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A Constitutive Model of Clay
Considering Structural Failure

Biaohe Zhou, Bin Tang* and Jiashuai Kang

College of Civil Engineering and Architecture, Guilin University of Technology, Guilin, China

Due to the different material composition and deposition conditions, the undisturbed clay
presents different degree of structure. Because of the existence of structure, the
undisturbed clay has structural yield stress. When the stress level exceeds the
structural vyield stress, the stress-strain relation of undisturbed clay has typical
softening characteristics. To explore the constitutive relation of undisturbed soil, triaxial
consolidation, and drainage tests were carried out on undisturbed and remolded soils of
structural clay in Zhanjiang Formation in China, and the stress-strain relations under
different confining pressures were obtained. By analyzing the structural failure process of
undisturbed clay, Weibull distribution was introduced to describe the strength distribution
of each point in undisturbed clay, and the structural failure coefficient of undisturbed clay
was established during the loading process. Based on the elastic theory and structural
failure coefficient, a constitutive model considering the structural failure of clay was
proposed, and the method to determine the model parameters was given. The model
was used to simulate the experimental data in this paper and the reference, and the validity
of the model was verified. The results show that the model can well simulate the softening
effect of structural clay during loading.

Keywords: clay, structure, triaxial test, strain softening, constitutive model

INTRODUCTION

Since Roscoe et al. (1958; 1963; 1968) proposed the Cam-clay model, the constitutive theory of
remolded soil has entered a new stage of development, and relatively satisfactory results have been
achieved in the study of the constitutive relation of remolded soil. Cam-clay model, Lade-Duncan
model, and Duncan-Chang model have been widely used in theoretical research and engineering
practice of remolded soil (Lade and Duncan, 1975; Lade, 1977; Yu et al., 2014; Liu et al., 2018;
Bryant and Sun, 2019; Liu et al., 2019). However, undisturbed clay is usually structural (Gong et al.,
2000). The structure of clay refers to the arrangement of soil particles or aggregates in space and
their interconnection, which is an important factor to determine the physical and mechanical
properties of soil. The structure of undisturbed clay causes structural yield stress (Chen et al., 2008;
Shen and Wang, 2009; Sun and Chen, 2011; Yin et al., 2013; Zeng et al., 2014). When the stress level
is less than the structural yield stress, the mechanical properties of clay are good. When the stress
level exceeds the yield stress of the structure, the mechanical properties of clay gradually
deteriorate, and its stress-strain relation has a typical softening characteristic, which leads to a
great difference between the mechanical properties of undisturbed soil and remolded soil (Deng
and Songyu, 2007; Kong et al., 2011, 2015; Chen and Liu, 2019). Therefore, the constitutive model
of undisturbed clay should consider the influence of structure to describe the strain softening
effect.
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To quantitatively describe the influence of structure on the
stress-strain relation of clay, many scholars have proposed
different constitutive models of structural clay. The
constitutive model of structural clay is usually constructed in
the following ways: 1) The constitutive model of remolded clay
was improved by introducing structural parameters. Li et al.
(2015), Zhang et al. (2019) introduced structural parameters
on the basis of the Cam-clay model and extended the Cam-
clay model to the category of considering the structural influence
of soil. Since the strain softening phenomenon of
overconsolidated soil in the shear process is similar to that of
structural clay, Zhu and Wang, (2019), Enyang et al. (2019)
extended the unified hardening model (UH) of overconsolidated
soil to a constitutive model considering the structure of soil. 2)
The mechanical behavior of structural clay is described by means
of mechanics of solid materials, such as damage mechanics and
disturbed state theory. Shen et al. (2019), Chu et al. (2019) used
the damage theory to explain the failure process of the internal
structure of structural clay, obtained the damage coefficient of
soil, and established the damage constitutive model of structural
clay. Liu et al. (2017), Ouria (2017) explained the internal
structural adjustment process of structured soil based on the
disturbed state theory, and then proposed a constitutive model of
structured soil. 3) Through the test, the parameters that can
reflect the structural changes of soil are obtained, thus
establishing the relation between the structural parameters and
the physical and mechanical parameters. Huang et al. (2020)
established the relation between deformation modulus and
confining pressure of undisturbed red clay through triaxial
tests, and then obtained the constitutive model of undisturbed
red clay. The above research methods and results promote the
development of structural clay research and provide ideas and
basis for the theoretical research of structural clay. However, these
studies believe that the strength of the soil whose structure has
been destructed is zero, without considering the residual strength
of the soil after the structural destruction, which is not consistent
with the actual situation.

The structure of soil has great influence on engineering
practice. Engineering problems such as the stability of slope
and foundation pit (Park and Kutter, 2015; Hu et al., 2019; Lu
et al., 2021), the bearing capacity of foundation (Fateh et al,
2017), the settlement and deformation of foundation (Meng et al.,
2018) are closely related to the structure of soil. In engineering
practice, ignoring the influence of the structure of soil may cause
serious consequences (Cheng et al, 2020). Structural clay of
Zhanjiang Formation is widely distributed in Leizhou
Peninsula, China, and is characterized by strong structure
(Shen et al., 2013), high plasticity (Zhang et al., 2014), micro-
permeability (Zhang et al., 2012), strong acidity (Zhang et al.,
2017), creep (Kong et al., 2012), thixotropy (Zhang X. W. et al,,
2017), etc. It is a very unusual special soil, resulting in its rare
engineering characteristics. In this paper, through triaxial
consolidation and drainage tests on undisturbed and remolded
soils of structural clay in Zhanjiang Formation, the variation law
of mechanical properties during loading process was explored,
and a constitutive model considering the residual strength and
reflecting the strain softening effect of structural clay was
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Undisturbed soil samples Remolded soil samples

FIGURE 1 | Sample preparation. (A) Undisturbed soil samples (B)
Remolded soil samples.

proposed, which provides a reference for theoretical research
on structural clay and solving practical engineering problems.

TRIAXIAL CONSOLIDATION AND
DRAINAGE TEST

Through existing regional geological data and engineering
geological surveys, typical strata are selected for investigation,
drilling, and sampling. Undisturbed soil in Zhanjiang Formation
clay was taken from baosteel zhanjiang iron and steel base in
Donghai Island, Zhanjiang City, Guangdong Province, China.
The depth for soil sampling is 40-43 m. Sampling was carried out
by using a stainless steel open thin-walled sampler with an inner
diameter of 100mm, a wall thickness of 2mm, a cutting edge angle
of 60° and a length of 300 mm. The upper end of the sampler was
connected with a drill stem by screws and was provided with an
exhaust (drain) hole and a spherical valve, to release air and water
pressure during sampling, prevent water from reentering, and
maintain a vacuum above the soil sample during lifting. The
natural moisture content of the soil sample is 40.13%, the natural
density is 1.79 g/cm®, and the specific gravity of soil particles is
2.7. Consolidation and drainage triaxial tests were carried out on
the undisturbed soil samples and remolded soil samples. The
specifications of the samples were cylindrical samples with a
diameter of 39.1 mm and a height of 80 mm. When preparing the
undisturbed soil sample, the wire saw is used to cut a soil column
slightly larger than the specified size and put it between the upper
and lower disks of the soil cutting plate. The sample is carefully
cut from top to bottom with the wire saw close to the edge
column, and the disk is rotated while cutting until the diameter of
the soil sample is cut to the specified diameter, then the upper and
lower ends are cut according to the requirements of the sample
height, as shown in Figure 1A. Clay was dried and crushed, and
then a cylindrical remolded soil sample with a diameter of
39.1 mm and a height of 80 mm was prepared according to
the density and moisture content of the undisturbed soil, as
shown in Figure 1B. The sample preparation method shall refer
to the relevant provisions of Article 19.3.1 of the “Standard for
Geotechnical Test Methods” (GB/T50123-2019, China).

Put the prepared sample into the saturator, and put the
saturator with the sample into an anhydrous pumping
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The failure pattern of undisturbed soil The failure pattern of remolded soil

FIGURE 2 | The failure patters of samples. (A) The failure pattern of
undisturbed soil (B) The failure pattern of remolded soil.

cylinder for vacuum pumping. When the vacuum degree is close
to 1 atmosphere, continue pumping for 2h, and then inject
distilled water and keep the vacuum degree stable. When the
saturator is completely submerged by water, stop pumping and
release the vacuum of the pumping cylinder. The sample was left
submerged for 10 h to reach saturation. The method of saturation
shall refer to the relevant provisions in Article 19.3.2 of the
“Standard for Geotechnical Test Methods” (GB/T50123-2019,
China). The strain control triaxial instrument was used in the test.
The effective consolidation confining pressures of the test were
100, 150, and 200 kPa respectively, and the loading rate was
0.003%/min. The test method shall refer to the relevant
provisions in Article 19.6 of the “Standard for Geotechnical
Test Methods” (GB/T50123-2019, China). The sample is
loaded until the strain reaches 15%. At this time, the sample
has produced a large deformation, which can be considered as the
sample has been damaged. The failure pattern of undisturbed soil
and remolded soil samples are shown in Figure 2. Through
triaxial consolidation and drainage tests, the relation between
shear stress q and axial strain ¢; of undisturbed and remolded soil
samples under different confining pressures and the relation
between volumetric strain ¢, of undisturbed soil and axial
strain & are obtained, as shown in Figure 3 and Figure 4.

As can be seen from Figure 2, the upper and lower parts of the
undisturbed soil sample slide relative to each other along the
failure surface after a complete failure surface is generated, while
the remolded soil sample does not have a failure surface in the
loading process, but bulges gradually in the middle part. The
failure patters of the two samples are significantly different. Due
to the influence of structure, the stress of the undisturbed soil
sample drops sharply after reaching the peak value, which makes
the failure of the sample brittle, so there is an obvious failure
surface. The stress of remolded soil gradually increases and tends
to be stable during the loading process. The failure of the
remolded soil is ductile failure, and the failure form is bulging
in the middle. According to Figure 3, when the strain is less than
2.5%, the stress-strain curve of the undisturbed soil sample is
close to a straight line. Under the condition of low strain, the
internal structure of the soil is basically not damaged, so the
deformation of the soil can be considered as elastic deformation.
With the increase of strain, the growth of stress slows down
gradually and reaches the peak value. At this stage, the internal
structure of soil is gradually destructed, and the stress is adjusted
self-adaptively and reaches the ultimate limit state. As the strain

600 * T * T * T *
Undisturbed soil
6;=100kPa
200 6,=150kPa |
6,=200kPa
400 | Remoulded soil
= 6;=100kPa
g 300 [ 0;=150kPa |
-

6,=200kPa

200

100

0 5 10 15 20
& (%)

FIGURE 3 | Relation between shear stress and axial strain.
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FIGURE 4 | Relation between volumetric strain and axial strain.

continues to grow, the internal structure of the soil will not be able
to withstand the applied load, and each failure point will form a
complete failure surface. At this time, the internal structure of the
soil will fail and the stress will drop sharply. After the complete
failure of the structure, the stress-strain curve of the undisturbed
soil gradually approaches that of the remolded soil. To study the
change of mechanical properties of the sample before and after
structural failure, the stress corresponding to the peak stress and
15% strain of the undisturbed soil sample is the peak strength and
residual strength of the undisturbed soil, as shown in Table 1.
Mohr circle of stress corresponding to peak strength and residual
strength of undisturbed soil was made according to the data in
Table 1, as shown in Figure 5.

According to the equation of failure envelope in Figure 5, both
cohesion and internal friction Angle decrease after the structure is

Frontiers in Materials | www.frontiersin.org

August 2021 | Volume 8 | Article 697181


https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Zhou et al.

TABLE 1 | Strength value of undisturbed soil samples.

dr1o0(kPa) 150 (kPa) G200 (kPa)
Peak strength 354.00 421.00 456.38
Residual strength 137.00 189.00 225.00
700 1 1 1 1 1 1 1 1 1 1 1 1
Undisturbed soil
600 1=0.36270+89.46
Remoulded soil
04 1=0.32176+18.66 [
~_
n‘-‘: 400 4 -
&
5
300
200
100
0 T T T T T T T T T T T T T
0 100 200 300 400 500 600 700
o (kPa)

FIGURE 5 | Mohr circle of stress of sample.

destructed. The structure of soil can be reflected by Sensitivity,
which is the ratio of peak strength to residual strength, and the
strength is related to the confining pressure. When the confining
pressure changes, the ratio of strength may change and is not
unique. To describe the structure of soil, the ratio of cohesion
corresponding to peak strength and residual strength, and the
ratio of internal friction Angle corresponding to peak strength
and residual strength are defined as the soil structure coefficient,
namely:

s.=2 5= )
% (Pp

Where: Sc and S, are the structural coefficients of the soil, and the
smaller the values of S; and S, are, the stronger the structure of
the soil is, and vice versa. ¢, is the cohesion corresponding to
residual strength. ¢, is the cohesion corresponding to the peak
strength. ¢, is the internal friction Angle corresponding to the
residual strength. ¢, is the internal friction Angle corresponding
to the peak strength.

It can be seen from Figure 4 that, similar to the relation curve
between shear stress and axial strain, the structure of the sample is
basically not damaged at the initial stage of loading, and the
relation curve between volumetric strain and axial strain of the
undisturbed soil sample is approximately a straight line. When the
axial strain continues to increase, the curve peaks, and then the
volumetric strain gradually decreases. At this time, the internal
structure of the sample is gradually damaged, and the particles may
move and roll, which makes the sample have the tendency of
dilatancy, so the volumetric strain gradually decreases. In the last
stage of loading, the structure of the sample is completely

Constitutive Model of Clay

destructed, forming a complete failure surface and sliding. At
this time, it can be considered that the volume of the sample
remains unchanged, and the volume strain tends to be stable.

CONSTITUTIVE MODEL OF STRUCTURAL
CLAY

Structural Failure Coefficient
To quantitatively analyze the failure process of undamaged soil,
several hypotheses are given: 1) The soil obeys Hooke’s law and
has the property of linear elasticity without considering structural
failure. The structure still has a certain residual strength after
failure, which meets the Moor-Coulomb criterion. 2) The soil
mass is divided into micro-elements, which are large enough to
contain many microscopic pores and particles, but small enough
to be considered as a particle in continuum mechanics. 3) The
strength of undisturbed soil elements are different due to
structural differences, and its strength distribution follows the
Weibull distribution statistical law (Weibull, 1951; Cao et al.,
1998; Wu et al., 2012; Wu et al., 2013). After structural failure, the
structural influence is eliminated, and the strength of all elements
is the same and in the ultimate state. The probability density
function of Weibull distribution is:
k
k-1 E

pin=4(5)" 1)
Where: F is the distribution variable of random distribution of
undisturbed soil element strength; A is a proportional parameter;
k is the shape parameter.

Assuming that the total number of elements is N and the
number of destructed elements is Ny under the action of a certain
level of load F, then the structural failure coefficient D is the ratio
of the number of destructed elements Ny to the total number of
elements N, namely:

_N
"N

D (3)
In the loading process, the elements with small structural strength
are destructed first, and the strength after the destruction of the
elements is the residual strength. With the increase of the load,
the elements with different structural strength are destructed one
after another. When the elements are formed into a plane, the
whole soil will be destructed. In any load interval [F, F + dF], the
number of destructed elements is NP(t)dt. When loaded to a
certain load F, the number of destroyed elements is:
k

Ny = J:NP(t)dt - Nrk(t)k_le@kdt - N[l - e’<§) ]

0 A\A
(4)

Substituting Eq. 4 into Eq. 3, the structural failure coefficient D
can be obtained as:

D:%zl_e@ 5)

Frontiers in Materials | www.frontiersin.org

August 2021 | Volume 8 | Article 697181


https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Zhou et al.

The damage amount of the material can be measured by strain ¢
(Wu et al,, 2012). For the triaxial stress-strain relation of
structural clay in Zhanjiang Formation, strain & refers to
axial strain &, so the structural failure coefficient can be
expressed as:

D=1- e_<%>k (6)

The value of the structural failure coefficient D varies within the
interval [0, 1]. When the axial strain is 0, the value of D is 0, and
there is no damage to the clay structure. When the axial strain
approaches infinity, the value of D is 1, and the structure of the
soil is completely destructed. D can describe the structural failure
process of clay.

Establishment of Constitutive Model

Under the condition of triaxial test, the total axial stress is oy,
assuming that the stress of the undamaged part of the structure is
011, the stress of the damaged part of the structure is oi,, the
macroscopic total axial strain is ¢, the axial strain of the
undamaged part of the structure is &;;, and the strain of the
damaged part of the structure is &;;. The three strains are
coordinated (Cao et al.,, 2008), then:

0, =011 +012 (7)

& =& = &2 (8)

In the loading process, the undamaged elements are gradually
transformed into the damaged elements. The decrease of the
undamaged elements is equal to the increase of the damaged
elements, and the sum of the two is a constant value. The stress
adjustment distribution in the failure process can be expressed as
(Cao et al., 2008):

01 = (1 -D)oy; + Doy, 9

The undamaged part satisfies Hooke’s law. For conventional
triaxial tests, we get:

o1 = Eepq +2‘H(73 (10)

Where: E is the elastic modulus of soil, y is the Poisson’s ratio
of soil.

After the destruction of structure of each soil elements, the
structural differences are eliminated, and the strength of the
elements is determined by the friction between particles. For the
same clay, the cohesion and internal friction Angle are the same, and
the strength of each element is the same after the structural
destruction. The destruction process of soil elements is
transformed from the high ultimate stress state to the low ultimate
stress state, so every element is in the ultimate state after the structure
is destructed, which meets the Moor-Coulomb criterion. The cohesion
and internal friction Angle after structural failure are ¢, and ¢,, which
can be known from the Moor-Coulomb theory:

1 1 .
5(012—03)—5(012+03)sm @, — ¢ cos ¢, =0 (11)

Constitutive Model of Clay

According to Egs. 1, 11, the axial stress of the damaged element
can be solved as follows:

_ 2¢, cos ¢, + (1+ sin ¢,)o3

012 -
1-sin ¢,

_ 28.¢c, cos (Sq,gop) + [1 + sin (S(P(PP)]U3 (12)

1- sin(Sy0,)

Substituting Egs. 6, 8, 10, 12 into Eq. 9, the relation between axial
stress and axial strain can be obtained as follows:

0, = (1 _D)all +D012

(3) (3)
= |1-]1-e\A (Ee, +2u03) + [ 1-e \A

28.¢, cos (Sq,(pp) + [1 + sin (S¢<pp)]a3
1 - sin (S¢¢p)

(%) (%)
=e \A/ (Ee, +2u03) +| 1-e \A

28.¢, cos (Sq,gop) + [1 + sin (S(I,(pp)]aa
1 - sin (S(,,gop)

(13)
The relation between shear stress and axial strain is:
q=0,—03
k k
) )
=e Eey +2uo3)+| 1—e
(Eey +2u03) (14)

2S¢, cos (SfP(Pp) + [1 + sin (Sq,(pp)]@
1- sin (S¢(pp)

Where: E, 4, Sc, S, ¢p» ¢, are soil property parameters. E take the
slope of the stress-strain linear segment; y is 0.5 for structural clay
of Zhanjiang Formation. S, and S, are the structural coefficients
of soil. ¢, and ¢, are the cohesion and internal friction Angle
corresponding to the peak strength of undisturbed soil. A and k
are model parameters. The values of A and k are determined
according to the following known conditions (Yang et al., 2005;
Cao and Xiang, 2008a; Wu et al., 2012):

- 03

(1) According to the characteristics of the stress-strain relation of
structural clay, there are peak points in the stress-strain
relation. At the peak strength, we get:

dq _

e, 0 (15)

(2) It is assumed that the peak strength is g; and the axial strain
corresponding to the peak strength is &7, when &, = &7, we get:

q=qr (16)

Frontiers in Materials | www.frontiersin.org

August 2021 | Volume 8 | Article 697181


https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Zhou et al.

Constitutive Model of Clay

A 1
}“1
5
}‘3
400 4

q (kPa)
I

200 r

0 T
0 10 20

& (%))

A1~ Ay~ A3 gradually increasing

q (kPa)
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According to Eq. 14:

a_ ke () RTSHEY)
S\ -\ 7 &\ T\ 7y
—q:——(—1> e \A/(Ee, +2u0;)+Ee \ A +X(71) e \Agy,

deg  A\A

17)
When ¢, = ¢, it can be obtained from Egs. 15, 17:

k k
-0 10
—]/{ (%) e <A (Esf +2uo03 — 012) +Ee \') =0

k fep\*!
=) (1) (Eey +2u03 — 01,) + E=0
k Sf k-1 E
A (X) - Eer + 2u05 — 01,
E
Eer +2u03 — 01,

k sf k*l_
i(7) =
() =%
ATk

k
(@ -

(sf)" _agf
Aok
Take the logarithm of both sides of Eq. 18:

AN @)
kln(/l) ln(k

In ag; — In k
k

+1n &

Leta =

(18)

Ing—-InA=

In k-1n asf

A=¢ *

(19)

When ¢, = ¢, it can be obtained from Egs. 14, 16:

k
e*(%) _ gftO03—0n

= (20)
Eef + 2/403 =012

Let b = %, Take the logarithm of both sides of Eq. 20:
k
—(%f) —Inb 1)
According to Egs. 18, 21:
J(EY -
(1) = - mo

ags
=—7 22
Inb (22)

The values of A and k can be obtained from Egs. 19, 22.
According to Eq. 14, the parameters of the constitutive
model established in this paper are E, y, Sc, S, ¢ 9,4, k.
Where, E, 4, Sc, S¢, ¢p» ¢, are the property parameters of soil. E
is the elastic modulus of soil, and its value is the slope of
the linear segment of the stress-strain relation curve. y is
the Poisson’s ratio of the soil, and the empirical value of
the soil can be obtained. S, and S, are the structural
coefficients of soil, reflecting the degree of structural
strength of soil samples. Their values are the ratio of
cohesion corresponding to peak strength and residual
strength, and the ratio of internal friction Angle
corresponding to peak strength and residual strength
(Eq. 1). ¢, and ¢, are the cohesion and internal
friction angles corresponding to the peak strength, and their
values are the intercept and arctangent values of the slope of
the failure envelope of the peak strength (Figure 5). A and k are
introduced from the Weibull distribution, in which A is the
scale parameter and acts as the scaling function curve. k is
shape parameter, which is used to control the trend of function
curve. The values of A and k can be determined by Egs. 19, 22.
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TABLE 2 | Model parameters of data in this paper.

os(kPa) E(kPa) u S¢ S, cp(kPa) ¢, k P
0
100 138.93 0.5 0.2086 0.8945  89.46 20 5.0981 3.9106
150 176.35 05 0.2086 0.8945  89.46 20 3.0181 4.1019
200 17063 0.5 0.2086 0.8945 89.46 20 2.0219 4.8029
500 : ! : ! : !
— Model calculation curve
400 A& Test data:o,=100kPa
O Test data:c,=150kPa
o Test data:6,=200kPa
~ 300+ L
<
(=W
=2
o
200 + o
100 9 ¢ L
0 T T T T T T T
0 5 10 15 20
& (%)
FIGURE 7 | Comparison between model calculation and test results in
this paper.

TABLE 3 | Model parameters in reference Meng et al., 2018.

o3(kPa) E(kPa) u o12(kPa) k A

45 30 0.3 77 0.3350 0.1027
90 70 0.3 145 0.2836 0.0352
150 100 0.3 227 0.2904 0.0434

To more intuitively reflect the role of A and k in the model, we
separately change A and k to make A, A;. Az and ki, ky. k3
increase gradually, and observe the changes of their curves, as
shown in Figure 6.

As can be seen from Figure 6, when A increases gradually, the
peak value of the curve increases gradually, indicating that A
mainly controls the magnitude of peak strength. When k
gradually increases, the descending section of the curve
gradually steepens and the softening rate accelerates,
indicating that k mainly controls the softening rate of the
sample.

MODEL VALIDATION

To verify the validity of the model, the model is used to
simulate the experimental data in this paper. According to
the above parameter determination method, parameters of

Constitutive Model of Clay

TABLE 4 | Model parameters in reference Zhu and Xiao-giang, 2018.

oa(kPa) E(kPa) u 12(kPa) k A

100 90.367 0.4 194 0.6651 0.7537

200 309.300 0.4 357 0.4330 0.3615

400 369.870 0.4 650 0.7007 1.3833
100 1 1 1 1 1 1 1 1 1 1 1 1 1 1

O 0000 Cooa!

q (kPa)

— Model calculation curve |

20 o Testdata 1:0,=45kPa [
10 4 O Test data 2:5,=90kPa
A& Test data 3:6,=150kPa
0 T T T T T T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
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FIGURE 8 | Comparison between model calculation curve and data in
reference Meng et al., 2018.

each curve in the test in this paper can be obtained, as
shown in Table 2.

By substituting the parameters in Table 2 into Eq. 14, the
mathematical model of each curve in Figure 3 can be obtained as
follows:

& 5.0981 - 81 5.0981 =
q= e_(3-9106) (138.93¢, +100) + |1 - e_(3~9106) 239.48 — 100

( 8 )30‘8] r ( gl )30]8]-
g=e \41019/  (176.35¢, +150) + [1 — ¢ \4.1019 333.61 — 150

€ 20219 - & )znzw.
q=e (4-8029) (170.63¢; +200) + |1 —e (4-8029 427.74 - 200

(23)
The calculated results of Eq. 23 are compared with the test data in
Figure 3, as shown in Figure 7.

To further verify the rationality of the model, the
model proposed in this paper is used to simulate the test
data in references Meng et al., 2018 and Zhu and Xiao-qiang,
2018. The model parameters in references Meng et al,
2018 and Zhu and Xiao-qiang, 2018 are shown in Table 3
and 4.

By substituting the parameters in Table 3 into Eq. 14, the
mathematical model of each curve in reference Meng et al., 2018
can be obtained as follows:
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FIGURE 9 | Comparison between model calculation curve and data in
reference Zhu and Xiao-giang, 2018.

( £ )03350 ( 81 )0,3350
q=e\0.1027)  (30¢, +18) + [1 —e \0.1027 } X 77 - 45

8] 0.2836 31 0.2836
q= e’(o.o352) (708, +36) + [1 - e’(o.oasz) } x145-90  (24)

gl 0.2904 81 0.2904
q= e7(0.0434) (100¢, + 60) + [1 - e7<0.0434) } x 227 — 150

The calculated results of Eq. 24 were compared with the experimental
data in reference Meng et al,, 2018, as shown in Figure 8.

By substituting the parameters in Table 4 into Eq. 14, the
mathematical model of each curve in reference Zhu and Xiao-
giang, 2018 can be obtained as follows:

51 0.6651 51 0.6651
q:e’(o.7537) (90.367sl+80)+[1—e<0-7537) }194-100

81 )04330 & 0.4330
q= e’(0.3615 (309.3¢, + 160) + [1 - ei<0‘3615) } x 357 — 200

Sl 0.7007 € 0.7007
q= e’(1.3833) (369.87¢, +320) + {1 - e7(1-3833) } x 650 — 400

(25)

The calculated results of Eq. 25 were compared with the
experimental data in reference Zhu and Xiao-qgiang, 2018, as
shown in Figure 9.

It can be seen from Figures 7-9 that the calculated results
of the model are in good agreement with the experimental
results, and the model established in this paper can well
reflect the strain softening effect of structural clay during
loading.

Constitutive Model of Clay

CONCLUSION

In this paper, the stress-strain relation curves of the undisturbed and
remolded soils of the structural clay of Zhanjiang Formation are
obtained through triaxial tests. According to the test results, the
failure law of structural clay during loading is analyzed, the failure
coefficient of structural clay is established, and the constitutive model
reflecting the strain softening effect of structural clay is proposed,
and the calculation method of model parameters is given. The
validity of the model is verified by the experimental data in this
paper and literature.

(1) The ratio of cohesion and internal friction Angle of undisturbed
soil at peak strength to cohesion and internal friction Angle of
residual strength can reflect the size of soil structure. The smaller
the ratio, the stronger the soil structure, and vice versa.

(2) The Weibull distribution was introduced to establish the
structural failure coefficient of clay, and quantitatively describe
the structural damage rule of structural clay during loading.

(3) Based on the structural failure coefficient and elastic theory, a
constitutive model of structural clay is proposed. The model
has few parameters and is easy to determine.

(4) The model can consider the residual strength after structural
failure and well reflect the strain softening effect of
structural clay.
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