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The mechanical analysis of complex rock mass is a difficult problem, which often occurs in
scientific research and practical engineering. Many achievements have been made in the
study of rock mass composite problems by composite material micromechanics method,
but it has not been well summarized so far. This paper summarizes in detail the research
status of complex rock mass problems by composite material micromechanics method at
home and abroad, including the application of the Eshelby equivalent inclusion theory and
self-consistent model in rock mass composite problems, and the application of the
homogenization method in jointed rock mass and other rock mass composite
problems such as anchored rock mass, layered rock mass, and salt rock mass with
impurities. It is proposed that the structural similarity and mechanical analysis similarity
should be satisfied when the composite material micromechanics method is used to study
the complex rock mass. Finally, the problems that need to be further studied are put
forward. The research results provide a valuable reference for the study of complex rock
mass by the composite material micromechanics method.

Keywords: complex rock mass, composite material micromechanics method, Eshelby equivalent inclusion theory,
self-consistent model, homogenization method

INTRODUCTION

As a very complex structure, the rock contains defects such as the holes, stratification, schistosity,
joints, weak structural planes, and interlayer. In addition, micro-structures, micro-cracks, or
multiphase inclusions are also formed in the microstructure, and the mineral crystals that make
up rocks also bear a variety of forms. The spatial distribution, geometric size, and internal filling type
of these defects have a great influence on the physical and mechanical properties of rock materials
(Chen and Li, 1992). Therefore, the study of the evolution law of cracks or defects under various
external factors such as force, temperature, and moisture has important significance for some special
rock mass structures such as fissure rock mass, jointed rock mass, weak interlayer rock mass, and
impurity rock mass.

In the early days, the elastic mechanics method was used to analyze the rock materials.
Subsequently, plastic mechanics, fracture damage mechanics, explosive mechanics, statistical
mechanics, computational mechanics, and computer technology are increasingly applied for rock
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mechanics. However, rock is a kind of complex geological
material, and the discipline of rock mechanics and engineering
should not only develop its theories, technologies, and methods
from other basic disciplines but also carry out multidisciplinary
cross-collaboration (She and Peng, 2014). The composite
mechanics is a science of specializing in mechanical behavior
under different material combinations based on theoretical
mechanics, material mechanics, elasticity mechanics, plasticity
mechanics, etc.

Based on the idea of applying composite material mechanical
methods to study the rock mechanics, as early as 1956, Einstein
(Einstein, 1956) was apparently the first to attempt such work,
followed by Hashin (Hashin and Shtrikman, 1963). After that, a
great number of scholars (Salamon, 1968; Eshelby, 1957; Li et al.,
2006a; Abou-ChakraGue’ et al, 2008) have studied the
mechanical problems of complex rock mass by composite
material micromechanics methods. In 1979, Chinese Professor
Wang Jingtao (Wang, 1979) pointed out that it is meaningful to
deal with the problems of rock mechanics by using the basic
principles and composite material micromechanics methods, and
it can more realistically reflect the mechanical properties of rock
mass. In 1990, Professor Zhao Pinglao (Zhao and Zeng, 1990)
believed that studying rock mechanics by the composite material
mechanics methods would be a favorite new idea to promote the
rapid development of rock mechanics.

This article mainly summarizes the application of composite
material micromechanics methods in the field of rock
mechanics, and analyzes and discusses the relevant problems
in order to provide relevant researchers with a more
comprehensive understanding of the research status in this
field and promote the further application of composite
material micromechanics methods to the research of
geotechnical engineering problems.

BASIC THEORY OF COMPOSITE
MATERIAL MECHANICS AND ITS
APPLICATION IN ROCK MECHANICS

The theoretical research methods of mechanical properties of
composite materials are mainly divided into macro-
mechanical methods and micro-mechanical methods (Qin
and Yang, 2006). In the macro-mechanics theory of
composites, the composites are regarded as
homogeneous media, and the internal reinforcing phase and
matrix are regarded as a whole without considering the
interaction between internal components, and the
micromechanics is to establish the quantitative relationship
among the macro properties, composition properties, and
microstructure of composites (Du and Wang, 1998).

As early as 1957, Eshelby (Eshelby, 1957; Eshelby, 1959) put
forward Eshelby’s equivalent inclusion theory based on a large
number of studies. Subsequently, more mature micro-mechanics
theories have been put forward, such as the Mori Tanaka method
(Mori and Tanaka, 1973), self consistent theory (Hill, 1965a;
Budiansky, 1973), and generalized self consistent theory
(Christensen and Lo, 1979).

macro-
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The homogenization method (Benssousan et al, 1978;
Cioranescu and Paulin, 1979; 1980)
developed in the 1970s is used as an alternative method to
find the effective characteristics of equivalent homogenized
materials. The representative volume element method, the
multi-scale progressive homogenization method, and the
homogenization method based on inclusion theory are the
main contents of the homogenization method.

Sanchez-Palencia,

Eshelby Equivalent Inclusion Theory and Ilts
Application

Eshelby uses Green’s function method of three-dimensional
elastic problems to obtain the explicit solution of the
ellipsoidal inclusion problem, and also analyzes the elastic
stress field around the inclusion (Eshelby, 1957; Eshelby,
1959). More research work has been carried out in the field of
rock mechanics. On the one hand, scholars used Eshelby’s
equivalent inclusion theory to study the application of rock
macro-equivalent elastic modulus (Hu et al, 2013; Xiao and
Huang, 2013; Nguyen et al, 2016), rock rheology, and
reinforcement engineering (Xiao and Huang, 2013). At the
same time, the change of the rock meso-structure is studied by
Eshelby inclusion theory and meso-damage mechanics (Bai,
2016).

Pensee (Vincent and Kondo, 2003) and Zhu (Zhu et al., 2008)
combined Eshelby’s inclusion theory and energy method to
obtain the damage model of brittle materials. Zhu (2006) used
the Eshelby inclusion problem solution to construct the
thermodynamic framework of the micromechanical damage
model, and by considering the elastic strain (&”) of matrix
and the inelastic strain (&) caused by crack, the general form
of representative volume element free energy is obtained, as
shown in Eq. 1:

LR 1
W= (o= e (= e) 46t & & M

where : C" is the matrix modulus, which is the fourth-order
effective elastic tensor.

Chen et al. (2011) established the meso-damage mechanics
model of rock under the condition of thermal mechanical
coupling by using the M-T method and Taylor method.

The above is the case of meso-damage mechanics studied by
inclusion theory. Within the framework of macro-damage
mechanics, Weilide (Lide et al., 2004a; Lide et al., 2004b) used
the Eshelby equivalent inclusion method to establish the
elastic-plastic ~ constitutive relationship of rock mass
considering the plastic deformation of damaged rock.
However, because the Eshelby theoretical solution is not
applicable to the case of large inclusion proportion, the model
simulation results are quite different from the test results in the
later stage.

Self-Consistent Model and Its Application

The basic idea of the self-consistent method is to obtain the
average strain in the inclusion phase from the self-consistent
model under uniform boundary conditions, so as to obtain the
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FIGURE 1 | Intact rock block cut by orthogonal joints (Yang and Wu,
1991).

effective elastic stiffness tensor. In view of the defects in the
application of the self-consistent method to the calculation of
equivalent modulus of multiphase (inclusion) composites (Zheng
et al, 2010), Kerner (Kerner, 1956) proposed a generalized
autonomous model. The prediction results of the generalized
self-consistent model are more reasonable than those of the self-
consistent model (Christensen, 1990). In general, the application
of the self-consistent method in rock mechanics is not much. In
order to consider the influence of the interaction between
microcracks in rock on rock damage, Wen Jianhua and Zhou
Cuiying (Wen et al, 2011) studied the damage effect of rock
materials based on the generalized self-consistent theory, and
established a damage constitutive model reflecting the
development and change of rock micro-cracks under load.
Wang et al. (2015) developed a self-consistent model for the
elastic contact of rough surfaces to account for the asperity
interaction through Boussinseq’s solution.

The Homogenization Method and Its
Application

The homogenization theory can be applied in many areas of
physics and engineering, having finely heterogeneous continuous
media, like heat transfer or fluid flow in porous media, or, for
example, electromagnetism in composites (Hassani and Hinton,
1998). The homogenization method has also been widely used in
the field of rock mechanics, such as joint rock mass, anchored
rock mass, and layered rock mass.

Jointed Rock Mass

Joints have a profound impact on the mechanical properties of
rock mass structures. The purpose of studying the mechanical
properties of jointed rock mass is to study its macro rock mass
properties. For a single jointed rock mass, the joint model can be
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directly established. For example, Goodman joint element
(Goodman et al, 1968) can be easily introduced into
numerical analysis. However, the problems of joint set and
discontinuity plane are often encountered in practical rock
engineering. When analyzing this kind of rock mass, it is very
difficult to establish a separate joint element for numerical
analysis (Zhang et al., 2012).

Therefore, scholars equalize jointed rock mass into generalized
composite materials, regard joints as matrix materials in
composite materials, and regard rock mass as an inclusion
material in composite materials. Appropriate representative
units are selected to equivalent jointed rock into homogeneous
rock materials. Typical representative units are shown in Figures
1, 2. In representative units, the constitutive relations of rock
mass and joints are given. The macroscopic equivalent
mechanical parameters and constitutive model of jointed rock
mass can be obtained by using the coordination conditions
between macro and meso stress-strain and the meso-
mechanical method [Zhang Wu et al. (Zhang and Zhang,
1987); Yang Haitian et al. (Yang and Wu, 1991)], such as the
elastic constants and joint occurrence parameters of jointed
material and complete rock mass (Zhang and Zhang, 1987),
and the composite creep model of jointed rock mass (Yang
and Wu, 1991; Maghous et al., 20212021).

It should be noted that there are many forms of joints in
practical engineering. Researchers also use the composite meso
homogenization method to obtain the macro equivalent
constitutive models and parameters of these joints, such as
stepped jointed rock mass (Singh, 1973); unidirectional,
bidirectional, and multidirectional jointed rock mass (Zhang
and Zhang, 1987); oblique jointed rock mass (Niu and Yang,
2007a); and layered jointed rock mass (Huang et al., 2010).

In another case, scholars assume that jointed rock mass has
meso-periodic characteristics. First, according to the principle of

I\

=
d

=
(d-1)

— X

FIGURE 2 | Representative element (Yang and Wu, 1991).
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FIGURE 3 | Representative volume element for interbedded salt rock
(Wang et al., 2009).

virtual displacement within the range of linear elasticity (Niu and
Yang, 2007b; Ren and Xu, 2008), as shown in Eq. 2:

JEijk[% %dﬂ = Jffv,dQ + Jt,-v,«dl", (2)

0 Xi OX; 0 ;
where f? is the volume force, ¢;represents the external load acting on
the boundary, I, u° is the real displacement, and vis any virtual
displacement satisfying the boundary conditions, i, j,k € {1, 2, 3}.

Then, the displacement and stress of a point in the macro-

structure are expanded into a small parameter progressive
expansion about the meso-structure scale. Combined with the
perturbation technology, a series of control equations are
obtained. According to these equations, the equivalent material
parameters of homogenized jointed rock mass can be solved, as
shown in Eq. 3, so as to convert the meso-heterogeneous jointed
rock mass into homogeneous material (Ren and Xu, 2008).

1 axkl
Ef, = Vi J < Eiju — Eijpm# dy. 3)

Y

Anchored Rock Mass

The mechanical and homogenization methods for composite
materials have also been applied to anchored rock mass. The
rock mass support system was regarded as a kind of composite
materials composed of rock mass (matrix), anchor (reinforcing
material), and mortar (bonding material) (Li et al., 2006b), and
then the micromechanical elastic constant calculation model for
rock mass was established by using composite material
mechanical methods. As a further study, the layered rock
mass—anchor support system (Li et al., 2006a)—was regarded
as a kind of unidirectional composite reinforcement material
composed of layered rock mass (matrix material), anchor rod
(fiber material), and mortar (carrier material). The relationship
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between the mechanical properties of the equivalent composite
material and each component was quantitatively analyzed.

Layered Rock Mass
The layered rock mass mentioned here refers to the interbedded
rock mass, which is composed of at least two lithologic units with
different engineering behaviors and properties. This layered rock
mass often presents the structure of alternating layers of hard
rock and soft rock with different thicknesses (Zhang et al., 2021).
Because this layered rock mass shows high anisotropy and
heterogeneity, it is very important to determine the
mechanical properties of layered rock mass for the selection of
eigenvalues for design and stability analysis in such engineering
construction (Liu et al., 2019; Zhang et al., 2019; Liu et al., 2020a).
In the experimental study, layered composite rock samples were
often used to carry out the relevant tests (Liang et al. (Liang et al,,
2007)). It is clear that complex samples have more complex
mechanical parameters or strength characteristics than a single
rock sample. The homogenization method is often used for the
heterogeneous medium when establishing the constitutive model;
that is, the rock mass of various thicknesses is generalized as an
equivalent homogeneous medium by using the representative
elements. The complex representation element, as shown in
Figure 3, is commonly found, and it can be taken as plane
strain problems or spatial problems. Of course, the correct
mixing rate is chosen according to the structural characteristics
of the rock strata, such as the strain coordination principle and the
multiphase mixture principle (Fan et al, 1999; Haj-Ali and
Muliana, 2003; Haj-Ali and Muliana, 2004). The mixing rate is
the bridge between the microscopic volume and the macroscopic
volume for the homogenization method, by which the equivalent
elasticity, elastic-plastic, and viscous constitutive model of the
layered rock mass can be finally obtained. For example, the macro-
equivalent elastic, elasto-plastic, and non-linear creep constitutive
models of interbedded salt rock mass were established by the Yang
Chunhe research group (Chun-he and Yin-ping, 2005; Li and
Yang, 2006; Wang et al.,, 2009). Zhao Pinglao (Zhao and Zeng,
1990) has studied the constitutive relations of layered rock mass by
means of composite material mechanical methods. Liu Kaoxue
et al. (Liu, 1990) have established the viscoelastic model of
interbedded and jointed rock mass.

Two-Step Homogenization Method and Its Application
In recent years, the two-step homogenization method has been
applied to solve the multi-scale problem of heterogeneous materials
(Nguyen et al.,, 2011; Shen et al,, 2012; Bikong et al., 2015; Zhao
et al, 2019). WQ Shen and JF Shao (Shen et al., 2012; Zhao et al.,
2019) have regarded clay rock as a complex of linear elastic mineral
particles embedded in the pore clay matrix, and the clay matrix was
considered to be made up of the solid phase and spherical micro-
pores. As shown in Figure 4, the clay solid phase and spherical
micro-pores are subjected to the first homogenization on the
microscopic  scale, and the macroscopic homogeneous
stress—strain relationship of the clay matrix is obtained. On the
basis of the first homogenization, the second homogenization of
clay matrix and mineral particles is carried out on the microscopic
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Effective inclusion

FIGURE 4 | Basic principle program of the two-step homogenization method (Shen et al., 2012).

Voids Solid phase

Clay matrix
e

scale, and the micromechanical model of clay rock is established to
evaluate its macroscopic plastic properties.

However, the application of the homogenization method and
the establishment of representative elements are always greatly
related to the structural characteristics of rock mass. Unlike the
jointed rock mass, the isotropic porous rock materials or geo-
materials are, in the microstructure scale, composed of nearly
spherical grains surrounded by a matrix. Such kinds of materials
are encountered in geo-mechanics, such as concretes and some
rocks (limestone, ironore, clay rock, etc.). Because this material
has the particles in the matrix, the composite material mechanical
methods are used well in the homogenization process, such as the
Mori Tanaka Scheme (Mori and Tanaka, 1973), Hill’s
incremental method (Hill, 1965a;Hill, 1965b), and J.F. Shao
method (Shen et al., 2012; Bikong et al., 2015; Zhao et al., 2019).

STUDY ON OTHER COMPOSITE
GEOTECHNICAL PROBLEMS WITH
COMPOSITE MATERIAL
MICROMECHANICAL PRINCIPLES

Composite subgrade and composite soil are common treatment
ways for subgrade in geotechnical engineering. It is usually
composed of two or more kinds of component materials: one
is the soil (matrix) of continuous distribution and the other is a
pile or geo-synthetics (reinforcements) surrounded by the soil.
Because of the non-uniform structure of composite soil, it is
difficult to understand its nature. Ye Guanbao (Ye et al., 2002)
proposed a micro-mechanical view of composite subgrade where
the core task is to establish a quantitative relationship between the
macroscopic performance of composite subgrade and its
component performance and its meso-structure, and reveal the
response law and essence of composite subgrade under certain
working conditions.

Based on the micromechanical homogenization method,
many scholars ( Ye et al, 2002; Wang et al., 2002; Lu, 2013)
predict the equivalent elastic parameters of pile-soil composite
foundation. In other similar studies, Ren et al. (2009) considered
the geo-grid and soil as generalized composite materials and
established a numerical calculation model to predict the elastic
equivalent constitutive parameters.

STUDY ON MECHANICAL PROBLEMS OF
IMPURITY SALT ROCK MASS BY
COMPOSITE MATERIAL MECHANICAL
PRINCIPLE

Impurity salt rock mass belongs to the concept of rock mass. In
addition to pure salt rock, it also contains other common
symbiotic mineral components, such as gypsum, anhydrite,
glauberite, and other impurities (Ding, 2010). Impurities have
a great impact on the overall mechanical properties of impurity
salt rock mass (Liu et al., 2020b).

By the light of the composite material mechanical principle,
the impurity salt rock mass was considered as the particle-
reinforced composite material. In addition, the targeted
research into the impurity salt rock mass by composite
material micromechanical principles may present two types of
mechanical analysis models to evaluate the properties of the
impurity salt rock mass.

On the one hand, the impurity salt rock mass is regarded as a
homogeneous medium, and the continuum constitutive model is
deduced with the continuous stress—strain field. From the
microscopic viewpoint, the impurity salt rock mass is a non-
uniform material composed of different impurities and salt layers.
However, from the macroscopic viewpoint, it should be regarded
as a uniform material. Therefore, the representative elements can
be used for impurity salt rock mass, and the stress—strain
relationship of each component of the representative elements
can be used to establish the macroscopic equivalent stress—strain
relationship of the impurity salt rock mass. The purpose of the
micro-mechanical study on composite materials is to establish the
quantitative relationship among the macroscopic composite
properties, the component properties, and micro-structure.
The impurity salt rock mass is considered as a particle-
reinforced composite material, and the macroscopic and
micro-mechanical properties of the impurity salt rock mass
can be analyzed by the composite material micromechanical
principles.

On the other hand, the impurity salt rock mass itself has
obvious structural features. It is a kind of multiphase material
(salt rock matrix, impurity-enhanced phase, and interfacial
phase). Due to the difference in mechanical properties among
the different phases, the various phases will interact with each
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other under external load. The impurity salt rock mass is regarded
as an inhomogeneous medium, and the micromechanical finite
element method of composite materials, with consideration of
different microstructure and composition, can be used to study
the internal micro-stress field, displacement field, and overall
mechanical properties of the impurity salt rock mass, in terms of
the different contents, sizes, shapes, and mechanical properties of
impurities. Furthermore, the properties and damage of impurity
salt rock mass depend on the properties of salt rock compositions
and impurities as well as the micro-structure characteristics such
as impurity volume, impurity fraction, impurity shape, impurity
size, impurity distribution, and interface phase features.
Therefore, the key to revealing the effect of the microscopic
characteristics of impurity salt rock mass on its performance
depends on how to forecast and analyze its performance and
reveal its nature of damage and destruction by micromechanical
method.

DISCUSSION ON THE KEY PROBLEMS OF
ROCK MECHANICS BY COMPOSITE
MATERIAL MICROMECHANICAL
METHODS

Similarity of Structural Composition
Between Complex Rock Mass and

Composite Materials

According to the research literature works above, the authors
believe that the similarity in the structural composition must exist
between rock mass and composite materials when studying rock
mechanics issues by composite material mechanical methods.

In the composite materials faculty, composite materials are
defined as new materials composed of two or more components.
Essentially, the different components were optimized by the most
suitable microscopic structure to produce composite materials in
order to meet the practical needs of different industries.

As the research object of geotechnical engineering, the natural
rock mass is itself a kind of natural geological material. As the
literature (Peng, 2010) describes, the difference between the rock
mass and other materials mainly lies in the structure, and the
material structure is closely related to its scale. Rock is a non-
homogeneous material composed of particles, voids, fissures, and
cement. Heterogeneity has a significant effect on the strength and
deformation of rock. It can be seen that the idea on rock is just the
opposite of that on composite material, but with consistent
essence.

In terms of material composition, the composite model (Liu
et al,, 2011) of the composite material is divided into two types:
macro-composite and micro-composite. Macro-composite refers
mainly to the overlap between two or more layers of different
materials (also known as lamination), such as aluminum alloy
sheet and carbon fiber or glass fiber composite sheet stack. A
microscopic composite, such as a particle-reinforced, fiber-
reinforced, or polymer-based composite material, means that
one or more fine materials are uniformly dispersed in another

Study of Complex Rock Mass

continuous material. Therefore, as mentioned in the literature
(Chen and Li, 1992), rock is a kind of a complex material which
can be considered to contain two components: the matrix and the
defects or micro-cracks in the matrix. In addition, there are also
rock mass with cements, impurity particles, and weak interlayer,
which are commonly referred to as soft and hard interbedded
rock mass, interbedded salt rock mass, or impurity salt rock mass.
Obviously, from the composition viewpoint, the complex
structure of rock mass is also very similar to that of composite
materials. Figure 5 shows the micro-structural model of two-
phase composite materials, which are very similar to those of
common geotechnical engineering objects such as columnar
jointed rock mass, composite foundation, interbedded rock
mass, and impurity salt rock mass.

Similarity in Mechanical Analysis Between
Complex Rock Mass and Composite
Materials

Fan et al. (1995) considered that any material capable of two levels
of analysis and calculation can be called composite material.
Composite material mechanics is a two-level mechanics theory,
which is embodied in the establishment of the conversion
between two levels of mechanics, namely, between micro-
mechanics and macro-mechanics. In addition, the mechanical
properties and damage laws of composite materials depend on the
component properties and micro-structure features such as
volume fraction, distribution, shape, and interfacial properties
of the enhanced phase. It can be seen that the mechanical analysis
of composite materials focuses on the influence of micro-
structural features on the macroscopic properties from the
qualitative viewpoint and on the relationship between
microscopic mechanics and macroscopic mechanics from the
quantitative  viewpoint. The macroscopic  stress-strain
relationship of the composite is deduced by the stress—strain
relationship, the volume fraction of microscopic materials, and
Eq. 4 (Belayachi et al., 2012).

a‘j = %J‘O’,]dv STJ = %Js,‘jdv, (4)
v v

where 0;jand ;; are the macroscopic average components of the

stresses and strains over the whole volume V of the unit cell,

respectively.

From the viewpoint of rock mass mechanics, Ji et al. (2006)
believed that the difference in rock types lies mainly in the
differences in the volume fraction of rock-forming minerals.
As long as the physical and mechanical properties and volume
fraction of the main rock-forming minerals are determined, the
physical and mechanical properties of any type of composite
multi-mineral rock can be calculated by using the correct mixing
law. Therefore, it is the key to establishing the correct mixing law.
Obviously, this view is consistent with the transition relationship
between micromechanics and macroscopic mechanics in the
quantitative analysis of composite materials. In addition,
Gaofeng and Wei (2005) compared composite materials with
rock blocks. The similarity between composite materials and rock
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FIGURE 5 | Microstructure model of a two-phase composite (Ji et al., 2006): (A,B) equal strain arrangement of strong and weak phase, (C) equal stress arrangement of strong and weak phase, and (D) particle-type

composite materials, not equal stress and not equal strain distribution of strong and weak phases.
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blocks is that there is a clear interface between the two
materials, and the no-embedding criterion is satisfied at the
interface. The difference is that the displacement of the
composite material is continuous at the interface, with the
existence of tensile stress and compressive stress, but the rock
blocks, when contacting, are only under compressive pressure
with continuous displacement, without tensile stress, and
detach under tension.

Bolt support systems can be regarded as special composite
materials (Li et al., 2006a). From the point of view of composite
material, a bolt is a reinforcement material, and rock mass is the
matrix material in a composite material. From the point of view
of mechanics, bolt reinforcement of surrounding rock improves
the mechanical properties of rock mass. Similarly, salt rock
mass containing impurities can be regarded as particle
reinforced composites (Wang et al, 2011), in which
impurities are regarded as the “reinforcing phase” in
composites and salt rock is regarded as the “matrix phase.”
From the point of view of the mechanical mechanism, the
“reinforcement and creep inhibition” of impurities on the salt
rock layer is essentially consistent with the “reinforcement and
creep inhibition” of particles on the matrix.

DISCUSSION AND OUTLOOK

In summary, scholars in the world have carried out fruitful
research work in the study on rock mechanics using composite
material micromechanics methods. The authors believe that the
following aspects should be mainly concerned in the future
study:

Mechanical Properties of Interface

The combination of the rocks in the underground rock mass is
quite different at the boundary (Tan et al., 1994). The calculated
stress, strain, and strength at the boundary with cohesion are
obviously different from those without cohesion. One of the most
important problems in composite materials composed of grains
surrounded by a matrix with a strong contrast of stiffness
between them, such as concrete materials and also
rock-composite materials, is the interphase zone or interfacial
transition zone (ITZ) between grain and matrix. Therefore, more
rock mechanical experiments and microscopic experiments
should be carried out to understand the mechanical properties
and bonding action of the interface; study the interface stress
transfer, interface damage, and slip mechanisms; and explore the
effect of interface performance on the macro-mechanical and
micro-mechanical properties.

Macro-Failure Criteria

Due to the physical combination and structural
characteristics, the composite materials are totally
different from homogeneous materials in the failure
mode. Uniform materials fail macroscopically and evenly
as a whole, but composite materials fail in the weakest
section among the reinforcement, matrix, and interface.
The failure form and law of composite materials are related
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not only to the stress state but also to the component
performance and combination situation.

Similar to composite materials, relative displacement and
stress transfer will occur among the phases of the complex rock
mass when the external load changes. Thus, the mechanical
response, deformation, and destruction of complex rock mass
result from the micro-effects among internal components and
represent the macroscopic group behavior. Therefore, the
macroscopic deformation and failure mechanisms should be
researched in terms of the micro-structure level, which is also
the major problem in studying the macroscopic failure criterion
of rock complex mechanics.

Multiphase Complex of Geotechnical
Engineering

Guo (2000) proposed the concept of multiphase materials which
have a wide range of material composition and microstructure,
with clear micro-structure direction, organizational diversity,
anisotropy, and scale effect, compared to the two-phase
composite materials. Thus, the multiphase materials
demonstrate more complicated mechanical behavior. For
example, the anchoring rock and soil in geotechnical
complexes can be regarded as three-phase composite materials
composed of the bolt (cable), cement slurry, and rock (soil),
which can be further studied by means of composite material
micromechanical methods.

Combination Between Digital Image
Processing Technique and Finite Element
Method

As known by all, the microscopic behavior detection methods,
such as scanning electron microscopy (SEM), transmission
electron microscopy (TEM), electron backscatter diffraction
(EBSD), neutron diffraction, and digital image technology,
cannot provide microscopic information about stress and
strain, and the pure finite element model cannot reflect the
real microscopic characteristics and microscopic compositions
of materials.

Next, the rock samples can be sliced by using digital image
processing technology (Yue et al., 2004; Kang et al., 2007; Yan
et al, 2017) in combination with the meso-experimental
research method of composite material, and the real two-
dimensional microstructure of the rock samples can be
obtained through the digital image of a scanning electron
microscope. Then the microstructure is imported into the
finite element software for meshing, which can more truly
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