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Mechanical properties and strength criterion of Zhanjiang structured clay in
three-dimensional stress state

LIU Bing-heng'2, KONG Ling-wei*?, SHU Rong-jun"-2, LI Tian-guo'?
1. Institute of Rock and Soil Mechanics, Chinese Academy of Sciences, Wuhan, Hubei 430071, China;
2. University of Chinese Academy of Sciences, Beijing 100049, China

Abstract: In order to investigate the mechanical properties of Zhanjiang structured clay in the three-dimensional stress state and the
influence of structure on its strength criterion, a series of undrained true triaxial tests of different intermediate principal stress ratios,
b-values, with equal mean principal stress, p-values, and undrained plane strain tests was carried out. The results are as follows. When
p is less than or greater than the yield stress of the structure, the g- &, curves are strain softening and mild strain hardening type in
general. The g- ¢, curves of true triaxial tests with different b-values are similar in shape. As b-value increases, the large principal
strain corresponding to the g peak point shows the decreasing trend. Under different b-values, the effective cohesion decreases with
increasing b-values, while the effective friction angle increases with increasing b-values. The effective cohesion and friction angle for
the plane strain compression tests are between the effective cohesion and friction angle corresponding to b=0.25 and b=0.50.
Influenced by the structure of clay, the strength criterion on 7 plane is applicable to the Lade-Duncan criterion when p-values are less
than the yield stress of structure, while it is more applicable to the generalized nonlinear strength theory based on Mises criterion and
Lade-Duncan criterion when p-values are greater than the yield stress of structure. For plane strain tests, the b-values of Zhanjiang
clay under plane strain loading and unloading conditions are between 0.18 and 0.29 at failure, and the strength at failure can be
approximated by the generalized plane strain strength criterion based on the general Mises and Lade-Duncan plane strain strength

criterion.

Keywords: Zhanjiang clay; strength criterion; structure; true triaxial test; anisotropy

1 Introduction

With the rapid development of the economy in
southeastern coastal areas of China, a growing number
of traffic engineering and construction engineering are
put on the agenda. Soft clay, as a widely involved
object in engineering projects, is characterized by high
water content, high compressibility and low permeability,
and foundation failure often occurs during the con-
struction process. Therefore, the mechanical properties
of soft soils, especially the strength criterion, are
essential for engineering safety. The soil in slopes or
around foundation pits and tunnels is often under
three-dimensional stress statel'l, it is affected by three
independent principal stresses, that is, the major
principal stress o, the intermediate principal stress o,
and the minor principal stress o3. In engineering
practice, most of the engineering design is based on
the test results of the traditional triaxial path, that is,
the axisymmetric stress path. However, there are
significant differences in boundary conditions and
stress states between the conventional triaxial test and
the true triaxial test’>!. There is a certain error in
selecting the results of traditional triaxial tests as the
basis for engineering design'®. Many scholars have
investigated the strength of soft soil under true triaxial
stress states to overcome the above problems™®! and
many strength criteria considering the intermediate
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principal stress have been established. For example,
Lade® presented the Lade-Duncan strength criterion
according to the true triaxial tests; Matsuoka et al.l!%
proposed the SMP strength criterion based on the
concept of spatial sliding surface; Yul'!! established the
double shear stress strength theory, etc.

In fact, natural soft clay often has certain structural
properties. The structured clay is widely distributed in
some southeastern coastal areas of China, such as
Shanghai clay and Hangzhou muddy clay. The mech-
anical properties of these clays are affected by the
structural propertiest!?). In order to further explore the
influence of structural properties on soil deformation and
strength, some scholars have studied the soils with
structural properties through the field test!!*), consolidation
test!! and triaxial test!!>). The stress states of soils in
the above studies are mainly axisymmetric, while there
are fewer studies to investigate the influence of structural
properties on the mechanical properties of soils under
three-dimensional stress; in addition, when studying
the soil strength criterion under three-dimensional stress,
the effect of soil structural properties is less considered,
so it is necessary to further investigate the soil mechanical
properties and strength criterion under three-dimensional
stress state by considering the influence of structural
properties.

In this paper, Zhanjiang structural clay, which is
known for its strong structural properties, was taken as
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the research object. Based on the previous researches
in terms of its occurrence!'®! stress path and strength
characteristics under the influence of strain ratel!’~'8],
true triaxial tests for various values of b and plane
strain tests of undisturbed Zhanjiang structural clay
were carried out by using the true triaxial test system,
then the influence of structure on its mechanical
properties and strength criterion was investigated
under true three-dimensional stress state.

2 Soil sample and testing program

2.1 Soil sample

The soil samples were collected from a coastal site
in Zhanjiang City, Guangdong Province, at a depth of
10-12 m. The less undisturbed samples were obtained

by a thin wall sampler with a diameter of 20 cm, and
its physical properties and particle composition are
shown in Table 1. It can be seen that Zhanjiang clay
could be described as soft clay owing to its properties
of high water content, high void ratio, high clay com-
position and low permeability, but it had better
mechanical properties than ordinary soft soil. The
yield stress of undisturbed Zhanjiang clay was up to
350 kPa (Fig. 1), and the unconfined compressive
strength was up to 110.6 kPa (Fig. 2), while the structure
yield stress and unconfined compressive strength of
Tianjin soft clay with a relatively weak structure at the
same embedment depth were only 150 kPa and 57 kPa,
respectively!'”, which were far less than those of
Zhanjiang clay.

Table 1 Basic physical properties and particle composition of Zhanjiang clay

. Specific Water Liquid  Plasticity .. Permeability . PN
Depth Density o gravity p._ Void ratio e content W limit w, limit w, il;?:twllt ¥ coefficient Particle composition /%
/m Ng+em?)  /Ng-cm?) /% /% /% x T /(cm s 0.005-0.075 mm <0.005 mm
10~12 1.71 273 1.45 53.11 62.2 28.8 33.4 2.7x107% 59.1 40.9
L6 should be regarded as the structure yield stress o).
y k
1.4] Fig. 2 shows the unconfined compression curves of
o 12 undisturbed clay and remolded clay, the unconfined
£ 1.0 compressive strengths of the undisturbed clay and the
= 08 remolded clay were 110.6 kPa and 17.2 kPa, respectively,
=} N . o, 0 .
> the soil sensitivity S, was greater than or equal to 6.4,
0.6 F —o— Undisturbed clay| . . . . .
oa Remolded clay which belonged to highly sensitive clay. Microscopic
' researches!'®! illustrate that the structure of Zhanjiang
0.2 10! 02 pe Lot clay mainly came from the metastable flocculated

Pressure /kPa
Fig.1 Compression curves of undisturbed
and remolded Zhanjiang clays

120 ¢

100
—o— Undisturbed clay

80 —e— Remolded clay

60

40

Axial stress /kPa

20 ¢

0 3 6 9
Axial strain /%
Fig.2 Stress—strain curves of unconfined uniaxial
compression tests on undisturbed and remolded
Zhanjiang clays

Figure 1 demonstrates the compression curves of
undisturbed clay and remolded clay. The pre-consolida-
tion pressure P, of undisturbed clay was up to 350 kPa,
which was much greater than the overburden pressure.
The compression curve of undisturbed clay differed
markedly from the typical slow-falling compression
curve of over-consolidated soil as it had an obvious
yield point and steep descent stage, the high value of
P. of this soil should result from the performance of
soil structured strength, but not originate from the over
consolidation?”). Therefore, the P, of Zhanjiang clay

https://rocksoilmech.researchcommons.org/journal/vol42/iss11/5
DOI: 10.16285/j.rsm.2021.5396

structure and intergranular cementation, and the soil
was in an acidic environment with a pH of about 5.2
for a long time. The combination of the positively
charged free iron oxide with the negatively charged
clay colloids forms a strong bond between the particles,
enhancing its structure.
2.2 Test instrument

The instrument used in the test was PX-2000 true
triaxial instrument produced by GCTs company of the
United States. The loading mode of the instrument was
the rigid-flexible hybrid type. The major principal stress
o; and the intermediate principal stress o, were
applied by two pairs of rigid plates, respectively. The
minor principal stress o3 was applied by the water
pressure in the pressure chamber. Therefore, the
instrument can independently control the values of o,
05, 03 on the sample without interference to realize
different loading paths of the sample in three-dimensional
stress space.
2.3 Test scheme

A true triaxial apparatus was used to apply
different loading paths to the specimens in three-
dimensional stress space. The relationship between the
three principal stresses was usually characterized by
the intermediate principal stress ratio b:

h=22"% 4D
0,703
At the beginning of the test, the undisturbed clay
was taken out from the thin-walled sampler firstly,
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then it was placed on the self-made true triaxial
sample cutter and was cut into a cuboid of 160 mm x
75 mmx75 mm in size by a wire saw. Because the
large-size clay samples were difficult to be saturated,
the cuboid samples were firstly saturated in the self-
made cuboid saturator and then were saturated again
by applying a back pressure of 200 kPa. When the
saturation reached 0.98, the consolidation under
different pressures was carried out. The consolidation
process was completed as the pore water pressure
dropped to 5% of the consolidation stress, and then the
true triaxial tests (Table 2) were carried out.

Table 2 True triaxial tests and plane strain tests scheme

Mean principal stress
Intermediate principal

Test type (consolidation stress) ratio b
/ kPa
True triaxial tests with 100, 200, 300, 400,
different b values 600 0. 0.25, 0.5, 0.75, 1.0
Plain strgm vertical 200, 400, 600 o
loading test
Plain strain lateral 200, 400, 600 o

unloading test

(1) In order to investigate the strength criterion in
7 plane, a series of true triaxial tests with b values
were carried out. During tests, the mean principal
stress p of the sample was kept as the consolidation
pressure, and undrained shear tests of 0, 0.25, 0.50,
0.75 and 1.00 were performed. The total stress paths in
7 plane are shown in Fig. 3.

b=0.25 4b=0

o, O3

Fig.3 Total stress path in & plane

(2) The soil in foundation pits or subgrades is often
in the plane strain state. Therefore, the plane strain
vertical loading and lateral unloading tests under
different confining pressures were carried out: (a) the
positions of the two plates in the control direction
were unchanged to ensure the intermediate principal
strain &=0, and then the undrained shear tests of
constant o3 and an increase of g; were carried out; (b)
The positions of the two plates in the control direction
remained unchanged to ensure the intermediate
principal strain &=(, and then conduct the undrained
shear test of constant o7 and reduced o3 were carried
out.

Published by Rock and Soil Mechanics, 2021

3 Mechanical properties in three-dimensional
stress state

3.1 Stress—strain relationships

Figure 4 illustrates the generalized shear stress
g-principle strain & curves of Zhanjiang clay under
p=100, 200, 300, 400, and 600 kPa and b =1, 0.25, 0.50,
0.75, and 1.00, and plane strain loading and unloading
conditions. As can be seen in Fig. 4, when p=100, 200,
and 300 kPa, respectively, i.c., the consolidation stress
was less than the structure yield stress 6;=0350 kPa, the
g—¢& curves exhibited strain-softening behavior. The
strain-softening phenomenon occurred that g first rose
to the peak and then decreased with the increase of &,
the peak of q was observed around 2%, except for the
case of b=1 . In contrast to the stress-strain
relationships for other b values, there was no obvious
strain-softening behavior in the g—&; curves for b=1
and P <300 kPa. Similar results can be found in the
true triaxial test of Q2 loess with 5% moisture content
in the literature'); for instance, when the consolidation
stress was 50 kPa, the stress-strain curves showed
obvious strain-softening behavior in the case of b=0,
0.25 and 0.50, while the stress-strain curves showed
slight strain-hardening behavior under b=0.75 and 1.00.
Reasons for the above experimental phenomena may be
that the intermediate principal stress increased corr-
espondingly with the increase of b, thus affecting the
development of major principal strain during shearing
and resulting in no significant decreasing trend after the
increase of shear stress to the peak at b=1 and no
significant strain-softening in the g—¢& curves. When
p=400 and 600 kPa, i.e., the consolidation stress was
greater than the structure yield stress o, the g—&; curves
are of slight strain-hardening type, which had
significant differences from that of soft clay with weak
structure. In the literature® !, the stress—strain curves in
the true triaxial test of soft clay under different confining
pressures were strain hardening types, and there was no
typical strain-softening phenomenon of structured clay
under low confining pressure, indicating that the strong
structure had a great impact on the stress—strain
relationship of Zhanjiang clay. Dai et al.’?! found
similar results in the true triaxial tests of Yingkou
undisturbed soft clay. When the consolidation stress
was less than or greater than the structure yield stress o,
the stress—strain relationship was the strain-softening
or strain-hardening type, which reflected the effect of
structure on the stress—strain relationship. When the
consolidation stress was less than the structure yield
stress, the structural damage of soil caused by the
consolidation process was small, but the shear stress
gradually increased in the shear process, and then
decreased after reaching the peak, the soil structure
failed and the strain-softening behavior appeared;
when the consolidation stress was greater than the
structure yield stress o, the consolidation process
caused great damage to the soil structure, making the
stress—strain relationship similar to that of the clay with
weak structure!?],
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Fig.4 Stress—strain curves of true triaxial tests with different 5-values and plane strain compression tests

The 0-g& curves with the same p value and
different b values are similar in behavior. As the b
value increased, the major principal strain corresponding
to the g peak point showed a decreasing trend. This
might be due to the fact that the increase of intermediate
principal stress limited the development of the major
principal strain, thus shifting the peak value of g
forward. The g—¢ curves under plane strain loading
and unloading conditions were similar to those with
different b values, and the major principal strain

https://rocksoilmech.researchcommons.org/journal/vol42/iss11/5

DOI: 10.16285/j.rsm.2021.5396

corresponding to the q peak point was close to those with
b=0.25 and 0.50. Fig. 5 presents the development of b
from the beginning of shearing to the failure of the
sample in the plane strain test. It can be seen from Fig.
5 that during the loading and unloading process of the
plane strain test, the value of b first decreased and then
increased with the major principal strain, and most of
the b values were between 0.1 and 0.5. The above
results showed that the stress paths of the plane strain
loading and unloading test was close to that of the true
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triaxial test in the cases of b=0.25 and 0.50, resulting
in a similar stress—strain relationship between them.

1.0
—8— g3 =200 kPa
08 —o— 03 =400 kPa
—a— o3 = 600 kPa
a Failure point

=] <

0.6

0.4

0.2

Intermediate principal stress
ratio b

&1 1%

(a) Plane strain loading

—&— o3 =200 kPa
08 F —— 53 =400 kPa
’ —&— o3 =600 kPa

06 k o o a Failure point

0.4

0.2

Intermediate principal stress
ratio b

0.0 1 1 1
0 1 2 3 4

&1 1%
(b) Plane strain unloading
Fig.5 Relationships between b-values and major principal
strain before the failure of specimens in plane strain
compression tests

3.2 Pore pressure-strain relationships

Figure 6 shows the pore water pressure U—g
curves of Zhanjiang clay at p =100, 200, 300, 400,
600 kPa and b=0, 0.25, 0.50, 0.75, 1.00 in true triaxial
texts and plane strain loading and unloading tests. It can
be seen that the pore pressure—strain relationship was
related to the consolidation stress. The overall pore
pressure showd a behavior of increasing to peak and
then decreasing with the strain development. Comparing
the triaxial test results of two clays with different
structural properties (Shanghai clay and Zhanjiang clay)
in the literature®®, the pore pressure—strain curves of
the weaker structural clay showed a peak in the case of
low consolidation pressure, in other case the pore
pressure-strain curves were monotonically increased.
When the consolidation stress of strong structured clay
was less than the structure yield stress oy, the pore
water pressure decreased rapidly after the obvious
peak value. While the pore pressure decreased slowly
after the peak as the consolidation stress was greater
than the structure yield stress. The development of
pore pressure at p = 600 kPa was different from those
with different p values, and its pore pressure peak was
significantly greater than those under other conditions.
On the one hand, the peak pore pressure was in
accordance with the general rule that it increased with
the increase consolidation stress. On the other hand,

Published by Rock and Soil Mechanics, 2021

the soil structural damage was small when the
consolidation stress was less than the structure yield
stress, the load on the strong structured clay was
mainly borne by soil skeleton, and the pore pressure
was restrained by the strong inter-particle cementation;
when the consolidation stress was siginificantly higher
than the structure yield stress oy, the soil structure was
greatly damaged, the void ratio and permeability
coefficient reduced sharply, and the inter-particle
cementation between was weakened, resulting in a
great increase in the pore pressure peak when the soil
was subjected to the external loads®®*!. In addition, the
major principal strain corresponding to the peak pore
pressure was slightly greater than that corresponding
to the peak value (, that is, there was a slight pore
pressure lag in the undrained shear process of
Zhanjiang clay. In the plane strain unloading test, with
the increase of the major principal strain, the pore
water pressure was always negative and decreased
monotonically, indicating that the soil was always in
dilatancy state during the unloading process.

3.3 Effect of b on internal friction angle and cohesion
force

Mohr circles are plotted in Fig. 7 based on the
stress values at the failure point of true triaxial tests
and plane strain tests with different b values, where
o and 7 are the normal stress and shear stress,
respectively. Then the effective strength indexes of
true triaxial tests and plane strain tests with different b
values were obtained. Fig. 8 illustrates the relationship
between the effective cohesion force c¢', the effective
internal friction angle ¢’ and the b value. The values
of ¢’ and ¢’ were not equal for different b values but
varied with b values. On the whole, ¢’ decreased with
the increase of b, and ¢’ was equal to 36.98 kPa and
20.95 kPa, respectively, in the case of b=0 and 1, which
was reduced by 43.3%. ¢’ increased with the
increase of b, and ¢’ was equal to 14.83° and 22.74°
respectively, in the case of b=0 and 1, which was
increased by 53.3%. The superimposed effect of
intermediate principal stress on the soil compaction
and structural damage might be responsible for the
variation of effective cohesion and friction angle. The
intermediate principal stress increased with b, resulting
in further soil compaction and an increase of friction
angle. At the same time, the damage of soil structure
and the decrease of cohesion were also induced.

From the plane strain test results in Fig. 7, the
corresponding ¢’ and ¢’ in the plane strain test
with loading and unloading were 37.25 kPa, 19.27°
and 38.53 kPa, 18.51°, respectively, with values
between those of true triaxial tests with b=0.25 and
0.50. The reason was that most of the b values were
between 0.1-0.5 before sample failure and 0.18-0.29
at the failure point.
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Fig.6 Pore pressure—strain curves of true triaxial tests with different b values and plane strain compression tests

4 Strength criterion

4.1 Strength criterion in & plane

After analyzing the strength data of the above
failure points, it was found that the effective mean
principal stress p’ had a linear relationship with q in
the meridian plane at soil sample failure under the
same intermediate principal stress ratio b. It was more
appropriate to fit by the formula (q= Ap’'+ B ) (Fig. 9),
where A and B are the slope and intercept of the fitted
curve, respectively. The strength criterion commonly
used in engineering are

https://rocksoilmech.researchcommons.org/journal/vol42/iss11/5
DOI: 10.16285/j.rsm.2021.5396

Mises criterion:
J3, =k, 2
where J, is the second invariant of deviatoric stress
tensor; and K is the material constant.
Mohr-Coulomb criterion:

| 1
—Lsingp —/J, | —=sin@sing +cosO |+ccosp =0 (3)
3 @ 2[\/3 % j @

where |, is the first invariant of effective stress tensor;
@ is the stress lode angle; c is the cohesion; and ¢
is the internal friction angle.
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Fig.7 Mohr envelopes of true triaxial tests with different b values and plane strain compression tests
50 30 principal stress of failure points with varying values of
:E:f/; b at different consolidation stress levels. According to
40t . 125 Fig. 8 and Fig. 9, the strength data of failure points at
A .

— é/A/_ 20 100, 200, 300, 400, and 600 kPa were obtained
£ 5t A T < respectively to reflect the shape of failure envelopes of
= SN .. I .
© \ 15 Zhanjiang clay under the test conditions of this paper,

20| 0 and the calculated results of the strength criterion
based on Egs. (2) to (4) were plotted in & plane, as
10 s s s 5 shown in Fig. 10.
0.00 0.25 0.50 0.75 1.00

Intermediate principal stress ratio b

Fig.8 Influence of intermediate principal stress ratio on
effective cohesion and internal friction angle

Lade-Duncan criterion:

where |,
tensor; and K, is the material constant.

4

is the third invariant of effective stress

The effective mean principal stress with different p
values at b=0 was taken as the effective mean
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Mohr-Coulombcriterion
——Lade-Duncancriterion
——Misescriterion
<.~ Failure point

Fig. 10 Failure loci in = plane

As can be seen from Fig. 10, the Mohr-Coulomb
criterion underestimated the strength of failure point in
n plane under all p value conditions, because the
contribution of the intermediate principal stress to the
strength was not considered; the Lade-Duncan criterion
agreed well with the failure point at p=100, 200 and
300 kPa, while it underestimated the failure point at
p=400 and 600 kPa. The phenomenon of outward
deviation of the failure point was similar to the
experimental results in the literature®>2%. The failure
point of Zhanjiang clay under three-dimensional stress
state at p=400 and 600 kPa was between the Mises
criterion and the Lade-Duncan criterion. For this
reason, according to the literaturel®’], the generalized
nonlinear strength theory based on the Mises criterion
and the Lade-Duncan criterion was introduced to
describe the failure point strength of Zhanjiang clay at
p= 400 kPa. The generalized nonlinear strength
theory was expressed by the shear stress |, and invariants of
principal stress at failure in the case of b=0:

Q. =afy +(1-a)q, (5

where « is the tension—compression ratio in © plane;
gy is the shear stress corresponding to the Mises

criterion; and (¢, is the shear stress corresponding to
the Lade-Duncan criterion.

Uy =+/1,> =31, (6)
-1
q. =1, -1 27:3 cos 1co ! 27!3 7
2\ 1, I
where |, , I,, and |, are the invariants of the

effective stress tensor. When « =1, this criterion can
be simplified as the Mises criterion; when o« =0, this
criterion can be simplified as the Lade-Duncan criterion.
From the calculation, the generalized nonlinear
strength criterion in the case of a= 0.85 was
consistent with the failure point strength at 400 and
600 kPa, that is, it was more reasonable to choose the
generalized nonlinear strength criterion when p was
greater than 400 kPa. Fig. 11 shows the comparison
between the strength criterion and the failure point
strength at 100, 200, 300, 400 and 600 kPa. Combined

https://rocksoilmech.researchcommons.org/journal/vol42/iss11/5
DOI: 10.16285/j.rsm.2021.5396

with the failure loci in Fig. 10, it was found that the
failure point strength was close to the Lade-Duncan
criterion when p was less than 300 kPa; and it deviated
gradually from the locus of Lade-Duncan criterion in 7t
plane with the increase of p, the shape of envelopes
gradually tended to circle, and it was more appropriate
to adopt the generalized nonlinear strength criterion
based on the Mises and Lade-Duncan criteria. Similar
results can be found in the literature®>2°! for investigating
the strength criterion of Q; and Qs loess. Failure loci
expanded with the increase of effective mean principal
stress, and the shape of failure loci also changed. However,
the variation of failure loci shape in this paper was not
consistent with those in the literature!?2%], the change
of the failure point and failure loci were more pro-
nounced, indicating that there was an apparent mutation
in the strength criterion of strong structured Zhanjiang
clay before and after yield.

o —— Lade-Duncan criterion
A — Generalized nonlinear
strength criterion
Failure point

Fig.11 Strength criterion in  plane

The failure loci shapes of Zhanjiang clay in 7 plane
changed significantly before and after p =400 kPa. The
reason is that its strength was not only affected by the
intermediate principal stress, but also its structure. In
the literature®®!, the microstructure changes of the
in-situ Zhanjiang clay after different consolidation
pressures were obtained based on scanning electron
microscopy. It was found that the in-situ Zhanjiang
clay was an open flocculated structure, with the basic
units showing a hollow form, no directional arrangement,
less point contact and high porosity development.
When the consolidation pressure was less than o, the
contact mode between the pore volume and the
particle did not change significantly, and its structure
damage was minor; when the consolidation pressure
was greater than oy, the pore volume decreased
obviously, the inter-particles contact mode was gradually
transformed into the face-to-face mode where the
particle arrangement tended to be ordered, and the
hollow structure was progressively transformed into
the lamellar structure, which was close to the
microstructure of remolded soil, and its structure was
almost lost. The microstructure of Zhanjiang clay
changed greatly before or after the structure yield
stress oy. Based on the general law that the macro
mechanical properties of soil are controlled by the
microstructure, the shape of failure loci changes before
and after the consolidation pressure is oy.
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4.2 Strength criterion under plane strain condition

Based on the fact that the soil is in plane strain
state in many cases, there are some differences in
stress path and sample boundary conditions between
plane strain test and true triaxial test with different b
values!?’). It is worth exploring whether the strength
criterion of Zhanjiang clay in the true triaxial test is
applicable to its plane strain condition.

From Fig. 5, under the shear process of Zhanjiang
clay in plane strain tests, most of the b values were in
the range of 0.1-0.5 before the soil reached the peak
point. The value of b was between 0.20-0.29 in vertical
loading tests, and 0.18-0.29 in lateral unloading tests.
Fig. 11 shows that it was more appropriate to use the
Lade-Duncan criterion or generalized nonlinear criterion
to describe the failure point when the consolidation
stress was lower or greater than oy. According to the
consolidation stress, the two above strength criteria
were used to describe the failure point under plane
strain conditions, as shown in Fig. 12. Overall, the
strength criterion of Zhanjiang clay under the true
triaxial test was basically suitable for the plane strain
condition. Because the value of b in the plane strain
test changed continuously in an interval, rather than
keeping constant at failure, there would be some errors
when using the strength criterion under the true
triaxial condition.

— Lade-Duncan criterion 4
— Generalized nonlinear criterion

o Plane strain loading failure point

= Plane strain unloading failure point

b=0.29 % -~ p'=567.4 kPa
. p'=511.9 kPa

p'=414.6 kPa
p'=322.6 kPa

p'=224.4 kPa
p'=138.8 kPa

o

Fig.12 Strength criterion under plane strain condition

In order to better describe the strength criterion of
Zhanjiang clay under plane strain conditions, the plane
strain test results of Zhanjiang clay were analyzed by
using generalized Mises plane strain strength criterion
and Lade-Duncan plane strain strength criterion>%l.

Generalized Mises plane strain strength criterion:

0, = Kpyus3 + €'cote' (K s = 1) (8
1+ Kyyps +4/6K s — 3K s
Where KP_MIS — MIS MIS MIS , KMIS _
1-2Ks
2
M » K, =tan’(45°+¢'/2).
(Kp +2)
Lade-Duncan plane strain strength criterion:
o, =K, p0; +ccote' (K, p —1) 9

Published by Rock and Soil Mechanics, 2021

where K, =%Kw +%JKLD2 -27Kp =1, K =

(K, +2)°
Kp
In the two above plane strain strength criteria, the
intermediate principal stress at failure point can be
obtained by the following equation.
The intermediate stress of generalized Mises plane
strain strength criterion at failure:
2 2
o, to
o, =—— 10»
o, +0o,
The intermediate stress of Lade-Duncan plane
strain strength criterion at failure:

o, = 2% (1)
2

The test results under plane strain conditions are
analyzed according to Egs. (8), (10) and Egs. (9) and
(11), the effective strength of Zhanjiang clay under
plane strain loading and unloading conditions and the
calculated failure loci of generalized Mises and Lade-
Duncan plane strain strength criteria are plotted
together in drawn in Fig. 13 in the p’-—generalized
shear stress ( coordinate, the expressions of p’'—(
failure loci of generalized Mises and Lade-Duncan
plane strain strength criteria were obtained in Fig. 13.
The strength of generalized Mises plane strain strength
criterion is greater than that of Lade-Duncan plane
strain strength criterion. The strength of Zhanjiang
clay plane strain test was between the generalized
Mises and Lade-Duncan plane strain strength criteria,
which was similar to the results of true triaxial test in
section 4.1. Therefore, a generalized plane strain
strength criterion based on generalized Mises and
Lade Duncan plane strain strength criteria was
proposed to describe the plane strain test results of
Zhanjiang clay. In a certain p’ condition, the plane
strain strength  of Zhanjiang clay was the com-
bination of the two above strength criteria:

4= L0s + (1= A (12>
where Q,,;s and (;, are the q of generalized Mises

and Lade-Duncan plane strain strength criteria under
the same effective mean principal stress p’ condition.

—— Mises plane strain strength criterion
800 Generalized plane strain strength criterion
—— Lade-Duncan plane strain strength criterion
o Plane strain loading failure point
600 F o Plane strain unloading failure point

400 |
q=0.524p'+73.143

0=(0.620p"+87.455)+(1-)(0.524p'+73.143)
3=0.63, R*=0.98

200

Generalized shear stressq /kPa

0 200 400 600 800 1 000
Effective mean principal stress p /kPa

Fig.13 Strength criterion under plane strain condition
in p’—q plot
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The test results are fitted by Eq. 12, both the
obtained failure loci and the test results are drawn in
Fig. 13. It can be found that the proposed generalized
plane strain strength criterion can better describe the
strength of Zhanjiang clay in plane strain test.

5 Conclusions

(1) Due to the influence of structure, when p was
less than or greater than the structure yield stress o,

the 0— ¢, curve of Zhanjiang clay was of strain

softening and mild strain hardening type, respectively.
The g—¢, curves of true triaxial tests with different b

values had similar patterns, but the major principal
strain corresponding to the g peak decreased with the
increase of b value.

(2) Overall, the effective cohesion decreased with
the increase of b value, while the effective internal
friction angle increased. In the plane strain test, the b
value remained in the range of 0.1-0.5 before failure,
then the values of effective cohesion and friction angle
were between those corresponding to b=0.25 and
b=0.5.

(3) The strength criterion of Zhanjiang clay under
the true three-dimensional stress state was affected by
structure, and the failure envelope changed around
p =400 kPa. The strength criterion of Zhanjiang clay
in 7 plane agreed well with the Lade-Duncan criterion
when p was less than the structure yield stress. And
beyond that, satisfactory results were obtained with
generalized nonlinear strength criterion based on
Mises and Lade-Duncan criteria.

(4) In the plane strain test, the b value of
Zhanjiang clay at failure was in the range of 0.18-0.29.
The failure strength can be approximately described
by the generalized plane strain strength criterion based
on the generalized Mises and Lade-Duncan plane
strain strength criteria, which provided a new way to
establish the strength criterion of structured clay under
plane strain conditions.
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