
Vol.:(0123456789)1 3

https://doi.org/10.1007/s12517-022-10896-8

ORIGINAL PAPER

Mesoscopic damage evolution characteristics of sandstone 
with original defects based on micro‑ct image and fractal theory

Yujun Zuo1,2 · Zhibin Hao1   · Hao Liu2,3 · Chao Pan1 · Jianyun Lin2 · Zehua Zhu1 · Wenjibin Sun1 · Ziqi Liu1

Received: 21 February 2022 / Accepted: 2 October 2022 
© Saudi Society for Geosciences 2022

Abstract
To research the influence of different confining pressures on the damage evolution of defective sandstone, the sandstone 
numerical model with real mesostructure is established by RFPA3D using CT scan, and then carried out a triaxial compres-
sion test. The two-dimensional and three-dimensional mesoscale fracture box dimension algorithm using the digital image 
is compiled by MATLAB to quantitatively analyze the fractal characteristics. According to the research, as confining pres-
sure increases, the stress corresponding to each characteristic point increases noticeably, and the specimen follows the law 
of transition from brittle to plastic failure under high confining pressure. The 0 MPa specimen is a tensile failure, the 5 MPa 
specimen is a tensile-shear mixed failure, and the 10 MPa and 15 MPa specimens are shear failures. Two types of fractal 
dimensions assess sandstone damage based on fracture development and fragmentation. The greater the fractal dimension, 
the more complete the fracture mode, and the greater the damage degree. Compared with other specimens, the mechani-
cal characteristics and damage evolution of 0 MPa specimens are greatly different, and the fractal dimension is the largest.

Keywords  Sandstone with original defects · Fracture mechanical properties · Fractal dimension · Confining pressure · 
Three-dimensional reconstruction

Introduction

The interior of ore rock, as a heterogeneous natural geologi-
cal material, is primarily composed of rock matrix, origi-
nal defects, and other minerals. The random distribution of 
original defects in rock mass leads to a discontinuous, non-
uniform, and anisotropy response, which affects not only the 
mechanical characteristics but also the fracture process and 

mode. Comparing the crack distribution of specimens before 
and after loading deformation under confining pressures can 
simulate the different depths undermining conditions (Yang 
et al. 2008, 2012; Masri et al. 2014; Singh et al. 2015).

The fractal theory was founded by Mandelbrot (Mandel-
brot 1998), and its research object is disordered and self-
similar systems widely existing in nature and society (Wu 
2017). Xie (1996) used fractal theory in the rock engineer-
ing field and found the theory of fractal rock mechanics. 
Through a high-speed camera (Chen et al. 2013), scanning 
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electron microscope (Yi and Zhao 1990; Mao et al. 2005), 
CT (Cnudde et al. 2006), and other technical equipment, the 
structural images of the surface and internal defects of the 
specimen can be obtained, and the relevant parameters of 
cracks can be extracted and the influence of internal defect 
distribution to rock material studied. Among them, CT, as a 
usual and trusty technique, can describe the internal struc-
tural characteristics and fracture damage. It provides a fea-
sible method of the accurate establishment of a 3D numeri-
cal model (Hou et al. 2016). Some scholars established 
numerical models reflecting the real structure through the 
reconstruction of rock mesostructure and carried out related 
numerical simulation research (Yue 2006, Zhao et al. 2015, 
and Wang et al. 2016). Wu et al. (2016), Song et al. (2020), 
Wu et al. (2020), Liu et al. (2021), Tang et al. (2021), and 
Liu et al. (2022) took the two-dimensional fractal dimension 
of acoustic emission in the pre-peak stage as the charac-
teristic parameter to quantitatively characterize the damage 
degree and spatial distribution characteristics of rock materi-
als provides other means for studying the evolution law of 
mesoscopic scale fracture.

The existing research results are of the great signifi-
cance of understanding the mechanical characteristics and 
rupture mechanism of defective rock mass, but they are 
mainly in view of the mechanical characteristics of rock 
fracture caused by simple internal structure, ignoring the 
meso-mechanical properties and real mesostructure, so it 
is hard to reflect the rupture mechanism of the ore rock. So, 
this paper takes the sandstone of the Jinfeng Gold Mine 
in Guizhou of China as the research object. The real-time 
mechanical characteristics and fracture characteristics of the 
heterogeneous real meso-sandstone mechanical model are 
simulated by RFPA3D. The damage evolution law of sand-
stone is analyzed from the aspects of stress–strain curve, 
stress evolution of characteristic strength point, crack prop-
agation deformation law, and fracture process. The fractal 
dimension algorithm of the rock mesoscopic scale fracture 
box using MATLAB based on digital images is compiled to 
quantitatively characterize the degree of injury, analyzing 
dynamic development process of the internal crack in rock 
mass under confining pressure. It contributes to elucidating 
the fracture failure mechanism of rock mass and providing a 
research foundation for evaluating the engineering stability 
of rock mass.

Specimens and methods

Specimen collection and processing

The sandstone samples come from the Jinfeng Gold Mine 
of China, with a density of 2.70 g/cm, uniform texture, 
and good overall integrity. The mineralized areas and sur-
rounding rocks near the mine in the study area are mainly 

sandstone and clay rocks which form a rhythmic interbed-
ding phenomenon with uneven thickness. The ore bodies are 
layered and plate-shaped. The Q value of the ore bodies is 
generally between 0.1 and 10, and the Platts coefficient f = 2 
to 5 (Chen et al. 2022). With the continuous development 
of pioneering projects and mining operations to the deep, 
the engineering geology and the occurrence conditions of 
ore bodies are becoming more and more complicated, the 
geological structure is developed, the weathering is strong, 
the stability is poor, the joints and faults are developed, and 
some joints are open.

Test method

CT scan experiment and numerical image characterization

The digital image processing technique uses CT scanning 
to transform the research object into a digital image. The 
geometry and spatial distribution of meso-components are 
distinguished by grayscale and color, and the distribution of 
each medium is divided based on the segmentation thresh-
old, thus obtaining the non-uniformity characterization 
image of materials (Hao et al. 2022).

This scanning test equipment adopts the X-ray 3D micro-
scope nanoVoxel-4000 system as shown in Fig. 1a. CT scan-
ning is mainly on account of the interaction of radiation with 
matter. As the ray passes through objects, a considerable 
portion of incident photons is scattered by matter (Wang 
et al. 2020; Wu et al. 2021), thereby weakening the inten-
sity of the ray, and then converting it into a CT image by 
imaging technology (Fig. 1b). The scanned slice of Fig. 1c is 
obtained after scanning the schematic diagram of the speci-
men. The image resolution is 500 pixels × 500 pixels, and 
the full size is 50 mm × 50 mm. Different gray values rep-
resent different types of rock media. The lighter areas are 
high-density areas and mainly composed of calcite, while 
the black areas are low-density areas and mainly composed 
of holes and fissures in the rock, in which the gray areas are 
sandstone matrix parts whose density is between the for-
mer two (Wang et al. 2019). Import Fig. 1d into ImageJ 
and accurately divide the gray values of each pixel in the 
image to obtain the three-dimensional spatial distribution of 
gray values in Fig. 1e. The gray values of the three compo-
nents are quite different, the area where the filling material 
is located is convex, and the color brightness is higher than 
that of sandstone matrix and original fracture. The threshold 
values of binarization are determined to be 100 and 140. 
Figure 1f is a digital representation image of the heterogene-
ity of sandstone mesostructure after digital image process-
ing. Sandstone matrix, joints (calcite), and cracks are rep-
resented by green, pink, and blue, respectively, from which 
the spatial distribution and particle shape of main mineral 
components can be more clearly observed. This study uses 
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high-resolution CT scan images for modeling to better iden-
tify the color features at the intersection of different material 
types, so that we can more accurately identify it in the pro-
cess of digital image characterization and carry out material 
area division and parameter assignment.

Establishment of numerical model

After the scanned pictures are numbered in sequence, they 
are converted into the form of model data, and then stacked 
and imported into RFPA3D along the Z-axis (Fig. 2a) to 

Fig. 1   CT scan and digital image characterization process. a X-ray 3D microscope nanoVoxel-4000 system; b CT schematic diagram; c numeri-
cal model; d Two-dimensional CT slice; e Threshold segmentation graph; f Threshold-segmentation characterization image of sandstone

Fig. 2   Numerical model building process: a image stack vectorization process; b parameter assignment process
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complete the 3D structural model reconstruction. The vol-
ume pixel is regarded as a cube unit of the finite unit, and 
the image can be changed into many finite element cubes to 
characterize different mesoscopic materials in the sandstone 
specimen. Considering the non-uniformity of materials, this 
paper assumes that the mechanical properties of meso-ele-
ments follow the Weibull distribution, and its expression is

Among them, u is the properties of the meso-elements; 
u0 is the mean value of properties of the meso-elements; m 
is the homogeneity of material, and the data generated with 
the increase of m is as shown in Fig. 2b. The non-uniform 
fluctuation characteristics of petrophysical properties can 
be mirrored in the meso-level through statistical function 
(Weibull 1951).

According to different colors, the material components 
are assigned values by the Monte-Carlo method based on 
the mechanical parameters shown in Table 1 and input the 
non-uniformity coefficient of them. The numerical model 
considering the real mesostructure of materials is shown 
in Fig. 3. Each specimen is based on digital image process-
ing to ensure the same meso-medium. The specimen size 
is 50 mm × 50 mm × 100 mm, and four specimens with 

(1)f (u) =
m

u
0

(
u

u
0

)
m−1

exp(−
u

u
0

)
m

confining pressures of 0, 5, 10, and 15 are numerically 
simulated. Because the tensile strength of brittle materials 
is not as much as the compressive strength, the modified 
Mohr–Coulomb criterion built-in RFPA3D is adopted as the 
strength criterion of unit destruction (Wu et al. 2020). Dur-
ing the loading process, gradually apply it to the predeter-
mined confining pressure value, and then apply the axial 
displacement after the confining pressure of the system 
stabilizes. The initial displacement is 0.001 mm, the single-
step increment is 0.001 mm, and the load until the sample 
is destroyed.

Basic principles of RFPA3D

Multi-scale characteristics of defective sandstone in the 
study area and the relationship between different scales are 
shown in Fig. 4. Rock failure is a process of cross-scale 
nonlinear propagation and macro failure. RFPA3D can sim-
ulate the behavior of cross-scale continuum-discontinuity 
rocks. Considering the mesoscopic physical properties of 
various materials, the mesoscopic defects are summarized 
as RVE with uniform and simple mechanical properties 
at the mesoscopic level. Simply put, it is to build a bridge 
between microscopic structure and macroscopic through an 
intermediate scale (mesoscopic scale) (Li et al. 2014). The 
relationship between micro-evolution and macro-evolution 
is studied from the evolution process, and then the mechani-
cal behavior of specimens is explained from the perspec-
tive of failure mechanism, which reduces the computational 
complexity.

The development of meso cracks determines the final 
macro failure mode. The place where cracks meet and pen-
etrate is the area where the rock is further damaged. After 
the cracks are formed, the friction and extrusion between 

Table 1   Mechanical parameters of sandstone numerical model

Material Elastic 
modulus/
GPa

Com-
pressive 
strength/
MPa

Poisson 
ratio

Com-
pression-
tension 
ratio

Internal 
friction 
angle/ °

Sandstone 108.2 118 0.16 14 35
Calcite 80.5 101 0.30 11 30

Fig. 3   Numerical model: a Internal slice of different parts; b distribution of internal joint; c distribution of pre-existing fracture
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the crack surfaces become the main damage of the rock. 
The fracture of sandstone is caused by the joint penetration 
and convergence of one or more groups of cracks, leading to 
the ultimate instability and failure of sandstone specimens. 
Figure 5 can be used to show the image transformation from 
macro crack pixels to grids in rocks. After enlarging the 
image, it can be seen the macro cracks consisting of many 
pixels with alike colors. Because the minimum crack width 
is equivalent to unit size, the more pixels per unit volume, 

the closer the fine grid is to the mesoscale, and the closer 
the shown figure is to the real rock mass (Li et al. 2014). 
In RFPA3D, an RVE can only have one damage mode and 
correspond to one damage pattern, including elastic state, 
damage state, and failure state. Therefore, the direct element 
removal method can be used to describe the evolutionary 
process of RVE in the structure of elastic damage mechanics 
and reproduce the process of crack initiation, propagation, 
and penetration (Guo et al. 2021).

Fig. 4   Relationship between 
different scale characteristics 
(Modify from Li et al. 2014)

Fig. 5   Evolution process of RVE
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Analysis

Analysis of mechanical characteristics

The stress–strain curve of the specimen with confining pres-
sure of 0 MPa can be apart for three stages (Fig. 6): In the 
elastic stage (A–C, where A is the starting point of the elas-
tic stage, B is the midpoint of the elastic stage, and C is the 
endpoint of the elastic stage), the relation between stress and 
strain is analogously linearity, the slope is unchanged, and 
meso-fracture develops steadily; In the nonlinear deforma-
tion stage (C–E, D is the midpoint of the plastic stage, and E 
is the endpoint of the plastic stage), as the load spans about 
70% of the peak strength, the slope of the curve decreases, 
indicating that the stress will continuously damage the speci-
men and reduce the strength. The stored elastic potential 
energy is released and irrecoverable plastic deformation 
occurs, and then some cracks are compacted. In the post-
peak stage (E–G, F is the midpoint of the post-peak stage, 
and G is the endpoint of the post-peak stage), the stress 
dropped sharply, the internal meso-cracks spread through, 
resulting in macro-main cracks, the specimen was unstable 
and damaged, and the curve after the peak value nearly fell 
vertically, showing obvious brittle characteristics, and the 
bearing capacity gradually decreased but did not decrease 
to 0. The specimens still have the certain carrying capacity 
after rupture. As the stress reaches the peak point E, the 
crack does not completely penetrate the specimen, and if the 
load is applied continuously, new cracks and crack branching 
will continue to occur, so the occurrence time of the main 
crack and the maximum acoustic emission of the specimen 
lag behind the limit load.

As shown in Fig. 7, the stress-strain of sandstone shows 
obvious anisotropy under the influence of confining pres-
sure, but it still has the same mechanical action stage.As 
the displacement control quantity is used for loading, the 
initial quantity is 0.001 mm, and the curve is not the origin, 
so there is no obvious compaction stage for all specimens in 
the initial loading stage.The test piece is mainly subjected 
to elastic compression in the elastic stage, and the curve 
initially rises approximately in a straight line. Because the 
elastic modulus is the same when using RFPA3D to assign 
sandstone particles, the simulated curve is approximately 
straight and parallel, and the greater the confining pres-
sure, the greater the strain in the elastic stage.In the study 
scale range, the compressive strength of sandstone increases 

Fig. 6   Full stress–strain curve 
and slice diagrams of speci-
men with confining pressure of 
0 MPa

Fig. 7   Stress–strain curves
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gradually with the increase of confining pressure. When 
the confining pressure is 0 MPa, the uniaxial compressive 
strength of the specimen is 33.82 MPa and the strength is 
the smallest, showing obvious brittle failure characteris-
tics, and the peak strain corresponding to the peak stress is 
small.When the confining pressure is 15MPa, the uniaxial 
compressive strength is 58.10MPa and the strength is the 
maximum.This is because the increase of confining pres-
sure makes the internal micro cracks of sandstone closed, 
and the ability to resist external force damage is enhanced. 
The greater the stiffness, the greater the stability of the local 
structure of the specimen, that is, the more difficult the 
sandstone is to deform.Macroscopically, it is shown that the 
sandstone specimen fails only under large strain. The later it 
reaches the peak point, the higher the sandstone strength, the 
weaker the brittleness and the stronger the ductility.

Figure 8 compares the stress at initiation point, peak 
point, and failure point of the specimen. At each charac-
teristic strength point, the stress mostly increases with the 
rise of confining pressure. The stress distribution of the 
characteristic strength point of the specimen with confin-
ing pressure of 15 MPa is risen by 217%, 72%, and 129% 
as against the specimen with confining pressure of 0 MPa. 
This is because the specimen is not easy to deform under 
high confining pressure, and the crack initiation and pen-
etration are lagging behind that of the specimen under low 
confining pressure.

Combined with engineering practice, as the rise of min-
ing depth, the fracture mechanism of sandstone is also 
transformed, from the brittle property or fracture tough-
ness–controlled failure in the shallow part to the fracture 
growth failure controlled by lateral stress in the deep mining 
condition, that is, from the dynamic brittle failure in the 
shallow part to the quasi-static ductile failure in the deep 
part (Li et al. 2014).

Analysis of rupture characteristics

In the elastic stage, the mesostructure heterogeneity of the 
specimen leads to the crack of sandstone in the upper-mid-
dle position. In the nonlinear deformation stage, the crack 
extends to the maximum compressive stress along the weak 
plane in a curve form, forming a fracture surface with many 
small branches. With the loading proceeding, the crack rap-
idly propagates along the weak structural plane at the lower 
end. And the number and length of cracks keep increas-
ing until the through instability (Fig. 9a and b). In Fig. 9c, 
the Z-axis cutting diagram contains two crack propagation 
modes, which are more complicated due to the existence 
of original defects such as joints and cracks. From Fig. 9d, 
X-axis cutting diagram, with the growth of axial load, the 

Fig. 8   Stress changes of characteristic strength point

Fig. 9   Fracture evolution 
diagram of the specimen with 
confining pressure of 0 MPa. a 
Numerical model fracture 
process; b Elastic modulus dia-
gram; c Y-axis cutting diagram; 
d X-axis cutting diagram; e 
Corner cut diagram; f Acoustic 
emission evolution diagram; g 
Elemental damage diagram
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cracks spread along the weak structural plane to both ends, 
eventually forming many secondary cracks. These cracks 
are parallel to the loading direction. Although they do not 
penetrate through the whole specimen, they mesh and over-
lap each other in space. In the schematic diagram of corner-
cutting of Fig. 9e, we can see the internal defects of the 
specimen, the characteristics of the meso-spatial structure, 
and the cracking of various sections.

In Fig. 9f, acoustic emission evolution diagram, each ball 
represents an acoustic emission. The larger the ball diameter, 
the greater the acoustic emission energy release in this step. 
The center of the ball is the position of the failed unit, blue 
represents tensile failure, and red represents shear failure 
(Lang et al. 2019). In the elastic stage, there is tensile stress 
concentration in a small range at the end of the joint, and 
compressive stress concentration in the original crack, which 
is characterized by scattered micro-point source fracture. It 
shows that the original defect position is fragile and easy 
to damage. As the loading progresses, the energy gradually 
gathers into pieces, and when it accumulates to a certain 
extent, many large blue acoustic emission balls will appear 
in the specimen, which indicates that macroscopic crack is 
tensile failure. Most of the energy released by the specimen 
in the process of fracture comes from the fracture zone in 
the high-stress area, and the shear failure is the main failure 
close to the interface between the specimen and the load 
board. The tensile failure of the meso-unit causes the initia-
tion and expansion of mesopores and cracks of sandstone, 
which is because sandstone can withstand compression but 

not tension, and the tensile stress first reaches the tensile 
strength when confining pressure is 0 MPa.

Figure 9g is the damage diagram of the unit in the loading 
process of the specimen, in which the blue color represents 
the damaged unit. In the elastic stage, the isotropic stress has 
little influence on the specimen, and almost no major dam-
age. In the nonlinear deformation stage, meso-damage began 
to occur in the two different particle cementation places of 
calcite vein and sandstone matrix, and the number of internal 
damage units continued to increase. Part of the damaged 
element becomes the initial position of the surface crack. 
In the post-peak stage, the damage units around the original 
defects are very dense and deep, and the damage between 
different particles is connected. When the number of meso-
damage points through the connection reaches a certain 
degree range, it will cause irreversible macro-damage. The 
original defect is the most vulnerable part, the damage of 
the elements at the junction and joint of cracks is the most 
serious. The order of damage evolution of the specimen is 
that it spreads from inside to outside and finally extends to 
the surface of the specimen.

A series of fracture zones caused by shear failure is 
formed at the contact under confining pressure, and the frac-
ture zones extend beyond the local deformation zone along 
the loading direction (Fig. 10). Under the control of tensile 
stress, the inclined single-wing tensile cracks along the joint 
direction began to occur in the specimen and spread along 
the weak plane, and the direction of expansion is approxi-
mately parallel to the maximum principal stress direction. 

Fig. 10   Fracture process and 
acoustic emission evolution of 
specimens
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As the loading progresses, the specimen forms a macro-
scopic shear band. When the loading time is long, the initial 
crack can fully expand, and failure is mainly controlled by 
several large cracks, and several secondary cracks overlap 
and penetrate each other to form a macro rupture surface, 
which leads to the instability. Under the influence of confin-
ing pressure, the shear rupture along the joint surface and the 
tensile rupture through the joint surface occurred. Among 
them, the specimen with confining pressure of 5 MPa is the 
mixed tension-shear rupture, yet the specimens with confin-
ing pressure of 10 MPa and 15 MPa are subjected to shear 
failure.

The influence of confining pressure is discussed by 
comparing the displacement nephogram and stress nepho-
gram of specimens with confining pressure of 0 MPa and 
15 MPa shown in Fig. 11. According to the analysis of the 
Z-displacement nephogram sequence, it can be seen that 
the deformation field of sandstone deformation and failure 
process is non-uniform evolution, and there are obvious 
zoning phenomena. With the loading, the location and area 

of the deformation field division will change continuously. 
The zoning evolution of the deformation field mainly goes 
through three stages. In the beginning, the high displace-
ment is concentrated in the lower part, the upper part is a 
low displacement, and the transition zone is bounded by the 
boundary between them, which changes with it. In the elas-
tic stage, the high displacement zone with confining pres-
sure of 0 MPa decreases, and the area of low displacement 
zone increases, while the displacement of the specimen with 
confining pressure of 15 MPa changes inversely. In the post-
peak stage, the zoning of the displacement field was redis-
tributed. The specimen with confining pressure of 0 MPa 
formed obvious displacement zoning along the joint direc-
tion. While the specimen with confining pressure of 15 MPa 
had no obvious displacement zoning, the areas and positions 
of the high displacement zone, the low displacement zone, 
and the intermediate transition zone are unchanged.

The diagram of maximum principal stress displays the 
principal stress distribution of sandstone, and there is a 
remarkable evolution law of stress field during loading. 

Fig. 11   Evolution nephogram of surface stress field and displacement field: a confining pressure is 0 MPa specimen; b confining pressure is 
15 MPa specimen
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The internal stress distribution is inhomogeneous, and it 
produces uneven stress localization zones in their respec-
tive principal stress fields, especially the critical interface 
between joints and sandstone has obvious stress concentra-
tion (Red indicates that the stress is relatively low, green 
indicates that the stress is relatively high. It transits in the 
order of red, yellow, green, and blue, which means that the 
numerical value gradually increases). It is because the stress 
concentration at the junction of the two materials belongs 
to the unstable area, which is prone to crack. The localized 
zone loaded with stress on the eve of failure is often the 
potential fracture location of specimen failure. As the load-
ing progresses, the specimen gradually reaches a new stress 
balance. The localized zone disappears, and new and regular 
high-stress zones appear. Under high confining pressure, the 
stress concentration is not obvious, and there is no obvious 
crack on the surface of the specimen, but there is a certain 
meso crack inside; confining pressure limits the crack propa-
gation and growth.

Analysis of fractal feature

Two-dimensional fractal dimension is defined as

Among them, D2 is the fractal dimension; rk is the devel-
oped reducing sequence with element’s square box size; 
Nrk(A) is the least number of meshes needed for covering 
the target set A with a square box of size rk (Liu et al. 2021).

The specimen with confining pressure of 0 MPa is taken 
as an example; the distribution of cracks cannot be seen 
intuitively because of the low resolution of the picture and 
high artifacts. On the premise of retaining the distribution 
characteristics of fractures in sandstone, the slice is bina-
rized to obtain the picture as shown in Fig. 12. Then, import 
it into the self-compiled MATLAB box dimension calcula-
tion program to operate. The fitting curve of fractal charac-
teristics in Fig. 13 shows that the correlation coefficient R2 is 
0.9754, and the fractal dimension D2 is 1.1595, which shows 

(2)D
2
= lim

k→∞

lgNrk(A)

lg
1

rk

that the mesoscopic scale fracture distribution of sandstone 
has good self-similarity (points A–F correspond to different 
stress stages in Fig. 6, the same below).

Two-dimensional scanning images can only reflect the 
local information of fractures, while three-dimensional 
structures can completely and intuitively show the spatial 
distribution of cracks; it offers a basis for the accurate evalu-
ation of the overall crack structure. Three-dimensional frac-
tal dimension is defined as

Among them, D3 is the fractal dimension, s is the edge 
length of cube, and N(s) is the minimum number of cubes 
covering the point set F.

To identify the shape and distribution of cracks in the 
image, based on the principle of 3D reconstruction, RFPA3D 
post-processing slice cracks are extracted by a self-made 
command stream to obtain the coordinates of crack pixel 
scale points, and then, the three-dimensional crack dis-
tribution diagram is obtained (Fig. 14). Import it into the 

(3)D
3
= −lim

s→0

lgN(s)

lg(s)
= lim

s→0

lgN(s)

lg(1∕s)

Fig. 12   Two-dimensional crack distribution diagram of the specimen with confining pressure of 0 MPa under different stress levels

Fig. 13   σ = 0%σmax, the fitting curve of two-dimensional fractal char-
acteristics of specimen with confining pressure of 0 Mpa
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self-made box dimension calculation program to get the 
fractal characteristic fitting curve of Fig. 15. The calculated 
D is 2.0827, and the correlation coefficient R2is 0.9988, 
which shows that the D is highly reliable.

See Fig. 16 for the D of the specimen under different 
stress levels. With the rise of stress level, the internal dam-
age of the specimens accumulates, and the D increases. In 
the elastic stage, the D of the specimens is unchanged, and 
no major damage has occurred. In the nonlinear deformation 
stage, the D increases slightly. In the post-peak stage, the 
more complex the shape of the spatial network, D shows a 
linear increasing trend, which indicates that the crack expan-
sion and evolution in the process of rock fracture mainly take 
place during this stage. The D of cracks of the specimen 
corresponds to each stress stage in the process of sandstone 
failure, which can describe the process of fracture and weak-
ening of rock during loading.

The fracture difference of specimens under different con-
fining pressures results in the difference of fractal dimension 
(Chen et al. 2001). As the increase of confining pressure, the 
D of sandstone specimens slowly decreases. As the confining 

Fig. 14   Three-dimensional 
crack distribution diagram of 
the specimen with confining 
pressure of 0 MPa under differ-
ent stress levels

Fig. 15   σ = 0%σmax, the fitting curve of three-dimensional fractal 
characteristics of the specimen with confining pressure of 0 Mpa

Fig. 16   Fractal dimension of the specimens: a two-dimensional fractal dimension; b three-dimensional fractal dimension)
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pressure is 0 MPa, the ultimate fracture mode is the most 
complex, the damage is the greatest, and the D is the largest 
(in which D2 is 1.5759, and D3 is 2.5065). As the confining 
pressure is 15 MPa, the fracture mode is the simplest, and 
the damage is the lightest. Therefore, the fractal dimension 
is the smallest (in which D2 is 1.2388 and D3 is 2.2106); 
The D of specimens with confining pressure of 5 MPa and 
10 MPa is between them. This is because the size of the 
fractal dimension is primarily determined by the complexity 
of the fracture network. The higher confining pressure, the 
more difficult it is to nucleate, expand, and penetrate meso-
cracks in rock, and the smaller the internal damage fracture 
surface, that is, the weaker the damage degree, the fractal 
dimension decreases, the rise of confining pressure further 
inhibits the development of internal fractures in sandstone. 
Therefore, the smaller the confining pressure, the worse the 
integrity, the more developed the cracks, the more compli-
cated the fracture mode, the more serious the final crushing 
degree, the better the damaging effect, and the greater the 
fractal dimension.

Comparing the two-dimensional and three-dimensional 
fractal dimensions, we can see that the D2 ranges from 
1.1595 to 1.5759, and the D3 ranges from 2.0827 to 2.5065. 
The two fractal dimensions respectively reflect the failure 
degree of sandstone specimens from the local and overall 
development degree and fracture degree of cracks; it can 
quantitatively evaluate the spatial distribution, development, 
and evolution process of internal cracks at the mesoscopic 
scale. Although the variation trend of the two fractal dimen-
sions with confining pressure is consistent, compared with 
the two-dimensional fractal dimension, the change rate of 
fractal dimension of the three-dimensional fracture image 
before peak stress is smaller, and there is almost no obvi-
ous change before the nonlinear deformation stage. This 
is because the two-dimensional fractal dimension mainly 
reflects the evolution of the fracture network of sandstone 
section under load, but sandstone is a heterogeneous porous 
geological material, and the distribution of internal pores 
and fractures is anisotropic. The changing trend of each sec-
tion is different, and the three-dimensional fractal dimension 
makes up for the deficiency of the two-dimensional fractal 
dimension and effectively describes the evolution law of the 
overall fracture network of the loaded sandstone from the 
perspective of three-dimensional.

Conclusion

1.	 Confining pressure has an important role to mechanical 
properties. The compressive strength, cracking strength, 
and failure strength are anisotropic as a result of this 
influence. Affected by different confining pressures, 

there is a time and position difference in the internal 
energy accumulation of sandstone.

2.	 The cumulative development of microfracture is in har-
mony with the macro rupture mode. Damage evolution 
of the specimen is that it spreads from inside to outside 
and finally extends to the surface of the specimen. The 
0 MPa specimen is a tensile failure, the 5 MPa specimen 
is a tensile-shear mixed failure, and the 10 MPa and 
15 MPa specimens are shear failures.

3.	 The material damage evolution process is fractal, and the 
fractal dimension is the primary parameter to mirror the 
degree of material damage. As the confining pressure 
is 0 Mpa, the fractal dimension is the largest, the crack 
propagation is the fullest, the rupture mode is the most 
complex, and the damaging effect is relatively good. The 
damage is restrained as confining pressure rises, and the 
fractal dimension of the fracture drops. There is a high 
correlation between fractal dimension and confining 
pressure.

4.	 The initiation, expansion, and penetration of cracks 
in loaded sandstone specimens follow the crack vari-
ation law in two-dimensional sections. However, when 
compared to the two-dimensional fracture structure, 
the dynamic evolutionary process of three-dimensional 
structure more intuitively and accurately reflects inter-
nal fracture shape and distribution of specimens during 
deformation and failure.

5.	 Stress distribution, crack propagation path, failure mode, 
and macroscopic fracture process are all affected by 
meso-heterogeneity and the presence of original defects. 
Sandstone materials have obvious non-uniformity and 
statistical characteristics of strength, which means that 
the original defects, such as joints and other low-strength 
areas, destruction first, followed by the high-strength 
areas.
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