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Based on the granular-solid-hydrodynamic theory, the constitutive model considering the
thermo-hydro-mechanical (THM) coupled action is established, and the dilatancy property
of sandy soil under coupled high mechanical pressure and temperature is simulated. The
relationship between the energy dissipation and the macroscopic stress-strain changes at
the grain level of saturated sandy soil is connected by defining the transfer coefficient and
the energy function, without considering the concepts of yield surface and hardening
parameters in classical plastic mechanics. Additionally, the changes in temperature,
relative density and confining pressure during the shearing process cause particle
rolling, slipping and friction. The energy dissipation in this process is described by
defining the concept of particle entropy and particle temperature. In the calculation,
the isotropic compression test, drained and undrained shear test of sandy soil under
high stress are simulated respectively. The validity of the model is proved by comparing
with the test results. Meanwhile, the stress-strain relationship and pore pressure variation
law of sandy soil under different temperatures are predicted. The results show that the
effect of temperature on shear strength is limited, and the pore pressure will gradually
increase and become stable with the increase of temperature. Thus, this work establishes
the soil THM coupled model from the perspective of micro energy dissipation, which can
provide new theoretical support for the prediction of natural disasters such as landslides
and debris flow.
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INTRODUCTION

In mountainous areas, under the action of high ground stress, water flow and temperature, sandy soil
will be disturbed by the construction of gravity dams, deep-buried tunnels and other large-scale
projects, which will generate pore water pressure in the sandy soil, and cause particles to roll or even
break (Bai et al., 2014; Wang et al., 2021). This process intensifies the occurrence of natural disasters
such as debris flow and landslide, and seriously affects the environmental change and sustainable
development in mountainous areas (Bai et al., 2018; Zhou et al., 2021). Through the triaxial drained
and undrained shear tests of sandy soil under high confining pressure and temperature, researchers
found that the higher the confining pressure, the more obvious the strain softening trend of sandy
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soil samples. Meanwhile, with the increase of the confining
pressure, the axial strain at failure reaches the peak value, then
decreases, and the volumetric strain gradually changes from
dilatancy to shear shrinkage (Billam, 1971; Bai et al., 2021a).
Attempts have been made to consider the factors that influence
the mechanical properties of sandy soil including initial density,
temperature and stress level. Researchers (Bai and Li, 2013; Bai
et al., 2020a; Taherdangkoo et al., 2020a) introduced that the sand
particles were broken obviously under high stress, and the isotropic
compression curves of different initial density samples finally
coincided with each other. At the same time, when the confining
pressure is large enough, the initial relative density has little effect on
the stress-strain relationship and pore pressure, and the sandy soil
sample shows the nature of normally consolidated clay. Hagerty et al.
(1993) divided the compression characteristics of sandy soil into
three stages through one-dimensional compression test: under low
pressure, the volume of sample decreases due to the rearrangement
of particles; under high pressure, the crushing and rearrangement of
sand particles produce stronger compression performance; under
higher pressure, the contact between particles increases greatly, and
the material properties are controlled by particle crushing. The
results of the above experiments provide guidance for the
establishment of constitutive relationship of sandy soil under high
stress.

In the earlier studies considering the impact of particle breakage
on the mechanical properties of sandy soil, a variety of mathematical
models were established by the modification and expansion of the
existing soil model. Scholars (Taherdangkoo et al., 2020b; Meng
et al., 2020; Bai et al., 2021b) have improved the yield surface or
hardening law in the Cambridge model and established the
constitutive model of sandy soil by using the unrelated flow law,
which can well predict the characteristics of sandy soil. Meanwhile,
the theory of sub plasticity based on thermodynamics has been
increasingly applied in the establishment of sand’s constitutive
model. The theory uses tensor function as a tool, abandons the
concepts of strain decomposition into elastic strain and plastic strain,
yield surface and loading and unloading in traditional elastic-plastic
theory, and directly establishes the relationship between stress rate
and strain rate (Wu and Kolymbas, 1990; Bai, 2006a; Cui et al.,
2021). In order to describe the material state change of sandy soil
during loading, some scholars introduced state parameters into the
constitutive relation of sandy soil. Been and Jefferies (1985)
successfully carried out a series of triaxial test against Kogyuk
sand and proposed the concept of state parameters, which have
been used by many researchers to study the dilatancy of sandy soil.
For better reflection of the deformation behavior of saturated sandy
soil in general stress space, Manzati andDafalias (1997) established a
constitutive model, which was based on the basic framework of
critical state soil mechanics, and combined the theory of bilateral
plastic model with state parameters. Rowe (1962) verified that the
dilatancy of granular soil was controlled by the distribution of
contact stress between particles through experiments on different
materials, and deduced the stress dilatancy relationship under plane
strain condition on the assumption that theminimum energy ratio is
reached when the soil is damaged. Bolton (1986) proposed to use
dilatancy index to reflect the current state of sandy soil, which can
estimate the dilatancy of sandy soil samples. However, the

constitutive equations used in these models cannot effectively
describe the coupled characteristic of soil under multi field
action, and are only suitable for soil samples under a certain
condition.

Different from the above methods, some scholars used the
granular-solid-hydrodynamic (GSH) theory, which has been
applied in solid materials such as polymers and crystals, to
establish the constitutive model of soil. The GSH theory is
based on the method of fluid dynamics, and constructs the
constitutive relationship of materials on the basis of non-
equilibrium theory and physical conservation law. Using the
definitions of particle entropy and particle temperature, Jiang
and Liu (2009) established the theoretical constitutive model of
single granular material, which can comprehensively consider the
macro and micro behaviour of granular material. On this basis,
some researchers (Zhang and Cheng, 2017; Bai et al., 2019a)
extended the GSH theory to saturated soil and unsaturated soil,
respectively, to simulate the mechanical characteristics of related
soil, which confirmed the effectiveness of the model. Bai et al.
(2019b) further extended the theory and focused on the factors
that influence the characteristics of unsaturated soil including
over consolidation ratio, temperature and stress path. The
traditional plastic theory is to choose the yield function, plastic
potential surface and hardening function independently, which is
not rigorous enough in theory, and GSH theory can effectively
avoid this point (Bai et al., 2019b). In addition, the constitutive
equation of soil based on the GSH theory can automatically meet
the first and second laws of thermodynamics. However, taking
into account the complexity of the interaction between the
various phases in the soil, the application of the theory in
various types of soil needs to be further promoted.

In the present study, based on the GSH theory and the
dilatancy equation considering the state variables, a THM
coupled model is established, and the shear test of saturated
sandy soil under the coupled action of temperature and stress is
simulated. The new THM coupled model considers the energy
dissipation of sandy soil material from the micro mechanism by
using the linear non-equilibrium theory and the critical state
theory, and further defines the entropy and temperature of the
particle to link the energy dissipation at particle level with the
change of system energy. The effectiveness of the proposed model
is verified by the simulation of sandy soil samples under different
initial void ratios and confining pressures. The simulation tests
include isotropic compression test, drained and undrained shear
test. At the same time, based on undrained test, the stress-strain
relationship and pore pressure change of sandy soil under
different temperatures are predicted, which provides a
reference for the development of follow-up experiments.

METHODS

Granular-Solid-Hydrodynamic Theory in
Sandy Soil
It is assumed that both the solid and liquid phases of geomaterials
are incompressible and have the same temperature at the same
location. In the closed system, the change of internal energy of

Frontiers in Earth Science | www.frontiersin.org December 2021 | Volume 9 | Article 7965232

Zhou et al. A Granular Thermodynamic Model

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


granular materials caused by unit time and unit volume can be
divided into two categories: recoverable energy and irrecoverable
energy. For granular materials, the irrecoverable energy
dissipation is mainly due to the sliding, collision, rolling and
friction between granular materials, while the recoverable energy
is mainly due to the mutual extrusion between particles, which
transforms the external input energy into elastic potential energy
for storage. Thus, the composition of energy density of granular
materials in the closed system can be obtained, as shown in Eq. 1:

w � we + wg + wk + w0 (1)

where we is the elastic potential energy stored by the granular
material under the action of external force; wgis the irrecoverable
energy produced in the mesoscopic scale; wkis the kinetic energy
of the granular material itselfp; w is the energy density in isolated
system; w0is the heat energy of the material itself in the closed
system.

In addition, when characterizing the independent state
variables of granular materials, there are inelastic collisions
between particles in the mesoscopic scale of granular
materials. This further results in the dissipation of system
energy, which shows as the change of system entropy. Jiang
and Liu (2009) linked the entropy generation caused by the
dissipation of granular materials at mesoscopic level with the
change of macroscopic entropy, and determined the
thermodynamic independent state variable
{i.e., ., ρ, mi, S, Sg, εeij} and their conjugate quantities of granular
materials{i.e., uc, vi, T, Tg, πij}. By constructing thermodynamic
identities, the energy density expression is obtained:

dw � πijdtε
e
ij + TgdSg + TdS + ucdρ + vidmi (2)

In combination with Eq. 1, it is concluded that:

we � πijdtε
e
ij (3)

wg � TgdSg (4)

where Tg is the particle temperature; πijis the elastic stress; εeij is
the elastic strain; T is the material temperature; S is material
entropy; uc is the chemical potential; ρ is the material density; Sg
is particle entropy; vi is the velocity; mi is momentum.

According to the second law of thermodynamics, the entropy
transformation rate R caused by the irreversible process in the
closed system is always greater than zero. The higher the entropy
of the system, the closer the isolated system will be to the
equilibrium state, and the entropy will reach the maximum.
The linear non-equilibrium theory defines the factor that
drives the closed system to deviate from the equilibrium state
as dissipative force, and the energy dissipation caused by the unit
dissipative force in unit time is called dissipative flow. At the same
time, when the system is close to the equilibrium state, it can be
considered that there is a linear relationship between the
dissipative force and the dissipative flow. The dissipative force
{i.e., πij, Tg,∇iT, dtεij,ψl

ij,ψ
g
ij} and the corresponding dissipative

flow {i.e., dtεpij, Ig, qkT , σvsij , σvLij , σvGij } of granular materials in the
closed system can be determined by using the conservation
equations of mass, momentum and energy combined with the

entropy increasing equation of the closed system. It shows that
the elastic stress πij and the plastic strain rate dtε

p
ij are the

corresponding dissipative force and flow. The dissipative force
and dissipative flow at the particle level are σvgij and dtεkl,
respectively, which can be used to represent the entropy
generation rate of particles Rg at the mesoscopic level (Yang
and Bai, 2019). The following results can be obtained:

dtε
p
ij � ηijklπij (5)

σvg
ij � λgijkldtεkl (6)

where ηijkl is the transfer coefficient corresponding to the elastic
stress πij, λ

g
ijkl is the transfer coefficient at the particle level.

According to the basic function form of the elastic potential
energy density function of cohesive soil materials given by Bai
et al. (2019b) and the basic concept of the specific elastic
energy proposed by Jiang and Liu (2007), for the saturated
sandy soil without considering the influence of the cohesive
force, the expression of the elastic potential energy stored in
the sandy soil under the action of temperature is obtained as
follows:

ωe � B(Δ + βTΔT)β[(εev + βTΔT)2 + ξ(us)2] (7)

where B is the parameter describing the degree of hardness or
softness of the material. βT is the thermal expansion coefficient of
soil, εevis the elastic volume strain εev � εekk, usis the elastic shear
strain εes , ξis the friction angle coefficient, e is the void ratio,
βreflects the material property of sandy soil, andλis the slope of
e-logp curve in consolidation test of sandy soil sample. Combined
with the isotropic compression consolidation curve, B is assumed
to be the formB � B0exp(−e

λ).
By using the Expressions (3), (4) and (5) and referring to the

expressions ηijkl in reference (Yang and Bai, 2019; Bai et al.,
2021c), the elastic stress and plastic strain rate are obtained:

πij � zωe

zεeij

� B[(2 + β)(εev + βTΔT)β+1δij + βξ(εev + βTΔT)β−1(εes)2δij
+ 2ξ(εev + βTΔT)βeeij]

(8)

dtε
p
ij � ηv(Tg)0.5εevδij + ηs(Tg)0.5eeij (9)

where elastic stress πijis equal to the effective stress between
particles (Jiang et al., 2017), eeijis the elastic deviator strain
eeij � εeij − 1

3ε
e
kkδij, ηv and ηs are the corresponding transfer

coefficients.
When the sandy soil is in the critical state, there exists

liquefaction phenomenon. At this time, the elastic volume
strain εev is 0, the average effective stress p′ is 0, and βwill be
taken as 1.5. Combined with Eq. 8, the specific expressions of
average effective stress and shear stress q are obtained as follows:

p′ � 1
3
πkk � B[3.5(εev + βTΔT)2.5 + 1.5ξ(εev + βTΔT)0.5(εes)2]

(10)
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q �
��������������������(πij − p’δij)(πij − p’δij)√

� �
6

√
Bξ(εev + βTΔT)1.5εes (11)

In reference Jiang and Liu (2009), the energy carried by
particle motion is expressed as wg � 1

2 bρs(Tg)2. According to
the linear non-equilibrium theory, the entropy generation rate at
the particle level is Rg � σvgij dtεkl. The motion equation of particle
entropy at the mesoscopic level is obtained by combining Eqs 4–6

dt(Tg) � λsg
b

(dteij)2
ρs

+ λvg
b

(dtεv)2
ρs

+ ς

b

dtT
ρs

− c

b

Tg

ρs
(12)

For the convenience of parameter calculation, Eq. 12 is
simplified as follows:

dt(Tgg) � c2c5
(dteij)2

ρs
+ c3c5

(dtεv)2
ρs

+ c4
dtT
ρs

− c5
Tgg

ρs
(13)

where eij � εij − 1
3εkkδij is the deviator strain; εv � εkk is the

volume strain; λvg and λsg are the transport coefficients at the
particle level, respectively; ςis the dissipation at particle level
caused by temperature. b is a material properties parameter,
c2 � η1/αs λsg

c ,c3 � η1/αs λvg
c ,c4 � η1/αs

b ,c5 � c
b,Tgg � η1/αs Tg. According to

the hypothesis in references (Bai and Su, 2012; Zhang and
Cheng, 2016), a is a material constant and is taken as 0.5
(Zhang and Cheng, 2016).

Dilatancy in Sandy Soil
When the sandy soil sample reaches the critical state, the volume
strain increment is zero and the deviator strain increment increases
continuously in the last stage of shear deformation. The critical state
of sandy soil is not a straight line in the e-logp plane (Verdugo and
Ishihara, 1996; Taherdangkoo et al., 2021). Li and Dafalias (Li and
Dafalias, 2000) expressed the critical state of sandy soil as follows:

ec � eκ − λc(p′/pa)θ (14)

where eκ is the void ratio corresponding to the critical state line
when p � 0; ec is the critical void ratio; λc is the slope ine-
(p′/pa)θplane; Pa is the standard atmospheric pressure, usually
100kPa; θ is the critical state line parameter.

By comparing the test data of Toyoura sandy soil by Verdugo
and Ishihara (1996) with the critical state curve proposed by Li
and Dafalias (2000), it is found that Eq. 14 can better reflect the
critical state condition of sandy soil.

The state parameter is usually expressed by relative density
and confining pressure. Been and Jefferies (1985) regard the
dilatancy of sandy soil as an independent state variable, and
proposed the difference between critical void ratio ec and current
void ratio e to represent the state of sandy soil samples:

ψ � e − ec (15)

In this way, the current state (e, p) of sandy soil can be determined.
When ψ>0, the sandy soil is in a loose state, and shear shrinkage
occurs during shearing. On the other side (ψ<0), the sandy soil is in a
relatively dense state, and shear dilatation occurs during shearing.

Referring to Li and Dafalias (2000), the dilatancy ratio is the
ratio of plastic volumetric strain (i.e., dtεpv ) to plastic shear strain

(i.e., dtεps ), and the state parameter is introduced into the
dilatancy equation to establish the dilatancy expression of
sandy soil.

d � d0(emψ − η

M
) (16)

whereMis the critical state stress ratio; η � q/p′ is the stress ratio
in the current state; ψis the state parameter, which is determined
by combining Eq. 15; d0 and m are the fitting parameters.

The above is the constitutive model of sandy soil under high stress
and temperature coupled based on GSH theory. The main governing
equations are Eqs 9–11, Eqs 13–16. The model establishes the
constitutive relationship from the point of microscopic energy
dissipation and can well reflect the mechanical properties of sandy
soil. The state variables required for the constitutive equation of GSH
theoretical model are shown in Table 1.

Determination of Model Parameters
There are 15 parameters in the model, including thermodynamic
parameter{B0, ξ, λ, βT, c1, c2, c3, c4, c5} and parameter
{M, ek, λc, θ, d0, m} in the dilatancy equation with state
variable. Most of the parameters can be obtained through the
conventional soil mechanics test, and the available specific
parameter calibration method is provided here.

1) B0 andλare calibrated by the curve of isotropic compression and
rebound. B0 is the elastic stiffness parameter, and a set of elastic
strain εev1 under confining pressurep1’ are obtained by using the
rebound curve of soil. Because the shear strain is ignored in the
rebound process, the value of B0 can be obtained by combining
Eq. 10. λis the slope of e-logp curve in one-dimensional
consolidation test of sandy soil sample.

2) ξ is the parameter related to the friction angle of sandy soil
(Jiang and Liu, 2009). In the critical state, the volume and
stress of sandy soil remain unchanged, while the shear strain
develops continuously. In the simulation, it is shown
asdtεv � 0dtTg � 0, dtεev � 0. Eq. 9 is simplified as:

dtε
p
ij � ηv

ηs
(η1/0.5s Tg)0.5εevδij + (η1/0.5s Tg)0.5eeij (17)

where the parameter c1 � ηv
ηs
is defined.

3) The dilatancy ratio d is the ratio of plastic volumetric strain
rate dtε

p
v to plastic shear strain ratedtε

p
s . Eq. 18 is obtained by

combining Eq. 17. Simultaneous Eqs 16–18 determine the
value of c1.

d � dtεpv
dtε

p
s
� 3c1(Tgg)0.5εev(Tgg)0.5εes (18)

4) The value of c2 can be obtained through Eq. 17 and Eq. 13,
Eqs 10–11 as well as the critical state ratio.

5) The parameter c3 is determined by isotropic compression
curve; c4 is determined by the thermal response caused by
heating, and c4 � 0.003 kg m−3 kPa−1 by referring to Bai et al.
(2017); Bai and Shi, 2017); c5 is determined by stress
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relaxation test, and the value in reference Bai et al. (2021c) is
800 kg m−3 s−1.

6) Themethod of parameter selection in the dilatancy equation is
explained in detail in reference Li and Dafalias (2000).

MODEL VERIFICATION

Lade and Yamamuro (Yamamuro, 1996; Lade and Yamamuro,
1997; Lade et al., 2005; Poul et al., 2020) carried out a series of
experimental studies on the mechanical properties of three
different initial densities of Cambria sandy soil under different
pressures using a standard triaxial apparatus. The particle size
distribution of Cambria sandy soil ranges from 0.83 to 2 mm, the
particle specific gravity Gs is 2.69, and the maximum and
minimum void ratio are 0.792 and 0.503, respectively. The
temperature of sample test is set at 25°C, and the experimental
results are estimated by the sandy soil model. Through the
parameter analysis of part 2.3, the values of relevant control
symbols including thermodynamic model parameters and state
parameters are listed in Table 2.

Isotropic Compression Test
According to Eqs 10, 11, the corresponding differential
expression is obtained as follows:

dtp′ � ρLGsp′
λρd

dtεv + B[8.75(εev + βTΔT)1.5
+ 0.75ξ(εev + βTΔT)−0.5(εes)2](dtεev + βTdtT)
+ 3Bξ(εev + βTΔT)0.5(εes)dtεes (19)

dtq � ρLGsq

λρd
dtεv + 1.5

�
6

√
Bξ(εev + βTΔT)0.5εes(dtεev + βTdtT)

+ �
6

√
Bξ(εev + βTΔT)1.5dtεes

(20)

In the isotropic compression experiment, the elastic shear
strain εes is 0, and the effect of temperature is not considered.
According to Eq. 19, the stress expression is described as:

dtp′ � ρLGsp′
λρd

dtεv + 8.75B(εev)1.5dtεev (21)

where ρdis the density of soil particles, obtained by ρd � ρLGs

1+e ; ρL is
the water density, ρL � 1,000 kg/m3.

Figure 1 illustrates the simulation of sandy soil isotropic
compression test using the newly proposed model, where the
initial relative densities are 30, 60, and 90%, respectively. The
results show that when the confining pressure exceeded 12 MPa,

TABLE 1 | State variables in GSH theoretical model.

State variables Solution method

ρd Dry density of sand sample (kg/m3). The initial value is determined by the following formulaρd � ρLGs

e0+1: where ρL is the density of
liquid; e0 initial void ratio; Gs particle specific gravity

Tgg Particle entropy temperature.Tgg � η1/αs Tg. Dimensionless. Its initial value is 0
εev Elastic volume strain, dimensionless, initial value 0
εes Elastic shear strain, dimensionless, initial value 0
T The test temperature (°C). The initial value T0 is measured according to the initial conditions of the test, generally taking the

ambient temperature of 25 (°C)
p’ Effective stress of soil (kPa)
q Shear stress of soil (kPa)

TABLE 2 | Thermodynamic parameters and state parameters in the model.

Thermodynamic
model parameters

Values State parameters Values

B0 2.65 × 106 MPa M 1.370
Gs 2.69 ek 0.074
ξ 13 λc 0.019
λ 0.367 θ 0.537
βT 4.5 × 10–5°C−1 d0 15.322
c3 9,000 s2 m 0.328
c4 0.003 kg m−3 kPa−1

c5 800 kg m−3 s−1

B0 is the elastic stiffness parameter; Gs is the specific gravity of soil; ξ is the parameter
related to the friction angle of sandy soil; λ is the slope of e-logp curve in one-dimensional
consolidation test of sandy soil sample; βT is the thermal expansion coefficient of soil; c3,
c4 and c5 are the simplified parameters related to the transfer coefficients; M is the slope
of the critical stress ratio; ek is the void ratio corresponding to the critical state line when
p � 0; λc is the slope lne-(p’/pa)

θ plane; θ is the critical state line parameter; d0 andm is the
fitting parameters. FIGURE 1 | Isotropic compression test and simulation results of loose,

medium dense and dense Cambria sandy soil.
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the sandy soil samples with different initial void ratios have
similar void ratios under the same confining pressure,
indicating that the initial relative density has no significant
effect on the deformation and strength of sandy soil when the
stress level exceeds a certain value. This is due to the fact that
under the action of larger confining pressure, the rolling and
extrusion deformation of soil particles in the sandy soil sample
gradually turns into the crushing of soil particles. Meanwhile,
with the increase of stress level, the amount of broken sandy soil
particles increases gradually, and the broken particles fill the gap,
resulting in the compression phenomenon of clay like materials.
Through comparison, the proposed model can well reflect the
compression characteristics of sandy soil under high stress.

Uudrained Shear Test
In the undrained shear test of sandy soil, dtσ3 � 0,dtεv � 0, it can
be deduced that:

dtp’ � 1
3
dtσ1 − dtuw (22)

dtq � dtσ1 (23)

By introducing Eqs 19–20 into Eqs 22, 23, the pore pressure
growth rate can be written as:

dtuw � B{0.5 �
6

√
ξ(εev + βTΔT)0.5εes − [8.75(εev + βTΔT)1.5

+ 0.75ξ(εev + βTΔT)−0.5(εes)2]}(dtεev + βTdtT)
+ Bξ[ �

6
√
3
(εev + βTΔT)1.5 − 3(εev + βTΔT)0.5εes]dtεes (24)

It can be found from Figure 2 that, at lower confining pressure
(6.4 MPa), the deviator stress increases and tends to be stable with
the increase of axial strain, and there exists no peak point,
showing strain hardening characteristics. However, when the
confining pressure is more than 34 MPa, under the condition
of small strain, the deviator stress increases rapidly, then the
growth rate slows down and the peak value appears. In the final

stage, as the increase of axial strain, the deviator stress decreases
and tends to be stable. It is worth noting that the higher the
confining pressure, the higher the peak strength, and the greater
the difference between the peak strength and the bias stress under
the stable state. The confining pressure increased from 34 to
52 MPa, the difference between them was 3.67 and 6.65 MPa, and
the relative increase rate was 37.7 and 48.6% respectively. This
phenomenon can be explained as the breakage of particles in the
sample. When the confining pressure is low, at the initial stage of
shear deformation, the shear strength of sandy soil samples is
mainly affected by sliding friction, dilatancy effect and particle
rearrangement, and the particle breakage rate is low. The higher
the confining pressure is, the higher the particle breakage rate is
under the same axial strain condition. When the shear strength
reaches the maximum value, the particle breakage inside the
sample becomes the main factor affecting the shear strength, and

FIGURE 2 | Stress-strain relationship and model prediction results of
triaxial undrained shear test on dense sandy soil.

FIGURE 3 | Effective stress paths and model prediction results of
undrained compression tests on dense Cambria sandy soil.

FIGURE 4 | Stress-strain relationship and model prediction results of
sandy soil under different initial relative density.
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its shear strength gradually decreases and tends to be stable,
which is similar to the softening characteristics of clay soil.

Moreover, in conjunction with Figure 3, it can be seen that
under the confining pressure of 6.4 MPa, the average effective
stress decreases rapidly and then increases. This is mainly due to
the fact that in the initial stage of shear deformation, the volume
of the sandy soil sample has a faster trend of shrinking, resulting
in a rapid increase in pore pressure. With the further
development of shear deformation, pore pressure gradually
decreases, and the sample shows the tendency of volume
expansion and finally the sample is damaged. The simulation
results are in good agreement with the experimental results,
which verifies the validity of the proposed model.

Figure 4 indicated that the stress-strain curves of sandy soil
with different initial densities have similar changing trends.
Under the condition of small axial strain (<3%), loose sandy
soil and medium dense sandy soil reach the same peak strength.
However, after the peak value, the shear strength of medium
dense sandy soil is always higher than that of loose sandy soil
under the same axial strain. This is mainly due to the influence of
two aspects on the mechanical properties of sandy soil under
larger confining pressure, namely, the rearrangement of particles
and particle breakage. The former is affected by initial relative
density, while the latter is affected by confining pressure.

Three temperature gradients (25°C, 40°C and 80°C) are set
according to the method in the reference (Bai et al. (2020b); Bai,
2006b; Zarifi et al., 2021). The undrained shear tests of sandy soil
samples at different temperatures were simulated. The stress-strain
relationship and pore pressure relation with strain under different
temperature conditions are presented in Figure 5 and Figure 6.
Figure 5 illustrates that the stress variation law of sandy soil samples
under different temperatures is consistent, showing that the higher
temperature lead to an increase of the peak strength. It is indicating
that within a certain strain range, the increase in temperature can
affect the undrained shear strength of sandy soil samples, which is
consistent with the conclusion in literature (Abuel-Naga et al., 2007;
Wang et al., 2020). It is worth noting that when the strain exceeds a

certain value (15%), with the further development of shear
deformation, the deviatoric stress values under different
temperatures are finally close to each other. At this time, the
ambient temperature during shear test has no significant effect
on the strength of sandy soil. The variation of pore pressure
under different temperatures is presented in Figure 6. The pore
pressure increased gradually with increasing shear deformation and
finally reached a constant value until axial strain reached 10%, which
is caused by the decrease trend of volume in the initial stage of shear.
At the same time, the comparison of pore pressure changes at
different temperatures indicate that the higher the temperature is,
the higher the pore pressure is, which is mainly caused by the
difference of thermal expansion coefficient between water and sandy
soil particles.

Drained Shear Test
In the sandy soil drainage shear test, the relationship between
shear stress and average effective stress are as follows:

dtp’ � 1
3
dtq (25)

By substituting Eqs 19, 20 into Eq. 25, the specific expression
of volume strain rate without considering temperature effect is
obtained as follows:

dtεv �
B{[26.25(εev)1.5 + 2.25ξ(εev)−0.5(εes)2] − 1.5

�
6

√
ξ(εev)0.5εes}dtεpv − Bξ[3(εev)0.5εes − �

6
√ (εev)1.5]dtεes

ρLGs(3p’−q)
λρd

+ B{[26.25(εev)1.5 + 2.25ξ(εev)−0.5(εes )2] − 1.5
�
6

√
ξ(εev)0.5εes}

(26)

Specifying that the volume strain of the specimen is negative
with volume shrinkage and positive with volume expansion. It
can be seen in Figure 7 that when the confining pressure is
2.1 MPa, with the axial strain increases, the sandy soil sample
experiences two trends: shear shrinkage first and then shear
expansion, until the sample is destroyed. This is in line with
the volume change trend of medium density sandy soil under the
action of low confining pressure. Figure 8 demonstrates that, at
the lower confining pressure (2.1 MPa), the relationship between

FIGURE 5 | Stress-strain relationship and model prediction results of
dense sandy soil under different temperatures.

FIGURE 6 | The change of pore pressure in undrained shear test of
dense sandy soil under different temperatures.
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axial strain and shear stress ratio can be divided into two stages:
surge section and platform section. In the initial stage, when the
axial strain is in 0–5%, the stress ratio increases obviously. With
the increase of axial strain, an obvious platform section appears,
and the stress increase trend is gradually gentle until the sandy
soil sample is destroyed. In contrast, when the confining pressure
gradually increases (5.8 and 11.5 MPa), the volumetric strain
presents the deformation dominated by shear shrinkage.
Meanwhile, with the increase of confining pressure, the initial
slope of stress-strain curve decreases, the platform section
gradually decreases, and the maximum principal stress ratio of
the specimen decreases. The main reason for the formation of the
platform section is that under the action of small confining
pressure (2.1 MPa), the load-bearing particles in the sandy soil
sample change from the initial mutual extrusion and rolling to the
particle breakage and particle reorientation, which is also the
main reason for the specimen deformation from shear shrinkage

to shear dilatation. This conclusion is consistent with the point of
reference (Zhou et al., 2021). When the confining pressure is large
(5.8 and 11.5 MPa), the plateau section in the stress-strain curve is
no longer obvious, indicating that a large number of particles are
broken in the initial stage and distributed throughout the test
process, which can be verified by the fact that the slope of volume
strain in Figure 7 remains basically constant.

CONCLUSION

By introducing the state variable into the dilatancy equation and
using the theory of GSH and critical state, an inelastic coupled
model of thermo-hydro-mechanical is established without
considering the concepts of yield surface and flow rule, and
the characteristics of sandy soil under the action of high stress
and temperature are simulated. The effectiveness of the model is
proved by the isotropic compression tests and the shear tests of
drained and undrained. Moreover, based on the undrained shear
test of sandy soil, the stress-strain relationship and pore pressure
of sandy soil under different temperature conditions are
predicted. The following conclusions are drawn:

Under the action of high stress, the microscopic mechanism of
sandy soil sample deformation is gradually transformed from the
rolling and extrusion of the particles to the particles broken and
filled with pores. The particle breakage rate and the degree of
shear shrinkage deformation of sandy soil samples are positively
correlated with the pressure on the samples.

The stress-strain relationship of sandy soil under atmospheric
pressure is strain hardening type, which gradually changes to
strain softening type with the increase of confining pressure, and
the peak strength value increases with the increase of confining
pressure.

The higher the temperature is, the greater the pore pressure of
sandy soil under undrained shear condition are. However, with
the increase of shear strain, the effect of temperature on shear
strength is gradually weakened, while the pore pressure is
gradually increased and tends to be flat.
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