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In cold regions, the pore space’s composition and phase state can affect the

elastic modulus of the media. During the winter, the freezing conditions in the

soil results in the release of water from the pore space, which results in

significant changes in the media’s distribution and composition. There are a

few weaknesses in the current research with respect to the elastic modulus

change example of frozen soil. This paper presents that the Representative

Macroscopic Volume (RMV) choice strategy is provided for frozen soil with

porosity as a typical condition variable. Under the state of freezing, a “three-box”

analytical model for stress-strain calculation of frozen soil porous media is

established, namely, the black-box model, the gray-box model, and the white-

box model. The relevant equations for calculating elastic modulus are

presented based on the proposed “three-box” model and the analysis of the

stress conduction process. Results show that the discrepancy between the

computed and experimental values of the white-box model is slight, and the

elastic modulus of frozen soil calculated by the model established in this paper

is consistent with the actual state. It can be deduced that the model established

in this paper has practicality and the conclusions of the study are of guiding

significance for the application of frozen soil.
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1 Introduction

The frozen soil region is rich in natural resources, while many projects in China, such

as energy, transportation, communication, water, and oil pipelines, are established in the

frozen soil region (Zhang et al., 2015; Che et al., 2019; Ma et al., 2019; Streletskiy et al.,

2019). The distribution and form of pore accesses in frozen soil vary, the momentum,

energy, and mass transfer processes interact, and couple with each other, and the transfer

phenomena and mechanisms are complex and variable (Sweidan et al., 2022; Yu et al.,

2021; Fu et al., 2022). Some of the essential characteristics are difficult to obtain precisely

(Alzoubi et al., 2019; Chang et al., 2019). Soil is a typical porous medium, and the study of
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its stress transfer mechanism involves some basic disciplines,

such as soil mechanics, solid mechanics, and other disciplines,

which is an interdisciplinary cross-science problem (Li et al.,

2022a; Li et al., 2022b). The study of stress-strain in frozen soil

porous media at home and abroad generally adopts simple

experimental methods to analyze the stress-strain in frozen

soil (Esmaeili-Falak et al., 2020; Xu et al., 2020; Luo et al.,

2018; Zhang D. et al., 2020). There are few reports on the

macroscopic level mechanism of stress-strain in frozen soil

porous media.

With the development of soil mechanics and frozen soil

mechanics, the understanding of soil bodies is getting deeper and

deeper (Jiang and Huang, 2016). Soil is a complex multiphase

porous medium, and its mechanical properties and equilibrium

state are the results of the mutual coupling of the phases in the

soil and various environmental effects (Ott et al., 2020; Yan et al.,

2022; Guo P. et al., 2021). von Terzaghi (1923) proposed the

effective stress principle of saturated soils (Gudehus, 2021),

which made soil mechanics independent from general

mechanics into an independent discipline and prepared for

the improvement of present day soil mechanics (Jiang and

Huang, 2018). When using the principle of effective stress, the

saturated soil can be equated to a single-phase medium so that

the soil can be analyzed for deformation and strength using the

method of continuous medium mechanics (Liu E. et al., 2018).

However, in practice, the soil body is subjected to stress variables

such as the effective stress and other state variables, so

considering only the effect of the effective stress is a concise

but approximate treatment (Li, 2003; Jiang et al., 2017).

The multiphase pore medium theory (or mixture theory)

starts from the first law of thermodynamics and the second law of

thermodynamics, takes into account the action of various factors,

and after reasonable assumptions and strict derivation, a set of

intrinsic constitutive equations describing the properties of the

soil can be obtained (Edip et al., 2018; Kjelstrup et al., 2018; He

et al., 2021; Oka and Kimoto, 2021). The intrinsic constitutive

equations derived from mixture theory are scientifically

systematic and rigorous (Guo Z. et al., 2021; Liu and Lai,

2020; Liu et al., 2017; Liu et al., 2020). Hence, it is of good

theoretical significance to study and explore the properties of

frozen soil based on mixture theory, which has become the

theoretical basis for describing the properties of multiphase

pore media, including soils (Kefayati et al., 2021; Liu and

Wang, 2021; Niu et al., 2022). Among them, Wei (2014)

established a theoretical framework for describing the

physicochemical properties of unsaturated soils using the

composite mixture theory and focused on analyzing the effects

of the Donna permeability phenomenon on the suction, effective

stress, and chemical potential balance of unsaturated soils.

The frozen soil as a typical multiphase porous medium

containing phase change, many scholars have also used the

mixture theory to establish a theoretical framework to analyze

the properties of frozen soil (Xu et al., 2022; Suh and Sun, 2021;

Hu et al., 2021; He et al., 2021). Among them, Liu Y. et al. (2018)

built an elastoplastic model of saturated permafrost based on

porous media theory, thermodynamics, and elastoplastic

mechanics and mathematically analyzed the stress-strain

relationship of permafrost.

Ji et al. (2018) considered the connection between soil

porosity and powerful pressure and laid out a coupled warm

water driven mechanical model depicting the development of

single-molecule ice under compelled conditions. The paper then

performed a comprehensive analysis of the various effects of

exterior stress on the unfrozen earth. It also took into account the

separation stress and the equal water stress for ice separation. The

results of this study allowed the paper to develop a model of

separated ice lens (Zhou et al., 2012). Lai et al. (2014) conducted

an laboratorial and numerical research on saturated frozen soil’s

coupled water-thermal-force freezing and swelling

characteristics. They used the conversation of energy and

conservation of mass equations obtained about the porosity

and temperature obtained from energy conservation and mass

conservation equations to describe the soil freezing swelling and

determine the formation of sexual ice lenses using critical

porosity.

Because the composition of pore accesses in frozen soil

porous media is highly uncertain, the mechanism of action is

complex and variable, the influencing factors are difficult to

determine, and many problems have not yet been solved

(Rouabhi et al., 2018; Ming et al., 2020; Chen et al., 2021).

The current analytical methods and research models have

certain limitations (Sweidan et al., 2020; Hu et al., 2018;

Huang F. et al., 2022). To address the scientific problem of

uncertain information and factors that are not easy to quantify in

frozen soil-preserving porous media. In this paper, based on the

Representative Macroscopic Volume (RMV), a “three-box”

stress-strain model for frozen soil porous media is established.

The mathematical model for calculating the elastic modulus

under different stress-strain models is given, and numerical

calculations and simulations are carried out to obtain some

meaningful results on the variation of elastic modulus with

porosity, pore access distribution variate, and tortuosity.

2 Materials and methods

2.1 Materials

Frozen soil is a kind of noncontinuous four-phase system

composed of soil skeleton, water, air and ice (Huang W. et al.,

2022; Luo et al., 2022). In the course of forming frozen soil under a

certain temperature and pressure, the pore water is converted into

pore ice, changing the internal structure of the soil, thus affecting the

interaction between the various phase components of the soil, and

thus changing the strength of the soil, so the frozen soil has more

complicated physical and mechanical characters (Zhang M. et al.,
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2020). The mechanical properties of the frozen soil are the most

important factors that affect its stability. Understanding these

factors is very important for the development and construction

of frozen soil structures (Yang et al., 2018; Yin et al., 2022).

The elastic modulus serves as a deformation index, and

different selection criteria will affect their numerical value,

thus changing the deformation distribution law in the

calculation of the structures (Huang et al., 2021; Li et al.,

2022c). Due to the complex mechanical characters of frozen

soil, so the lack of a uniform standard for the measure of the

elastic modulus of frozen soil, it is important that the research on

this subject is carried out properly as displayed in Figure 1.

2.2 RMV description method for frozen
soil porous media

2.2.1 RMV description and characterization
method for porous media

When using the macroscopic approach, in order to build a

mathematical model based on the continuous medium theory,

the fluid parameters around a point p in the porous medium

must be averaged at the macroscopic level, replacing the actual

local value with an average value within a specific range, the

chosen average range is called the Representative Elementary

Volume (REV) (Zhou and Meschke, 2018; Zhao et al., 2021). Nia

and Jessen (2015) give a general approach to the selection of the

REV. Compared to the size of the entire fluid region, the REV

should be in a small range around the point p. The REV should be

much larger than a single pore space and contain a sufficient

number of pores. In the REV, the variation of the fundamental

parameters with spatial coordinates is slight, and the average

value tends to the actual value infinitely (Han et al., 2022a; Han

et al., 2022b).

In practical problems, the selection of REV is complex and

cannot be determined according to the variation law of the

measured parameters (Huang et al., 2017). For averaging

requirements that are not entirely accurate, the parameters

can be averaged at the coarse level, and the control elements

can be selected at the coarse level. At present, the academic circle

calls the control elements selected by this method the

Representative Macroscopic Volume (RMV) (Wang et al.,

2020a; Wang et al., 2020b). For the selection of the RMV, the

feature-length d, the size of the entire region L, and the size of the

macroscopic parameter inhomogeneity lmust satisfy l≤d≤ L, as

displayed in Figure 2.

2.2.2 RMV description and characterization
method based on porosity concept

The soil porous media, similar to the general porous media, is

composed of the assembly of soil phase elements and the

FIGURE 1
Research roadmap.

FIGURE 2
Relationship between average volume size and porosityφ
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interelement pores. The pores are filled with ice crystals, as a

typical soil-ice two phase media, and the porosity is a important

concept to describe the composition structure of porous media.

Since the elastic modulus of the studied soil porous media is

mainly influencing by the composition structure, i.e. the porosity,

therefore, this paper takes the porosity as the representative state

variable, and proposes the selection method for “three-box”

model based on RMV.

The soil porous media can be equalized as a single

continuum, and it is assumed that the state variable of any

point in the continuous medium is the statistical mean value

of corresponding state variable in a certain volume centered on

this point, as displayed in Figure 3.

If the statistical medial of the state variable obtained by a

selected volume is constant, then the continuous function of the

center point and coordinates in space can be used to determine the

elastic modulus of the soil, that is, this volume is the Representative

Macroscopic Volume of corresponding state variable.

As displayed in Figure 3, assuming that the frozen soil has a

geometrical zone Ω (RMV zone), and it is divided into matrix

zoneΩS, and ice system zoneΩI, i.e. the soil matrix media and ice

media, which can be similar to two continuous media

superimposed in space (Xu et al., 2011).

In the event that dot x is a random dot in the mathematical

zoneΩ of unsaturated ice-containing soil, themedia zone accepting

dot x as the mathematical focus is Ω(x), and in this zone, the

mathematical volume is V, and the extensive amount is E(x).
When the epitaxial quantity in zone Ωn(x) is En(x), F(x) is

the inner parameters (structure, seepage and pressure) in macro

scale of the epitaxial quantity of point x.

Ω � ∑
n

Ωn,n ∈ {S, I} (1)

Ωn(x) � Ω(x) ∩ Ωn, n ∈ {S, I} (2)
E(x) � ∑

n

En(x) (3)

Fn(x) � lim
V0→V

En(x)
V0

(4)
Fn(x) � lim

y→x
Fn(y), y ∈ {Ω(x)} (5)

At the point when the coice of media zone Ω(x) fulfills the
two Eqs 4, 5, the comparing V is the RMV of the frozen soil. For

this article, the analysis of frozen soil porous media should select

the RMV in stress process, and the method is shown above.

2.3 “Three-box” stress-strain analysis
model based on RMV

The “three-box” method is widely used in engineering fire

analysis. The “three-box” model consists of three basic models:

black-box model, gray-box model, and white-box model, which

can be chosen according to the different requirements of analysis

accuracy: black-box model, white-box model, or gray-box model.

The black-box model is used chiefly for rough analysis; the white-

box model is used for refined analysis; the gray-box model is

between the black-box model and the white-box model and can

be used for relatively refined analysis.

Therefore, in this paper, based on RMV, combining the

“three-box” analysis method in engineering fire analysis,

introducing the assumption of continuous medium, gradually

reducing the blackness of the model, increasing the whiteness,

and making appropriate simplifications to establish a simple

“three-box” analysis model of the stress transfer process, as

shown in Figure 4.

With the introduction of the continuous medium

assumption, the solid and fluid phases can be treated as a

continuum overlapping each other, replacing the real porous

medium system (both the porous medium and the pore

substance inside the porous medium) with an ideal

continuous system. Any property in this continuous medium

system (whether it is the property of the porous medium or the

property of the substance in it, or the mechanical property of the

system) can be described in terms of continuous variables. The

internal microstructure and applied conditions of frozen soil

porous media are very complex, and there are stochastic factors

such as parameter and model inaccuracies in the modeling and

simulation calculation process. For frozen soil porous media, this

paper proposes a “three-box” stress-strain analysis model based

on RMV.

2.4 Black-box descriptionmodel of RMV in
frozen soil porous media

2.4.1 Black-box model definition
The so-called black-box, i.e., the interior of the control

element surrounded by the frozen soil RMV, is not

FIGURE 3
The medial volume centered on point x in porous media.
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“transparent.” This model is suitable for porous media with no or

incomplete basic parameters, and only a rough analysis of the

frozen soil stress conduction process is possible, which is also

called the “original model."

The black-box model is an analytical method that is both

simple and can lead to important conclusions, which is the main

reason why black-box analysis is widely used. The REV black-box

model for frozen soil porous media established in this paper is

shown in Figure 5.We consider the frozen soil porous medium as

a system surrounded by a “non-transparent” boundary, with the

solid line indicating the system boundary and the arrow

indicating the output stress.

This allows the frozen soil RMV to be considered as a whole

without considering the stress transformation between the soil

skeleton and solid ice inside the system and only considering the

stress conduction process between the whole system and the

outside world at the system boundary. The model is mainly used

for the rough analysis of the stress conduction process in the

frozen soil RMV. When little information is related to the frozen

soil porous medium, the black-box model can be used to

describe it.

2.4.2 Analysis of stress conduction process in
black-box

When the stress direction is horizontal to the pore access

(parallel), only the porosity ϕ of the fundamental structural

parameter of the porous medium is known. According to the

theory of mesomechanics of composite materials (Panin et al.,

1998) and Reuss (1929) series model, combined with the

composition and mechanical characteristics of the frozen soil,

the permafrost is regarded as a horizontal isotropic solid medium

composed of ice crystals and dry hard solid soil. According to the

deformation coordination condition, typical micro-elementary

volume of monolayer composites were used as the study subjects,

the elastic modulus of the isotropic surface of the frozen soil was

deduced respectively as follows, as shown in Figure 6.

The elastic modulus can be expressed as

1
Ehb

� (1 − ϕ) 1
Eg

+ ϕ
1
El

(6)

FIGURE 4
Simplified RMV model of porous media.

FIGURE 5
RMV-based black-box description model for porous media.

FIGURE 6
RMV-based parallel model of porous media black-box.
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Simplify to get

Ehb � EgEl

ϕEg + (1 − ϕ)El
(7)

where, ϕ is the frozen soil porosity; Ehb is the effective elastic

modulus when the stress direction is parallel to the pore access,

MPa; Eg is the elastic modulus of the soil skeleton, MPa; El is the

elastic modulus of the ice crystals in the pore space, MPa. When

the stress direction is perpendicular to the pore access (in series),

only the porosity ϕ of the fundamental structural parameter of

the porous medium is known, as shown in Figure 7. According to

the theory of mesomechanics of composite materials (Panin

et al., 1998) and Voigt (1889) parallel model, the elastic

modulus can be expressed as

Ehc � (1 − ϕ)Eg + ϕEl (8)

where, Ehc is the effective elastic modulus when the stress

direction is perpendicular to the pore access, MPa.

2.5 Gray-box description model of RMV in
frozen soil porous media

2.5.1 Gray-box model definition
The internal part of control element surrounded by the

frozen soil RMV is “transparent” and is called the gray-box

model. Compared with the black-box model, the gray-box model

has been developed and refined to allow for a refined analysis of

the frozen soil stress conduction process and is also referred to as

the “development model,” as shown in Figure 8.

The gray-box model studies the stress conduction process

inside the frozen soil porous medium while studying the stress

conduction between the system and the outside world, which is

more comprehensive in describing, characterizing, and analyzing

the stress conduction process inside the RMV compared with the

black-box model. Furthermore, the gray-box model can be used

for a more refined analysis of the frozen soil stress conduction

process. When more information related to the frozen soil pore

medium is known, the gray-box model can be used for the

description.

2.5.2 Analysis of stress conduction process in the
gray-box

The actual porous media are often non-homogeneous and

anisotropic, complicating porous media’s transfer phenomena

and coupling mechanism. Therefore, the gray-box model can be

approximated by the simultaneous coexistence of the “parallel”

and “series” models in the black-box stress-strain model. In this

way, the model is further made “transparent” based on the black-

box model, the fundamental structural parameter porosity is

known, and the pore access distribution variate α are introduced

to calculate the elastic modulus based on the gray-box stress-

strain model. The pore access distribution variate α defined as

α � Nc

N
× 100% (9)

where, Nc is the entire quantity of pore accesses parallel to the

stress direction; N is the entire quantity of RMV pore accesses.

Then, the elastic modulus can be expressed as

Eh � αEhc + (1 − α)Ehb (10)

where Eh is the effective elastic modulus of the porous medium

for the gray-box stress-strain model, MPa. Substituting Eq. 7, 8

into Eq. 10 to simplify gives

Eh �
(2αϕ2 − 2αϕ + 1)EgEl + αϕ(1 − ϕ)(E2

g + E2
l )

ϕEg + (1 − ϕ)El
(11)

A dimensionless constant k can be used to represent the

elastic modulus of the ice crystals El and the elastic modulus of

the solid skeleton Eg. i.e.

FIGURE 7
RMV-based black-box series model of porous media.

FIGURE 8
RMV-based gray-box description model for porous media.
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Eg � kEl (12)

Substituting Eq. 12 into Eq. 11 to simplify gives

Eh � k(2αϕ2 − 2αϕ + 1) + αϕ(1 − ϕ)(k2 + 1)
ϕ(k − 1) + 1

El (13)

where 0< ϕ< 1; 0≤ α≤ 1; k< 1. For the two exceptional cases, α �
0 and α � 1, there areWhen α � 0simplifying Eq. 13, we get

Eh � k

ϕ(k − 1) + 1
El (14)

When α � 1, simplifying Eq. 13, the following Eq. can be

obtained

Eh � k(2ϕ2 − 2ϕ + 1) + ϕ(1 − ϕ)(k2 + 1)
ϕ(k − 1) + 1

El (15)

2.6 White-box description model of RMV
in frozen soil porous media

2.6.1 White-box model definition
The white-box model, i.e., the control element surrounded by

the frozen soil RMV, is entirely “transparent” inside. This model

is suitable for porous media where all basic parameters are

known. Compared with the gray-box model, the white-box

model is further developed and refined to allow accurate

analysis of the frozen soil stress conduction process, also

referred to as the “ideal model,” as shown in Figure 9.

2.6.2 Analysis of stress conduction process in
white-box

It is difficult to measure all the basic parameters of porous

media, and it is pretty challenging to analyze the problem using

the white-box model. The actual process is that the black-box

model gradually evolves into the gray-box model and gradually

converges to the white-box model, and the gray-box can

gradually correct the mathematical model and experimental tests.

The internal pore accesses are curved in typical porous

media, soil and rock. The degree of curvature specifically

influences the stress conduction course in porous media.

Therefore, the average tortuosity is introduced based on

the gray-box stress-strain model. In this way, the model is

further made “transparent” based on the gray-box model, and

the fundamental structural parameters porosity, pore access

distribution variate, and average tortuosity are known.

Calculating the elastic modulus based on the white-box

stress-strain model is carried out. The tortuosity τi,

defined as

τ i � (Lei

Li
)

2

(16)

where, Lei is the actual longness of the curved pore access; Li is the

straight-line longness linking the both ends of the curved pore

access. Medial tortuosity is defined as

τ � 1
N

∑N
i�1
τ i (17)

Then, the elastic modulus can be expressed as

Eb � τ · Eh � τ · (2αϕ2 − 2αϕ + 1)EgEl + αϕ(1 − ϕ)(E2
g + E2

l )
ϕEg + (1 − ϕ)El

(18)
where, Eb is the effective elastic modulus of the porous

medium for the white-box stress-strain model, MPa.

According to the expressions (13), (14), and (15) for the

effective elastic modulus of the porous medium of the gray-

box model, we can obtain

Eb � τ · Eh � τ · k(2αϕ2 − 2αϕ + 1) + αϕ(1 − ϕ)(k2 + 1)
ϕ(k − 1) + 1

El

(19)
Eb � τ · Eh � τ · k

ϕ(k − 1) + 1
El (20)

Eb � τ · Eh � τ · k(2ϕ2 − 2ϕ + 1) + ϕ(1 − ϕ)(k2 + 1)
ϕ(k − 1) + 1

El (21)

3 Results of model verification
comparison

3.1 Experimental method

The elastic modulus of frozen soil has two methods of

determination:

1) σ − ε expressed as the slope of the line linking the point on the

curve ε � 0.2% corresponding to the strain to the origin of the

coordinates.

FIGURE 9
RMV-based white-box description model for porous media.
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2) Based on the test data of uniaxial compressive strength, take

the ratio of 1/2 of the instantaneous uniaxial compressive

strength to its corresponding strain value:

E � σs/2
ε1/2

(22)

where: E is the elastic modulus of the specimen, MPa; σs is the

instantaneous uniaxial compressive strength of the specimen,

MPa; ε1/2 is the strain corresponding to half of the instantaneous

uniaxial compressive strength value of the specimen, %.

3.2 Experiment verification model

Because method 1) is the Mechanics of Materials (Gere and

Timoshenko, 1997) for no obvious yield stage of plastic material

to calculate, used to compute the permafrost elastic modulus

deviation is larger, and method 2) is the Artificial Frozen Soil

Physical Mechanics Performance Test (MT/T 593-2011, 2011)

about the description of frozen soil elastic modulus calculation,

than method 1) calculated closer to the actual situation, more

representative. From a practical point of view, testers prefer the

latter method. Therefore, Wang et al. (2008) conducted an

experimental research on the compressive strength of sandy

soil with different volume ice content (porosity) at a standard

atmospheric pressure of 101.325 kPa and a temperature of −8°C

by method 2) and calculated the elastic modulus values for

different volume ice content (porosity). This experiment and

the related data were used to verify the model built in this paper

to judge the correctness of this new model. The soil structural

physical parameters and the media elastic modulus (Wang

et al., 2008) involved in the experiments are displayed in

Table 1.

Since the white-box model is the closest stress conduction

model to the actual condition among the models developed, the

model is used to compare with the experimental data for

demonstration, which is displayed in Figure 10. As can be

seen from Figure 10, both the experimental and calculated

values show an increasing trend as the volumetric ice content

(porosity) increases. The calculated values of the white-box

model built in this paper showed a most extreme of 11.85%

and a base deviation of 3.91% compared with the experimental

values. The frozen soil elastic modulus calculated by the model

built in this paper agrees with the actual one. In addition, it can be

seen from Figure 11 that the test results deviate from the

simulated calculations and specifications mainly because of

the non-homogeneity of the soil porous media in terms of

components and porosity during the test. Meanwhile, the

black-box and gray-box models are also verified in this paper,

which is like the white-box model and will not be rehashed.

4 Results of numerical calculation
analysis

Based on the “three-box” stress-strainmodel of porousmedia

established by RMV, the elastic modulus of frozen soil is

numerically calculated to analyze the relationship between the

distribution of pore accesses, porosity, and elastic modulus of

frozen soil porous media. In this paper, saturated frozen sandy

soil at −8°C is used for the numerical calculation when most of

the pore water has frozen into ice. The relevant parameters are

shown in Table 1.

TABLE 1 Experimental parameters.

Structural properties parameters Media elastic modulus

Ice content (Porosity) 0.05, 0.1, 0.2 Media Elastic modulus/MPa

Tortuosity 2 Sandy soil 46

Pore access composition variate 0.5 Ice 6820

FIGURE 10
Relationship between calculated and experimental values of
the white-box model.

Frontiers in Earth Science frontiersin.org08

Han et al. 10.3389/feart.2022.991384

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.991384


The free water and capillary water content in the fully frozen

soil are alsominimal, and the frozen soil body accounts for a large

proportion of the soil particle skeleton, which is a dry, tough, and

dense solid medium, as another part of its filling medium is

mainly ice crystals. Therefore, it is reasonable to consider frozen

soil as a composite unit composed entirely of soil and ice without

considering the influence of unfrozen water. Based on this, frozen

soil is considered a transversely isotropic solid medium

composed of ice crystals and dry, tough, and dense soil with

complete filling and complete adhesion. According to the

deformation coordination condition, Typical micro-elementary

volume of monolayer composites were used as the study subjects,

the elastic modulus of the isotropic surface of the frozen soil was

deduced respectively.

4.1 Calculation of elastic modulus based
on black-box model

According to Eq. 2, 3, the elastic modulus of the black-box

model is calculated numerically. The porosity ϕ of the frozen soil

was selected to be 5–85%. The variation of the elastic modulus E

with porosity ϕ is shown in Figure 11. From Figure 11, it can be

seen that the elastic modulus of both the black-box model in

parallel and the black-box model in series increases with the

increase of porosity. The elastic modulus of the black-box model

in parallel is always more significant than that of the black-box

model in series under different porosity, and the difference

between them increases with the increase of porosity. The

maximum and minimum values of their respective elastic

modulus of the black-box stress-strain model in parallel and

series are 246.973 MPa, respectively 5419.2 MPa.

The elastic modulus of the series model is greater than that of

the parallel model due to the elastic modulus of ice crystals is

approximately 148 times larger than that of sandy soil, which is

even larger than the elastic modulus of sandy soil. The elastic

modulus gradually increments as the porosity increments. It is

because when the porosity expands, the ice content of soil grains

increases, and the contiguous region among soil grains and solid

ice increases, making the frozen soil stronger and the elastic

modulus larger.

4.2 Calculation of elastic modulus based
on the gray-box model

According to Eq. 8, the elastic modulus of the gray-box

model is calculated numerically.

The porosity ϕ of the frozen soil was selected to be 5–85%.

The variation of the elastic modulus E with the pore access

distribution variate α is displayed in Figure 12. From the data

in Figure 12, it can be seen that the elastic modulus of the

gray-box model gradually increases, when the pore access

distribution variate is certain and the pore rate gradually

increases, and the derivative does not change much. The

difference between the maximum and minimum values

gradually increases. When the porosity is certain, and the

pore access distribution variate gradually increases, the gray-

box model’s elastic modulus also gradually increases because

the larger the pore access distribution variate, the more the

number of series accesses in the RMV, the less the number of

parallel accesses. The elastic modulus of the parallel model is

less than that of the series model, so the elastic modulus

increases.

FIGURE 11
Relationship between elastic modulus E and porosity φ for black-box model.
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4.3 Calculation of elastic modulus based
on white-box model

According to Eq. 16, the elastic modulus of the white-box

model is calculated numerically.

When the porosity ϕ is 50%, and the pore access distribution

variate α are 0–100%, the elastic modulus E changes with the

tortuosity τ as displayed in Figure 13. As can be seen from

Figure 13, when the pore access distribution variate is certain, the

elastic modulus of the white-box model increments gradually

with the gradual increment of the tortuosity, and the disparity

among the maximum and minimum values increases gradually.

When the tortuosity is certain, the elastic modulus increases

gradually when the pore access distribution variate increases

gradually.

The pore access distribution variate αwas chosen to be 50%,

and the elastic modulus E varied with the tortuosity τ when the

porosity ϕ was selected to be 5–85% as displayed in Figure 14. It

can be seen from Figure 14 that the elastic modulus of the

white-box stress-strain model increments with the increment of

the tortuosity when the porosity is certain, and the elastic

modulus of the white-box stress conduction model

increments with the increment of the porosity when the

tortuosity is certain.

FIGURE 12
Relationship between elastic modulus E and pore access distribution variate α for gray-box model.

FIGURE 13
Relationship between elastic modulus E and tortuosity τ of the white-box model with different pore access distribution variate α
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As can be seen from Figure 13 and Figure 14, when the

porosity and pore access distribution variate is certain, the

elastic modulus gradually increments with the increment of

tortuosity. It is because, within the pore structure, the path

through which the stress is conducted becomes more

tortuous and can no longer pass smoothly through the

pores, and the strength of resistance to deformation

increases. Thus, the effective elastic modulus increases at

this time.

Based on the black-box and gray-box model, the

formula for the elastic modulus of frozen soil porous

medium is given, numerical simulations are also

performed, and the elastic modulus increases with the

increasing porosity. The closer the pore access

distribution variate is to 1, the greater the internal elastic

modulus of the frozen soil porous medium, and the closer to

the ideal white-box model.

Under the black-box model, as the properties of the porosity

increases, it is closer to the properties of the ice crystal, and the

internal elastic modulus becomes larger. Under the box-model,

the influence of porosity on the frozen soil elastic modulus is the

same as the black-box model; because the elastic modulus of soil

skeleton and ice crystal is quite different, the total elastic

modulus is basically curve distributed, and the numerical

difference between series elastic modulus and parallel elastic

modulus is quite large. For the white-box model, the

experimental and numerical analysis show that for the pore-

type porous media, with the increase of the pore rate, the

fundamental soil skeleton filling is gradually insufficient, and

the continuity of the ice crystals gradually increases in space,

which leads to the increase of the elastic modulus of the

frozen soil.

5 Discussion

In winter, the freezing phenomenon of media such as water

within the pores of the porous soil media occurs, and its phase state,

constituent, and distribution change, which causes a substantial

change in the elastic modulus (Lai et al., 2013). In this paper, in view

of the construction and material of frozen soil under freezing

conditions, a “three-box” analytical model of stress-strain in

frozen soil porous media based on characterization elements is

established, the expressions of elastic modulus under different

models are derived, and comparative verification and

computational analysis are conducted using existing tests.

Assuming that the practical soil porousmedium is a continuous

medium, the characters are explained and studied based on the

constructions of frozen soil using a continuous mathematical

method (Prévost, 1980). In order to validate the feasibility of the

description and selection method of RMV of frozen soil porous

media involving porosity as a typical condition variable. It provides

a new direction for developing permafrost resources and studying

the build of roadworks in permafrost areas (Tang et al., 2019;Wang

et al., 2022). It provides new ideas for investigating and studying the

essential characteristics of frozen soil and the law of development

and change, as well as the measures to prevent and control frost

damage, and further serves for the development and economic

construction in cold areas (Lai et al., 2018; Yu et al., 2020). Involving

porosity as a delegate state variable.

Albeit the impact of porosity, pore access distribution variate,

and tortuosity on the elastic modulus of frozen soil is studied,

there are many factors affecting the elastic modulus, which can

also be studied from the aspects of saturation and different soil

(Ming et al., 2017). In addition, the elastic modulus research of

frozen soil is limited by the lack of factors, and we cannot

FIGURE 14
Relationship between elastic modulus E and tortuosity τ for the white-box model with different porosity φ
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accurately know the change rules beyond the scope of this model.

Therefore, the subsequent study can also expand the scope of

research factors to get more accurate rules.

Due to the complex structure of frozen soil porous media and

its occurrence conditions, it is difficult to accurately describe it,

and related mechanistic model research for specific conditions,

the adaptability is not strong, “model inaccurate” and “parameter

incomplete” become the “bottleneck” problem (Chen et al.,

2022). How to describe the structure of frozen soil porous

media and analyze the relationship between stress conduction

and pore structure needs further study.

The study of permafrost stress conduction model can provide

a theoretical basis for the deformation and stability prediction

and evaluation of various engineering foundations in permafrost

areas, especially those with high ice content (Zhang and Liu,

2018). Therefore, it is of significant meaning to research the

physical and mechanical characters of permafrost systematically

and deeply (Shen et al., 2018). The “three-box” analysis way given

in this paper can study the stress conduction characteristics of

permafrost porous medium from coarse to fine, which has some

significance for mastering some relevant mechanisms in the

mining process of permafrost resources and analyzing the

change law of stress conduction process. However, the model

proposed in this paper is still stuck at the theoretical level, and it

still needs to be applied and analyzed and verified according to

the actual production of frozen soil, so as to supplement and

improve the built model.

Although this paper examines the elastic modulus change law

of frozen soil under different porosity, but there is only a fixed

test temperature, and the mechanical characters of frozen soil are

greatly influenced by the temperature, which makes the

conclusion have certain limitations. Therefore, in the future,

frozen soil at different temperatures should be tested indoors, to

study the change law of mechanical characters of frozen soil

under more variables (Shen et al., 2020; Sun et al., 2020).

Therefore, we need to carry out a lot of tests on the frozen

soil to further deepen the research, a clearer understanding of the

constitutive relationship of the frozen soil under complex stress

conditions, the established equationmust have high accuracy and

practicability (Tounsi et al., 2019; Wang and Zhou, 2018). In this

way, we can find the risk factors in the construction in the process

of construction, and find a fast and accurate solution according to

the test simulation.

6 Conclusion

The analysis and study of stress-strain processes in frozen soil

porous media have theoretical connotations and are a robust

science for engineering practice. The validity of the model is

validated by comparing and analyzing the calculated results of

the in being tests and the white-box model. The results show that

the discrepancy between the computed and experimental values

of the white-boxmodel is slight, and the elastic modulus of frozen

soil calculated by themodel established in this article is consistent

with the veritable situation, so the model established in this paper

has practicality.

Under the standard atmospheric pressure of 101.325 KPa

and temperature of −8°C, the established black-box model,

gray-box model, and white-box model were analyzed by

numerical calculation under the condition of sandy soil as

an example. It is concluded that the variation law of frozen

soil elastic modulus is influenced by the pore size, the soil

structural distribution, components, and the degree of pore

access curvature, among others, which requires specific analysis

in each case.

The elastic modulus of the black-box model increments with

the porosity. When the porosity of the gray-box model is certain,

the elastic modulus is positively correlated with the pore access

distribution variate, and the effect of changing the elastic

modulus is greater than the effect of changing the pore access

distribution variate. In the white-box model, the elastic modulus

still increases with the porosity; with the constant porosity and

the porosity of the porous medium, and with the constant

porosity, the elastic modulus increases with the pore access

variate.

This paper proposes a “three-box” stress-strain model for

frozen soil porous media based on RMV, which provides a

reference for the study of momentum, energy, and mass

transfer characteristics in frozen soil porous media and other

porous media, and the conclusions of the study are of guiding

significance for the application of frozen soil (Yang et al., 2018;

Yin et al., 2022).
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