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Abstract: In order to study the damage evolution law and failure mechanism of mudstone under
different stress states, with the help of high-resolution CT scanning equipment, in situ CT scanning
experiments of mudstone under uniaxial compression were carried out. Combined with digital
core technology and the digital volume image correlation method, the 3D characterization of meso-
structure and the evolution process of localized damage in mudstone were analyzed. The research
shows that brittle minerals such as quartz in mudstone often exist in the form of agglomerated strips,
resulting in the formation of weak structural planes at the contact surfaces of different minerals.
There are a large number of primary intergranular pores near the mineral accumulation zone. With
the increase in axial load, the connectivity of pores will gradually increase, cracks will gradually
emerge, internal pores will develop abnormally, and rocks will reach the critical state of failure;
at this time, the throat number and coordination number of pores increase obviously. There was
no obvious difference found in the distribution of mineral particles of different sizes, and the slip
between mineral zones was mainly dominated by small particles. The accumulated mineral zone
was able to easily form a weak surface, and the aggregated mineral zone under loading was easily
able to produce local deformation, which is related to the mechanical properties of the mineral zone
and its surrounding rock matrix, with the rock failure easily occurring along the junction of the two
minerals. The displacement in the polymeric mineral zone was small, the deformation displacement
of the rock skeleton dominated by clay minerals near the quartz mineral zone was larger, and the
stronger quartz minerals restrained the rock skeleton deformation in the region.

Keywords: uniaxial compression; CT scan; microscopic destruction; digital volume image correlation

1. Introduction

Rock is a kind of heterogeneous material in which a large number of irregular primary
pores, fractures, and mineral particles are distributed, which directly affect the physical and
mechanical properties of rock. Therefore, the focus of the study of the macro-mechanical
properties of rock is to clarify the microstructure characteristics of the rock. In this paper,
the uniaxial failure mechanism of mudstone is studied on the basis of digital core and
digital volume image correlation method.

The numerical reconstruction method is a widely used digital core construction
method, one that is based on core slice images. The main construction principle is to
reconstruct 3D digital cores by process simulation method. The pore network model is
established by using the maximal ball algorithm, lattice Boltzmann method, image pro-
cessing and threshold segmentation, fractal theory, and mathematical statistics to realize
the quantitative representation of micro pore structure [1–3]. Yin Duohao et al. [4] and Lin
Chengyan et al. [5] evaluated the characteristics of the pore network model through param-
eters such as pore throat radius, coordination number, and permeability. It was found that
the increase in throat length and pore coordination number were the main factors causing
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meso-damage. Zhang Huimei et al. [6] studied the freeze-thaw rock damage variables of
mesoscopic pores.

The physical experiment method is to use a high-power optical microscope, electron
microscope, and CT to directly scan the rock samples to construct digital cores. Yang
Zhifeng et al. [7] found the relationship between three kinds of pores and mineral composi-
tion by electron microscope and CT scanning. Mikko Voutilainen et al. [8] also conducted
related studies. Many scholars obtained the law of fracture changing with stress and
found that the CT scanning technique can better evaluate the spatial attribute, distribution,
and connectivity of macropores [9–11]. On the basis of a high-resolution 3D CT scanning
system, it is widely used to automatically identify the main mineral composition in rock
and analyze the law of fracture propagation in rock [12–14]. The influence of mineral
composition and microstructure on rock mechanical properties is discussed by constructing
digital cores [15–19].

It is impossible to analyze the internal dynamic strain of rock only with the help of
digital core. The digital volume image correlation method provides the possibility for this.
Guo Weina et al. [20] found that DIC technology can effectively characterize the strain
evolution and crack formation and propagation of materials. Bay et al. [21] extended the
digital image correlation method and proposed the continuous field 3D digital volume
image correlation method DVC. Mao Lingtao et al. [22] revealed the strain evolution
characteristics and failure mechanism of glass fiber composites by the DVC method.

The failure of rock has an extremely important relationship with its internal microstruc-
ture, main diagenetic composition, and spatial distribution of diagenetic composition. In
order to study the failure mechanism of rock, it is necessary to explore the process of crack
propagation and development and stress failure zone distribution from macro and micro
angles. It is well known that rock is a kind of complex heterogeneous material. The compo-
sition and distribution of main components and pore space distribution in rock have an
important influence on the mechanical properties of rock. The way in which to accurately
describe the composition and spatial distribution of the main diagenetic minerals and the
spatial distribution of primary pores and cracks in the rock, as well as the way to establish
the diagenetic composition and the relationship between cracks and rock failure is the focus
of this article.

In this paper, the influence of brittle mineral composition on rock failure was studied
by establishing a pore network model based on digital core by using the CT scanning
method in a physical experiment, combined with XRD and SEM analysis results. The
quantitative analysis of minerals and pores from the aspects of content and distribution
characteristics can comprehensively master the microstructure information of rock, so as to
indirectly evaluate the mechanical properties and failure mechanism of rock.

2. Real-Time Loading CT Scanning Experimental System and Experimental Scheme
2.1. Real-Time Loading CT Scanning Experimental System

The experimental system is mainly composed of two parts:

(1) CT scanning system: The minimum focus size of the CT experimental equipment
is 3 µm, which can distinguish the pore with 0.5 µm aperture and the crack with
1 µm width. After the loading equipment is fixed on the high-precision micro-CT
mechanical rotation platform, the sample is in the best scanning position through the
movement in X, Y, and Z directions.

(2) Loading system: The loading system is a uniaxial loading equipment independently
developed by the research group. The main structure includes an oil pump, mo-
tor, hydraulic cylinder, accumulator, tubing, displacement sensor, loading push rod,
aluminum–magnesium alloy casing, spherical seat, and so on. The maximum out-
put force of the cylinder of the loading device: Fmax = 40 KN, the cylinder stroke:
S = 40 mm, the effective range of the displacement sensor: 40 mm, and the accuracy
of the displacement sensor: 0.001 mm. After fixing it on the µCT225kVFCB CT me-
chanical turntable, the CT scanning of rock samples under the condition of real-time
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loading and steady pressure can be realized, and the pressure control system of the
loading system can realize digital pressure control, as shown in Figure 1.
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Figure 1. CT platform experimental system.

2.2. Experimental Scheme

The intact mudstone without obvious cracks was selected. Considering the resolution
requirement of CT scanning, the samples were machined into ϕ 20 mm × 40 mm cylinders
by stone processing machine, and 10 samples were made. Six of them were tested for
mechanical properties, and the average peak load was 67.2 MPa, as shown in Figure 2.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 3 of 16 
 

force of the cylinder of the loading device: Fmax = 40 KN, the cylinder stroke: S = 40 
mm, the effective range of the displacement sensor: 40 mm, and the accuracy of the 
displacement sensor: 0.001 mm. After fixing it on the μCT225kVFCB CT mechanical 
turntable, the CT scanning of rock samples under the condition of real-time loading 
and steady pressure can be realized, and the pressure control system of the loading 
system can realize digital pressure control, as shown in Figure 1. 

 
Figure 1. CT platform experimental system. 

2.2. Experimental Scheme 
The intact mudstone without obvious cracks was selected. Considering the resolution 

requirement of CT scanning, the samples were machined into φ 20 mm × 40 mm cylinders 
by stone processing machine, and 10 samples were made. Six of them were tested for me-
chanical properties, and the average peak load was 67.2 MPa, as shown in Figure 2. 

 
Figure 2. Part of mudstone test piece. 

Then, real-time pressurized CT scanning experiments were carried out on the re-
maining four samples. During the experiment, the sample was pressurized by operating 
the pressurization system outside the CT room. After the pressure was loaded to the ex-
pected pressure, the pressurization was stopped to stabilize the loading equipment, and 
then CT scanning was carried out. The voltage and current of CT scanning were 200 kV 
and 240 μA, respectively. The magnification of the rock scanning area was 12.8, that is, 
the minimum visible crack width was 15.4 μm. Through each scan, 1500 layers of two-
dimensional CT images could be obtained, that is, the thickness of each layer was 27 μm. 

  

Figure 2. Part of mudstone test piece.

Then, real-time pressurized CT scanning experiments were carried out on the remain-
ing four samples. During the experiment, the sample was pressurized by operating the
pressurization system outside the CT room. After the pressure was loaded to the expected
pressure, the pressurization was stopped to stabilize the loading equipment, and then CT
scanning was carried out. The voltage and current of CT scanning were 200 kV and 240 µA,
respectively. The magnification of the rock scanning area was 12.8, that is, the minimum
visible crack width was 15.4 µm. Through each scan, 1500 layers of two-dimensional CT
images could be obtained, that is, the thickness of each layer was 27 µm.
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3. Construction of the Digital Core Model
3.1. Composition Analysis of Mudstone

According to the results of the XRD experiments, the main components of the samples
were quartz and clay minerals, accompanied by a small amount of pyrite and plagioclase.
The content of quartz was 45.1%, and the content of illite was 43.74% (Figure 3, Table 1).

Appl. Sci. 2022, 12, x FOR PEER REVIEW 4 of 16 
 

3. Construction of the Digital Core Model 
3.1. Composition Analysis of Mudstone 

According to the results of the XRD experiments, the main components of the sam-
ples were quartz and clay minerals, accompanied by a small amount of pyrite and plagi-
oclase. The content of quartz was 45.1%, and the content of illite was 43.74% (Figure 3, 
Table 1). 

 
Figure 3. XRD test results of mudstone samples. 

Table 1. Main chemical composition of mudstone (%). 

Category Quartz Illite Chlorite Plagioclase Pyrite Others 
Content (%) 45.1 43.74 4.86 4.6 0.2 1.5 

According to the SEM experimental results, when the sample was magnified to 30 
times (Figure 4b), the mudstone contained a large number of quartz particles, with clay 
minerals mostly filling in the large particles and being attached to the edge of the large 
particles; the surface of the mudstone was relatively flat, the overall structure was rela-
tively dense, and a small number of cracks were developed near the large quartz particles. 
When the sample was enlarged to 1300 times (Figure 4c), there were a large number of 
flake aggregates and microcracks in the field of view. According to the results of XRD 
analysis, these flake materials were clay minerals such as illite. 

   
(a) (b) (c) 

Figure 4. Microcracks and pores near mineral particles. (a) Mineral accumulation zone. (b) Quartz 
particles. (c) Microcracks near mineral particles. 

Figure 3. XRD test results of mudstone samples.

Table 1. Main chemical composition of mudstone (%).

Category Quartz Illite Chlorite Plagioclase Pyrite Others

Content
(%) 45.1 43.74 4.86 4.6 0.2 1.5

According to the SEM experimental results, when the sample was magnified to
30 times (Figure 4b), the mudstone contained a large number of quartz particles, with
clay minerals mostly filling in the large particles and being attached to the edge of the large
particles; the surface of the mudstone was relatively flat, the overall structure was relatively
dense, and a small number of cracks were developed near the large quartz particles. When
the sample was enlarged to 1300 times (Figure 4c), there were a large number of flake
aggregates and microcracks in the field of view. According to the results of XRD analysis,
these flake materials were clay minerals such as illite.

According to the results of XRD and SEM analysis, the quartz content of the mudstone
was high; the other materials were mainly clay minerals; and the accumulation mineral
zone was quartz mineral zone, which was embedded in the clay mineral. The distribution
of the two minerals in the whole mudstone sample was extremely uneven, and the quartz
mineral zone in the upper right part of the sample was denser, with the distribution range
being larger in the lower left part, but more discrete. To sum up, brittle minerals such as
quartz are beneficial to the development of pores in rocks and the preservation of primary
pores. There may be a large number of intergranular pores between brittle minerals and
clay minerals. The initiation location of cracks is likely to develop from these pores and
produce macroscopic cracks.
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3.2. Construction of Digital Core Model

The CT scanning images of different loading stages under uniaxial in situ loading
were reconstructed. By extracting the information of porosity, mineral spatial distribution,
and mineral content in different locations, a digital core model with mineral composition,
mineral spatial distribution, and fracture information was established. According to the
results of XRD and SEM, the extensive and easy-to-capture parts were extracted by the
maximum inter-class method, and the part of microstructure information that was difficult
to extract was based on the combination of watershed threshold segmentation and TopHat
algorithm fine segmentation, so as to ensure that the feature elements of the scanned
samples can be extracted completely and provide the basis for subsequent digital analysis
and numerical calculation. A complete digital core model was obtained by adding mineral
composition, rock skeleton, and pores. The construction process of digital core is shown in
Figure 5.
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4. Evolution Characteristics of Digital Core Fracture Model

According to the origin and distribution of pores, pores mainly include organic pores,
inorganic pores, and primary microcracks. The minimum resolution of scanning in this
paper was 15.4 µm/pixel; the mineral composition of the mudstone studied was relatively
simple; and the distribution of cracks was mainly concentrated in the mineral zone, with
emphasis on the intergranular pores and intragranular pores between mineral particles.

4.1. Distribution and Volume Change of Pores and Fractures

The change of internal pores in the process of rock loading can clearly reflect the time
and space variation characteristics of rock instability and failure. Pore throat is a narrow
channel in which pores are connected with each other in rock mass or soil, and pores are
the space between solid mineral particles in rock and soil. In this paper, the porosity of
CT data in the process of real-time in situ loading was analyzed, the pore connectivity in
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the process of rock failure was located and quantitatively counted, the pore evolution data
obtained from experiments were analyzed, and the crack propagation trend and change
characteristics were studied.

Figure 6 is a 3D distribution figure of pores and pore throats in mudstone at different
loading stages. Through statistical analysis, we found 805 pores and 2 pore throats in
mudstone in the initial stage, and the coordination number of pores was basically zero. No
matter the spatial distribution and connectivity or the results of numerical statistics, the
pore connectivity in the initial stage was poor. The initial pore volume was 0.804 mm3 (the
size of the pore ball is plotted according to the proportion of the equivalent diameter of
the pore).
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With the progress of loading, the number of pore throats in the 3D pore network model
increased, and the number of pores in the first loading stage (18.5 MPa) decreased. At this
stage, the mudstone was in the compaction stage; a small number of pores were closed and
compacted under the action of external load; and a small number of pores were connected,
which was characterized by the enhancement of pore connectivity, and the fracture volume
was 1.035 mm3.

When the loading continued, the pore connectivity in the second loading stage
(37.5 MPa) was further enhanced, indicating that new pores were generated and the
old pores were further developed and connected, and a macroscopic crack appeared on
the surface of the sample. In the pore network model inside the sample, it can be seen
that the pore network model was mainly developed into two clusters, and the positions of
the two pore connecting clusters were very close to the distribution of the mineral zone.
At this stage, the rock damage increased gradually, the number of pore development and
penetration was also much higher than that in the previous loading stage, and the fracture
volume also increased to 2.32 mm3.

With the continuous development of pores and the accumulation of penetration, the
local microcracks gradually expanded into macroscopic cracks and further penetrated,
reaching the maximum load limit of mudstone, and the damage of rock reached the peak.
In the third loading stage, the fracture volume reached 180.75 mm3, and there was an
obvious stress drop, indicating that in the previous stage, the pores in the mudstone had
developed to a critical state of failure, which was extremely prone to instability failure, and
the adjacent pores penetrated into cracks. The mudstone was completely destroyed, as
shown in Figure 7.
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Table 2 shows the parameters of fracture development in different loading stages
of mudstone.

Table 2. Fracture development parameters of mudstone at different loading stages.

Loading Phase Fracture
Volume (mm3)

Number of
Pores

Number of Pore
Throat

Number of
Macro Cracks

Initial stage 0.804 805 2 0
The first stage 1.035 810 26 0

The second stage 2.32 1286 264 2
The third phase 180.75 - - 5
The fourth stage 210.56 - - 7

4.2. The Changing Law of Pore Coordination Number

The pore coordination number represents the pore throat number connected between
pores and pores, and the pore coordination number can be directly related to the connectiv-
ity of the pore network model. The wide distribution of the coordination number can be
understood as the rich development of micro-joints in this area. The coordination number
is often used to evaluate the reservoir transport capacity of porous media.

The pore network model visually shows the change of the pore network at different
loading stages (Figure 8). In the initial stage, most of the pores were isolated pores, which
were dispersed in the rock. With the loading, the connected throat appeared between the
adjacent pores and further expanded into a network. The pore-connected throat initially
appeared near the mineral zone and gradually developed into a pore network in the two
mineral accumulation areas. In the initial stage, the average coordination value of primary
pores in mudstone was close to 0, indicating that the connectivity of primary pores was
poor. At the first loading stage, the average coordination value of pores did not change
much from that of the previous stage, and the pore compaction stage in the corresponding
stress–strain curve was basically consistent with the pore change characteristics of this stage.
At the second loading stage, the increase in the average coordination number of pores
corresponded to the pore connectivity in the 3D pore network model. At the stage before
the peak stress of loading failure, the average coordination number of pores increased
rapidly, which may have been due to the fact that the pores in this stage had developed to
the critical state of failure.
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4.3. Spatial Distribution of Minerals in Rock Failure Process

Quartz is one of the main minerals of mudstone, and the existence of this mineral has
a significant influence on the mechanical properties of mudstone.

Deq =
3

√
6V3d

π
(1)

The calibration analysis algorithm can be used to calculate the particle volume distribu-
tion parameters in the extracted mineral particle model, and then the equivalent diameter
distribution can be calculated by using the equivalent diameter Formula (1), and the diame-
ter of each particle can be counted to establish the particle equivalent diameter distribution
histogram, as shown in Figure 9 and Table 3. According to the results of calculation and
statistics, the diameter of quartz mineral particles in the mudstone sample was mainly
distributed in the range of 25–100 pixels, and the scanning resolution was 15.4 µm/pixel.
According to the equivalent diameter formula, the diameter of quartz particles in mudstone
samples was distributed between 0.38 and 1.54 mm, and the proportion of quartz particles
with 0.38 mm diameter was the highest, accounting for 64.7% of all quartz particles.
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Table 3. Particle equivalent diameter distribution parameter table.

Mean/Pixel Standard
Deviation/Pixel Max/Pixel Min/Pixel Quantity

38.93 34.68 328.98 22.35 19,961

The particles with different equivalent diameters were characterized in space, and
the particles in different positions were statistically analyzed, with the influence of the
distribution of quartz particles with different particle sizes on the damage and its change
law analyzed in depth.

Figures 10 and 11 show the spatial distribution of quartz particles in the initial un-
stressed state of mudstone specimens. A total of 19,962 quartz particles were collected
by CT scanning. The equivalent diameter of mineral particles larger than 75 voxels was
divided into large particles, and those with equivalent diameters less than 75 voxels were
divided into small particles. Among them, there were 656 large particles, accounting
for 3.28% of the total, and 19,302 small particles, accounting for 96.72% of the total. The
aggregate quartz particles were 1487, accounting for 7.42% of the total. In order to show
the spatial distribution of quartz mineral particles more simply and clearly with different
particle sizes, as well as to further show the relationship between particles and fracture
development, the display and observation were carried out from the perspective of 45◦ and
overlooking, respectively. Each surface observed was consistent with the position of digital
core modeling and CT scanning of mudstone sample, as shown in Figure 12.
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From the spatial distribution of small particles, the small quartz particles were basically
uniformly distributed in the whole body of the mudstone sample; the number was relatively
large; and the distribution was relatively concentrated in the XOY section, forming an
accumulation zone that ran through the whole body of the sample, with the mineral zone
on the other side being relatively scattered, and there being no obvious aggregation law.
The occurrence relationship between them was essentially consistent with the macroscopic
analysis of mineral composition, having a good corresponding relationship. By comparing
the spatial distribution of quartz particles with different equivalent diameters, we found
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that there was no special aggregation of quartz particles in mudstone samples, and the
spatial distribution rules of quartz particles of the two sizes were very similar. There was
no obvious relationship between mineral accumulation zone and quartz particle size, so it
is necessary to further analyze the quartz particles in the digital core in the loading stage.
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From the relationship between the distribution form of quartz particles and the distri-
bution of cracks in the failure stage (Figure 12), macroscopic cracks were mainly distributed
in the quartz mineral zone (Figure 4a). The quartz mineral zones of A and B aggregation
types led to different initiation modes of cracks—the A mineral zone was denser, and the
shape and location of cracks were consistent with these kind of mineral zones. The type
B mineral zone was more discrete, but there were mineral clusters with large equivalent
diameter, and the changes of crack shape and pore position must have been deformed
by the influence of nearby space compression. Under the action of axial load, mudstone
samples mainly showed along weak plane shear slip failure and along weak plane splitting
failure, mainly because quartz mineral strength is larger; clay mineral strength is small;
and under axial pressure, slip failure occurs between two kinds of minerals with different
mechanical properties. On the other hand, the intergranular pores around the gathered
quartz minerals continued to develop and expand under the action of external forces, thus
forming macroscopic cracks.

5. Analysis of Mudstone Failure Process by Digital Volume Correlation Method

When using CT image to analyze damage, it will be affected by the scanning resolution
of the CT system, and the scales studied by different analysis methods will have their own
applicability. The digital core and pore network model is suitable for the analysis, which is
larger than the resolution scale. The digital volume image correlation method can be used
to analyze the local deformation and evolution process caused by the micro-crack, which is
smaller than the CT resolution scale before the occurrence of the CT resolution scale crack.
The result of the CT scan was taken as the reference image of the DVC computation, and
the scan image of the later loading stage was taken as the computation image, and so on,
until the final destruction of the image as the computation image and the computation
phase being completed. The range of the DVC computational area is shown in Figure 13.
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5.1. Analysis of the Evolution Process of Displacement Field

On the basis of the displacement distribution histogram calculated by DVC, the
displacement field of mudstone sample under initial loading was analyzed. The X-axis
displacement was uniformly distributed between −5 voxels and 5 voxels, and the frequency
was concentrated at about 20. The displacement distribution of the Y-axis was close to that
of the X-axis; there was only negative displacement in the Z-axis, which indicates that the
mudstone sample was compressed and expanded in the X-axis direction. Moreover, a small
abrupt increase in frequency appeared in the range of −5 voxels displacement, indicating
that there were a large number of quartz mineral particles, micropores, and microcracks
in the rock. At the initial stage of loading, microcracks were affected by external loads,
and microcracks and micropores were gradually compressed and closed, which was the
reason for voxel negative value in the numerical computation. On the other hand, a large
number of quartz particles in the mudstone samples were hard and widely distributed in
space. Under the influence of external load, the partially agglomerated quartz particles
expanded and slid towards the X-axis and Y-axis after longitudinal extrusion, resulting
in both negative and positive displacement in the X-axis and Y-axis. At the same time, in
the state of uniaxial compression, at the initial stage of loading, the mudstone sample was
mainly affected by the external load in the loading direction; the longitudinal microcracks
were closed; and the hard mineral particles slipped in the plane, resulting in the expansion
of the sample in the macroscopic range (Figure 14).
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According to the analysis of the evolution process of the displacement fields u, v,
and w in the x, y, and z directions of mudstone (in which u = u(x, y, z), v = v(x, y, z),
w = w(x, y, z)) (Figure 15), we can know that the sample is mainly subjected to axial vertical
compression, and because there were a large number of mineral particles in the sample,
the sample showed obvious heterogeneity with the overall deformation being extremely
uneven. In the first loading stage, the internal pores of mudstone samples were mostly
isolated pores, and the pore connectivity was poor. The second loading stage (37.5 MPa)
was the starting point of the localized deformation of the sample. The displacement value
of the sample near the mineral zone was larger, and the obvious local deformation had
appeared inside the sample. With the increase in the load, the overall element displacement
of the specimen was gradually increasing. There were few primary cracks and micropores
in the rock, and the porosity of the rock sample was low. At this time, a macroscopic crack
appeared on the surface of the sample, and the pore network model was mainly developed
into two clusters, with the position of the two pore connecting clusters being very close
to the distribution of the mineral zone. In this stage, the rock failure increased gradually,
and the number of pores and penetration was much higher than that in the previous
loading stage. The large displacement area corresponded to the mineral distribution area
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in the 3D computational area shown in Figure 13 and gradually expanded, because in the
first and second loading stages, the mudstone was in the elastic stage, and the lithology
of the mudstone was more compact and the pores were compacted. In the third stage
of loading, when the stress value reached 48.5 MPa, the internal microcracks developed
rapidly, showing obvious positive and negative displacement zones, indicating that some
areas had obvious local deformation, and these areas expanded further with the loading.
The rapid growth of the average coordination number of pores may have been due to the
fact that the pores at this stage had developed to the critical state of failure. At the peak
load 67.5 MPa, there was a large range of large displacement regions in the sample as a
whole, and the large displacement regions changed strongly compared with the previous
stage, being redistributed and concentrated. There was an obvious boundary between the
large displacement region and the low displacement region, and there was an obvious
delamination phenomenon in each displacement region of the sample. The regions with
smaller displacement values essentially appeared at the junction of the mineral zone,
which was consistent with the final failure form of the sample. At this time, the internal
microcracks and pores of the sample expanded and penetrated, and the sample was at the
critical point of instability and failure.
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5.2. Analysis on the Evolution Process of Strain Field

The strain field can better reflect the evolution process of local deformation in rock, six
strain components of Cauchy strain tensor were solved by local least square fitting method,
and the equivalent strain and volume strain under different loads can be calculated.

It can be seen from the equivalent strain nephogram (Figure 16) and the 3D volumetric
strain nephogram (Figure 17) of the mudstone sample during full loading, at the initial
stage of loading, the overall strain of the sample was small, and the high strain area was
mainly concentrated in the XOZ plane and YOZ plane. The reduction to the real sample
was in the quartz dense accumulation area of the mudstone sample, and the high strain
area was scattered near the quartz particles. When loading to 18.5 MPa, there was a higher
equivalent strain in the lower left corner of the sample, and the maximum equivalent effect
of the sample was 0.01; according to the strain and the ultimate failure strain of mudstone,
it can be inferred that there should be small cracks in this area of the sample at this time.
With the progress of loading, the main strain region gradually shifted to the right side,
showing the phenomenon of localized zone, which reflected the closure and change of
primary pores, cracks, and other structures in the rock at the initial stage of loading. The
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equivalent strain in the mudstone went through a process of first dispersion and then
concentration, which was because the microcrack near the mineral zone was closed at the
initial stage of loading, resulting in a small range of strain concentration in the elastic stage,
resulting in the rapid increase in the main strain of this part; with the increase in loading,
the deformation of the sample tended to be gentle, and the equivalent strain entered a
quiet period. When loading to 37.5 MPa, the sample began to show local deformation, and
the maximum volume strain inside the specimen was 0.3, indicating that when the load
is low, the volume near the mineral zone changes greatly, so it is easy to produce local
deformation in the first step. When loading to 48.5 MPa, the microcracks and pores in
the sample continued to develop and penetrate, forming new cracks and large-scale local
deformation. The equivalent strain in the sample was rapidly redistributed with the new
deformation region, forming an obvious boundary between the two mineral zones.
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Figure 18 shows the variation curve of volumetric strain and equivalent strain with
axial stress in the process of uniaxial loading of mudstone. From the curve in the graph, it
can be seen that there was a certain correlation between them. According to the change of
the curve, it can be divided into three stages:

(1) The stage of compaction (a–b). During the loading process (0–18.5 MPa), the volume
strain of the sample was negative, and the equivalent effect increased slowly, indicating
that the sample was affected by axial load and the sample was compressed. Combined
with the equivalent strain distribution nephogram, the strain region was mainly dis-
tributed in the mineral zone, indicating that the intergranular pores near the mineral
particles were squeezed, the pore connectivity increased, and the overall porosity showed
an increasing trend. The number of pore throats between isolated pores increased, the
coordination number of pores increased, and deformation occurred.

(2) The stage of microcrack development (b–c). During the loading process (18.5 MPa–
48.5 MPa), the volumetric strain reached the minimum rapidly, and with the increase
in load, the volumetric strain began to rebound and increased to 0. At this stage,
the equivalent strain was redistributed from the local discrete strain region to form
a large range of strain region, and the high strain region was gradually connected,
maintaining a rapid growth trend, while the porosity continued to increase, and the
connectivity of the pore network increased. The number of connected pore throats
between pores increased, and the coordination number of pores increased. It showed
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that the sample began to expand, and a large number of micro-hole cracks began
to develop.

(3) The stage of microcrack propagation (c–d). During the loading process (48.5 MPa–
67.5 MPa), the change rate of volumetric strain and equivalent strain began to slow
down, and the equivalent strain region was connected, with there being a clear
boundary between the high strain region and the low strain region, indicating that
cracks that were higher than the identification range of CT resolution were generated,
and that the micro hole crack had expanded into a macroscopic crack. The stress
corresponding to point c can be used as the critical point of the macroscopic crack,
which was 62.9% of the peak load. The increasing trend of porosity, pore connectivity,
and pore coordination number were essentially the same as that of the previous stage,
and there was a crack on the surface of the sample, with a trend of continuous growth.
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6. Conclusions

In this paper, mudstone was taken as the research object, and the failure mechanism of
mudstone was studied according to rock microscopic physical property analysis, uniaxial in
situ CT scanning, digital core reconstruction, pore network extraction, mineral composition,
and pore structure. The following conclusions were drawn:

(1) The diagenetic mineral composition of mudstone was relatively simple, being mainly
composed of brittle materials such as quartz and clay minerals, and the proportion of
brittle minerals was relatively high, which was the main reason for the high strength
of mudstone. Moreover, through the scanning electron microscope, it was found that
the brittle mineral quartz and so on often exist in the form of agglomerated strips
in the mudstone, resulting in the formation of structural weak surfaces on different
mineral interfaces. These results are similar to those reported by Zhao et al. (2013).

(2) The digital core models of mudstone at different loading stages were established by
using a uniaxial loading in situ CT scanning test system. There were a large number of
primary intergranular pores near the mineral accumulation zone, and the connectivity
of pores will gradually increase with the increase in axial load. Macroscopically, the
porosity of the rock increased, and cracks gradually appeared, with the internal pores
being abnormally developed. When the rock reached the critical state of failure, the
throat number and coordination number of pores clearly increased.

(3) There was no obvious difference in the distribution of mineral particles of different
sizes, and the interior of mudstone was mainly affected by a large number of small
size mineral particles, indicating that the slip between mineral zones was mainly
dominated by small-size minerals.
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(4) The final propagation shape of the crack was very consistent with that of the mineral
zone, indicating that it was easy to form a weak surface in the aggregated mineral
zone, and the aggregated mineral zone under loading could easily produce local
deformation, which is related to the mechanical properties of the mineral zone and its
surrounding rock matrix. When rock breaks, it is easy to produce along the junction
of the two kinds of minerals. The results are in good agreement with similar study by
Yin et al. (2019).

(5) The displacement in the polymeric mineral zone was small, the deformation displace-
ment of the rock skeleton dominated by clay minerals near the quartz mineral zone
was larger, and the stronger quartz minerals restrained the rock skeleton deformation
in the region.
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