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For deep resource exploitation and engineering construction, the mechanical

properties of soft and hard interbedded rock masses are important factors

impacting engineering stability. Simultaneously, the influence of temperature

on the strength of deep rock masses poses a significant obstacle to the

exploitation of deep resources and the utilization of underground space. In

this paper, the particle flow code (PFC2D) is utilized to establish the thermal-

mechanical coupling numerical model of soft and hard interbedded rock

masses, and then the uniaxial compression response of soft and hard

interbedded rock masses following thermal damage is studied. The

displacement and contact force produced by applying temperature, as well

as the failure strength, strain, and crack development of the specimen after

uniaxial compression is analyzed. The findings reveal that: 1) The peak

displacement caused by applied temperature increases first and

subsequently decreases with the increase of soft rock thickness ratio (Hs/H),

whereas the peak displacement increases linearly with increasing temperature.

The peak contact force varies in two stages with the increase of the soft rock

thickness ratio (Hs/H), and with the same trends. 2) As the soft rock thickness

ratio increases (Hs/H), the number of cracks decreases steadily. When the soft

rock thickness ratio Hs/H < 0.5, the relationship curve between vertical strain

and crack changes in two stages: the stage of crack development alongwith the

stage of vertical strain gradually increases with crack development. When the

thickness ratio of soft rock Hs/H > 0.5, the relationship curve changes in three

stages: crack development stage, vertical strain increase stage, and vertical

strain increase stage with crack development. 3) When the soft rock thickness

ratio Hs/H < 0.5, the failure strength gradually decreases as soft rock thickness

increases at T = 100°C, 200°C. The failure strength gradually increases as the

soft rock thickness increases in general at T = 400°C. Soft rock thickness ratio

Hs/H > 0.5, the failure strength increases with the increase of soft rock thickness

at T = 300°C, 400°C. At T = 100°C, 200°C, the tendency of the failure strength

changes less.
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1 Introduction

Under high temperatures, the strength of deep rock masses is

influenced by joints, cracks, and stratification of the rock mass.

Temperature is also considered a crucial factor. Scholars at home

and abroad have thoroughly studied the influence of temperature

on the strength characteristics of various types of rock masses,

and theoretical methods and related conclusions have been put

forward. A novel double damage thermodynamic model was

defined by Liu et al. [1] Changes in thermal properties and

mechanical properties of rock during heat treatment were

analyzed in terms of thermal conduction, thermal induced

deformation, rock mechanical deformation and rock damage.

The strength and total loss rate of stone building materials

following long-term freezing and thawing have been

investigated and analyzed by several scholars [2, 3]. Guo et al.

[4] designed a general micromechanical framework. The effective

thermoelastic properties of heterogeneous cement-based

materials with different saturation are predicted from the

aspects of elastic modulus, thermal conductivity and thermal

expansion coefficient. Li et al. [5] proposed a numerical model of

thermo-hydromechanical coupling failure (THMD) during rock

failure that takes into account the mechanical deformation of the

rock under a thermo-hydromechanical load, integrating the

theory of elastic failure, thermo-elasticity, and seepage

mechanics. Gong et al. [6] used discrete element method and

double probability Brownian motion simulation to design a

thermal conductivity calculation model. The calculation model

can accurately and efficiently predict the effective heat

conductivity of particle materials composed of homogeneous

matrix and conductive interphase around elliptic particles.

Vorobiev et al. [7] applied experimental data from both quasi-

static and dynamic tests to construct and calibrate a novel

thermodynamic model for granite, which was also utilized to

assess the influences of both in situ stress and temperature on the

extent of damage around subsurface explosions. Khanlari et al.

[8, 9] used wet-dry, freeze-thaw, and hot-cold cycle tests to

investigate and analyze the various characteristics and strength

characteristics of red sandstone under different conditions, and

the findings indicated that pore size plays a key role in the

resistance of sandstone to freeze-thaw cycling. Through physical

experiments and numerical simulations, Liu et al. [10] analyzed

the mechanical properties of Strathbogie granite at high-

temperature conditions. The results show that the higher the

temperature, the lower the compressive strength, while the higher

the quartz content, the lower the compressive strength and the

stronger fracture. Wang et al. [11] studied the effect of slow and

high-speed heating on the thermal cracking of granite by

continuous numerical method. The thermal cracking and

tensile strength changes of Eibenstock granite under high-

speed heating conditions are studied based on laboratory tests.

Jin et al. [12] researched the uniaxial strength characteristics and

mechanical properties of red sandstone under freeze-thaw at

various temperatures. Xu et al. [13, 14] designed a universal

micromechanical framework to predict the effective elastic

modulus of particle reinforced composites containing elliptic

nanoparticles or particles. At the same time, the coupling model

is established by the discrete element method and finite element

method. The effects of particle and interface physical

morphology on the mechanical properties of particle

reinforced composites are studied by using this model. In

studies on the Mode I and II fracture toughness of rock

masses, some scholars have looked at the impact of the two

modes on different temperature conditions [15, 16]. Some

researchers have looked at how varying temperatures affect

the friction angle, cohesiveness, and tensile strength of rock

mass [17–20]. Different scholars have studied and analyzed

the influence of temperature on geotechnical bodies from a

variety of perspectives [21–23], and derived the deformation

patterns and characteristics under different influencing factors.

Yan et al. [24] combined the 2D discrete heat transfer model with

the finite element discrete element method to establish a

thermodynamic coupling model to simulate thermal cracking

in brittle materials. It provides a powerful tool for solving the heat

transfer problem of discontinuous media and the thermal

cracking problem of brittle material. Wang et al. [25] used

physical experiments and numerical simulations to study the

effects of temperature up to 1,000°C on the physical, mechanical,

thermal properties, and thermal-mechanical coupling behavior

of Eibenstock granite. Weng et al. [26] studied the deterioration

characteristics of heterogeneous rocks by thermodynamic

coupling. At the same time, based on the combination of

damage mechanics and plastic mechanics, a coupling material

model is established which takes into account yield, plastic flow

law, damage evolution, thermal effect and heterogeneity. Zhang

et al. [27] based on meso-damage mechanics, elastic

thermodynamics, and Biot seepage mechanics, proposed a

mesoscopic thermo-hydro-mechanical-damage coupling model

(THM-damage) to analyze the fracturing stimulation of HDR.

Through this model, the influence of high temperature on the

initial fracture pressure and rock failure pressure is analyzed.

Based on the above analysis, many scholars have studied and

analyzed the effects of temperature on the mechanical properties

of rocks and other materials from the aspects of theoretical

analysis, physical experiment and numerical simulation. The

proposed theoretical analysis method and research results

provide some references for related engineering construction.

Existing research focuses on the study of single rocks. However,
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there are few research results on the influence of temperature on

deep interbedded rock masses, which leads to a lack of reference

for related engineering construction. Therefore, it is necessary to

conduct relevant research to make up for the deficiency of

research on the mechanical properties of deep interbedded

rocks at high temperatures. Based on the discrete element

method (DEM) can better simulate the discontinuity between

particles, joints and other structural characteristics. In this paper,

a numerical calculation model of thermal-mechanical coupling is

established by the discrete element method. The influence of

temperature on the strength characteristics of soft and hard

interbedded rock masses is analyzed from the aspects of

displacement, contact force, crack development, and failure

strength.

2 Discrete element thermodynamic
calculation theory

2.1 Control equations

In the thermal calculationmodule of particle flow code (PFC2D),

the calculation method of continuous medium heat conduction is

adopted. In deriving the heat transfer equation, the effect of strain

changes on temperature is assumed to be negligible. The equation

for the thermal conductivity of the continuum is:

−zqi
zxi

+ qv � ρCv
zT

zt
(1)

where,qi is the heat flux vector (W/m2).qv is the volumetric heat-

source intensity (W/m3).ρ is the mass density(kg/m3).Cv is the

specific heat at constant volume (J/kg). T is the calculation

temperature. The correlation between the heat flow vector and

the temperature gradient defined by Fourier’s law in a continuous

medium is:

qi � −kij zT
zxj

(2)

where,kij is the thermal-conductivity tensor.

2.2 Thermal contact

The linear parallel bond model takes into account the

thermal properties of bond contact between particles in the

particle flow code (PFC2D). When considering the thermal

effect, it is assumed that the temperature change isΔT,
whereas the amount of radius change of the granular material is:

ΔR � αRΔT (3)

where,α is the linear coefficient of thermal expansion about

particles.R is the initial radius of particles.

Meanwhile, in the calculation of mechanical contact mechanics

considering thermal contact, assuming that the particle material has

only normal bonding forceΔFn and is affected by temperature.

Assuming that the bond material is linear isotropic expansion, and

the effective bond length between particles is�L. The variation of the

normal bond force component is as follows:

ΔFn � −knA(α�LΔT) (4)

where,kn is the bond normal stiffness.A is the bond area of cross-

section (m2).α is the coefficient of expansion of bonding

material.ΔT is the increment of temperature.

2.3 Numerical solution theory

The thermal calculation module represents a network of

particle thermal materials for heat storage and thermal contact

FIGURE 1
Thermal-mechanical coupling verification calculationmodel.

TABLE 1 Thermal expansion coefficient of different minerals.

Mineral name Thermal expansion coefficient
(K−1)

Quartz 24.3 × 10−6

Potassium feldspar 8.7 × 10−6

Plagioclase 14.1 × 10−6

Mica 3.0 × 10−6
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in the Particle Flow Code (PFC2D). Activated thermal contact

conduction generates heat flow, and each particle material serves

as a heat reservoir. Each heat source is associated with parameters

such as temperature, mass, volume, specific heat, and linear

coefficient of thermal expansion of the granular material.

The density, dimensions, and assumed shape of the particle

material define the mass and volume. Each thermal contact is

associated with two heat storage units, and the heat flow is

transmitted between the particle materials. Moreover,

associated with each thermal contact is the thermal energy

and thermal contact model that is responsible for updating the

thermal energy during contact based on the continuous

calculation of temperature increments. The Particle Flow

Code (PFC2D) provides two models of thermal exposure: the

thermal null contact model which cannot be modified, and the

thermal pipe contact model which can be utilized to generate

heat. Three modifiable parameters are defined in the heat pipe

contact model are thermal resistance η, thermal expansion

coefficient �α and temperature. Heat-induced strain is

generated by changing the particle material size along with

the force of each bond. Thus, the heating process of particle

material is computed and analyzed. When considering thermal

calculations, the stress-strain relation with thermally induced

strain is given by Eq. 5:

εx � 1
E
[σx − ](σy + σz)] + αtΔT

εy � 1
E
[σy − ](σz + σx)] + αtΔT

εz � 1
E
[σz − ](σx + σy)] + αtΔT

(5)

FIGURE 2
Numerical calculation process.
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where,εx ,εy andεz are the principal strains.σx, σyandσz are the

principal stresses.E andv are Young’s modulus and Poisson’s

ratio of materials, respectively.αt is linear thermal expansion

coefficient.

3 Temperature loading and model
verification

3.1 Verification model establishment and
parameter selection

The numerical model presented in Figure 1 was established

by particle flow code (PFC2D), and the linear parallel bond model

is employed for the contact model. The calculation model is

76 mm × 38 mm. Sample particles are randomly generated by

controlling the porosity of the sample. The max and min radius

of the particles are 0.17 mm and 0.29 mm, respectively. The

initial packing state will have a large significance on the

subsequent deformation and strength [28–30]. Therefore, to

eliminate the influence of the initial state of the model on the

subsequent calculation results. In this paper, the non-equilibrium

force calculation conditions are put forward to make the sample

meet the initial equilibrium state and the specimen particles are

evenly distributed. The displacement and contact forces

produced by the initial equilibrium calculation stage are

eliminated. Simultaneously, the computational model particles

were divided into four groups, namely quartz, feldspar,

plagioclase, and mica. The thermal expansion coefficients of

different minerals are given in Table 1 [31]. The thermal

resistance of the activated heat pipe is calculated by the heat

conduction rate (Eq. 6). The heat conductivity K is 3.5 Wm−1K−1.

And calculated model thermodynamic parameter specific heat of

1015 J kg−1K−1 [32].

η � 1
2K

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝1 − ϕ∑
Nb

Vb

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠∑
Np

lp (6)

where,ϕ is the porosity.Vb is the particle volume.lp is the contact

length of the heat pipe.Nb and Np are the number of particles

and the number of contact heat pipes, respectively.

3.2 Boundary setting and temperature
loading method

In the thermal calculation stage, the model boundaries can

either adopt a free boundary or a fixed boundary. The

temperature can be applied to the specimen via model

boundary wall or boundary particles as the heat source, or

apply temperature directly to the specimen as a whole.

The wall is used as the heat source to apply temperature to

the specimen in the numerical calculation. In this paper, 20°C

is the initial temperature of the specimen and the walls. The

wall temperature is raised after each temperature calculation

equilibrium, and the calculation solution time is 20 s (solve

thermal time 20). The numerical test procedure of Zhao et al

[33] consists mainly of establishing the initial model,

assigning parameters and calculating to reach the static

equilibrium, the continuous application of temperature to

specimens and the calculation of static equilibrium, as well

as a uniaxial numerical test after the temperature loading has

been completed. In this paper, to realize the temperature

loading and uniaxial numerical test process. The calculation

process is categorized into four main stages: establishing the

initial model, setting up the contact model, applying

temperature, and uniaxial compression, which is illustrated

in Figure 2.

3.3 Model results validation

In the particle flow code (PFC2D), the volume fraction

method is employed to generate particle samples with particle

FIGURE 3
Comparison of numerical simulation in this paper with the
numerical results of Zhao et al. [33].

TABLE 2 Different rock microscopic parameters.

Parameters (unit) Value

Sandstone Limestone

Bond effective modulus (GPa) 42.0 2.5

Bond stiffness ratio 1.0 1.8

Bond tensile strength (MPa) 30.0 10.0

Bond cohesion (MPa) 350.0 5.0

Bond friction (°) 65 10
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sizes ranging from 0.17 to 0.29 mm. The parallel bonding

model is selected and the parameters are assigned. The heat

source for temperature application is the boundary wall, and

the calculation time for each applied temperature is set to 20 s.

After the completion of temperature loading, the left and

right walls of the sample are deleted, and the acceleration is

applied to the top and bottom walls for the uniaxial

compression test. Figure 2 depicts the numerical

calculation method. Under the assumption that the model

size, particle grouping, and rock mechanical properties are

essentially the same, the peak strength of the specimen is

derived in this paper as shown in Figure 3. The error

percentages of failure strength for the four temperature

conditions are 3.03%, 9.50%, 13.22% and 5.92%

respectively. The changing trend of peak strength obtained

in this paper is essentially consistent with that obtained by

Zhao et al [33], demonstrating the rationality of the

temperature loading method adopted in this paper.

4 Working conditions setting and
temperature result analysis

The strength of rock is influenced by many factors under the

actual formation conditions. The influence of high temperature

on deep rock masses will alter its strength characteristics, and the

existence of multiple strata will also have an impact on the

engineering stability. On this basis, this paper presents a

numerical analysis of the strength properties of rock masses

with different soft and hard rock thicknesses as well as

temperature conditions.

4.1 Simulation condition settings

The strength characteristics of rock masses are investigated

under different soft and hard rock thicknesses and different

TABLE 3 Working conditions setting of soft and hard rock stratum.

Case The thickness ratio
of soft rock
(Hs/H)

Diagram
of working conditions

1 0.1

2 0.2

3 0.3

4 0.4

5 0.5

6 0.6

7 0.7

8 0.8

9 0.9

FIGURE 4
Curve of peak displacement and soft rock thickness ratio (Hs/
H) under different temperature conditions.
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temperatures. In this paper, numerical experiments are

performed on sandstone (hard rock) and limestone (soft rock)

under different working conditions. Laboratory tests and related

numerical tests of sandstone are conducted by Wei Yuan et al.,

and the experimental results are good. Therefore, this paper

makes use of the microscopic parameters of sandstone obtained

by Wei Yuan et al. [34], as exhibited in Table 2. Xie et al. [35]

experimented with uniaxial and biaxial compression using

PFC2D, and accurately calibrated the microscopic parameters

of limestone through numerical tests (Table 2). Hence, this

group of parameters was used as soft rock (limestone)

parameters.

The size of the established numerical test model for soft

and hard rocks is the same as that of the uniaxial strength

model under the verification temperature above, with the size

of 76 mm × 38 mm. In the contact model, the linear parallel

bond model was used. In order to eliminate the influence of

the initial packing state of the specimen on the subsequent

calculation results, the specimen was treated as described in

the previous section. The specific distribution conditions of

soft rock layer thickness (Hs) and hard rock layer thickness

(Hh) are illustrated in Table 3. In this paper, the loading

temperatures are 100°C, 200°C, 300°C, and 400°C. The

boundary conditions are set in the same way as they were

before. The left and right walls were employed as heat sources

to apply temperature to the sample while maintaining the

initial temperature of the top and bottom walls unchanged

[36]. The temperature was applied by continuous loading.

Each temperature increment was 10°C, and the temperature

loading ended when the boundary temperature reached the

calculated temperature.

4.2 Analysis of displacement caused by
applied temperature

The applied temperature is transmitted through the contact

between thewalls and particles, as well as between particles. The heat

transfer is impacted by the contact thermal resistance between the

walls and particles, along with between particles. The displacement

of the sample particles is non-uniform due to the change of thermal

expansion coefficients of the particles. The peak displacement

variation curves generated under different soft rock thicknesses

and different temperature conditions are shown in Figure 4.

As can be observed from Figure 4, the peak displacement

caused by the applied temperature increases first, followed by

decreasing with the increase of the thickness ratio of soft rock (Hs/

H). As the temperature rises, the changing trend is gradually

significant. When the thickness ratio of soft rock isHs/H = 0.3, the

peak displacement has the maximum value under all temperature

conditions. When the thickness ratio of soft rock Hs/H < 0.3, the

peak displacement increases gradually as the soft rock thickness

increases. When the soft rock thickness ratio Hs/H > 0.3, the peak

displacement reduces progressively as the soft rock thickness

increases. The decrease of peak displacement becomes

increasingly significant with the temperature rise. Because of

the different thermal expansion properties of the two kinds of

rocks, the sample particles will produce different thermal

expansions when heated. Therefore, under different soft rock

thicknesses conditions, the contact characteristics of particles

are different. At the same time, due to the influence of the

structural plane, the curve of peak displacement and thickness

ratio of soft rock shows a quadratic function. That is, the specimen

is less affected by temperature when the thickness of the soft rock is

greater, resulting in a smaller change in peak displacement.

FIGURE 5
The relationship curve between peak displacement and
loading temperature under different thickness ratios of soft rock
(Hs/H).

FIGURE 6
Peak contact force versus soft rock thickness ratio (Hs/H)
under different temperature conditions.
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FIGURE 7
Crack development under different working conditions.
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The relation curve between peak displacement and loading

temperature under different soft rock thickness ratios (Hs/H) is

exhibited in Figure 5.

As can be seen from Figure 5, the relationship curve

between peak displacement and loading temperature changes

linearly under the same soft rock thickness ratio. With the

rising temperature, the peak displacement increases steadily.

When the thickness ratio of soft rock Hs/H < 0.5 (the thickness

of soft rock is less than that of hard rock), the linear increase

trend of the curve is considerable. That is, when the thickness of

hard rock is large, the specimen is greatly influenced by the

temperature. The swelling of specimen particles results in

increasing displacement of the sample. At the same time,

due to the influence of the structural plane on particle

expansion, when the thickness of hard rock is larger, the

displacement value will be larger.

4.3 Analysis of contact force caused by
temperature application

Formula (4) indicates that the normal bonding force between

particle materials will be changed towing to the temperature

difference. The variation relationship between peak contact force

and soft rock thickness ratio (Hs/H) at various temperatures is

shown in Figure 6.

As can be observed from Figure 6, the peak contact force

versus soft rock thickness ratio (Hs/H) curve shows a two-stage

variation under different temperature conditions. In the soft rock

thickness ratio Hs/H < 0.6, the peak contact force showed an

increasing trend and then decreased. When the soft rock

thickness ratio Hs/H > 0.6, the peak contact force increases

and subsequently drops as soft rock thickness increases. The

downward trend is more pronounced at high temperatures.

Because of the thermal expansion of particles, the contact

force between the sample particles increases with the increase

of temperature. The higher the temperature, the higher the

contact force of the specimen. Because of the difference in

thermal expansion between soft and hard rock, and the

influence of structural surface. The peak contact force presents

two-stage changes under different conditions.

5 Rock strength analysis

5.1 Cracking and contact force analysis

The temperature has an impact on the specimen because it

changes the adhesion of the particle material during the

application temperature. This leads to different numbers of

cracks and shows different development trends. The crack

development trend of the specimen under different failure

conditions is shown in Figure 7.

According to the above results, the contact characteristics

between hard rock particles are greatly affected by temperature,

while the contact characteristics between soft rock particles are

less affected by temperature. As can be seen from Figure 7 that

the number of cracks in the hard rock region gradually increases

with the rise of temperature at the same soft-rock thickness ratio.

In the process of specimen failure, the crack develops from the

structural plane to the soft rock region. The crack develops

substantially when the thickness ratio of soft rock is within

the range of 0.2–0.8.

Figure 8 depicts the relationship between the number of

cracks and the thickness ratio of soft rock (Hs/H).

FIGURE 8
Relationship curve between crack number and thickness
ratio of soft rock (Hs/H) under different loading temperatures.

TABLE 4 Fitting curve parameters of number of cracks and soft rock thickness ratio under different temperatures.

Load temperature (°C) Fitting curve parameters (i = 1,2,3,4)

Ci Di

100 −12913.66667 12961.94444

200 −16600 17231.33333

300 −21839.83333 21721.58333

400 −22563.83333 23319.36111
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FIGURE 9
Contact force chain after specimen failure under different working conditions.
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FIGURE 10
Relationship curve between vertical strain and crack number under different thickness ratios of soft rock.
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As can be seen from Figure 8, the relationship curve

between the number of cracks and the soft rock thickness

ratio (Hs/H) varies linearly under the same temperature

condition. The number of cracks after compression

damage of specimens decreases gradually with the rise of

the soft rock thickness ratio (Hs/H). And the decreasing

trend is evident as the temperature increases. Under different

temperature conditions, the number of cracks gradually

decreases with the increase of soft rock thickness ratio,

which indicates that temperature has the most minimal

influence on soft rock. The number of cracks increases

with the increase of temperature under the same thickness

ratio of soft rock (Hs/H). When the thickness ratio of soft

rock is Hs/H = 0.9, the number of cracks is the least, with the

smallest difference between the number of cracks. When the

thickness of soft rock is much greater in comparison to that

of hard rock, the damage degree of the sample is primarily

dependent on the strength of soft rock and is less influenced

by temperature. According to the previous analysis, the

mechanical properties of hard rock are greatly affected by

temperature, and more cracks appear in the compressed hard

rock area. The number of cracks decreases with the increase

of soft rock thickness.

Fitting the numerical test results yields the following

relationship between the number of cracks and the thickness

ratio of soft rock (Hs/H) after sample failure:

y � Cix +Di (7)
where, the fitting curve parameters of crack number and soft

rock thickness ratio (Hs/H) are shown in Table 4. The curve

fitting parameters are acquired through approximate

calculation under different temperature conditions, and the

relationship between the number of cracks and the thickness of

soft rock under other temperature conditions is approximately

obtained.

The contact force generated under different working

conditions varies greatly due to the large difference between

soft and hard rock mass affected by temperature. The contact

force chains generated after specimen failure are presented in

Figure 9.

It can be seen from Figure 9 that the large contact force

following specimen failure is primarily concentrated in the crack

development area. The temperature has a great influence on the

mechanical properties of hard rock particles, and there are many

cracks in the initial stage of compression. With the compression,

the friction between particles in the crack development area

increases, resulting in greater contact force in the hard rock crack

zone. Because of the mechanical properties of soft rock, the

temperature has little influence on particles. Therefore, with the

increase of soft rock thickness, the contact force of the hard rock

area gradually weakens.

5.2 Strain analysis

Figure 10 shows that with the same soft-rock thickness ratio,

the vertical strain of the specimen decreases gradually with the

increase of temperature. When the soft rock thickness ratio Hs/

H > 0.5, the slope of vertical strain at each temperature condition

falls as the thickness of the soft rock increases. It can be seen

from the above that high temperature has a great impact on

the mechanical properties of hard rock and reduces the

adhesion between particles. Therefore, in the initial stage of

compression, the crack develops faster and the vertical strain

is smaller. At the same time, the temperature has little effect

on the mechanical properties of soft rock. As a result, the

relationship curve between vertical strain and crack number

under four temperature conditions gradually shows a three-

stage change trend with the increase of soft rock thickness.

As can be noticed from the relationship between vertical

strain and the number of cracks that when the soft rock thickness

ratio Hs/H < 0.5 (soft rock thickness is less in contrast to hard

rock thickness), the relationship curve follows a two-stage trend.

The first stage is the crack development stage. Because the

temperature causes the bond between hard rock particles to

decrease. The initial compression stage produces a lot of

cracks, the vertical strain is small. The second stage is the

compression damage stage, in which the vertical strain

increases sharply in a short period during the compression of

the specimen while a small number of cracks occur.

When the thickness ratio of soft rock Hs/H > 0.5 (the

thickness of soft rock is greater in comparison to that of hard

rock), the relationship curve presents three-stage changes.

FIGURE 11
The relationship curve between failure strength and soft rock
thickness ratio (Hs/H) under different loading temperature.
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The crack development stage is the first stage. At the

beginning of compression, because of the thermal effect

decreases the bond between hard rock particles, resulting

in a large number of cracks with low vertical strain. The

second stage is the stage of a sharp increase in vertical strain,

where the hard rock begins damaging first during the

compression, and the vertical strain increases sharply in a

short period with less crack generation. It is accompanied by

the formation of cracks in the soft rock region. The third stage

is the period of soft rock failure, and the vertical strain

increases with the number of cracks until the specimen is

destroyed as a whole. When the thickness of soft rock exceeds

the thickness of hard rock, the soft rock dominates the

specimen’s damage.

5.3 Failure strength analysis

Under the influence of various factors, the strength of the

sample changed. The relationship between the failure strength of

the specimen and the thickness of the soft rock at different

loading temperatures is depicted in Figure 11.

As can be seen from Figure 11, the failure strength of

samples has significant differences with the increase of soft

rock thickness under the four temperature conditions. When

the soft rock thickness ratio Hs/H < 0.5 (soft rock thickness is

less than hard rock thickness), the sample’s failure strength

progressively falls as soft rock thickness increases at the

loading temperature T = 100°C, 200°C. When the loading

temperature is T = 300°C, the failure strength of the sample

increases first followed by decreasing with the increase of the

soft rock thickness ratio (Hs/H), with the changing trend

being small. When the loading temperature is T = 400°C,

the failure strength of the sample decreases first and then

increases as the soft rock thickness increases. When the soft

rock thickness ratio Hs/H > 0.5 (soft rock thickness is greater

than hard rock thickness), the failure strength of the specimen

progressively decreases with the increase of the soft rock

thickness ratio (Hs/H) under the loading temperature T =

100°C, with the decreasing trend being smaller. When the

loading temperature is T = 200°C, the failure strength of the

specimens displayed a trend of increasing followed by

decreasing as the thickness of soft rock increases, and with

a small change in the trend. When the loading temperature is

T = 300°C and 400°C, the failure strength of the sample

increases gradually with the increase of the soft rock

thickness ratio (Hs/H).

From the previous analysis, it can be seen that high

temperature has a greater impact on the mechanical

properties of hard rock, while the mechanical properties of

the soft rock are less affected by temperature. Moreover, the

high temperature strengthens the mechanical properties of the

soft rock particles. As a result, the failure strength gradually

decreases between T = 100°C and 200°Cunder the condition of

soft rock thickness ratio Hs/H < 0.5. The failure strength of

samples increases gradually under different soft rock

thicknesses at T = 300°C and 400°C. The higher the

temperature, the greater the mechanical reinforcement

effect between soft rock particles.

6 Discussion

According to this paper, the analysis is carried out in terms

of displacement and contact force changes generated during

the application of temperature, as well as strain, crack

development, and breaking strength during uniaxial

compression. From the findings of the analysis, it is evident

that the temperature has a crucial effect on the strength

characteristics of the specimens with various soft and hard

rock thicknesses.

1) Because the particles in different rock samples have thermal

expansion. The higher the temperature, the greater the

thermal expansion. The interaction of sample particles at

high-temperature conditions is more obvious. Therefore,

the peak displacement increases linearly with the increase in

temperature. At the same time, the thermal expansion

coefficient of different rock samples is different,

influenced by the structural surface of soft rock and hard

rock. As a result, the relationship curve between peak

displacement and soft rock thickness ratio shows a

quadratic function. Peak displacement indicates an

increasing trend first then decreasing with the increase of

soft rock thickness ratio (Hs/H). Due to the enhanced

interaction between the particles of the specimen when

they are expanded by heat. Resulting in a greater contact

force between the specimen particles. At the same time, it is

also affected by structural surface and soft rock thickness.

With the increase of the soft-rock thickness ratio (Hs/H), the

peak contact force changes in two stages, both of which

increase and then decrease under four temperature

conditions.

2) The number of cracks produced following the specimen

damage was linearly related to the thickness of soft rock at

four temperature conditions, and the number of cracks

gradually decreased. High temperature has a great

influence on the bond between hard rock particles, which

can lead to cracks in the hard rock region. Under continuous

loading, cracks develop into soft rock areas through structural

surfaces. Because the initial compression period produces

cracks in the hard rock area, there will be more friction during

compression. Because of the crack in the hard rock area

during the initial compression period, there is more friction in

the compression process, which results in a larger contact

force in the hard rock area. When the soft rock thickness ratio

Frontiers in Physics frontiersin.org13

Qiu et al. 10.3389/fphy.2022.963434

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2022.963434


Hs/H < 0.5, high temperature has a great influence on the

adhesion between hard rock particles. As a result, the

relationship curve between vertical strain and crack

number mainly shows a two-stage trend. When the soft

rock thickness ratio Hs/H > 0.5, because the thickness of

soft rock is large, the temperature has little effect on the

bonding performance between soft rock particles. Therefore,

the relationship curve between vertical strain and the number

of cracks mainly shows a three-stage trend under diverse

temperature conditions.

3) When the thickness ratio of soft rockHs/H < 0.5, because of

the large thickness of hard rock, high temperature weakens

the bonding property between hard rock particles. As a

result, the failure strength of the sample reduces with the

increase in soft rock thickness ratio (Hs/H) at the loading

temperature T = 100°C and 200°C. When the loading

temperature is T = 300°C and 400°C, the adhesion

between soft rock particles is strengthened because of the

high temperature. Failure strength of the specimens depicts

an increasing trend followed by decreasing with the

increase of the soft rock thickness ratio (Hs/H) at T =

300°C. The failure strength shows an overall increasing

trend as the soft rock thickness increases at T = 400°C.

When the soft rock thickness ratio Hs/H > 0.5, The higher

the temperature, the higher the strengthening effect on the

bonding properties between soft rock particles. As a result,

the failure strength of the specimen gradually increases at

T = 300°Cand 400°C.

4) In this paper, the influence of temperature on the strength

of soft and hard rock mass with different thicknesses is

taken into account. The strength of real strata is affected by

several factors. For instance, the influence of weak

interlayer, crack and other factors, or the joint action of

various influencing factors will have serious effects on the

strength of rock mass. In the later stage, further research

and analysis will be conducted for different influencing

factors.

7 Conclusion

In this paper, the particle flow code (PFC2D) is utilized to

establish the uniaxial compression numerical model that takes

into account the temperature effect, and the rationality of the

uniaxial numerical model is verified. On this basis, different

thickness conditions of hard and soft rock are set. The changes of

displacement and contact force caused by applied temperature

are analyzed, as well as the damage strength, strain and crack

number caused by uniaxial compression. The following are the

main conclusions:

1) Under varied soft rock thickness ratios (Hs/H), the curve of

the relationship between peak displacement and temperature

is linear. The peak displacement increases as the temperature

rises. In addition, under different temperature conditions, the

relationship curve between peak displacement and soft rock

thickness ratio (Hs/H) is a quadratic function. The peak

displacement first increases followed by decreasing with

the increase of soft rock thickness ratio (Hs/H). When the

thickness ratio of soft rock Hs/H > 0.5, the peak displacement

decreases with increasing temperature. The peak contact force

varies in two stages with the increase of soft rock thickness

ratio (Hs/H).

2) The relationship curve between the number of cracks and

the soft rock thickness ratio (Hs/H) was linear at the same

temperature. The number of cracks decreases gradually

as the soft rock thickness ratio (Hs/H) increases. The

cracks initially appear in the hard rock area. When the

thickness of soft rock is greater than that of hard rock, the

damage degree of the specimen depends on the strength

of soft rock. Furthermore, the functional relationship

between the number of cracks and the thickness ratio

of soft rock is obtained. The contact force generated after

the failure of the sample mainly occurs in the crack

development zone of hard rock, and decreases

gradually with the increase contact force of soft rock

thickness.

3) Under different soft-rock thickness ratios (Hs/H), the

vertical strain is small and the number of cracks

increases due to thermal effect at the initial stage of the

compression test. When the soft rock thickness ratio Hs/

H < 0.5, the relationship curve between the vertical strain

and crack number shows two stages under the four

temperature conditions: the rapid development of cracks

in the initial stage and the increasing of vertical strain with

the increase of crack number. When the thickness ratio of

soft rock Hs/H > 0.5, The relationship curve between the

vertical strain and crack number varies in three stages. At

the beginning of the compression stage, the number of

cracks is larger and the vertical strain is smaller. The vertical

strain increases gradually with the increase of cracks. The

number of cracks increases rapidly until the specimen is

destroyed.

4) When the thickness ratio of soft rock Hs/H < 0.5, the failure

strength gradually decreases with the increase of the

thickness of soft rock at T = 100°C and 200°C. When the

loading temperature is T = 300°C, the sample’s failure

strength increases at first, then decreases as the thickness

ratio of soft rock increases. The failure strength of the

sample decreases first, followed by increasing as the

thickness ratio of soft rock increases at T = 400°C. When

the thickness ratio of soft rock Hs/H > 0.5, the failure

strength of the sample changes little at T = 100°C and

200°C. The sample’s failure strength increases gradually

as the thickness ratio of soft rock increases at T = 300°C

and 400°C.
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