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Abstract: A series of undrained, partially drained and completely drained triaxial tests were carried out to investigate the influence of
drainage boundary conditions on the strength characteristics of saturated clay. The partially drained tests were carried out by
controlling the strain increment ratio of the volume and axial strains. The tests investigated the influence of drainage boundary
conditions on the mechanical properties of saturated clay including the pore water pressure, the effective stress path and the
asymptotic behavior of the p’-g plane. Based on the asymptotic state and dilatancy characteristics, an asymptotic state constitutive
model for the saturated clay was established by introducing the strain increment ratio into the stress path constitutive model. The
comparison between experimental results of pore water pressure and effective stress path and simulations demonstrates a good
predictive ability of the model. The test results show that the strain increment ratio of saturated clay should be less than 0.3. The
drainage condition affects the dilatancy of normal consolidated clay, the effective stress path and the shear strength of soil. With the
increase of the strain increment ratio, the pore water pressure and the effective stress ratio of saturated clay decrease but the strength
increases. The saturated clay specimen will be in a critical state for a long time when the axial strain of the specimen reaches 3%, and

the change in drainage conditions can inhibit or accelerate the failure of the soil.

Keywords: soil mechanics; saturated clay; partial drainage; strain increment ratio; strength

1 Introduction

The drainage boundary condition for deformation or
instability of soft clay ground in embankment filling, dam and
other projects is usually partially drained®2. Due to the
limitation of laboratory equipment, the strength index of soft
clay is often obtained by the complete drained test (CD) or
undrained test (CU). In the theoretical calculation or strength
analysis, the use of consolidated drained strength index often
leads to a higher safety factor, while the use of consolidated
undrained strength index leads to a lower safety factor. Under
the same test conditions, Chinese scholars' research on the
mechanical characteristics of saturated sand under partially
drained condition shows that the drainage condition controls the
degree of soil dilatancy, and affects the mechanical properties
of soil from the effective stress path and the degree of soil shear
strengthB41, Therefore, it is of great significance for theories
and practical engineering problems to study the mechanical
properties of soils under partially drained condition, and to
establish corresponding constitutive models.

For saturated soils, the volumetric strain de, is equal to
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the volume of water sucked or discharged AV from the sample.
As a result, during the shear loading process, the influence of
drainage degree on the mechanical properties of soil is
indicated by controlling the axial strain increment de, and the
corresponding amount of water absorbed (discharged) (i.e. de,)
to a certain constant. In the triaxial shear test, the method of
controlling the partial drainage is often used to control the rate
of volumetric and axial strains, that is, to control the strain
increment ratio ¢=dev/de1 as a constant to achieve the partial
drainage. When ¢ = 0, it is a completely undrained test; when
¢ >0, it is a partially drained test, and the larger ¢ is, the
stronger the drainage is; when ¢ < 0, it is a partial water
absorption test, and the smaller ¢ is, the stronger the water
absorption is. Under the complete drained condition, the excess
pore water pressure caused by loading is 0, and its strain
increment ratio is a variable. If the extreme value of the strain
increment ratio (max) is defined as the slope of the peak
volumetric strain to the origin under complete drained condition,
the strain increment ratio ¢ in the partially drained condition

should be controlled to be smaller than &max in the completely
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drained condition.

Various studies have been conducted on the mechanical
properties of sand under partially drained condition. Gudehus et
al.%] studied the mechanical properties of sand with a constant
strain ratio by constant strain path tests. Topolnicki 81 , Chul”
and Asaka et al.l®l carried out sand mechanical tests of different
strain increment ratios to study the strength characteristics of
soils under partially drained condition. Based on the tests of
controlling strain increment ratio, asymptotic state constitutive
models have been developed. Luo® and Yaol'@ proposed
elastoplastic constitutive models based on the unified hardening
model that can reflect the asymptotic behavior of saturated sand.
Lu™ and Cheng et al.l'?l used STDTTS standard stress path
triaxial apparatus to study the mechanical characteristics of
saturated sand under partially drained condition, and proposed
an asymptotic state constitutive model for saturated sand by
coupling asymptotic state equation and dilatancy equation.

In summary, the experiments and methods for the
mechanical properties of sand under partially drained condition
are relatively mature, and the asymptotic state constitutive
model and UH model of the sand have been established. But
there are relatively few studies on the mechanical properties of
saturated clay under partially drained condition. Wu et al*3l,
studied the pore pressure accumulation and modulus change of
red clay under partially drained condition, but the partially
drained condition in this paper was caused by poor drainage of
the soil (low permeability of red clay). Zhou studied the
influence of drainage condition on the shear strength of clay
through a triaxial test with constant strain increment ratio. By
controlling the strain increment ratio, Liu et al.l*®Istudied the
development laws of the pore pressure, accumulative axial
plastic strain, and volumetric strain of saturated silty clay at
different stress path slopes and cyclic dynamic stress ratios
under partially drained condition. Most of the above studies are
descriptions of experimental phenomena, but no clear
theoretical system has been formed for the mechanical
mechanism and strength characteristics of soft clay under
partially drained condition. Therefore, it is necessary to carry
out strength tests of saturated clay under partially drained
condition by controlling the strain increment ratio ¢ (using
GDS-DYNTTS dynamic triaxial apparatus) to investigate the
influence of drainage boundary condition on the mechanical
properties of saturated clay. Moreover, based on the critical
state and dilatancy characteristics, an asymptotic state
constitutive model is proposed by introducing the strain
increment ratio ¢ into the complex stress paths based

https://rocksoilmech.researchcommons.org/journal/vol41/iss2/6
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constitutive model, in hope to lay the theoretical foundation for
further study on the influence of partially drained condition on

mechanical characteristics of soft clay.
2 Experimental program

2.1 Soil sample

The soil samples were taken near the Fuxin Station of the
Beijing-Shenyang Passenger Dedicated Line. The depth of the
soil samples was 1.5 to 3.5 m below the ground surface. The
physical-mechanical properties of the soil samples measured in
accordance with the Code for Soil Test of Railway Engineering
(TB10102—2010)1€! are shown in Table 1.

Table 1 Physical-mechanical properties of tested silty clay

. Water .. Liquid Plastic . Friction
Den5|ty3p content Void ratio  [imit limit C(?heS|on angle
/ (g/cm?) 1 % e w, w, ¢l kPa 0l ()

1.83 21.8 0.75 26.5 11.9 24.5 26.8

Percent finer by weight /%
(92
o

0 1 1 1 J
10t 100 101 102 103
Grain size/ mm

Fig.1 Grain size distribution of tested clay

The result of particle analysis is presented in Fig. 1. It can
be seen that the silt content of the soil sample (d <0.075 mm)
is 78.0%, and the clay content (d <0.005 mm) is 28.9%.
Combined with the results of the limit moisture content test, the
tested soil in this study is classified as the silty clay. A
cylindrical sample from the undisturbed soil with a diameter of
39.1 mm and a height of 80 mm was prepared for partially
drained tests.
2.2 Test program
2.2.1 Laboratory apparatus

GDS-DYNTTS dynamic triaxial apparatus (as shown in
Fig.2) is mainly composed of loading system, control system
and data acquisition system. It can independently control and
measure the confining pressure and back pressure (volume)
through the 200 mL/2 MPa water pressure/volume controller.
Axial drivers and sensors can control and measure parameters

such as axial pressure and axial deformation.
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Data acquisition Confining pressure
system controller

——
Back-pressure

Fig.2 GDS-DYNTTS dynamic triaxial apparatus

2.2.2 Test control condition

The prepared sample with the rubber film was installed
inside the triaxial pressure chamber, connected to the
communication pipeline, and the GDSLAB software was
started. First, in the saturated consolidation stage, a confining
pressure of 100 kPa was applied to the soil sample, and then the
additional confining and back pressure of 20 kPa and 30 kPa
separately were applied step by step. When the Skempton pore
water stress coefficient B > 0.95, the sample was considered to
be fully saturated. All tests were then isotropically consolidated
to 200 kPa. It could be considered that the soil sample has been
completely consolidated when the sample displacement was
less than 5 mm? within 5 minutes. Subsequently, the CD test,
CU test and partially drained triaxial shear test can be carried
out by the standard triaxial test module. Partially drained
conditions were achieved by controlling the back and axial
pressure controllers. Set the RAMP command on the back
pressure control panel to set the drainage volume rate of the soil
sample. Through the Advanced Loading module, set the axial
loading rate to 0.01 mm/min, and control the strain increment
ratios & under the partially drained conditions of 0.1, 0.15,
0.2 and 0.25, to keep the soil sample in a partially drained
condition. When the axial strain ¢, is up to 15%, stop the test.

3 Results and discussions

Figure 3 presents the experimental results of saturated clay
under different drainage conditions. From the deviatoric
stress-axial strain curve (Fig. 3(a)) and the pore pressure-axial
strain curve (Fig.3(b)), it shows that for consolidated undrained
shear test (CU), the peak stress is about 209.6 kPa when the
axial strain is around 12%, and the excess pore water pressure u
reaches the maximum (u,,, = 131.57 kPa) at 4.0% axial strain.
For consolidated drained test (CD), the deviatoric stress—axial
strain curve shows strain softening. When the axial strain &
exceeds 10%, the deviatoric stress increment is already small.
Taking the corresponding deviatoric stress of 15% of the axial

strain as the peak strength, the peak deviatoric stress of the
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Fig.3 Experimental results of saturated clay under

different drainage conditions
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saturated clay during the consolidated drained test is around
458.82 kPa. During the test, the excess pore water pressure u is
always kept within + 2 kPa, indicating that the axial load rate
of 0.01 mm/min can ensure that the pore pressure is fully
dissipated. The axial load rate of 0.01 mm/min is reasonable in
this test.

The relationship between the volumetric strain and the axial
strain (see Fig. 3(c)) presents that the volumetric strain of the
soil first shrinks during the CD test, and then increases with the
axial strain. When the axial strain is & =10%, the increment
of volumetric strain of the soil is negative value, indicating that
the soil exhibits dilatancy. Considering the slope of the peak
volumetric strain to the origin as the strain increment ratio of
&ep = 0.30 under completely drained condition, the strain
increment ratio &= dg, /de;, under partial drainage should be
between 0 and 0.3. Therefore, when the strain increment ratios
¢ is controlled to be 0.1, 0.15, 0.2, and 0.25 ,respectively under
partially drained conditions, and the axial loading rate is 0.01
mm/min, the volumetric strain rate of the back pressure is set to
0, 1.2, 1.8, 2.4, 3.0 mm3/min, respectively.

Since the drainage rate is always maintained at a constant
value under partially drained conditions, the drainage rate of the
CD test gradually decreases. And with the increase of the strain
increment ratio, the pore pressure can dissipate or even become
negative in the later period of the drained test. Its volumetric
strain rate can also exceed the volumetric strain value under
drainage conditions. Moreover, the larger & is, the earlier it
exceeds the volumetric strain value under the completely
drained condition. For this test, when the axial strain
& ~ 13.5%, the pore pressure of &=0.25 dissipates as a
negative value. Its volumetric strain curve exceeds the
volumetric strain curve under the completely drained condition.
Although the rest of tests do not exceed, there is a tendency to
exceed the volumetric strain under the completely drained
condition.

It can be seen from the effective stress path curve in Fig.3(d)
that with the increase of the strain increment ratio &, the
deviatoric stress and the volumetric strain gradually increase,
but the pore water pressure gradually decreases, and the axial
strain at which the peak pore water pressure appears also
gradually decreases. The deviatoric stress ¢, volumetric strain
g, and pore pressure u of the sample at the later stage of the
loading test change linearly with axial strain ¢ . Therefore,
when the confining pressure is kept constant, the ratio of the

deviatoric stress g to the effective mean stress p’ of the

https://rocksoilmech.researchcommons.org/journal/vol41/iss2/6
DOI: 10.16285/j.rsm.2019.5410

sample is close to a linear stress path in the middle and later
stages of the test, and its slope is around 1.41 (¢/ p' = 1.41).
From the relationship curve between the stress ratio and the
axial strain in Fig.3(e), it can be seen that in the partially
drained test, after the axial strain of the soil specimen reaches
3%, although the strength of the specimen continues to increase,
the stress ratio is close to the critical stress ratio. If it is
suddenly loaded in actual engineering, the drainage conditions
of the soil will be suppressed, and the strain increment ratio will
be reduced. The internal pore water pressure of the soil then
suddenly increases, and the stress path will develop above the
critical state line. Subsequently, the soil in the critical state may

soon be damaged.

4 Asymptotic state constitutive model

The curve obtained by plotting the peak stress ratio under
different stress paths in the deg,/ dg —n plane is the
asymptotic state curve. Fig. 4 reflects the asymptotic stress
ratio of saturated clay under different drainage conditions. The
vertical line (¢ = 0) in the figure indicates the undrained
condition. The left and right sides present the conditions of the

partial water absorption and drained tests respectively.

145 1
1.40 | >
135 g _ g
130 =8| &
-2l ©
125 25| =
= T & =
120 &S| €
115 | g
110 b f
1.05 |
1.00 , A , A ,
—0.05 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

dede,

Fig.4 Asymptotic stress ratio under different
drainage degrees

From Fig.4, it can be seen that when the strain increment
ratio increases, the stress ratio of the clay gradually increases
until it reaches the asymptotic state stress ratio. When the
control condition is undrained, the dilatancy of the clay is
suppressed, which affects the friction structure potential of the
clay. It shows that the critical state stress ratio corresponding
to the approaching state is small. The stress ratio at this time is
defined as the asymptotic state stress ratio Mo under undrained
conditions. When the control condition is free drainage, the
volumetric strain of the sample is free. The dilatancy of the

clay can be fully exerted, and the corresponding stress ratio is



LIU et al.: An asymptotic state constitutive model for saturated clay under p

relatively large when the critical state is reached. When the

LIU Jia-shun et al./ Rock and Soil Mechanics, 2020, 41(2): 485491 489
de? = Lders + 2 ', )ds? (3
&y =399 +2_q(0” —P'5;)dég

strain increment ratio is controlled, the volumetric strain of the
clay gradually weakens with the increase of the strain
increment ratio &, even if the drainage condition of the
specimen is between the free drainage and completely
undrained. As a result, the soil strength is fully exerted, and
the pore water pressure gradually decreases. When the
condition is completely drained, the void ratio of the sample is
close to zero, and the critical state stress ratio reaches the
maximum, which is defined as the asymptotic state peak stress
ratio M.
4.1 Asymptotic state constitutive model for clay

Gudehus et al.?! first proposed the use of asymptotic states
to describe the effects of different constraints on the ultimate
stress ratio of the soil. Chu et al.l'] proposed an asymptotic
state equation reflecting the asymptotic stress ratio and strain
increment ratio, and studied the softening characteristics of soil
under partially drained conditions. Based on the unified
hardening model, Kong['® and LM proposed the double
hardening elastoplastic constitutive model which reflects the
compression-shear coupling effect and the asymptotic state
behavior of saturated sand. Luo et al.l?! established a sand
constitutive model that can consider the characteristics of
particle crushing, dilatancy, shear shrinkage, strain hardening,
and softening. This model can also reflect the downward
movement of the critical state line of sand under shear stress.
However, due to the limitation of geotechnical instruments, the
study on the mechanical properties and constitutive models of
saturated clay under partially drained conditions has not been
widely developed. Therefore, based on the results of the
complex stress paths based constitutive model of saturated sand,
this paper proposes an asymptotic state constitutive model for
the saturated clay considering partially drained conditions.

The complex stress paths based constitutive model of the
soil is an elastoplastic incremental mathematical model. The
strain increment dej; is the sum of the elastic and plastic strain
increments, that is

dg, =de; +def D)

where dg; is the elastic strain increment; dg; is the plastic
strain increment. The elastic stress-strain increment relationship
is

1%

de; =2 do, - Ldo, o, ()

The plastic stress-strain increment relationship is

Published by Rock and Soil Mechanics, 2020

where o; is the component of stress tensor; o, is the
summation mark; oJ; is the Kronecker symbol; g is the
deviatoric stress, g=o0, -0, ; p' is the mean effective
stress, p'= (o, +20,)/3; o/, oc,are the effective maximum
and minimum principal stresses; o is the Poisson’s ratio; E is
the Young’s modulus; de! is the plastic volumetric strain
increment, and de} is the plastic deviatoric strain increment;
The plastic volumetric strain increment def and deviatoric

strain increment dej can be obtained by

del 7 C,,Mf4
def | M(M{-n")

4 4
M 20(M? —1?) ' ©))
; lenf
277(M2,+ n?) ay° dn
P

where ¢, =(1-«x)/(1+¢,); A and « are the slopes of the
compression line and the rebound line in the e-Inp plane; ¢, is
the initial void ratio; M, is the peak stress ratio, which is
obtained from the drained triaxial test; 7(g/ p') is the shear
strss ratio; M is the phase transformation stress ratio from
volumetric contraction to dilation. Different from sand,
saturated clay only produces volumetric compression during
triaxial shear, and its phase transformation stress ratio M is
equal to the peak stress ratio Mr that is M =M, . By
substituting M =M, into Eq. (4), the formula of the plastic
volumetric and deviatoric strain increments of saturated clay

during triaxial shear test can be obtained:

1 _2n
dg\,l) ~ Cp pv MZ +772 dpl (5)
deb [ (M* -7 27 4n? dn

p'(M?-n*) M'-n'

However, the clay is over-consolidated when the loading
stress path is dp’<0 and dg>0. At this time, M = M,. The
plastic volumetric and shear strain increments of the soil should
be calculated according to Eq. (4).

Chu and Lo (1994) obtained the asymptotic state
characteristics of saturated sand through experimental research,
and gave the asymptotic state equationl*™:

ds, _3(M,-1,)

)
de M,

where M, is the final stress ratio at £=0; 7; is the final

£=1

stress ratio under different drainage conditions.
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corresponds to the one-dimensional consolidation stress path
(7= Ko); & =3 corresponds to the isotropic compressive stress
path (17,= 0).

Substituting the strain increment ratio £=dg, /dg into

Eq. (6) gives:
" =w )

With the associated flow rule for the modified Cam-clay
model:

f:g:q2+M2p/2_Cpr:0 (8)

The dilatancy equation is

p 2 2
3%; M o o (9
where M is the critical stress ratio; C is a constant.

In the asymptotic state, the elastic strain increment can be
negligible compared to the plastic one. In other words, the
plastic strain increment is equal to the total strain increment,
that is, de, =de}, de, =def. The following formula can be
obtained from the conventional triaxial shear test:
de, _ 3¢

de, 3-¢&

When the critical state is reached, the dilatancy equation

(10

intersects with the asymptotic state equation, that is:

3-&_M’-nf
3¢ 21

1D

Substituting Eq.(7) into Eq.(11), the phase transformation stress
ratio equation considering partially drained conditions can be

obtained as

2 2
MZJM%MO (12)

Eq. (12) is the equation of phase transformation stress ratio of
saturated clay when the loading stress path is dp'<0 and
dg > 0.

Substituting Egs. (12), (4), (3), and (2) into Eqg. (1), an
asymptotic state constitutive equation for saturated clay can be
established.

4.2 Model verification

Isotropic compression and rebound tests were carried out on
the undisturbed soil samples, and the isotropic compression and
rebound slopes of clay are measured to be 0.093 and 0.025. The
initial void ratio e;is 0.75, <, is 0.038 9, and the Poisson's
ratio v is 0.35. From the test results in Section 3, it is known
that the peak stress ratio of saturated clay A, is 1.416, and the
asymptotic stress ratio of saturated clay A/, is 1.111 by the CU
test.

https://rocksoilmech.researchcommons.org/journal/vol41/iss2/6
DOI: 10.16285/j.rsm.2019.5410

The comparsion between test results and model simulations
for pore water pressure, effective stress path and stress ratio
under different drainage conditions are shown in Fig.5. The
scattered points in the figure are the test results, and the curves
are the model prediction results.

o CU test
200 o £=0.10
s 180 F A =015
~ 160 v ¢£=0.20
S 140 b © =025
§ 120 + — Calculated results
g 100
o 80 >
S 60}
o 40
g 20
i 0 1 1 L 1 1 !
0 2 4 6 8 10 12 14716

Axial strain & / %

(a) Excess pore pressure

o CU test
2010
450 1 =015
& 400 F > =020
X 350 [ » ¢=0.25
= |l o CD test 2
e 800 T~ Calculated resultsyp#®
£ 250 -
B 200 f
2
S 150
<
% 100 B
o 50F
0 ¥ . ,
100 150 200 25 300 350

Mean effective stress p'/kPa

(b) Effective stress path

0.2 ——Calculated results

0.0 . . . . . . . )
0 2 4 6 8§ 10 12 14 16

Axial strain &/ %

(c) Stress ratio

Fig.5 Comparison between calculation results
and test results

Figure 5 shows that based on the complex stress paths of
sand, the developed asymptotic state constitutive model in this
paper can reasonably describe the mechanical properties of
saturated clay under different strain increment ratios by phase
trnasformation stress ratio equation. This model combines the
characteristics of the stress-strain curve of clay and the
correlation of the stress paths. The influence of drainage
condition on the mechanical properties of clay can be
described.
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5 Conclusions

In order to study the mechanical properties of saturated clay
under partially drained conditions, the undrained, partially
drained and free drained triaxial tests on saturated clay were
carried out. The effects of drainage boundary condition on the
mechanical properties of saturated clay were investigated for
the pore water pressure, effective stress path and asymptotic
state characteristics on p' -g plane. An asymptotic state
constitutive model of saturated clay was then proposed. The key
observations are summarized in the following:

(1) Partially drained triaxial test results show that the
drainage condition affects the strength of the soil, and the
strength of the soil increases with the increase of the strain
increment ratio £ . In the CD test, the strength of the saturated
clay is the highest, but in the CU test, the strength is the lowest.
The pore water pressure decreases with the increase of the
strain increment ratio & .

(2) In the partially drained test, when the axial strain
reaches 3%, although the strength of the soil increases
continuously, its stress ratio is close to the critical stress ratio. If
it is suddenly loaded in actual engineering, the drainage
conditions of the soil are suppressed, and the stress path will
develop above the critical state line. The soil sample in the
critical state may be damaged soon.

(3) Considering the characteristics of the stress-strain curve
of saturated clay and the correlation of the stress path, an
asymptotic state constitutive model of saturated clay under
partially drained condition was established by phase
transformation stress ratio equation, and the reliability of the
model was verified.
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