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The temperature field beneath a roadbed is asymmetrically distributed, which causes uneven settlement, longitudinal cracking,
and even sliding and collapse, as well as other diseases of frozen soil roadbeds. Most roads in alpine mountain regions are half-
filled and half-excavated. The degree and direction of the temperature gradient are utilized as variables in a numerical
simulation to examine the deformation properties of coarse-grained frozen soil. The findings demonstrate that (1) coarse-
grained frozen soil has a nonlinear connection between strength and the lowest temperature, with strength increasing with
decreasing temperature and decreasing under the influence of the temperature gradient. (2) When an arbitrary temperature
field acts on frozen soil, its monolithic character diminishes, its shear strength and maximum strength decrease as the angle 6
increases, and the distribution of the shear zone takes the form of an X. (3) An asymmetrical shear zone forms when the
direction of the temperature gradient 6 deviates from 0°. The degree of asymmetry in the ground deformation and the angle of

inclination of the shear zone are positively related to 6.

1. Introduction

The four phases of complex media referred to as frozen soil
include solid earth, ice crystals, water, and air [1]. The char-
acteristics of frozen soil and regular thawed soil differ signif-
icantly due to the presence of cemented ice in the former.
Since frozen soil is a material with a multiphase composi-
tion, its nonuniformity is more noticeable. Additionally,
because frozen soil is more closely related to regular soil
composition due to the presence of more gel-coagulated
ice, its nonuniformity is more significant [2, 3]. The
mechanical properties of frozen soil will also change as its
internal space changes. Numerous investigations on the
strength properties of soils have been conducted worldwide
[4-8]. In this research study, the primary objective is to
understand the deformation characteristics of coarse-
grained frozen soil as a function of temperature. Coarse-

grained soil is a type of soil that is commonly found in
nature, and according to foreign scholars, it generally has a
particle size above 0.075 mm and a coarse-grain content of
greater than 50% [9]. According to customary definitions,
the coarse-grained soil industry in China is typically charac-
terized as having a particle size greater than 0.075 mm or less
than 60 mm of soil particles, and more than 50% of the soil
must be coarse-grained with sand and gravel [10]. The tem-
perature was employed as a variable by researchers [11, 12]
to investigate how temperature affects the mechanical char-
acteristics of coarse-grained frozen soil. Concurrently,
numerous outstanding findings have come from related
studies [13-15] that have examined the impact of compac-
tion and moisture content in coarse-grained soils.

Frozen soil roadbed stability is primarily influenced by
temperature and moisture content [16-18]. The strength of
permafrost is impacted in high-altitude mountainous
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regions by the asymmetric shape of sloping permafrost road-
beds, which causes a tilt in the upper limit of permafrost and
uneven temperature distribution. This nonuniformity makes
the roadbed more prone to deformation, which could cause
serious harm, and the associated frozen soil mechanic issues
have not been well addressed [19-21]; therefore, research on
the deformation characteristics of coarse-grained frozen soil
under the action of an asymmetric temperature field has
attracted increasing interest from researchers. The deforma-
tion of frozen soil is largely dependent on its mechanical
characteristics. Several researchers have discovered via uni-
axial compression tests that the strength of frozen soil
increases linearly with temperature [22-27], while the elastic
modulus of frozen sandy soil increases with increasing strain
rate and decreasing temperature [28]. While the deforma-
tion of frozen walls calculated using nonuniform tempera-
tures is relatively smaller than that calculated using the
average temperature, in practical engineering, the tempera-
ture distribution of frozen soil is typically not uniform, and
the nonuniform temperature field significantly affects the
strength of artificially frozen walls [29, 30]. Another impor-
tant factor influencing frozen soil strength is the tempera-
ture gradient [31]. At uniform temperatures, frozen soil
strengthens significantly with decreasing temperature, but
as temperature increases, frozen soil strength and strain
approximately linearly decrease, with the temperature
gradient-induced strength decay becoming more significant
[32]. The distribution of cracks in frozen soil is also
impacted by temperature gradients, which lead to stabiliza-
tion, an increase, and a slow decrease in the crack area ratio
[33]. Furthermore, the stress—strain and strength properties
of frozen soil are influenced by the prefreeze moisture con-
tent, cooling temperature, and thawing temperature [34].
The damage morphology of frozen soil under various tem-
perature gradients has also been demonstrated to exhibit dis-
tinct features. Furthermore, the temperature gradient has an
impact on the destructive volumetric deformation and
strength of frozen soil, causing the strength of frozen soil
to diminish as the temperature gradient increases [35-37].
Consequently, the stability of frozen soil roadbeds depends
critically on the temperature, temperature gradient, and
mechanical characteristics.

The use of frozen soil in fine-scale investigations has
been made possible by computer advancements [38, 39].
Additionally, a better understanding of the mechanical char-
acteristics of soil bodies can be achieved by combining the
macro- and micromechanical properties of geotechnical
structures [40]. As a result, numerous related simulations
have also been carried out by researchers in simulation stud-
ies of frozen soil numerical modeling. The relationship
between microscopic coefficients and macroscopic parame-
ters has been the subject of several studies [41, 42]. The
changes in loess during the triaxial shear process were exam-
ined, and the changes in the soil particle displacement field
and contact force field were found to be consistent with
the macroscopic test results [43]. Based on these findings,
it was determined that if the perimeter pressure in the sim-
ulation is not high enough, it may result in an increasingly
extensive range of shear damage to the test material; con-
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versely, as the perimeter pressure increases, the test material
may experience ever-greater shear damage. A considerable
linear damage range could result from an increase in the sur-
rounding pressure [44, 45]. Triaxial tests of frozen soil under
various peripheral pressures, temperatures, and strain rates
are simulated indoors, and the cementation between soil
and ice in frozen soil is simulated using the intrinsic model
of discrete element software. In addition, using discrete ele-
ment software, the viability of simulating frozen soil tests
with discrete elements is verified, and the microdeformation
mechanism and mechanical behavior of frozen soil are
examined [46-48].

The majority of partially filled and excavated roads are
utilized in alpine mountainous regions, which causes an
uneven distribution of the temperature field and creates a
step state where the temperature varies with soil depth.
Researchers were interested in examining the impact of a
temperature gradient on the original soil and the remodeled
soil in the control test because of the establishment of a tem-
perature gradient that alters the structural features of the soil
[49]. Temperature gradients have been shown to have a
diminishing effect on the strength and stiffness of frozen soil
[50]. Investigators have examined the temperature gradient-
induced frozen soil fracturing process and damage mecha-
nism from an energy perspective in the study of nonhomo-
geneous evolution laws caused by temperature gradients
[51, 52]. Numerical simulations of the effect of temperature
gradients on the mechanical characteristics of frozen soils
revealed that frozen walls are more vulnerable to damage
from temperature gradients [53, 54].

In conclusion, despite various scholars dedicating their
research efforts to investigating the impact of the tempera-
ture gradient on the strength characteristics of frozen soil,
the available findings remain limited. Additionally, the use
of discrete particle flow elements to simulate the distinctive
structure of frozen soil and the adhesive properties of ice is
still under exploration, resulting in a scarcity of studies in
this area. Consequently, there is a dearth of information
regarding the influence of the temperature gradient on the
properties of frozen soil. Hence, this study focuses on
coarse-grained frozen soil as the subject of investigation.
Numerical simulation techniques were employed to con-
struct a triaxial test numerical model, wherein the size and
direction of the temperature gradient were considered vari-
ables. The objective was to examine the deformation charac-
teristics of coarse-grained frozen soil subjected to an
asymmetric temperature field.

2. Model

2.1. Type of Contact for the Model. The bonding of particles
within frozen soil restricts deformation because of the ice
content. The parallel bonding model is employed to replicate
the adhesive impacts of ice on the soil particles that are pres-
ent within frozen soil, hence leading to a more precise
modeling of the movement of soil particles within frozen
soil.

The parallel bonding model, depicted in Figure 1, posits
that the bonding between ice particles and soil particles can



Geofluids

Bonded
et o
k k,

FIGURE 1: Schematic of the parallel bonding model (g,: relative
normal displacement; k,: normal stiffness; o tensile strength; k_n:

normal stiffness; k_s: shear stiffness; ¢ cohesion; @: friction angle;
kg: shear stiffness; y: friction coeflicient).

be likened to the formation of a bond within a specific range
of contact points. This bond facilitates the transmission of
contact forces and moments, resulting in shear strength in
the normal direction and compressive strength in the tan-
gential direction. Consequently, it imparts stiffness to the
particles in both the normal and tangential directions. Dur-
ing the calculation process, the initial step involves deter-
mining the magnitude of stress exerted between the
particles. If the stress surpasses the bonding strength, then
the bonding becomes ineffective, resulting in the separation
of the particles that were previously bonded together. Conse-
quently, the bonds between the particles cease to exist, leav-
ing only linear contact between the remaining portions of
the particles.

2.2. Model Size and Particle Size. The optimal dimensions of
a numerical sample and the quantity of particles within the
sample are interconnected with the seamless functioning of
the model. The insufficient size of the numerical specimen
results in a limited number of generated particles within
the specimen, compromising the model’s integrity and the
reliability of its conclusions. Conversely, selecting an exces-
sively large numerical specimen with an excessive number
of particles leads to an increased number of steps per itera-
tion in the numerical computation, resulting in prolonged
computation time and reduced computational efficiency.
Hence, within the context of modeling, an approximate esti-
mation of the quantity of particles present in a specimen can
be obtained through the use of the following equation:

N {LnRz(l—n)] )

nr3

In this context, the height of the specimen is denoted as
L, while the width of the specimen and the average particle
size of the frozen soil particles are standardized as R and r,
respectively. Additionally, the initial porosity of the speci-
men is represented by the variable n, which is specified
before creating the specimen.

According to the study, the particle gradation model of
frozen soil exhibits a significant range of particle sizes, pos-
ing challenges for accurate calculations. However, when the
ratio of the particle size to the characteristic length (L/R) is
equal to or greater than 125, the particle size has a minimal
impact on the various macroscopic parameters and simula-

tion outcomes [55]. Therefore, in this research, the particle
radius is increased by a factor of three to simplify the calcu-
lation process.

2.3. Fine-Scale Parameters for the Numerical Modeling of
Three-Dimensional Particle Flows. In the particle flow
model, the normal stiffness and tangential stiffness of the
parallel bonding model, the normal stiffness and tangential
stiffness of the linear contact part, and the parallel bond
strength between them are the key parameters for determin-
ing the calculation results. Researchers have carried out a
discrete elemental analysis on the bonding behavior of the
frozen loess under different peripheral pressures and con-
cluded that when the peripheral pressures were set at
0.5MPa~2.0 MPa and the temperature was set to -6°C, the
reasonable stiffness values range from 0.75x 106N/
m~1.00 x 106 N/m, the normal bond strength is
232~900N, and the friction coefficient is 0.50~1.85 [56].
The discrete meta-analysis of frozen sandy soil was carried
out under different temperatures, and it was concluded that
the particle contact stiffness was 6.2 x 106 N/m for a periph-
eral pressure of 0.2 MPa and a temperature of -10°C. A rea-
sonable value for the particle contact stiffness was 6.2 x 106
N/m for a peripheral pressure from 0.5~2.0 MPa and a tem-
perature of -6°C. A reasonable value for the particle contact
stiffness was 6.2 x 10" N/m, the tangential bonding force was
taken as 7000 N, a reasonable value for the normal bonding
strength was 0.5 % 106 N/m~1 x 106 N/m, and a reasonable
value for the friction coefficient is approximately 0.30 [57].

The current body of research indicates that temperature,
water content, and strain rate are the primary determinants
of the compressive strength of frozen soil [26, 58-60]. Only
temperature and its angle of influence on frozen soil strength
are considered in this paper to control the variables. Ther-
mostatic triaxial investigations carried out by relevant
researchers served as the basis for this work [61]. Using
paramagnetic calibration, the abovementioned scholars
ascertained the fundamental parameters of the specimens,
which are displayed in Tables 1 and 2. Since every particle
has the same beginning state in the discrete element calcula-
tions, the tangential and normal bonding strengths are also
the same. Figure 2 shows the particle grading curves for
the frozen soil samples.

2.4. Method of Determining the Size of the Temperature
Gradient. The procedure for implementing temperature gra-
dients of varying magnitudes in the model is as follows:

(1) In this paper, the repeated checks of current labo-
ratory tests are fit [62, 63] because the particle
bonding strength and the maximum bias stress
are positively correlated. The maximum bias
stress-temperature relationship curve is also drawn,
the root distance is calculated from the maximum
bias stress curve trend, and previous results from
the literature [48] are incorporated into the two
points at -5 and -2 degrees Celsius that correspond
to the bond strength to derive E(T). The change in
the actual measured frozen soil strength is
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TaBLE 1: Numerical specimen model parameters.

Specimen size Initial porosity Friction Moisture Dry density Percentage by  Frozen soil particle gradation
(mm) ratio coefficient content (gem™) volume (mm)

50.00% 0.5~1
61.8%125 0.40 0.5 21.6% 1.76 33.33% 1~2

16.67% 2~3

TABLE 2: Basic parameters of the numerical specimen.

Minimum particle ~Maximum particle  Densities

Normal-to-shear

Normal bond Tangential bond Wall friction

size (mm) size (mm) (g-cm’3) stiffness ratio strength (kPa) strength (kPa) coeflicient
0.02 0.06 1.76 1 1.0 x 107 1.0 x 107 0.0
contact.list(“ball-ball”)” to obtain a list of interparti-
1.0 7 1 cle contacts (“ball-ball”). The Z-coordinate for parti-
£ cles in contact with tundra particles is traversed as
g 084 follows: i = contact.id(cp) and z = contact.pos.z(cp).
s The corresponding bond strength E is obtained by
E g 0.6 evaluating the Z-coordinate. If contact.model(cp) =
2 é “linearpbond , then z_nianjigiangdu = E(Z). The
= 5 044 cyclic contact flowchart is shown in Figure 5 (z_
2= nianjigiangdu: bond strength calibrated according
'§ 0.2 to the vertical left z; E(Z): bond strength values with
A~ respect to the vertical direction)
0.0 1

—
0.5 1.0 1.5 2.0 2.5 3.0
Soil particle size (mm)

—— Soil grading curve

FIGURE 2: Frozen soil particle grading curves of model specimens.

consistent with the law of change [61]; the bond
strength in the low-temperature region is large
and decreases slightly with decreasing temperature.
The curve reveals that in the high-temperature
region, the bond strength is small, and the temper-
ature decrease is large. In the low-temperature
region, the bond strength is large, and as the tem-
perature decreases, it decreases. Equation E= (-
2.52329 - 17218706 _ (037644 . 1103057 4 3.64077) -
10'°, depicted in Figure 3, serves as the basis for
this paper

(2) Asillustrated in Figure 4, the temperature (T',) of the
particle exhibits a correlation with its position (Z,).
The relationship between E(T) and E(z) can be
determined through the use of T, and Z,, consider-
ing the influence of varying temperature gradients

(3) The traversal structure in the FISH language is used
in the Discrete Element 3D software “loop foreach cp

(4) In practical applications, the structure described in
(3) can be successfully calculated. However, during
the modeling process, it was found that when the
model contains only 10,000 particles, it generates
more than 30,000 interparticle contacts. Conse-
quently, the structure needs to evaluate the Z-coor-
dinate of each of the 10,000 particles, traverse the
interparticle contacts, and assign values based on
the Z-coordinate of the particles. This computational
approach is both extensive and ineflicient. Therefore,
a simplified method is considered

(5) The goal of altering the bonding strength of the par-
ticles is accomplished by fitting the relationship
between the vertical position of the particles and
the bonding strength. This allows the temperature
of the particles to change. To simplify the concept
of calculus, the group of particles can be divided into
smaller intervals (Z,, Z;) based on their Z coordi-
nates. These intervals (Z,, Z,) correspond to differ-
ent temperatures and represent distinct ball groups.
By solving for the Z coordinate intervals of particles
corresponding to each temperature gradient interval,
the relationship between the temperature (T,, T})
and the bonding strength (E,, E;) can be trans-
formed into a relationship between (Z,, Z,) and
(E,» E,). The resulting value, E,,, represents the
bonding strength of the particles within the temper-
ature interval. The process described simplifies the
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Ficure 3: Temperature-bond strength functional relationship E(T).

Z
4 E(T)—>(T,&Z,)—E(Z,) 4
-1 10
" 27 Granule <——@ r8 g
5 -3 F6 =
= g
g o r 2,
&= =
4 Ly 8
-5+ L2
o

FIGURE 4: Schematic realization of the temperature gradient by the
particle flow method.

procedure for determining the location of particles,
leading to improved efficiency in assigning interpar-
ticle contact bond strength. Additionally, the effect is
more satisfactory. In discrete element 3D, the
method used to generate the model specimen is
depicted in Figure 6(a). To demonstrate the effect
of assigning different bond strengths to the layered
model, Figure 6(b) is presented. To better illustrate
the layered assignment of bond strength, contact
behavior and instructions are utilized. It is necessary
to employ contact behavior or instructions for calcu-
lating the bond between layers in the actual
implementation

2.5. Method of Determining the Size of the Temperature
Gradient. In accordance with the model incorporating a
temperature gradient, each isothermal surface XoYT is con-
sistently parallel to one another. Altering the inclination of
the XoYT in relation to the XoY plane results in a modifica-
tion of the temperature field direction. This enables the
implementation of various magnitudes of temperature gra-
dients on the model specimen. The functional structure is

outlined as follows. The temperature gradient model is
invoked using the restore command. Subsequently, 3DMAX
software is utilized to construct a cylindrical geometry that
closely matches the dimensions of the specimen. Within this
geometry, horizontal disks are generated in a uniform man-
ner, and these disks are positioned parallel to one another.
The deflection angle of these disks in relation to the horizon-
tal plane is adjusted to create a stratified geometry with vary-
ing tilt angles. The resulting geometry is then imported into
Discrete Element 3D, where particles are organized based on
the geometry and assigned corresponding parallel bond
strengths. The resulting model, as depicted in Figure 7, is
the final outcome of this process (XoYT: soil isothermal sur-
face; XoY: level surface).

2.6. Conditions of the Assumption for Numerical Models in
the Presence of an Asymmetric Temperature Field. To under-
stand the role of the temperature gradient and asymmetric
temperature field in the numerical simulation, the following
assumptions must be made in this paper:

(1) In the vertical direction (Z), the temperature gradi-
ent is uniformly distributed and spaced, and the
associated parallel bond strength is also fixed

(2) In real indoor triaxial compression tests, the distri-
bution of nontemperature gradients within a sample
changes as a result of heat exchange between the sam-
ple and the external environment after a temperature
gradient environment is reached. The sample in this
numerical simulation does not consider heat exchange
and is able to constantly sustain this temperature gra-
dient condition after allocating the parallel bonding
strength between particles corresponding to the tem-
perature gradient

(3) In real interior triaxial tests, the specimen’s internal
temperature distribution shifts when axial loading
and confining pressure are applied. When confining
pressure and axial loading are applied to the speci-
men in this numerical simulation, the temperature
change caused by compression is disregarded, and
the parallel bonding strength remains constant

(4) The lesser value of the parallel bonding strength in
two-particle groups is chosen as the contact strength
between frozen particles at different temperatures

(5) It is anticipated that the internal contact strength
assignment of the original model will remain
unchanged and will not be reallocated following the
application of an asymmetric temperature field,
regardless of the tilt angle of the temperature field

3. Effect of Temperature Gradient
Magnitude on the Deformation of
Coarse-Grained Permafrost

The temperature sensitivity of frozen soil is evident in its
strength. As the temperature decreases, the ice content
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According to the traversal to obtain the vertical
coordinates of the sphere, hierarchical labeling
reference: z_nianjigiangdu = E (Z)
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FIGURE 5: Loop and
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contact model flowchart.

FIGURE 6: Diagrammatic representation of the model used to achieve the temperature gradient condition: (a) schematic figure of the
temperature gradient particles and (b) schematic representation of the model after parallel contact assignment.

within the frozen soil increases, leading to a stronger
cementing action of ice on the soil particles. Consequently,
the overall strength of the frozen soil is enhanced [34]. In
this chapter, the temperature gradient in the numerical sim-
ulation is horizontally distributed and equally spaced. Four
temperature gradient intervals, namely, 0~-8°C, 0~-3°C,
0~-5°C, and -5~-8°C, are chosen to conduct triaxial com-
pression tests on the coarse-grained frozen soil numerical
model. The test is performed under a peripheral pressure
of 2.0 MPa and a strain rate of 1.25 mm/min. The objective
is to investigate the impact of the temperature gradient on
the strength of coarse-grained frozen soil while considering
the influence of the peripheral pressure and strain rate.
The findings of this study can serve as a valuable reference
for future research in this field. This study is aimed at exam-
ining the impact of the temperature gradient on the strength
of coarse-grained frozen soil. Additionally, the investigation
considered the influence of the perimeter pressure and strain

rate on the strength of coarse-grained frozen soil to establish
a connection to the existing research in this field.

3.1. Stress—Strain Relationship of Coarse-Grained Frozen Soil
under Different Temperature Gradients. Table 1 and Figure 2
display the sample particle size and the chosen coarse frozen
soil particle size distribution. The strength of frozen soil is
highly correlated with changes in bond strength in discrete
element investigations, and there is little correlation with
other parameters, according to [48]. Figure 3 shows the tem-
perature-bond strength relationship, and the bond strength
parameters corresponding to each temperature are plotted.
Tables 3-6 display the parallel bond strengths chosen for
each temperature gradient interval. The temperature of each
numerical simulation specimen decreases gradually from top
to bottom.

Figure 8 depicts the particle displacement under 15%
strain at temperatures ranging from -5 to -8°C. The use of
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F1GURE 7: Diagrams showing how an asymmetric temperature field acts on model specimens: (a) 5° temperature tilt, (b) 10° temperature tilt,
and (c) 15° temperature tilt.

TaBLE 3: Parallel bond strength values for a temperature gradient of 0 to -8°C.

Pellet group temperature

interval (:C) Normal bond strength (Pa) Tangential bond strength (Pa) Vertical position interval (m)
0,-0.8 14.4E + 09 14.4E + 09 0.05, 0.0625
-0.8,-1.6 21.8E + 09 21.8E + 09 0.0375, 0.05
-1.6, -2.4 26.3E + 09 26.3E + 09 0.025, 0.0375
24, -32 29.4E + 09 29.4E + 09 0.0125, 0.025
32, -4 31.5E + 09 31.5E + 09 0, 0.0125
4,-48 33.0E + 09 33.0E+09 -0.0125, 0
48,56 34.1E + 09 34.1E + 09 -0.025, -0.0125
-5.6, -6.4 34.8E + 09 34.8E + 09 -0.0375, -0.025
-6.4,-7.2 35.3E + 09 35.3E + 09 -0.05, -0.0375
72, -8 35.6E + 09 35.6E + 09 -0.0625, -0.05

TaBLE 4: Parallel bond strength values for a temperature gradient of 0 to -5°C.

Pellet group temperature

interval (:C) Normal bond strength (Pa) Tangential bond strength (Pa) Vertical position interval (m)
0,-0.5 12.2E + 09 12.2E + 09 0.05, 0.0625

-0.5, -1.0 18.2E + 09 18.2E + 09 0.0375, 0.05

-1.0, -1.5 22.1E + 09 22.1E + 09 0.025, 0.0375

1.5, 2.0 25.1E + 09 25.1E + 09 0.0125, 0.025

2.0, -2.5 27.4E + 09 27.4E + 09 0, 0.0125

-2.5,-3.0 29.2E + 09 29.2E + 09 -0.0125, 0

-3.0, -3.5 30.7E + 09 30.7E + 09 -0.025, -0.0125
-3.5,-4.0 31.9E + 09 31.9E + 09 -0.0375, -0.025

-4.0, -4.5 32.8E+09 32.8E+09 -0.05, -0.0375

-4.5,-50 33.5E + 09 33.5E + 09 -0.0625, -0.05
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TaBLE 5: Parallel bond strength values for a temperature gradient of 0 to -3°C.

Pellet group temperature

interval (°C) Normal bond strength (Pa)

Tangential bond strength (Pa)

Vertical position interval (m)

0,-0.3 10.5E + 09
-0.3, -0.6 15.0E + 09
-0.6, -0.9 18.2E+ 09
-0.9, -1.2 20.7E + 09
-1.2,-1.5 22.8E+09
-1.5,-1.8 24.5E+09
-1.8, -2.1 26.1E + 09
-2.1,-24 27.4E + 09
-2.4,-2.7 28.5E + 09
-2.7,-3.0 29.6E + 09

10.5E + 09 0.05, 0.0625
15.0E + 09 0.0375, 0.05
18.2E + 09 0.025, 0.0375
20.7E + 09 0.0125, 0.025
22.8E+09 0, 0.0125
24.5E + 09 -0.0125, 0
26.1E + 09 -0.025, -0.0125
27.4E + 09 -0.0375, -0.025
28.5E + 09 -0.05, -0.0375
29.6E + 09 -0.0625, -0.05

TaBLE 6: Parallel bond strength values for a temperature gradient of -5 to -8°C.

Pellet group temperature

interval ('C) Normal bond strength (Pa)

Tangential bond strength (Pa)

Vertical position interval (m)

-5.0,-53 34.0E + 09
-5.3,-5.6 34.3E+ 09
-5.6, -5.9 34.6E + 09
-5.9,-6.2 34.8E + 09
-6.2, -6.5 35.0E + 09
-6.5, -6.8 35.2E+09
-6.8, -7.1 35.4E + 09
-7.1,-74 35.5E+09
-7.4,-7.7 35.6E + 09
-7.7, -8.0 35.7E+09

34.0E + 09 0.05, 0.0625
34.3E +09 0.0375, 0.05
34.6E + 09 0.025, 0.0375
34.8E +09 0.0125, 0.025
35.0E + 09 0, 0.0125
35.2E+09 -0.0125, 0
35.4E + 09 -0.025, -0.0125
35.5E+09 -0.0375, -0.025
35.6E + 09 -0.05, -0.0375
35.7E+09 -0.0625, -0.05

9.1385E-03
9.0000E-03
8.5000E-03
8.0000E-03
7.5000E-03
7.0000E-03
6.5000E-03
6.0000E-03
5.5000E-03
4.0000E-03
4.5000E-03
4.0000E-03
3.5000E-03
3.0000E-03
2.5000E-03
2.0000E-03
1.5000E-03
1.0000E-03
5.0000E-04
2.1391E-04

‘_‘\f); ("i}: v
T

FIGURE 8: 15% strain state of frozen, coarse-grained soil at -5 to 8°C
(unit: meters).

stiff walls in this simulation prevents intuitive observation of
temperature gradients of 0-8°C, 0-5°C, 0-3°C, and -5-8°C.
However, the particle numerical simulation movement chart
clearly shows that the particles travel simultaneously from
the middle and both sides. As a result, the temperature gra-
dient is projected to have little effect on the compression
deformation style of the sample.

By varying the magnitude of the temperature gradient,
the stress—strain relationship obtained is as follows

Figure 9 illustrates the axial stress—strain relationship of
frozen soil with coarse grains when subjected to varying
temperature gradients. The strength of coarse-grained fro-
zen soil is significantly affected by the temperature gradient.
Additionally, in the temperature gradient intervals 0~-8°C,
0~-3°C, and 0~-5°C, in which the three highest temperatures
all start from 0°C, the axial stress of the soil body increases
gradually with decreasing temperature, and the correspond-
ing peak strain increases, peaking at the temperature gradi-
ent of 0~-8°C, which is approximately 12.257 MPa.
Meanwhile, compared with the experimental data for the
constant temperature case by Yuan [48], it is observed that
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F1GURE 9: Coarse-grained frozen soil axial stress—strain relationship
under various temperature gradients.

the peak axial stress of coarse-grained frozen soil under the
action of a temperature gradient from 0 to -5°C is smaller
than that in the case of constant temperature loading of
-5°C. This is because the gluing effect of ice in the upper
numerous temperature layers of frozen soil is weaker than
the gluing effect at -5°C when the temperature gradient from
0 to -5°C is in effect. The value taken when defining the bond
strength for these temperature layers will be smaller. The
results obtained in this paper coincide with the fact that the
strength of frozen soil under the effect of the temperature gra-
dient in the macroscopic range will be smaller than that of fro-
zen soil at a constant temperature. This demonstrates that it is
valuable to consider the effect of the temperature gradient on
the strength of coarse-grained frozen soil in this paper.
Table 7 illustrates how frozen soil particles react to tem-
perature gradients. Along the direction of temperature
decrease, the corresponding temperature layer is endowed
with increased cohesive strength; the lower the minimum
value of the selected temperature for the temperature gradi-
ent is, the greater the peak stress of the triaxial compression
of coarse-grained frozen soil is, and the greater the strength
of coarse-grained frozen soil is. When the temperature gradi-
ent is between -5 and 8°C, the frozen soil is in an overall low-
temperature environment, and no new ice is formed by freez-
ing. The strength of the frozen soil varies very little, which is
most likely due to the different pore ice contents within the
frozen soil in the actual low-temperature environment.
Furthermore, an analysis of the coarse-grained frozen
soil curves at different temperature gradients shows that
the stress—strain curves from the simulations at 0~5°C,
0~8°C, and -5~8°C are smoother when the frozen soil tem-
perature decreases than those at 0~3°C. This phenomenon
can be explained by the noticeable difference in the bonding
effect of ice on frozen soil when the temperature gradient is
between 0 and 3°C. The model illustrates this phenomenon
by showing that there is a greater layer of particles in the
high-temperature range in the frozen soil, in addition to a
higher level of irregular movement between the particles.
The percentage of permafrost in low-temperature environ-
ments increases, the bonding strength between layers varies

TaBLE 7: Peak strength and corresponding strain of coarse-grained
frozen soil under different temperature gradients.

Temperature gradient size ("C) Peak intensity (MPa) Strain (%)
0~-8 12.257 9.451
0~-5 11.675 10.656
0~-3 8.993 11.491
-5~-8 13.027 7.654
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FiGurk 10: Effect of temperature gradient on the static properties of
coarse-grained frozen soils.

less, the orientation trend of frozen soil particles after shear
is evident, the force uniformity is enhanced, and the curves
become smoother when the temperature decreases.

Figure 9 shows the effect of the size of the temperature
gradient on the static properties of coarse-grained frozen
soil. As shown in Figure 10, the strength of coarse-grained
frozen soil is enhanced when the minimum negative temper-
ature of the temperature gradient is reduced, and the lower
the minimum negative temperature of the temperature gra-
dient is, the more obvious the effect of the strength enhance-
ment of coarse-grained frozen soil is. When the temperature
gradient starts at 0°C, which is the highest temperature, the
peak strength of coarse-grained frozen soil increases with a
decrease in the lowest negative temperature in the tempera-
ture gradient. Starting from 8.993MPa at 0~-3°C to
11.675MPa at 0~-5°C, the magnitude of the increase is
approximately 29.8%, and from 11.675MPa at 0~-5°C to
12.257 MPa at 0~-8°C, the magnitude of the increase is
approximately 5.0%. This indicates that the process of the
temperature gradient acting on coarse-grained frozen soil
with the same maximum temperature is not linear. The min-
imum temperature decrease and the increase in the peak
strength of frozen soil are not linear.

The numerical simulation results are consistent with the
reality of frozen soil under the action of a temperature gradi-
ent; the ice content inside the layer at different temperatures
varies, the temperature is higher inside the soil layer, the
content of unfrozen water is high, the ice content is low,
the strength of the soil body is lower because the influence
of temperature is greater, and the temperature is lower in
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Ficure 11: Particle displacements at different strains in coarse-grained frozen soil at 0~-8°C: (a) strain to 1%, (b) strain to 6%, (c) strain to

10%, and (d) strain to 18% (units: meters).

the soil layer. The magnitude of the increase is approxi-
mately 5.0%, indicating that when the temperature gradient
acts on coarse-grained frozen soil, the process of decreasing
the minimum temperature and increasing the peak strength
of frozen soil is not linear when the maximum temperature
is kept constant. The frozen soil strength is primarily deter-
mined by the ice inside the soil body; temperature has less of
an impact. This means that the soil body’s strength is greater
in low-temperature environments than in high-temperature
environments. The numerical simulation results also suggest
that low-temperature environments are favorable for main-
taining frozen soil stability.

3.2. Effect of the Temperature Gradient Magnitude on Shear
Zones in Coarse-Grained Frozen Soil. The creation of a pro-
file along the axis within the model enables the identification
of particle movement in coarse-grained frozen soil under
varying strains. Based on Zhou Jian’s proposed theory on
shear band formation [33], it is posited that the strain at
which the specimen reaches its peak stress represents the
primary moment when particle bonds are disrupted and
the initiation of shear band formation occurs. Furthermore,
the point in time after reaching peak stress that is character-
ized by strain signifies the stabilization of the shear band.

This study focuses on the analysis of the development pro-
cess of coarse-grained frozen soil shear zones under the
influence of temperature gradients. Specifically, displace-
ments at strains of 1%, 6%, 10%, and 18% are chosen for
examination in this research.

Figure 11 shows the particle displacement at different
strains of coarse-grained frozen soil from 0~-8°C. As shown
in Figure 11(a), from 0~-8°C, when the strain is 1%, the
coarse-grained frozen soil is at the beginning of loading,
the particle displacement is mainly in the middle of the soil
body in the middle of the position that appears to experience
lateral displacement, and the adhesion between the particles
is stronger. When the strain is 6%, the coarse-grained frozen
soil experiences a period of loading, the lateral displacement
of the particles in the middle of the soil body continues to
increase, and the adhesion between particles is weakened,
but adhesion is not destroyed. When the strain is 10%, the
coarse-grained frozen soil reaches the peak stress, the inter-
granular bonding starts to break down, the displacement
field starts to show a more pronounced inhomogeneous dis-
tribution, localized damage occurs, and shear zones start to
form. When the strain is 18%, the coarse-grained frozen soil
shear zone is fully formed. At this time, the shear zone is
symmetrically X-shaped, the formation of this form of shear
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TaBLE 8: Coarse-grained frozen soil shear zone angle under the
effect of different temperature gradient sizes.

Temperature gradient size (°C) Shear band angle

0~-8 56.4°
0~-5 55.8°
0~-3 54.6°
-5~-8 57.1°

zone mainly shows that the model of the lateral stiffness is
very large, as the lateral displacement of the soil body is very
restrictive, and frozen soil cannot be stabilized in the same
direction as the formation of the shear zone process takes
place. Moreover, the angle is approximately 56.4°, which
represents the angle of the formation of the shear zone, as
depicted by the Moore-Cullen theory of classical geotech-
nics. The remainder of the temperature gradient of the shear
band development process reveals that the development pro-
cess is similar to a different temperature gradient size under
the action of the frozen formation of coarse particles in
terms of the angle of the shear band, as shown in Table 8.
The temperature gradient size changes, and the formation
of the angle of the shear band does not constitute a large dif-
ference. However, in terms of overall performance, to reduce
the angle of the shear band and increase this phenomenon,
the size of the temperature gradient is more consistent with
that of the actual experimental measurements. Furthermore,
the low-temperature environment of frozen soil strength is
greater, and the stability of the characteristics is improved.

4. Relationship between the Direction of the
Temperature Gradient and Deformation of
Coarse-Grained Frozen Soil

Road construction in alpine mountainous regions is influ-
enced by topographic limitations. To address these con-
straints, roadbeds that are partially filled and partially
excavated are commonly employed. These roadbeds feature
unidirectional slopes and exhibit distinct asymmetry in the
distribution of temperature within the frozen soil layer. To
assess the impact of this temperature asymmetry on the
strength of coarse-grained frozen soil, numerical simulations
are conducted to alter the direction of the temperature field.
The objective is to simulate the effect of temperature field
asymmetry and provide insights for real-world road projects.

4.1. Influence of the Direction of the Temperature Gradient
on the Stress-Strain Relationship of Coarse-Grained Frozen
Soil. The loaded coarse-grained frozen soil exhibits the fol-
lowing stress—strain relationship when the temperature gra-
dient is oriented in a different direction.

Figures 12 and 13 and Table 9 illustrate the axial stress—
strain relationship of coarse-grained frozen soil under vari-
ous temperature gradients. Figure 12 illustrates the impact
of the temperature gradient direction on the static properties
of coarse-grained frozen soil. Table 9 illustrates the peak
strengths and corresponding strains of coarse-grained frozen
soil under various temperature gradients. The strength of
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FIGURE 12: Axial stress—strain relationship of coarse-grained frozen
soil under different directional temperature gradients.
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FiGure 13: Influence of different temperature gradient inclinations
on the static properties of coarse-grained frozen soils.

TaBLE 9: Peak strength and corresponding strain of coarse-grained
frozen soil in different temperature gradient directions.

Temperature gradient inclination Peak strength Strain
0 (MPa) (%)

0 12.257 9.451
5 11.654 10.187
10 10.986 11.423
15 9.865 12.260

coarse-grained frozen soils is impacted by the action of an
asymmetric temperature field. For example, when the tem-
perature gradient is inclined at an angle of 5°, the axial peak
strength of coarse-grained frozen soil is 11.654 MPa, which
is approximately 4.91% lower than the peak strength of
12.257 MPa when the temperature gradient is not inclined.
Similarly, when the temperature gradient is inclined at an
angle of 10°, the axial peak strength of the coarse-grained
frozen soil is 10.986 MPa, which is a decrease of approxi-
mately 10.37%. The axial peak strength of coarse-grained
frozen soil decreases by approximately 19.52% when the
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Figure 14: Displacement of coarse-grained frozen soil particles at various inclinations of the temperature gradient: (a) inclination of 0°, (b)
inclination of 5°, (c) inclination of 10°, and (d) inclination of 15° (unit: meters).

temperature gradient inclination angle is 15°. This suggests
that the strength of coarse-grained frozen soil decreases sig-
nificantly as the temperature gradient inclination angle
increases. Additionally, the strain corresponding to the peak
strength decreases as the angle of the temperature gradient
increases, which could be the cause of this result. After the
occurrence of the inclination of the temperature gradient,
the coarse particles of frozen soil in the compression process
from the loading force F in terms of the isothermal surface
perpendicular to the angle 0 are decomposed into the same
arrangement as the isothermal surface of the force F sin 0
that is perpendicular to the isothermal surface of the force
F cos 0. The angle of inclination of the temperature gradient
increases, the loading force F along the isothermal surface of
the force F sin 0 increases, the bonding of the frozen soil
particles by the shearing effect is strengthened, and this
bonding is more prone to damage. Moreover, the bonding
is more likely to be destroyed when tilth exists in frozen soil,
and the bond strength between particles in each layer under
the tilted grouping varies, weakening the structural integrity
of the frozen soil. The stress—strain curve shows that the
strain corresponding to the peak strength increases to
9.451% for a temperature gradient inclination angle from

0° to 12.260% for a temperature gradient angle of 15°. There-
fore, it can be predicted that the strength of coarse-grained
frozen soil will significantly decrease with increasing tem-
perature field inclination under the action of the inclined
temperature field. Furthermore, the coarse-grained frozen
soil roadbeds in the alpine mountainous areas are prone to
significant deformation in sloping sections, which affects
road operation.

4.2. Characteristics of Shear Zones in Coarse-Grained Frozen
Soil under the Action of the Temperature Gradient Direction.
Based on the stress—strain relationship and the principles of
soil mechanics, the strength of coarse-grained frozen soil is
significantly influenced by the asymmetric temperature field
resulting from different temperature gradient directions.
Specifically, an increase in the temperature gradient leads
to a decrease in frozen soil strength. Additionally, by exam-
ining the inclination angles of coarse-grained permafrost
particles, it is possible to analyze the formation of shear
zones and investigate the impact of the temperature field
direction on the deformation of coarse-grained permafrost.

The coarse-grained frozen soil particle displacement is
depicted in Figure 14 for temperature gradient inclination
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TaBLE 10: The angle of the portion of the shear zone with high
temperature along the dip direction for different temperature
gradient directions.

Temperature Temperature gradient

Shear band angle

gradient size inclination
0° 56.4°
sC 5° 58.1°
10° 59.4°
15° 60.7°

angles of 0%, 5%, 10°, and 15" and temperature gradient sizes
of 0~-8°C when the shear zone is fully developed. The X-
type shear zones formed at temperature gradient inclination
angles of 5°, 10°, and 15° are depicted in the figures. As
expected, these shear zones are not symmetrically distrib-
uted like the X-type shear zones formed at 0°. Instead, they
demonstrate that as the temperature gradient inclination
angle increases, the degree of asymmetry in the distribution
of the shear zones and the angle of the formed shear zones
along the direction of the high-temperature portion of the
temperature gradient inclination angle increase.

According to Table 10, the right half of the shear zone
formed when the temperature gradient inclination angles
are 5°, 10°, and 15° are approximately 58.1°, 59.4°, and
60.7°, respectively, and the increase in the number of degrees
of the shear zone is not equal to the increase in the temper-
ature gradient inclination. This is because each temperature
layer is also tilted after the formation of the tilt angle of the
temperature gradient, with the temperature of the frozen soil
particles at the same horizontal position of the original tem-
perature layer junction being different, which results in dif-
ferent parallel bond strengths and different interparticle
bond sizes. The temperature layer junction becomes the weak
surface of the overall coarse-grained frozen soil, the tilt angle
increases, the bond between the layers is subjected to the
strengthening of the shear effect, the time of the bond being
destroyed is earlier than that in the horizontal distribution
of the temperature gradient, and the time of the displacement
of the same horizontal position of frozen soil particles is not
synchronized. When the temperature gradient is horizontally
distributed, the displacement time of frozen soil particles at
the same horizontal position is not synchronized, resulting
in the development of an asymmetric X-shaped shear zone
on both sides. This simulation result indicates that the dis-
placement of soil within the coarse-grained frozen soil road
base is uneven under the influence of an asymmetric temper-
ature field when subjected to external loads, leading to a
greater likelihood of significant deformation.

5. Conclusions and Discussion

5.1. Conclusions. In this study, numerical analysis was
employed to simulate the triaxial compression process of
coarse-grained frozen soil under varying temperature gradi-
ents (in terms of both magnitude and direction). The find-
ings are summarized as follows:
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(1) In the process of modeling, the soil temperature gra-
dients are represented by categorizing frozen soil
particles based on their axial position relative to each
isothermal layer of the temperature gradient. Subse-
quently, the fine-scale parameters associated with the
temperature of each isothermal layer are assigned to
the respective group of particles. This approach pre-
sents a novel perspective for investigating the defor-
mation of frozen soil under the influence of an
asymmetric temperature field

(2) The impact of changes in the temperature gradient
size on the strength of coarse-grained frozen soil is
readily apparent. In general, as the temperature gra-
dient increases, the shear strength also increases.
However, importantly, the relationship between the
temperature gradient and peak strength is nonlinear.
Specifically, when the temperature gradient is in the
range of -5 to -8°C, the shear strength of frozen soil
reaches its maximum value at 13.027 MPa. Addition-
ally, it should be noted that different temperature
gradient sizes result in the symmetric distribution
of X-shaped shear zones within the loaded frozen
soil formation

(3) The magnitude of the temperature gradient remains
constant, while its direction varies with the axial
angle 0 of the soil samples. As a result, there is a
notable decrease in the axial peak strength of frozen
soil and an increase in the corresponding strain.
Additionally, when the direction of the temperature
gradient changes, the X-type shear zone that forms
after frozen soil loading exhibits an asymmetric dis-
tribution. Specifically, at an axial angle of 15°, the
inclination of the shear zone increases by 4.3

5.2. Discussion. Although the results of numerical simula-
tions have become increasingly close to real engineering sit-
uations as computers have advanced, there are still certain
flaws and limitations in these simulations, and because of
the restricted experimental conditions, they cannot be veri-
fied in practice.

(1) This article assumes that the temperature gradient is
uniformly distributed vertically in the numerical
simulation and that the related parallel bonding
strength is fixed. In real studies, the temperature dis-
tribution state is more complex, and the sample is
more likely to experience heat exchange with the
surrounding outdoor air after sampling in accor-
dance with the suggested temperature gradient cir-
cumstances. The sample’s axial average distribution
is not rigorously adhered to

(2) In real interior triaxial tests, the ice in a specimen
melts, and the strength of the frozen soil changes
when confining pressure and axial stress are applied.
Nevertheless, this portion of the temperature shift
was not replicated in the numerical simulation used
for this paper when the specimen was subjected to
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axial stress and confining pressure. Since it is
believed that the temperature gradient does not
change, the specified parallel bonding strength does
not change. When comparing the obtained stress—
strain relationship to the experimentally measured
data, there can be some inaccuracies
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