LA

Residual pore pressure
Transient pore pressure

Pore water pressure, Au (kPa)

of
-10 1 1 1
0 5 10 15 20
Number of cycles, N
60 -
(b)CSR=0.19, =1 =~ Predicted results
< ” Experimental results
A
=~ 45 +
3
<
g 30
3
A -
o 15 H B I~
3 L LT
g /
2 ok
% Residual pore pressure
~ Transient pore pressure
15k
1 1 1 1 1 1 1 1 1
0 4 8 12 16 20
Number of cycles, N
80 -
(¢)CSR=0.19, 77, =156 - Predicted results
60 ” Experimental results

Residual pore pressure

Pore water pressure, Au (kPa)

-20 - " Transient pore pressure

-40 1 1 1 1
0 2 4 6 8 10

Number of cycles, N

Fig. 12 Comparison between the predicted and experimental results
(CSR = 0.19): @ feye = 1/3; b eye = 1; € feye = 1.56

@ Springer

this phenomenon is most evident (Fig. 13(i)), and the
specimens failed after just seven cycles.

The predictions of effective stress paths with different
CSRs under VCP are calculated on the basis of the pre-
dicted pore pressure results, which are partially shown in
Fig. 14. The deviatoric stress and confining pressure are
simulated through the sine waveform, as plotted in Fig. 8.
Notably, the greater the CSR value is, the more accurate
the predictions are. When CSR = (.19, to some extent, the
predicted effective stress paths are roughly consistent with
the development of the experimental results, although there
are still some deviations, especially when #cy. = 1/3 and 1.

5 Conclusions

In this paper, Ky-consolidated saturated soft clay specimens
were tested under VCP stress paths. Five values of n
(n=— 1/3, 0, 1/3, 1, 1.56) were applied in the monotonic
tests. In addition, cyclic loading of three stress paths
(Neye=1/3, 1, 1.56) under three CSRs was applied at a fre-
quency of 0.001 Hz. The conclusions are listed as follows:

(1) In monotonic tests, the strength of Ky-consolidated
saturated soft clay continuously decreases 13% with
the increase in 7. Thus, the strength parameters
should be determined accurately according to the
true total stress path. However, because the forma-
tion of pore pressure in saturated soft clay offsets the
variation in confining pressure under the same
deviatoric stress, the effective stress paths are
basically identical.

(2) Compared with the results of conventional mono-
tonic triaxial tests, the pore water pressure generation
is improved under a stress path with increasing
confining pressure. When n = 1.56, it is 112% larger
than that in CCP test. A unified formula to predict the
pore water pressure was established under VCP
stress paths.

(3) Incyclic tests under different CSRs, the amplitude of
the pore pressure increases with #7.y.. When 7y = 1
and 1.56, the amplitudes are about 2.5 and 5 times
larger than that in CCP (#.y. = 1/3) tests. Based on the
elastic pore pressure formula, a formula for the total
pore pressure in VCP cyclic triaxial tests was obtained.

(4) Under VCP stress paths, due to the simultaneous
variations in both confining pressure and cyclic
deviatoric stress, the amplitude of the pore pressure
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90 : is larger, and the effective stress path tilts more
(a) CSR=0.19, 7, =173 T _Eftrciﬁi;fjlu issults sharply to the right. Different effective stress paths
75+ P are obtained based on the total pore pressure
5 predictions, and these results manifest a relatively
S good prediction of the effective stress paths under
5 . VCP cyclic triaxial tests.
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