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Rich in valuable reserves, conglomerate reservoirs in China have gradually emerged as a fundamental development source.
Currently, research pertaining to the macromechanical properties of crack propagation in conglomerates is conducted either by
directly employing various physical tests or by formulating a simpliﬁed numerical model for simulation, while disregarding the
inﬂuence of the conglomerate mesostructure. In this paper, the analysis is performed by adopting techniques such as CT
scanning and Particle Flow Code (PFC) numerical simulation. CT scanning is used to identify the mesoscopic structure of the
conglomerate, and then, a numerical model is devised in accordance with the CT scanned digital image. Three-point bending
simulation experiments are conducted for 3 sets of semicircular conglomerate specimens possessing prefabricated cracks, to
analyze the inﬂuence of the initiation and evolution of mesostructure on the fracture failure behavior. Research suggests: ① The
mesostructure within the conglomerate is complexiﬁed due to the presence of gravel. Conglomerate specimens exhibiting
diﬀerent mesostructures tend to diversify the possible modes of destruction of the conglomerate. ② A ﬂuctuation is noticed at
peak load under the fracture toughness test. The numerical simulation of the fracture toughness undertaken via the PFC method
revealed the reason for the peak load ﬂuctuation during the fracture propagation to be the constant penetration of the cracks
into or out of gravel particles. ③ The fracture toughness simulation tests ascertain the existence of certain fracture characteristic
units during the fracture propagation process, wherein the evolution of the internal mesostructure considerably inﬂuences the
macroscopic failure mode of the conglomerate.

1. Introduction
Although conglomerate reservoirs are rich in resources and
have ample reserves, the peculiarity of the mesostructure and
the intricacy of the macro-meso mechanical property of the
conglomerate make the development of conglomerate reservoirs a highly challenging task (Figure 1). With respect to
the ﬁeld of rock mechanics, evaluation of the rock mechanical properties of the conglomerate cores has emerged as a
pivotal concern in the petroleum engineering domain.
Considering the general oil reservoir development, the
characteristic of rock heterogeneity aﬀects the mechanical
properties of the rock substantially, especially guiding the
direction of initiation as well as the extension of hydraulic
fractures. During the development of conglomerate reser-

voirs, the attribute of rock heterogeneity becomes particularly signiﬁcant due to its unique mesostructure, which can
be primarily attributed to the presence of gravel. All the
gravel factors, such as the size, quantity, distribution, and
degree of cementation, signiﬁcantly inﬂuence the mechanical
properties of the conglomerate. Studies over the years have
suggested that the various mesostructures formed within
the conglomerate core by the gravel particles aﬀect various
engineering parameters, including fracture initiation and
instability pressure, bottom hole pressure ﬂuctuation and
ﬂuctuation period, and ﬂuid conductivity resistance of the
fracture [1–3].
In the due course of the investigation, it was realized that
ongoing research on the mechanical properties of conglomerate fracture is predominantly centered on the assessment
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Figure 1: Rock conglomerate core. The core in the picture is
10 cm in diameter and comes from a reservoir with a depth of
more than 2000 m.

of fracture mechanics during hydraulic fracturing. Meng
et al. [4] and Li et al. [5] explored various fracturing and
acidizing processes, such as large-scale fracturing, energyenhancing fracturing, and thickened acid fracturing, based
on the characteristics of sandy conglomerate reservoirs.
Reinforcing technology that facilitates the analysis of diverse
sand and conglomerate reservoirs has been developed over
the years. The manner of inﬂuence of the gravel size in conglomerates under hydraulic fracturing was reviewed. The
relationship between the construction pressure ﬂuctuations
and the particle size during hydraulic fracturing in conglomerate formations is discussed. Li et al. [2] and Li et al. [5]
examined the initiation mechanism of hydraulically induced
cracks. Considering the features of a standard sandy conglomerate reservoir in China, a numerical analysis on the
characteristics of hydraulic fracturing fracture propagation
mechanism of sandy gravel with varied gravel contents was
conducted, followed by the assessment of the factors regulating the interface between the gravel and the matrix sandstone. Li and Wong [6] also reviewed the development and
application of the Brazilian disc test for the conglomerate
core and evaluated the test results for the same. Luo et al.
[3] examined the causes triggering the irregular extension
of hydraulic fractures and pressure ﬂuctuations at various
gravel scales, in accordance with the numerical simulation
method applied to fracture mechanics and optimized the
hydraulic fracturing design and construction parameters of
sandy conglomerate reservoirs. Li et al. [7] studied and evaluated the eﬀects of horizontal stress diﬀerence, gravel size,
distribution law of gravel, and the viscosity and displacement
of fracturing ﬂuid on the hydraulic fracture propagation during the hydraulic fracturing process. Even though most of the
abovementioned studies draw conclusions that are explanatory of the mechanical behavior of conglomerate cores, especially in terms of the macroscopic experimental study of
conglomerates, majority of the scholars have primarily based
their research on the ﬁnal fracture morphology while studying the mechanical properties of conglomerate rock. These

analyses have mostly disregarded the signiﬁcant inﬂuence
produced by the formation and evolution of mesostructures
on the crack propagation process.
Regarding the aforementioned concerns, Yang and Tan
[8] pointed out that there exist impassable limitations for
the study of fracture failure in the macromechanics domain,
and it is quite vital to consider it for the small-scale damages,
such as the damage occurring in mesostructure of conglomerates. Bazant and Chen [9] advocated that majority of the
material mechanics’ scholars seldom contemplate the problem of scale rate and size eﬀect of the materials. This shows
that the previous studies on the mechanical properties of
conglomerates were mostly limited to the testing and analysis
of macromechanical properties. Furthermore, Bai et al. [10]
proposed that the fundamental complexity of exploring the
“collapse” problem from a meso-mechanical perspective lies
in the existence of varied microstructure levels and diverse
evolutionary physical dynamics and rates at diﬀerent scales
in the solids. Hence, here we attempt to comprehensively
consider and investigate the inﬂuence of the mesostructure
of conglomerates on its mechanical properties, while also
evaluating the mechanical properties of the same. In this
paper, it is assumed that the crack propagation modes, such
as penetrating gravel and by-passing gravel, are regarded to
be the outcome of the collapse of meso-cementation and
the occurrence of macrofracture behavior. The crack evolutionary rates and the physics of these crack propagation
modes appear to be diﬀerent at diﬀerent structure levels
and scales. In order to better explain the collapse of conglomerates, it is essential to fully comprehend the relationship
between the mesoscopic characteristics (including the degree
of cementation, size, and spatial distribution between the
gravel particles) and the macroscopic fracture behavior of
the conglomerates.
Since conventional physical experiments are unable to
meet this requirement, a study on the rock materials like
conglomerate cores is conducted here, with the help of
numerical simulation methods. Numerous scholars have
carried out research in the area under consideration, but
most of the relevant studies on conglomerates employing
the discrete element method (DEM) tend to simplify the
gravel into large, single, or circular (ball) elements while
modeling. The results obtained by such simulation methods
often demonstrate only the form of bypassing the gravel
damage [11–14], while disregarding the inﬂuence generated
by the mesostructure of the gravel. Even though several
mechanical properties of the conglomerates can be derived
by considering certain aspects, this method disregards the
impact of the mesostructure variations triggered by the
gravel on the macromechanical properties.
Jiang et al. [15] established a 2D discrete element particle contact model based on the particle rotation factor, considering the contact between particles as the surface contact,
which compensated for the defects of circular particles to a
certain extent. Belheine et al. [16] recommended a 3D contact model based on the rotational resistance of particles and
simulated them considering the factual material parameters.
Nonetheless, the antirotation contact model is hypothetical
and based on phenomenology with no direct mechanical
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groundwork. In addition, several discrete element numerical
simulation methods for noncircular particles have been carried out as well. For example, in the 2D cases, Rothenburg
and Bathurst [17], Ng [18], and Wang and Wang [19] simulated elliptical particles. Kuhn [20] and Yan [21] generated
ellipsoidal particles in a 3D manner and simulated diverse
particle shapes by changing the ratio of the major and
minor axes of the ellipse or ellipsoid. Peña et al. [22], Mollon and Zhao [23], and Liu et al. [24] obtained arbitraryshaped polygonal particles, and Azema et al. [25] and Lee
et al. [26] simulated random polyhedral-shaped particles
in a 3D manner.
Several studies [27–30] also proposed diﬀerent methods
for generating irregularly shaped particles, mainly by manipulating particle sphericity, roughness, and particle contours.
They suggested embedding the generated particles in the
bedrock or directly piling them up to simulate the macroscopic test of mechanical behavior of rock materials comprising of irregularly shaped particles under various situations.
On the one hand, the application of these modeling methods
could, to a certain extent, expose the impact of the mesoscopic structure comprising of irregular particles on the macroscopic mechanical behavior, overlooking the natural
defects generated due to the simpliﬁcation of the mesoscopic
structure. On the other hand, these techniques also suﬀer certain shortcomings: they are incapable of reﬂecting the veritable mesostructure of rock materials, particularly in the
conglomerates. Moreover, they are able to acquire the
mechanical properties of rock materials comprising of only
selective shapes, which in itself emerges as an individual simpliﬁed modeling method.
Employing an amalgamated outcome from the above
researches and investigation results in terms of the mesomechanics viewpoint, this study utilizes the CT scanning
technology to obtain the true mesoscopic structure of the
conglomerate under consideration. Further, certain representative mesostructures from the CT results are selected to
establish the PFC2D models designed for three-point bending simulation experiments on semicircular specimens with
prefabricated cracks. The analysis of the simulation results
is undertaken to describe the initiation and evolution process
of the mesostructure of conglomerates under the loading to a
fault, and it facilitates in comprehensively understanding the
conglomerate failure process.

2. Materials and Methods
2.1. CT Scanning. Computerized Tomography, referred to as
CT axial technology, is utilized to categorize the layers and
process the two-dimensional images in three-dimensional
volume. The three-dimensional sliced image is reconstructed three-dimensionally by employing a digital image
processing method after acquiring the three-dimensional
result from the CT scanning. This scanning method is capable of distinguishing between various mineral components
in the rock materials (but cannot identify speciﬁc mineral
species), classiﬁed according to the diﬀerence in the CT
numbers determined by the density of diﬀerent elements
present in the rock. Furthermore, the mesostructures within
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Figure 2: Three-dimensional slices of CT images. The picture
shows a semicircular core specimen with a diameter of 10 cm. The
thickness of each CT slice is about 60 μm, which means the size of
each image pixel is 60 μm.

the rock (including rock texture, gravel boundaries, and
gravel spatial distribution) can be reproduced as digital
images (Figures 2 and 3).
In this study, 10 conglomerate core specimens were
scanned by CT imaging utilizing the nanoVoxel-3502E CT
scanner of Sanying Precision Instrument Co., Ltd. The CT
scanner possesses a maximum resolution of 0.5 μm. The CT
scan results were processed by the Avizo digital image processing software provided by Sanying Precision Instrument
Co., Ltd.
2.2. Particle Flow Code. First proposed by Peter Cundall [31]
in 1971, the Discrete/Distinct Element Method (DEM) was
applied by him [32] to the domain of soil research and later
published in two parts by Cundall [33]. A detailed drafting
led to the formation of the Particle Flow Code (PFC) method.
In 2004, Potyondy and Cundall [34] proposed a bondedparticle model (BPM). The BPM is capable of producing a
reasonable simulation of the evolution of ﬁbrous force chain
of rock materials between the particles (Figure 4). Under the
action of macroscopic external forces, the bonding formation
and the mesoscopic fracture modes of the particles are based
on a chain-like force or moment. The BPM serves as a satisfactory approach to explain the evolution of the ﬁbrous force
chain and functions as the key to the material destruction
process. The model utilized in this study is a parallel bond
model (Figure 5), derived from the BPM.
External force equation for parallel bonding is as follows:

F c = F l + F d + F,

M c = M,

ð1Þ
ð2Þ

where F l denotes a linear force (direct force of other parti represents a parallel bonding
cles), F d is a dissipative force, F
 is a parallel bonding moment. In the BPM,
force, and M
when the load between the particles satisﬁes certain
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Figure 3: Three-dimensional volume of CT image. The size of the
core sample and pixels in the ﬁgure are the same as those in Figure 2.

ks

𝜇

Figure 5: Principle of parallel bonding. The red and blue lines in the
ﬁgure represent the contact surfaces of the two elements,
respectively. In the bonded state, the two elements are bonded,
and the contact force between the elements is the algebraic sum of
the contact force and the bonding force. The bonded state will be
destroyed after the bonding force reaches a certain value, after
which only contact force exists between the elements.

3. Results and Discussion
3.1. Simulation Scheme
3.1.1. CT Conglomerate Mesostructure Identiﬁcation. The CT
image utilized in this paper is a 16-bit grayscale digital image.
The image is threshold-segmented by administering it under
a speciﬁc threshold range. Then, the complete image is interspersed in order. When the grayscale pixel value of the image
is larger than or equal to the threshold, it is considered to be a
certain kind of substance, which could be determined by a set
of guidelines or categories adopted. When the pixel gray
value is less than the threshold, it is considered to be another
substance from the categories. The simplest gray image binarization process can be expressed as:
(
F ði, jÞ =
Figure 4: Particle bonding network ([34]). The red and blue lines in
the ﬁgure represent the shear stress and normal stress between
particles, respectively. The thickness of the line represents the
value of the force.

conditions, the bond chain breaks, the bond between the
particles disappears, and the material displays a fracture
behavior under the microscope.
Based on the above principles, the contact stiﬀness equations between the particles are deﬁned under numerical simulation by generating parallel bonding and particle contact
stiﬀness parameters. During the simulation experiment, the
failures of the test specimens were determined by monitoring
the bond chain breakage between the particles. Simultaneously, the speciﬁc kind of breaking technique (tensile
breaking, shear breaking) can be determined by detecting
the manner in which the force chain breaks.

1, if f ði, jÞ ≥ T,
0, if f ði, jÞ < T:

ð3Þ

Among them, f ði, jÞ is the original threshold function,
which appears to be a function of CT number (nCT ); Fði, jÞ
is the divided threshold function; T is the selected threshold
range.
Due to the complexity of the mesostructure and the mineral composition of the conglomerates, the main threshold is
divided into multiple thresholds, and diﬀerent minerals are
represented via diﬀerent colors in the results obtained, in
order to simplify the diﬀerentiation (Figure 6).
Considering the threshold predivision of the twodimensional CT images, the CT number range of the gravel
and the matrix can be determined in accordance with the
presence of a clear gravel boundary as the main criterion
(Figure 7).
Finally, a three-dimensional area above the prefabricated
crack is selected, and the three-dimensional structure of the
gravel and the matrix is extracted, so as to obtain a three-
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Figure 6: Results of threshold division. Color rendering is
performed on diﬀerent density areas. The white light areas are
identiﬁed as gravel, and the other stained areas are rock matrixes,
which include low-density clay minerals and some high-density
rock debris.

Figure 7: Spatial distribution of minerals in the subspace. The CT
image of the entire core is preprocessed by selecting a speciﬁc
subspace.

dimensional image of the spatial distribution of the mineral
particles in the subspace (Figure 8).
By comparing the three-dimensional reconstructed core
sample with the postphysical test core sample, it can be witnessed that the complex mesostructure formed by the gravel
and matrix inside the conglomerate signiﬁcantly inﬂuences
the crack expansion. The speciﬁc content concerning this
subject is discussed in detail in one of the other papers we
have authored [35].
3.1.2. Numerical Simulation Based on PFC2D. Following the
completion of the CT scanning results and analysis of the
conglomerate mesostructure, three representative mesostructures are selected to simplify and construct a twodimensional model according to the location of the gravel
and the direction of cracks post the simulation experiment.
Then, the computer-aided drafting (CAD) software is
employed for mechanical design automation to model
the structure and import it to PFC2D for numerical simulation (Figure 9). In Figure 10, the blue areas represent the
gravel particles, and the green zone represents the conglomerate matrix.

Figure 8: Spatial distribution of mineral particles in the original
specimen. This ﬁgure represents a CT 3D reconstruction image of
the distribution of the main gravel particles above the
prefabricated cracks (black areas) of the sample. The size of the
cube in the ﬁgure is 37161:66 × 37161:66 × 37161:66 μm3. In the
sample, there are about 29 gravels present in the cube area, and
the average volume is 8:84 × 1010 μm3.

In the simulation initiated, the models used for the gravel,
matrix, and interface in the core are all bonded-particle
models (BPM). The core model is semicircular with a
diameter of about 0.1 m, and the length of the prefabricated
crack is 0.02 m. The size of the disc unit ranges from
0.0050~0.0075 m, and the density is 2.5 g/cm3. The ﬁnal
model is generated according to the core porosity of 0.1,
and the total number of units is 4,481. In the Group A, the
number of units in the matrix part is 2,242, and the number
of units in the gravel part is 2,239. In the Group B, the number of units in the matrix part is 2,867, and the number of
units in the gravel part is 1,614. In the Group C, the number
of units in the matrix part is 2,756, and the number of units in
the gravel part is 1,725. The simulation models of each group
are shown in Figure 10.
According to the meso-parameter research results of the
matrix and gravel strength in the conglomerate proposed
by Liu et al. [36] and using the method proposed by Hu
[37], the meso-parameters were calculated, as shown in
Tables 1–3. Based on the data tabulated below, the mesoparameters of various structures in the conglomerate are
ﬁxed. During the simulation, the upper and lower walls are
applied in opposite directions but loaded at the same speed
for testing. The termination condition is set to load control,
and the application of the load is halted when the load on
the upper wall loading point reaches less than 70% of the
peak load.
3.2. Study on the Response of Mesostructure during Fracture
3.2.1. Deformation Behavior of Diﬀerent Mesostructures. The
deformation response produced by the external loads for
various conglomerate specimens with diﬀerent mesostructures displays diﬀerent characteristics. The horizontal displacement in the three-point bending numerical simulation
tests of three sets of semicircular specimens is shown in
Figure 11.
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Figure 9: Modeling process. After selecting the CT layer with a speciﬁc thickness position, the outline of the gravel is drawn using the CAD
software and ﬁnally imported into PFC2D to form a model.

1 cm

(a) CT image of Group A. Simulation models of Group A

1 cm

(b) CT image of Group B. Simulation models of Group B

1 cm

(c) CT image of Group C. Simulation models of Group C

Figure 10: Simulation models for fracture toughness tests. The selected three sets of test pieces are all semicircular with a diameter of 0.10 m.
Their mesoscopic structure is representative. There is a critical gravel above the prefabricated crack of specimen A. The rock matrix mainly
exists above the prefabricated cracks of specimen B. The tip of the prefabricated crack in specimen C is inside the gravel, and there are matrix
and multiple gravels above it.

The Group A in Figure 11 suggests that the gravel distribution of the specimens portrays good symmetry around the
middle line. A large gravel block is present above the preset
fracture, and the other gravel seems smaller. This kind of

gravel distribution characteristic causes the overall external
force on the conglomerate to be averaged during the loading
process of the upper and lower walls, thereby generating a
relatively uniform displacement ﬁeld. Finally, a crack was
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Table 1: Simulation parameters of the rock matrix.

Structure

Matrix

Parameter

Default

Explanation

E∗

35 MPa

Eﬀective modulus (force/area)

κ∗
∗
E

1

Normal/Shear stiﬀness ratio (-)

25 MPa

Eﬀective modulus of bonding (stress)

κ∗

1

Normal/Shear stiﬀness ratio

c
σ

100 kPa

Tensile strength (stress)

c

ϕ

80 kPa

Cohesion (stresses)

20

Friction angle (degrees)

βn

0.5

Normal critical damping ratio (-)

μ

0.577

Friction coeﬃcient (-)

Table 2: Gravel simulation parameters.
Structure

Gravel

Parameter

Default

E∗

Explanation

20 MPa

Eﬀective modulus (force/area)

κ∗
∗
E

1

Normal/Shear stiﬀness ratio (-)

75 MPa

Eﬀective modulus of bonding (stress)

κ∗

1

Normal/Shear stiﬀness ratio

c
σ

200 kPa

Tensile strength (stress)

c

ϕ

250 kPa

Cohesion (stresses)

20

Friction angle (degrees)

βn

0.5

Normal critical damping ratio (-)

μ

0.577

Friction coeﬃcient (-)

Table 3: Interface simulation parameters.
Structure

Parameter
E

Interface

∗

Default

Explanation

50 MPa

Eﬀective modulus (force/area)

κ∗

1

Normal/Shear stiﬀness ratio (-)

c
σ

10 MPa

Tensile strength (stress)

c

ϕ

10 MPa

Cohesion (stresses)

20

Friction angle (degrees)

βn

0.5

Normal critical damping ratio (-)

μ

0.577

Friction coeﬃcient (-)

propagated in the middle area of No. 1 gravel located above
the prefabricated crack along the direction of the preset crack
extension.
The Group B in Figure 11 implies that the size of the
gravel block specimens appears similar, but the gravel distribution on the left is signiﬁcantly lower than that on the right.
This gravel distribution characteristic causes a large imbalance in the internal load on the rock specimen during the
loading process, and the displacement ﬁeld generated on
the left side of the specimen is signiﬁcantly greater than that
on the right side. In this large instable displacement ﬁeld, the
symmetrical axis shifts to the right, and the crack propaga-

tion direction basically extends upward along the prefabricated crack, but eventually, the crack ceases to extend after
encountering No. 1 gravel.
The Group C in Figure 11 suggests that the gravel specimens are analogously sized, and the distribution is relatively
uniform. This kind of gravel distribution characteristic
causes the specimen to be subjected to a relatively uniform
external force during the loading process, resulting in a relatively uniform displacement ﬁeld. The evident center and
symmetry axis of the displacement ﬁeld appear in the sample,
and the crack propagation direction is approximately the
same as the prefabricated crack direction.
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0.0000E+00
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–7.5000E−05
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(c)

Figure 11: Simulation results of fracture toughness. Shown in the ﬁgure is the horizontal displacement of the three sets of simulation results;
the right side is positive and the left is negative (Ball displacement_x). The black line segment above the prefabricated crack is the elements
fracture produced during the loading process, which are the cracks generated during the fracture process.

3.2.2. The Destruction Process of Diﬀerent Mesostructures.
The conglomerate specimens with diﬀerent mesostructures
tend to exhibit diﬀerent characteristics of failure responses
produced by the varying external load. The curves on the
number of the tensile cracks, shear cracks, and load value
as a function of the crack tip opening displacement (CTOD)
in the numerical simulation tests of three groups of conglomerates with diﬀerent mesostructures are shown in
Figure 12.
Through the observation of the test curves and the
change rule of the mesostructure in the specimens, it can be
established that the conglomerates can produce two kinds
of cracks—tensile cracks and shear cracks, under the fracture
toughness test. However, the main failure occurs when the
tensile damage grows signiﬁcantly. By observing the test
curves of diﬀerent groups, presence of three kinds of phenomena can be concluded:
① (In the Group A) There is only one load peak present
when the crack propagates in the gravel, and the crack ﬁrst

produces tensile cracks, while a number of shear cracks are
few. After the load reaches the peak value, the number of
shear cracks increases gradually, but the number of tensile
cracks tends to show a rapid surge
② (In the Group B) There is only one peak load present
when the crack propagates in the matrix. Shear cracks and
tensile cracks occur simultaneously at the initial stage of
crack generation; but after reaching the peak load value, the
tensile cracks continue to increase, while the appearance of
shear cracks is halted
③ (In the Group C) The crack penetrates through the
gravel No. 1 and No. 2 and then propagates along gravel
No. 3 (in the matrix), while the load exhibits multiple peaks.
Noticeably, the shear cracks ﬁrst appear before the load
reaches the ﬁrst peak value, and a number of new tensile
cracks are few. At this point, the cracks pass through the
gravel No. 1. The shear cracks continue to grow slowly during
the subsequent load increase, but the tensile cracks increase
rather sharply when the second load peak occurs, and the
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Figure 12: Curve of fracture toughness simulation test results. Shown in the ﬁgures are the curves of the variable (the load and the crack
number) with the crack tip opening displacement (CTOD) of the three sets of experimental. The blue lines are the load. The green lines
are the number of shear cracks. The red lines are the number of tensile cracks.

cracks propagate in the matrix as well. After that, the growth
rate of tensile cracks gradually accelerates, gravel No. 2 gets
eliminated gradually, and the cracks reenter the matrix. At
this moment, the tensile cracks are still mainly generated in
gravel No. 2 and the matrix above it. The newly added shear
cracks are mainly concentrated near the boundary of gravel
No. 3, and do not expand until the crack ﬁnally propagates
along gravel No. 3. Finally, the extension cracks appear at
the boundary of gravel No. 3
Summarizing, when the cracks propagate in and out of
the gravel, or from the matrix to the propagation along with
the gravel, the load curves suﬀer multiple peaks. The cracks
are mainly tensile, but shear cracks also transpire when crack
propagation occurs around or through the gravel. The shear
cracks do not increase after reaching a certain number, and
the fracture mode returns to tensile failure.
3.3. Fracture Feature Unit. In the Groups A and B, the cracks
only propagate in the gravel or in the matrix. However, the
cracks in the Group C possess both the modes. Therefore,
in this section, the Group C is selected as the research sub-

ject to meticulously analyze the initiation and evolution of
the mesostructure transpiring in it by recording the variations in the displacement ﬁeld during the simulation. The
concept of the research unit proposed by Yan et al. [35] is
discussed as well.
It is assumed that near the crack tip, the area with stress
greater than 30% of the crack tip stress is divided into a
research unit, including the gravel particles and cement,
and is named as the fracture feature unit. During the loading
process, the mesoscopic damage of the conglomerate sample
chieﬂy occurs within the fracture feature unit, and the damage form is only aﬀected by the mesoscopic features of the
fracture feature unit internally.
When the crack passes the gravel, the ﬁne texture of the
gravel particles inside the RU gradually gets damaged during the loading process and eventually breaks the gravel.
When the crack bypasses gravel, the cementation between
the gravel grain boundary inside the RU and the matrix
(or other gravel boundary) gradually gets damaged during
the loading process and eventually triggers the cementation
failure.
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Figure 13: Continued.
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Figure 13: Test C crack growth process. The ﬁgures show the change trend of the displacement ﬁeld (Ball displacement_mag) during the
crack propagation process of the simulation of the Group C. The black and red lines above the prefabricated crack are the destruction of
the bond chain of the bonding elements (balls), which represent the fracture crack.

Scrutinizing the sample after the test reveals that the
propagation direction of the cracks in the conglomerate is
quite ambiguous. This phenomenon induces variations in
the hypothetical research unit. Unlike other rocks with
sound homogeneity, such as sandstone, cracks in conglomerates tend to vary the direction of propagation on encountering gravel particles. This is due to the damage on the
boundary surface of the gravel being uneven, and this
uneven damage causes asymmetrical deformation of the
specimen. Furthermore, the cumulative weakening eﬀect of
this uneven deformation alters the propagation path of the
crack. When the crack propagation path changes, the old
research unit undergoes changes as well, and the new
research unit is formed. In this manner, the initiation and
evolution process of the mesostructure take place within
the conglomerate.
The Group C presents a rather uniform distribution of
the displacement ﬁeld due to the relative uniformity of the

gravel distribution, which has been explained in the previous
sections. Figures 13(a) and 13(b) represent the cracks propagated through the gravel No. 1. At this point, a continuous
displacement ﬁeld appears in the area above the crack tip
and gradually gets divided into two connected ﬁelds. One of
them has the gravel No. 1 and No. 2, as the center, while
the center of the other one is gravel No. 3. Figures 13(c)
and 13(d) represent the cracks propagated in the matrix
between gravel No. 1 and No. 2. At this point, the two displacement ﬁelds generated are slowly divided by the crack,
but they remain connected at the tip of the crack.
Figures 13(e) and 13(f) illustrate the cracks propagating via
the gravel No. 2. At this moment, the center of the left displacement ﬁeld gradually shifts upwards from the middle
area of the gravel No. 1 and No. 2, and as the crack continues
to grow, the displacement ﬁelds on both the sides get
completely separated. At this point of time, the crack tip
slowly approaches gravel No. 3. Subsequently, a large
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number of shear cracks are generated near the crack tip.
Figures 13(g)–13(i) suggest that the cracks propagate from
between gravel No. 2 and No. 3 to the left side of gravel No.
3 until the failure of the specimen occurs.
During this entire process, it was noticed that the
displacement ﬁeld near the gravel and the nearby matrix
acted as a means for the destruction of the specimen.
According to the basic principle of the PFC method, the
interaction force between particles and the relative displacement between the particles exhibit a linear function. The displacement ﬁeld in Figures 13(a)–13(i) is shown to be evenly
segregated into 10 parts, from high to low. Theoretically, the
variations in the displacement ﬁeld can indicate the changes
occurring in the stress ﬁeld to a certain extent, with the generation of cracks in a speciﬁc area. With the increment of the
load and the further extension of the crack, the shape of the
key displacement ﬁeld also tends to change simultaneously.
This seems to be consistent with the research unit concept
proposed by Yan et al. [35].
A further discussion about the fracture feature unit
reveals that the mesostructure inside the specimen continues
to vary as the crack expands. During the three-point bending
fracture toughness test of the specimen, the crack propagation is seen to be closely associated with the bending deformation of the specimen and is ascertained to be aﬀected by
the bending stiﬀness. In a conglomerate, when the crack tip
meets the gravel, the fracture extension direction is easy to
deﬂect. This phenomenon induces a change in the morphology of the characteristic unit that inﬂuences the fracture
behavior at the crack tip, and the local stiﬀness also suﬀers
a change. At the onset of crack generation, the overall specimen stiﬀness does not undergo any drastic change, but the
scale of the unit and the entire specimen appears diﬀerent.
The local stiﬀness of the unit changes on a substantial scale.
This change in stiﬀness causes damage to the gravel boundary or within the gravel particles inside the unit, and the
damage appears as shear failure between the particles. With
the increment of the load, the deformation of the unit intensiﬁes, and the local shear cracks ﬁnally fuse with the crack tip,
giving rise to the tensile failure.

4. Conclusions
Employing the PFC numerical simulation of the three-point
bending fracture toughness test for the semicircular specimens of the conglomerate, the following three aspects of
understanding are deduced:
① The presence of gravel gives rise to the complexity
exhibited by the mesostructure of the conglomerate. Conglomerate specimens with dissimilar mesostructures tend to
diversify the destruction forms of the conglomerate
② In the fracture toughness test, the peak load tends to
ﬂuctuate a great deal. The numerical simulation of the fracture toughness obtained by the PFC method revealed the
reason for the peak load ﬂuctuation during the fracture
propagation to be the constant penetration of the cracks in
and out of the gravel. Due to the peculiarity of the conglomerate mesostructure, the fracture behavior usually does not
befall instantly after the load value meets the peak. There-
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fore, when the mesostructure encountered by the tip changes
during the crack propagation process, the load tends to
change as well
③ Fracture toughness simulation validated the rationality of the hypothetical research unit proposed by Yan et al.
[35]. The evolution of the mesostructure inside the unit produces a signiﬁcant impact on the macroscopic failure form of
the conglomerate. The diﬀerence between the local stiﬀness
and the overall stiﬀness of the conglomerate induces damage
(i.e., shear cracks) at the boundary or between the gravel particles. As the damage accumulates, the ﬁnal crack propagation path tends to change
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