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a b s t r a c t

The study of rock crack propagation by multi-scale method is of great significance to comprehensively
and accurately understand the law of rock crack evolution. In this paper, the theoretical, experimental
and numerical methods from macroscale, mesoscale and microscale used for crack propagation in recent
years are summarized and analyzed. Firstly, the evolution mechanism of the crack and the related
research status are analyzed from a single scale. Secondly, multi-scale theory, modeling, meshing al-
gorithm and macro-mesoscopic parameters are reviewed in the multi-scale coupling method. Through
the analysis of the results published in recent years, it is considered that the following aspects need to be
further studied: the characteristic parameters of the rock are different at different scales, so the
extraction of the characteristic parameters under different scales is essential to modeling and coupling;
the heterogeneity of rock and the prefabrication of cracks are greatly affected by human factors, so that
3D printing will be a good breakthrough to build the model of crack owing to its accurate control on the
distribution and the size of cracks. The internal stress field of the rock is complex and varied, and the
generation and expansion of the microcracks in the process of crack propagation are closely related to
the surrounding environment. Therefore, it is of great importance to combine theoretical, experimental
and numerical research with practical engineering.

© 2018 Southwest Petroleum University. Production and hosting by Elsevier B.V. on behalf of KeAi
Communications Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

According to the analysis of existing oil and gas reserves in
China, the development stage of unconventional oil and gas res-
ervoirs will gradually coming, and low permeability reservoirs will
be the main development object. The low permeability reservoirs
are the result of sedimentation, diagenesis and tectonism, and it has
the typical characteristics of low maturity sediment, low pore
throat radius, poor reservoir property, strong pressure sensitivity,
developed fracture and strong heterogeneity [1]. Due to the frac-
ture development and the distribution space complexity, it is
difficult to develop low-permeability oil and gas fields. The

interaction between the pore pressure in the rock mass and the
original fracture causes the stress state of the rock mass to change,
causing the destroy of grains at micro-scale, nucleation and
expansion of the microcracks at meso-scale, and the extend and
penetrate of microscopic new crack or the original at macro-scale.
The crack propagation process runs through the macro-scale,
meso-scale and micro-scale, and it is the main reason for the
destruction of the rock mass, and these microcracks are the main
reservoir space and transport channel of in the low permeability
reservoir [2,3].

Therefore, the macro-scale mainly studies the elastic deforma-
tion, plastic deformation and rock failure stage of the rock, that is,
the crack mainly undergoes the process of crack closure, elastic
stage, stable crack growth and crack growth. The nucleation,
propagation path, length, opening and angle of the crack before
failure need to be explained from themesoscopic point of view. The
stress field distribution of the crack tip, crack nucleation and
propagation condition need to be further studied from the micro-
scale point of view. The destruction of the rock is the process that
the initiation, nucleation and expansion of the microcracks caused
by the atomic bond breakage at first, and then forming the crack,
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the final failure of the main crack. The crack propagation process is
that caused microcracks form to be main cracks, and the main
cracks are developed to the macroscopic cracks, and then the
macroscopic cracks evolve to failure. The process is caused to be
cracked singular field by intergranular dislocation slip intergran-
ular at themicro-scale, also by the external load of the stress field at
the macro scale. At the mesoscopic level, we mainly study the
mesoscopic evolution of the fault process area and the meso-
geometric characteristics of the fault path, that is, the develop-
ment of the crack direction in the microscopic view, and the bridge
connections between the macro-scale and micro-scale.

Therefore, combining with the actual development of low-
permeability reservoirs at present, there are important theoretical
significance and application value to carry out multi-scale
modeling of core fractures and multi-scale research on the forma-
tion, extension and closure of core microcracks, and to apply them
to oil and gas exploitation for improving the oil injection effect,
improve the final recovery rate and the overall development level
of the oil field [4]. However, the research on the multi-scale
expansion of fractures in low permeability reservoirs is not deep
enough, especially the multi-scale mechanism of rock failure
expansion and the quantitative description method, which have
not the experimental method and theoretical analysis system. In
this paper, the main progresses in the study of multi-scale expan-
sion of low-permeability reservoirs at home and abroad are
expounded from the aspects of macro-scale, meso-scale, micro-
scale and multi-scale coupling, the difficulties and challenges are
analyzed and then the research direction and new ideas is provided
in future.

2. Research on macroscopic, mesoscopic and microscopic
crack propagation

Rocks are formed under the complex geological structure in
nature, the internal particles are complex and unevenly distributed,
and they also contain microcracks, microvoids and even large
fracture, including the defects from microscopic, mesoscopic to
macroscopic scales, the defects have great influence on the integ-
rity of the rock structure. The mechanical properties mainly show
that the internal stress distribution is not uniform under the
external load, and the properties of the rock are different under
different scales. Therefore, it is of great significance to study the
deformation and failure of cracks in the different scales of rock,
which is of great significance to the study of rock deformation and
deformation [5]. The failure of the rock is a macroscopic reflection
of the crack initiation and the propagation of the crack in the
microcracked state. The crack propagation process in the uniaxial
compression experiment is shown in Fig. 1 [6,7]. The interaction
between the cracks and the penetration is the failure of the atomic
bond to produce local weakening and eventually form the rock. The
whole microcrack propagation process is from the microscopic to
the mesoscopic to the macroscopic scale, and its microcosmic,
mesoscopic and macroscopic damage theory are shown in Table 1
[8,9].

2.1. Macroscopic crack propagation

Due to low permeability reservoir rocks have low permeability
characteristics, it is necessary to improve the reservoir permeability
that is a commonly used method for fracture reconstruction of
reservoir in order to improve the oil recovery, which is also an
important factor in the research of the hotspot. Rock is a kind of
heterogeneous material with internal micro cracks, micro pores
and grain boundaries, which can cause local stress concentration in
force. It will have local damage when the strength of materials is

lower than the value of stress concentration. The local crack tip will
be subjected to the concentrated stress in the region, and the crack
in the local areawill expand at a certain distance. The heterogeneity
of the rock makes the internal stress distribution more compli-
cated. The crack is the evolution along any path on the macro-scale,
so that the material on both sides of the crack changes from the
initial continuous state to the discontinuous state. The failure is a
damage evolution, the formation and propagation of cracks and
fracture until the occurrence of the campaign process. Many re-
searchers have mainly carried on the theoretical research, experi-
mental research and numerical simulation [10e12].

In the study of macroscopic scale theory of crack propagation,
the scholars have used the theoretical methods such as linear
elasticity, elastic-plasticity, viscoelastic-plastic mechanics, macro-
scopic fracture mechanics and macroscopic damage mechanics,
and established the relevant macroscopic theoretical model and
judgment criterion [13e15]. The main theory of macroscopic scale
crack propagation is based on fracture mechanics and damage
mechanics. The fracture mechanics mainly includes the linear
elastic fracture mechanics, which is based on the criterion of crack
propagation in I, II and III stress intensity factors, the interface
fracture mechanics, which is based on the interface crack of the
strain energy release rate or the stress intensity factor, and the
elastic-plastic fracture mechanics, which is based on the J integral
criterion [16]. Damage mechanics mainly uses the thermodynamic
theory and the elastoplastic theory to carry out the phenomeno-
logical analysis of the damage process. The damage evolution
equation is established by defining the specific damage variable,
and the damage constitutive equation is established based on the
equivalent principle (strain equivalent, stress equivalent or energy
equivalent), and the damage variable and damage energy rate are
used as the judgment criterion of crack propagation [17]. The
classical fracture criterion ignores the nonsingular stress term (T
stress) on the analysis of crack initiation angle and strength. On the
basis of fully considering the effect of non-singular stress term (T
stress) on crack propagation, Tang et al. restudied the crack prop-
agation law of I, II and I-II of brittle fracture of rock material by
using maximum circumferential stress criterion [18,19]. The tradi-
tional theory of strain energy density factor is that the crack
propagates in the direction of minimum distortion energy density
in tension stress field, however, the natural rock mass is generally
subjected to compressive stress. Therefore, Shi et al. amended the
strain energy density theory to the compression rock, the friction
between crack faces also being took into consideration additionally,
and based on themodified theory, they analyzed the effects of crack
angle, confining pressure and crack surface friction on crack
propagation angle [5].

Under the external load, the interaction between microcracks,
microvoids and other defects in the macroscopic fractured rock
mass determines the form and properties of the rock failure [20,21].
So it is important to study the mechanical properties and crack
distribution of rock to study the failure of rock, that is, the exper-
imental study is the key to crack propagation. In recent years,
scholars have used the image processing technology and
compression experiments to study the crack propagation process,
failure mode and the strength of the sample with the pre-cracked
rock and without the pre-existing cracks. The crack in the rock
mass is susceptible to perturbation and the prefabrication of crack
is difficult. The mechanical properties of fractured rock mass are
generally studied by physical model test using similar materials
with transparent uniform properties, such as glass and resin. In the
prefabricated crack test, the researchers studied the crack propa-
gation and failure processes of single, two and multiple pre-
fabricated cracks in uniaxial and triaxial compression experiments
with different angle, different combinations and different spacing
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[22e25]. For example, Liu et al. prefabricated a closed crack with a
width of about 1 mm, a length of 20 mm and an angle of 45� and
filled with gypsum to study the failure modes and crack propaga-
tion laws of the rock specimenwith single cracks, as shown in Fig. 2
[26]. Based on the digital image correlation technology of labora-
tory test and numerical test, the crack propagation law and defor-
mation localized damage evolution mechanismwith single fracture
rock (45� of prefabricated crack angle) under uniaxial compression
test are studied by Zhao et al. [27,28]. The results show that the
crack and the secondary crack have different degrees of develop-
ment during the process of crack propagation. Thewing crack is the
main mode of crack initiation and expansion. The process of
microcrack development and nucleation causes the stress to be
redistributed continuously, which affects the damage evolution of
the rock. The damage evolution process also shows different
characteristics at different stages of load level and eventually de-
stroys the specimen as awhole. Through the combination of triaxial
compression test and CT scanning test, Yang studied the geomet-
rical morphology of the crack when the tight sandstone was
destroyed under different confining pressures, built the three-
dimensional space model of rock failure crack shape by image

processing and statistics [29]. The results show that the elastic
strain energy that can be released in the unit volume of the rock
increases linearly with the increase of the confining pressure, while
the dissipative energy decreases linearly. The dissipation energy of
the crack in the low confining pressure can produce geometric
complex and numerous microcracks, which have both splitting
damage and shear failure, and the lower the confining pressure is,
the more obvious the splitting failure is. Compared with the low
confining pressure, the high confining pressure is just the opposite.
Therefore, the confining pressure has a great influence on the
number, shape and spatial distribution of rock failure.

In the study of crack propagation of rock, it is very difficult to
solve the theoretical formula in complex environment. The law of
rock failure can be obtained in the experimental study, but there
are many random microcracks inside the rock, we can not guar-
antee the mechanical properties of rock samples accurately.
Therefore, it is an effective method and tool to study the crack
propagation law of rock under the complex load by using numerical
simulation method [10]. The mechanical properties of the rock
mass are extremely complex, because it is containing a large
number of cracks, anisotropic, non-continuous, non-elastic non-

Fig. 1. Schematic diagram of progressive failure of rock under a single uniaxial compression test [6].

Table 1
Characterization of microscopic, mesoscopic and macroscopic damage theory [8].

Micro-scale Meso-scale Macro-scale

Damage geometry Space, bond breakage, dislocation Pore, microcrack, interface, localized zone Macroscopic cracks, specimen size
Material Physical Equation constitutive model and interface model Constitutive equation and Damage evolution equation
Method Solid physics Continuum mechanics and material science Continuum mechanics
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uniform material. The study of deformation, crack propagation and
strength failure of fractured rock mass has been a hot issue [30,31].
In this regard, the scholars mainly used finite element, discrete
element and coupling method to simulate the crack initiation and
expansion of the rock by a large number of numerical simulations
such as Brazilian splitting, uniaxial, biaxial, three axis and hydraulic
fracturing [32e35]. Based on the reconstruction model of natural
rock pore structure, Yang carried out numerical experiments of disk
splitting with different porosity to study the crack propagation law
of the pore rock during the splitting and the effect of the porosity
on the crack propagation behavior from the stress point of view
[36]. In general, the discontinuous surface is simplified as discon-
tinuous fracture or joint in laboratory test, so it is primarily to
prefabricate the crack into the model material or the real rock. The
strength and crack propagation characteristics of rock are signifi-
cantly affected by the pre-existing crack. In order to further un-
derstand the effects of pre-existing cracks on the mechanical
behavior of jointed rock, YANG carried out a numerical simulation
test of single pre-existing fracture, double pre-existing fissure and
three pre-existing fissures to study the influence of fracture pa-
rameters and rock bridge inclination on strength and crack prop-
agation characteristics [37e39]. Bobet studied the type of crack
propagation under uniaxial compression conditions, as shown in
Fig. 3 [40]. Zhang et al. studied the crack propagation and failure
modes of granites with two pre-existing cracks under biaxial
compression test [41]. The results show that the stress and peak
intensity of the specimen are positively correlated with the
confining pressure. The loading rate has important influence on the
mechanical properties and deformation failure of the fractured rock
mass. In this regard, Huang et al. carried out the uniaxial
compression tests of different inclinometer single-slit sandstone
specimens to study the effects of moderate strain rate on the stress-
strain curve characteristics, stress state of crack tip, stress state,
rock mass damage and crack propagation [42].

Through the above literature analysis, it is found that the
theoretical research has been relatively mature, but there are few
studies on the mechanical properties and characterization of
cracked rocks. In the experimental study, the influence of

prefabricated crack of any length and inclination and opening de-
gree on the rock failure process is less. At present, most of the
cracks in the rock are prefabricated by artificial prefabrication, and
there are potential human factors. 3D printing technology can
accurately control the distribution and size of cracks, so it is sig-
nificant to study the 3D printing technology of rock-like materials.
There are many researches in the field of numerical simulation, but
the simulation research is applied to practical engineering has not
beenwell resolved. So it needs further combined with the practical
engineering.

2.2. Mesoscopic crack propagation

Low permeability reservoir rocks are featured by the defects of
random and discontinuous distribution, strong anisotropy of the
internal structure and the heterogeneity, the strength of local re-
gion in the rock will change under the same confining pressure and

Fig. 2. Typical fracturing modes for specimens under compression [26].

Fig. 3. Simplified crack pattern observed in pre-cracked specimens of rock materials in
uniaxial compression [40].
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load, so the different change of stresses and strains in local region
will affect the crack propagation process. These discontinuous
constructions are simplified by the research on the macro scale
which cannot reflect the mechanism of stresses and deformations
in the crack propagation process, so in order to find out the influ-
ence mechanism of microcracks, cavities and other defects on crack
propagation, it is necessary to study from the microscopic view
[43,44].

The study on micro theory mainly based on the combination of
mesoscopic mechanics and damage mechanics, the micro-
mechanics theory is featured by setting a quantitative relationship
between the macroscopic properties of materials and micro prop-
erties of the components, that is regarding the non-uniform region
as uniform region with the same physical and mechanical proper-
ties to the non-uniform region. At present, the theoretical model of
mesoscale is set and a large number of microscopic experimental
analysis and numerical simulation are carried by using some
theoretical method such as the Eshelby method (that is sparse
method), Mori-Tanaka method, self consistent method and gener-
alized self consistent method, etc [17,45e47]. Based on the rela-
tionship between the damage variable and the microcrack density
which was set by Taylor, Chen and Kuszmaul and the TCK model
(TayloreCheneKuszmaul model), Liu established the micro crack
elastoplastic damage model and analyzed its basic characteristics
and analyzed the microscopic damage and plastic properties from
confining pressure, short crack length and some other factors
[48,49]. Feng studied the effective elastic moduli, fracture strength,
and failure process of the solid with high density microcrack by
damage micromechanics [50].

Based on the statistical mesoscopic damage mechanics, Bai used
the damage function to reflect the macroscopic effect of microcrack
and the general damage functionwithm orders can be expressed as
[43,51,52]:

Dmðt; sÞ ¼
Z∞
0

nðc; t; sÞcmdc (1)

here c is the linear scale of crack; nðc; t; sÞ represents microcrack
density at time t when the macroscopic stress field is s; Dm, m
equals to 1,2,3 and 4, are total effect of microcrack which expressed
by the damage function with zero order; the damage with one
order, two orders indicate the total size effect of microcracks,
reduction of bearing area, respectively and the damage with three
orders is proportional to the volume of the micro damage.

Wang believed that the distribution of microcracks is sparse and
uniform, the scale and the interaction between microcracks are
small in the stage of the microcrack evolution, so it can be
considered as the mean field model. The effect of a large number of
distributed microcracks on the mechanical properties of the ma-
terial is isotropic, based on the formulation (1), the microcrack
damage model of 2D and 3D with micro defect nucleation
sequence, the damage variable is as follows [52]:
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where Dð3Þ and Dð2Þ represent three dimensional and two
dimensional damage variables, respectively; K is the correction
factor; NðdÞ represent total number of microcracks in rock units; Dc

represent the fractal dimension of crack scale frequency distribu-
tion; NdðtÞ present the cumulative nucleation number at time t; Ds,
is the fractal dimension of fracture extension in terms of penetrated
crack or used approximate calculation method which was provided
by Xie in terms of Embedded coin crack [53,54]; d is the cover size
and the minimum scale can be taken as the grain size of the ma-
terial; L represents the scale of the macro cell and h is the thickness
of the plate.

In recent years, from the mesoscopic experimental study and
numerical simulation, scholars have revealed the initiation,
extension and perforation of the microcrack in the process of stress
crack and this process is the macroscopic reflection of the defor-
mation and failure of rock microstructure [55,56]. Based on
micromechanics, Zhu et al. studied the frictional sliding of rock
microcrack, self similar expansion, flexural extension and unstable
extension under compression [57,58]. Yuan studied macro and
micro mechanical response of rock particles under compression by
using numerical method and they found that the redistribution of
internal stress result in the constant evolution of the test specimen
from static to dynamic, local to whole, microscopic to macroscopic
andmacroscopic fracture zone in the end [59]. Jiang et al. simulated
the destructive rules of the double fracture rock sample with
different precast angles under the function of uniaxial compression,
and their simulation results indicated that the main reason of the
fractured rock failure lies in tensile stress concentration between
the prefabricated cracks and at the end point, and they thought that
this phenomenon occurred owing to the different length of crack in
the direction perpendicular to the direction of main stress resulting
in specimen tensile region of different sizes and the evolutional
results of DEM numerical simulation are consistent with the
experimental results, as shown in Table 2 [33,60]. Zuo et al. con-
ducted observation andmeasurement in situ of three point bending
failure process of different bias basalt by SEM test system with
loading device [61]. They mainly studied the mechanism of crack
propagation and the effect of the distance of different offset cracks
on the fracture properties were studied. The results indicated that
there are significant differences in the shape and size of rock
mineral particles. The anisotropy is prominent, and the applied
stress is complex, and the actual crack propagation is wear particles
or particles along the curve extension with phenomenon of double
cracks, particle detachment multiple cracks and crack surface. As
shown in Fig. 4, in order to accurately understand the rule of
extension and evolution of microcrack initiation of the rock, Cui
et al. carried out the uniaxial tensile test on Arch shale sample with
prefabricated edge crack and observational study on the process of
micro-nano crack initiation and propagation in the area of the
Precast edge crack tip by using scanning electron microscope with
tensile loading device [62].

2.3. Microscopic crack propagation

The mechanical property varies when atomic configuration
changes on macroscale and mesoscale. The plasticity of the rock is
caused by the displacement on microscale. The variable form and
different defect of microscopic displacement leads to the variation
of its influence and stress redistribution on mesoscale, and results
in the different evolution process of rock damage [63]. Heteroge-
neous microstructures of most rocks lead to highly anisotropic
features on particle scale and local stress concentration, which
causes redistribution of rock internal stress and local stress con-
centration. The microcracks in the rock roots in fracture of atomic
valence bond. The stress which atom bears varies with the different
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environment of complex rock stress field. Because of rock internal
anisotropic feature, even though it is within passivation range of
isotropic crack tip, the fracture definitely occurs at the frail atomic
valence bond spot. Passivated tip would evolve into the sharp crack
at mesoscopic level, and the action of micro displacement would
passivate the sharp crack. Therefore, the crack tip remain passiv-
ated or pointed at mesoscopic level, the extension of crack tip must
be ongoing on microscopic scale [64,65].

When the rock is subjected to a certain degree of load, some
phenomenon follows the atom bond fission, such as crystal cleav-
age and dislocation nucleation. It promotes the initiation and
evolution of microcracks and eventually leads to destruction. The
main methods that the researchers study this problem are theo-
retical research and numerical simulation research [66]. Regueiro
et al. established microscopic crack model of particle size about
shale particle-matrix surface and then study the bonding surface of

Table 2
Comparison of DEM numerical and laboratory tests [33,60].

Fig. 4. SEM images of through particles and along particles [61].
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particle-matrix-particle interaction [67]. Panwar used variational
multi-scale method to simulate multiple-unit crystal particle fa-
tigue crack propagation and his study indicates that crack propa-
gation is caused by interactive effect of intergranular and
transgranular fracture. In the situation of transgranular fracture,
crack propagation may arise between slide plane and two-slide
plane [68]. Chen et al. used molecular dynamics method to simu-
late atomic area of crack tip, use multi-scale method to study
centric crack, redefine breaking tenacity from atomic level and
stimulate different crack propagation models [69]. Based on non-
elastic deformation after microscopic crack's stressing, Zhu estab-
lishes damage-friction constitutive model of micro-crack [70]. The
model greatly explains the transverse and axial non-elastic defor-
mation and predicts crack solid strength under the condition of
triaxial compression.

3. Research on multiscale coupling of crack propagation

Crack propagation, which exists during exploiting low perme-
ability reservoir, follows complex features such as multilevel, cross-
scale and nonlinearity. It mainly reflected in microcosmic crystal
key fracture, microcosmic crystal defect and mesoscopic crack
propagation and penetration, and finally results in macroscale. It is
based on the study of crack propagation which mainly includes
observing the characteristics around crack tip, such as stress field,
strain field and energy release rate that the author grabs the
criteria: whether the macro-crack occurs and whether the crack
propagation is stable or not. Therefore, the multiscale coupling
research on crack propagation is the focus of exploiting low
permeability reservoir. Scholars domestic and abroad have done
many researches on crack propagation by multi-scale theory,
multiscale modeling and reconstruction, multiscale grid algorithm
and macroscopic and mesoscopic parameters.

3.1. Multiscale theory

Asymptotic homogenization theory was proposed in the early
1980s [71], and then evolved into serial multiscale analysis theory.
The scholars, based on homogenization theory, map main meso-
scopic information to microscopic scale and obtain unit cell ho-
mogenization theory deducing from homogenization equation on
micro-scale. Jin extended such theory into macroscale and meso-
scale, and used variational principle to deduce single-celled equi-
librium equation and establish the relation between macroscopic
scale and mesoscale by adding unit load and boundary conditions
[72]. According to REV concept, Blanco et al. proposed multi-scale
model of strain gradient theory which relates to the classical
continuous REV layer, established macroscale and microscale
model by using multiscale virtual work method, and conducted
macroscopic and microscopic coupling analysis by introducing ki-
nematics and homogenization method [73]. Scholars conducted
multi-scale (macroscale, mesoscale and microscale) researches on
material by various methods or theories, such as Boltzmann
equation, Markovian equation, statistic mechanics, Monte Carlo
method, molecular dynamics, dislocation theory, Weibull theory,
and continuummechanics [74e78]. Shah et al. proposed multiscale
model of heterogeneous fractured porous medium to accurately
simulate the highly heterogeneity of fractured porous medium, and
calculate approximate solution of mesoscopic residual precision
within the required scope [79].

According to Lemaitre hypothesis, Yanget al. defined the rock
coupled damage (D12) as the following function of macroscopic
damage (D1) and mesoscopic damage (D2) by theory analysis and
formula deduction [80].

D12 ¼ 1� ð1� D1Þð1� D2Þ
1� D1D2

(4)

Due to singularity of macroscopic damage, D1 in the above
function only refers to the damage value of loading direction. It is
necessary to quantify tensor to reflect the anisotropy of rock
macroscopic damage so equation (5) is established. U1 is the
damage variable caused by microscopic defect such as joint; u

which is the damage proxy variable is caused by mesoscopic defect
such as microcrack; U12 is the coupling damage variable of defect
on both macroscale and mesoscale.

U12 ¼ I � ðI �U1ÞðI � uÞ
I �U1u

(5)

According to TCK model, Liu et al. deduced the relation between
damage variable and crack density and establish uniaxial dynamic
damage constitutive equation of jointed rock [81,82]:

uðtÞ ¼ a _ε�3tmþ3 (6)

sðtÞ ¼ E
ðI �U1ÞðI � uðtÞÞ

I �U1uðtÞ
ε ¼ E

ðI �U1Þ
�
I � a _ε�3tmþ3�

I �U1a _ε
�3tmþ3

ε

¼ E
ðI �U1Þ

�
I � a _ε�3tmþ3�

I �U1a _ε
�3tmþ3

_εt (7)

a ¼ 8pc3gk
ðmþ 1Þðmþ 2Þðmþ 3Þ (8)

Whereas, cg , t and m are undetermined parameters; E refers to
the inherent elastic modulus tensor of rock material; I refers to unit
matrix; ε refers to strain tensor; _ε is rate of strain tensor and t refers
to time.

3.2. Multiscale modeling method

Scholars have proposed various methods to model from
different perspectives [66,69]. Galvis et al. analyzed the character of
random material and dynamic inter crystalline crack propagation
by employing boundary element method of multiscale cohesive
zone model, and established a mesoscopic dynamic displacement
field model by using dual reciprocity boundary element method,
and established an atom-scale model of polycrystalline material
interface by using boundary element method, and proposed failure
criterion on the basis of the average distance of atomic unit and
analysed the destruction of dynamic crystal crack propagation on
mesoscale [83,84]. Sundararagahavan established the poly-
crystalline microscopic rack propagation model through the vari-
ational multiscale cohesion method [85]. Forquin proposed a
probabilistic damage model during dynamic fracture process of
hard brittle material [86]. Zhang proposed a kind of multiscale
mechanical theoretical model (virtual built-in) which can reflect
damage tensor in rock mass and quantitative relative distribution
density of crack distribution [87]. Huang proposed the multiscale
hierarchical theoretical model to analyze strain hardening and
fracture property of multi-cracks and improves the efficiency and
accuracy of hierarchical multiscale modeling by using semi-
numerical method [88]. Esposito proposed two-scale dual-
porosity model to analyze the interaction between crack and
aggregate material. On low scale (I level), crack embedded in
porous matrix (as shown in Fig. 5) emerges when spherical void is
embedded in solid matrix [89]. Razmi proposed a multiscale
theoretical model to analyze the local deformation and stress of
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critical pile, and employs continuous medium damage modeling
method to confirm the crack location and its propagation path [90].
Zhou proposed multiscale numerical model of multi-crack propa-
gation and penetration in jointed rock mass by extending finite
element method and overall-local analyzing method [91]. Liu pre-
sented the method to establish multiscale digital rock model which
includes mesoscopic digital rock model based on digital picture
processing technique, experimental digital rock model based on
random substructure simulation and large-scale digital rock model
based on fracture network simulation [92]. Lu et al. employ dual-
scale (macroscale and mesoscale) conceptual model to present
the real complex rock medium, as shown in Fig. 6 [93].

3.3. Multiscale grid algorithm

Due to different scales in multiscale coupling simulation, it is
imperative to deal with the different scale grid in each calculative
model and make it efficient to couple cross-scale grids and carry
out interactive calculation. The multiscale grid method is the focus
of multiscale research. As for dealing multiscale grid, Xu improved
finite element discretization of nonlocal model in mechanical
problem and two-dimensional diffusion by using multiscale
methods of piecewise linear approximation and self-adaptive mu-
tations in the grid refinement, which rely on mutations in the grid
refinement, seamless coupling of local and non-local discrete
model, and intelligent application of continuous and uncontinuous
Galerkin method [94]. Mu et al. generalized Galerkin method into
multiscale finite element and deduced highly precise mesh

generation method appropriate for general finite element [95]. Xu
et al. proposed multiscale CAC development method parallel to the
two mesh refinement schemes of crack propagation, compared
with continuous grid of multiscale finite unit, which can accom-
modate to the displacement of discrete unit and present the similar
load-displacement curve and stress of local crack tip [96]. Algebraic
multi-grid method possesses the priorities such as small store ca-
pacity, high convergent precision and less computation time. On
the basis of Algebraic multi-grid method, Wang et al. proposed
multi-grid algorithm to solve finite-element solution puzzle in rock
mechanics and engineering [97,98]. Wang deemed computing field
of multiscale contains the first principle energy band and quantum
chemistry method, the O(N) calculation of secular equation in
quantum mechanics, atomic learning calculation-molecular dy-
namics calculation, continuum mechanics, and finite element
method, multi-grid Monte Carlo method in statistical physics and
renormalized multi-grid method [99].

3.4. Study on the relevance of macro-micro parameters

In physical experiment and numerical simulation, it is the basic
to establish mesoscopic geometrical model of material and calcu-
late meso-mechanical parameters to acquire the relation between
macroscopic and mesoscopic parameters of material. The basic
content relies on special type and actual distribution of mesoscopic
composition. The type and interaction of mesoscopic composition
finally affects the rock macroscopic mechanical property. Thus the
research on macroscopic and mesoscopic parameters which can
reveal the process and consequence of crack propagation is the
basis of studying crack propagation [100].

When applying numerical simulation to study heterogeneity
characteristics of rock, the usual way is to assign different me-
chanical parameter for different mesoscopic unit and then simulate
the varied mesoscopic structure of rock mechanical property. The
non-continuum discrete element method is large different from
that of macroscopic and mesoscopic mechanical parameter. In
detail, macroscopic mechanical parameter, which is a statistical
parameter compared with mesoscopic parameter is acquired by
coupling particle or block element in space structure. Macroscopic
mechanical parameter is also affected by the complex relation be-
tween macro-mechanics and spatial structure distribution of ma-
terial. Mesoscopic mechanical parameter can't be directly acquire
by macroscopic mechanical experiment or mathematical equation.
Zhang et al. studied the influence of meso-parameter and meso-
structure (size and shape distribution of crystalline particle and
prefabricated micro cracks) on macroscopic mechanical property,
and studied the variation law of macroscopic and mesoscopic
mechanics parameters by experimental samples and explored the
microcrack developing evolution law and the mesoscopic damage
mechanism of experimental samples [101]. Zhao et al. conducted
sensitive research of mesoscopic and macroscopic mechanical
parameter on the parallel bond model of discrete-unit software
[102]. Li et al. established the relation between mesoscopic and
macroscopic mechanical parameters on the basis of BP neural
network theory and then study the mesoscopic mechanical
parameter of inverse discrete-element numerical experiments
[103,104]. Zhou et al. conducted direct shear test simulation on
prefabricated joint rock, and explored prefabricated joint evolutive
mechanics from macroscopic and mesoscopic perspective [105].
Their conclusion shows that shear stress and shear displacement of
peak time increases as constant normal load increases, and felted
destructive particle on joint surface increases while shear imped-
ance and joint dilatancy effect decreases. As shear displacement
increases, the crack occurs gradually on joint surface and fracture
frequency is most intense when shear stress reaches to its peak. Lei

Fig. 5. Two-scale double porosity model.

Fig. 6. A dual-scale conceptual mode of rock medium [93].
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et al. studied deteriorating law of rock mechanical parameters
under the condition of continuous unloading and sabotage propa-
gation of rock in this process [106].

4. Conclusions

Although it's good enough to observe the stress distribution of a
crack on macroscale, under interaction of multiple cracks, the crack
propagation process is not only the sum of each crack but also
experiences plastic deformation (nonlinear) and rock has internal
defect, thus, fracture theory on macro scale is not good enough to
present features of multiple cracks. The rock fracture onmacroscale
stems from displacement and bond fission of microscopic atomic,
and mesoscopic damage evolution of crack tip. Therefore, the
author conduct study on rock fracture on macroscopic, microscopic
and mesoscopic scales by quantitative and qualitative analysis.

In recent years, scholars have conducted their many studies
throughmultiscalemethods. Literature aboutmultiscale researches
on crack propagation is rare. Themultiscalemethod ismost focused
on studying porosity and solid particle and studying rock crack by
the existing mesoscopic continuous damage mechanics, homoge-
nization theory, statistical theory and macroscopic fracture me-
chanics, none of which can reflect the multi-features of crack.
Precious literature about multiscale modeling of reservoir rock
centric crack mainly includes double medium model, triple me-
diummodel, continuous crackmodel and discrete fracture network
model. On mesoscopic modeling, the method mainly composes
damage model and three-dimensional reconstruction model of CT
scanning. On microscopic modeling, it mainly focuses on molecule
dynamic model. When considering multiscale coupling model
method, for example the coupling study of microscale (such as
atom, lattice imperfection and micro cracks flock) and macroscale
(such as porosity and crevice), it needs further research. The way to
study crack propagation is mainly on single scale and themultiscale
coupling research on crack is seldom and the interactive research of
multi-scale is rather less. Thus it is significant to employ multiscale
method on multiscale modeling to study crack and crack propa-
gation. On the basis of the above analysis, three innovative study
directions are summarized as follows:

(1) The previous study on reservoir fracture mainly is conducted
on macroscale and mesoscale. The study on fracture by
combining three scales (macroscale, mesoscopic and micro-
scale) is rare, so it is urgent to conduct research on crack
evolution to analyze the characteristic parameter of reservoir
fracture on macro scale, microscale and mesoscale by mul-
tiscale coupling of discrete-unit method and finite-element
method.

(2) The mesoscopic modeling mainly includes damage model
and stochastic modeling. In order to make it close to actual
crack distribution, it is necessary to employ 3D printing
technology for its capability to sophisticatedly deal with
crack distribution and crack length and opening. Therefore,
CT experiments were carried out to obtain the corresponding
core micro-pore images that were transformed into digital
three-dimensional images using digital core technology to
reconstruct the macro-mesoscopic model. It could directly
represent the objects three - dimensional information of
internal microstructure, and be close to that of actual ma-
terial. Then it is imperative to combine reconstructive nu-
merical model with 3D printing technology to simulate
actual rock core on multiscale. The method above does not
only resort to numerical simulation of crack modeling on
multiscale but also acquire the information of real material

so that it is greatly helpful to deeply understand rock
deformation and evolution mechanism of crack.

(3) Fracture system, as the main tunnel for reservoir fluid
flowing, is crucial for the low permeable reservoirs. The crack
system with different scales in space was established, and
the crack initiation and propagation were analyzed by
combining the mesoscale and microscale. On the meso-
scopic, the discrete element method was used to analyze
crack propagation and coalescence and on the macro scale,
the finite element method was used to analyze the crack
evolutionmechanism.We can use themethod of overlapping
area to reconstruct the multi-scale model of macroscopic,
mesoscopic and microscopic reservoir cracks. The mechani-
cal mechanism of multiscale dynamic variation of reservoir
fractures is revealed by the relevant theoretical methods,
experiments and numerical simulations. It is important to
understand the impact of its development on the develop-
ment of low permeability reservoirs.
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