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a b s t r a c t

Tight reservoirs are typically developed by horizontal wells and multi-stage hydraulic fracturing. The
conglomerate reservoir is one type of tight reservoirs, which is different from homogeneous rock, such as
tight sandstone. This is because that the existence of gravels makes conglomerate have strong hetero-
geneity. Thus, it is difficult to grasp the fracture mechanism and the law of fracture propagation of
conglomerate, which limits the efficient development of the conglomerate reservoir. In this paper, the
fracture characteristics and factors influencing the fracturing of Mahu conglomerate were studied by
uniaxial compression, acoustic emission monitoring and X-ray computed tomography (CT) scanning
experiments. The results show that the fracture characteristics of conglomerates are influenced by the
gravel content and cement. The conglomerate in the study area is mainly divided into carbonate
cemented conglomerate and clay cemented conglomerate. The fracture complexity of carbonate
cemented conglomerate first increases and then decreases with increasing gravel content. However, for
clay cemented conglomerates, the fracture complexity increases over the gravel content. The crack
development stress is a significant parameter in the crack assessment of conglomerates. This study is
useful to understand the influence of meso-fabric characteristics of conglomerates on their fracturing
and crack evolution and guides the design of hydraulic fracturing.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Conglomerate reservoirs are widely distributed in China, the
United States, Canada, Brazil, Australia, and other countries (Cronin
and Kidd, 1998; Hentz et al., 2012; Arnott, 2003; Macquaker et al.,
2014). The geological reserves of conglomerate reservoirs discov-
ered in the Junggar Basin of Xinjiang, China, exceed 1 billion tons
(Hou et al., 2018; Jia et al., 2018). However, the sedimentary envi-
ronment of conglomerate reservoirs has characteristics of low
porosity and low permeability (Jia et al., 2017). Thus, hydraulic
fracturing is generally used as an essential method to develop
conglomerate reservoirs. Since the conglomerate has strong het-
erogeneity, the tortuous and complex hydraulic fractures formed
during fracturing make it difficult to evaluate the reconstruction
effect (Xv et al., 2019), restricting the fracturing construction
y Elsevier B.V. on behalf of KeAi Co
design. Therefore, it is necessary to study the propagation law of
conglomerate fractures.

In recent years, some scholars have studied the propagation
mechanism of conglomerate fractures using experiments and nu-
merical simulations. True triaxial hydraulic fracturing experiments
were conducted on artificial and natural conglomerate specimens
(Meng et al., 2010; Ma X. et al., 2017; Xv et al., 2019; Ma D. et al.,
2020). These studies observed that gravel-deflecting, gravel-pene-
trating, branching, arresting, and terminating would occur when
hydraulic fractures intersect with gravels in the process of fracture
propagation. Numerical simulations of conglomerate hydraulic
fracturing were performed by using finite element and discrete
element methods based on fracture mechanics and damage me-
chanics theory (Liu et al., 2016; Rui et al., 2018; Li et al., 2013). It has
found that the complexity of fractures was significantly related to
gravel particle size and content. Preliminary studies were made on
the mechanical properties of conglomerate by triaxial compression
tests and direct shear tests (Liu et al., 2018; He et al., 2019; Zhu J.
et al., 2019). The result shows that gravels have a great influence
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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on the compressive, shear, and tensile strength of conglomerate.
Particle flow discrete element numerical simulation was used to
simulate the uniaxial compression experiment of conglomerate
and explore the effect of gravel content onmechanical properties of
the conglomerate (Luo et al., 2021). Three-point bending test was
conducted on semi-circular specimens and found that conglom-
erate can be divided into gravel-enhanced conglomerate and
gravel-weakened conglomerate (Liu et al., 2022).

The previous studies reveal the main controlling factors of the
mechanical properties of conglomerate and the regularity of frac-
ture propagation. But the research on the conglomerate fracture
morphology only considers the influence of gravels. Either the
impact of cement or the influence of crack evolution on fracturing
characteristics before conglomerate failure is not considered.
Studying crack evolution characteristics before conglomerate fail-
ure and fracture morphology after failure is conducive to revealing
the fracture mechanism of the conglomerate.

The characteristics of crack evolution and fracture morphology
of homogeneous rocks have been widely studied. Scholars found
that before rock is destroyed, cracks and other defects would suffer
from an evolutionary process of initiation, development, propaga-
tion, and coalescence (Griffith, 1921; Erarslan, 2013). The evolution
of cracks was characterized by introducing the volume strain of
cracks and the evolution process of cracks was divided into five
stages, namely, crack closure stage, elastic stage, stable crack stage,
unstable cracking stage, and post-peak deformation stage (Martin
and Chandler, 1994). The traditional triaxial compression experi-
ment is a simple method to study the evolution of cracks, but it has
limitations in studying the microscopic fracture in crack evolution.
For this reason, acoustic emission is used to monitor the fracture
events in rock (Pestman and van Munster, 1996; Wang et al.,
2021a). X-ray computed tomography (CT) scanning technology is
used to visually characterize rock fractures (Cnudde et al., 2011; Jia
et al., 2013; Zhang Y. et al., 2020).

This article takes the Mahu conglomerate as an example and
obtains two types of conglomerates with different cementation.
Uniaxial compression, acoustic emission monitoring, and CT scan-
ning experiments are used to study the fracture characteristics and
crack evolution of conglomerate. The fracture characteristics and
factors influencing the fracturing of conglomerate are investigated.
The influence of cementation type and gravel content on crack
evolution, fracture morphology and fracture complexity are stud-
ied. Fractal dimension analysis and Sholl analysis are introduced to
quantitatively characterize the tortuosity degree and distribution
density of fractures.

2. Specimens and experimental methods

2.1. Experimental specimens

Conglomerate specimens were taken from the Triassic Baikou-
quan Formation and the Upper Permian Wuerhe Formation in
Mahu sag, Junggar Basin, Xinjiang. The buried depth of the Bai-
kouquan Formation is 3708e3719m, and that of the UpperWuerhe
Formation is 3599e3704 m. The specimens for the uniaxial
compressive strength test have a diameter of 38mm and a height of
76 mm. Specimens from Baikouquan Formation were numbered as
group Z, and specimens fromWuerhe Formationwere numbered as
X. Each group of conglomerates contained 5 specimens. The spec-
imen photos are shown in Fig. 1 and the detailed information of the
specimens is shown in Table 1.

The gravel content of the experimental specimens was calcu-
lated by image processing (Fig. 2). Firstly, the image of the specimen
surface was captured, and then the contour of the gravel in the
image was extracted. Finally, the gravel area was calculated by
1725
image processing software, and the gravel content was the ratio of
the extracted gravel area to the overall surface area of the speci-
mens (Luo et al., 2021; Liu et al., 2022).

Fig. 3 shows the X-ray fluorescence (XRF) element maps of
conglomerate specimens from group Z (the Baikouquan Formation)
and group X (the Wuerhe Formation), showing the contents and
distribution of Al, Ca, Fe, Mg, Si, K, Mn, and Na in the specimens.
Fig. 4(a) and (b) are scanning electron microscope (SEM) and en-
ergy dispersive spectroscopy (EDS) maps of group Z. Fig. 4(c) and
(d) are SEM and EDS of specimens in group X respectively. It can be
seen that the cement of conglomerate specimens in group Xmainly
contain Al and Si and a little Ca and Mn, while the cement of group
Z mainly consists of Fe and Mn. According to the study of
conglomerate cement, the main types of cement in conglomerate
include carbonate cement mainly composed of calcite and siderite,
and aluminosilicate cement mainly composed of clay (Zhu N. et al.,
2019; Wang et al., 2021b; Xi et al., 2021). In this study, the cement
type of specimens in group Z is mainly carbonate cement, while
that of specimens in group X is mainly clay cement.

2.2. Experimental methods

2.2.1. Uniaxial compression and acoustic emission monitoring
The experimental instrument used in the uniaxial compression

experiment, the RTR-1000 triaxial mechanical test system from the
GCTS company, was shown in Fig. 5(b), with a maximum axial
pressure of 1000 kN, a displacement resolution of 0.1 mm, a load
resolution of 0.01 kN, and a sampling frequency of 10 Hz. Before the
experiment, specimens were sent to a specimen storage room,
where the specimens were stored at constant temperature
(25 ± 1 �C) and constant humidity (30% ± 1%) for more than 30
days. Specimens were treated at 50 �C until its weight is not
reduced in order to fully dry the specimens and prevent the spec-
imens from thermal cracking. Then the specimens were removed
and their sizes (diameter and height) were measured. The spec-
imen was put into the test instrument and then covered with a
heat-shrinkable tube to ensure that it can remain intact after the
experiment. The uniaxial compression test was loaded at an axial
strain rate of 0.05%/min in strain rate mode until failure. The axial
force and displacement were automatically monitored by sensors.

During the uniaxial compression experiment, acoustic emission
events were monitored by the Richter Data Acquisition and
Streaming System from Itasca. The response frequency of the
acoustic emission sensor is 1 MHz, and the noise threshold is 70 dB,
as shown in Fig. 5(c). The acoustic emission probe was pasted
20 mm away from the top of the specimen, and the installed
experimental specimen is as shown in Fig. 5(a).

2.2.2. CT scan
After the uniaxial compression test, the experimental specimen

was removed and put into a CT scanner for scanning. The instru-
ment used for CT scanning is Nano Voxel 30502E, with a spatial
resolution ranging from 3 to 30 mm, the diameter of scannable
specimens ranging from 5 to 300 mm, the maximum tube voltage
of X-ray source being 160 kV, and the maximum power being 10W,
as shown in Fig. 5(d). The scanning range is 28.78 mm in diameter
and 23.0 mm in height, and the scanning resolution ratio is
14.99 mm. The image generated by CT scan is affected by many
factors, which would produce a series of noises and image artifacts.
These artifacts and noises reduce the image quality and are not
conducive to subsequent quantitative analysis. A median filtering
method was adopted to de-noise the image so as to optimize the
image quality. In this article, a 5� 5 rectangle is used as thewindow
of median filtering, and the gray value of each pixel is set as the
median of the gray value of all pixels in a neighboring window of



Fig. 1. Images of specimens before experiment.

Table 1
Basic data of experimental specimens.

Specimen No. Gravel content, vol% Diameter, mm Height, mm Porosity, %

Z1 25.5 38.25 77.14 7.76
Z2 30.8 38.20 77.38 8.92
Z3 41.2 38.14 76.39 7.05
Z4 55.4 38.30 77.26 10.18
Z5 60.3 38.04 76.63 9.66
X1 10.4 38.15 71.13 7.35
X2 14.6 38.10 78.13 11.00
X3 25.8 38.27 76.44 8.05
X4 35.6 38.32 78.93 7.36
X5 63.3 38.14 76.93 7.76
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the point. After processing, the transition zone between fractures
and rock particles became natural and smooth, and most of the
noise, illusion, and some isolated pores were removed. The images
before and after the median filtering are as shown in Fig. 6.

3. Experimental results

3.1. Mechanical properties

Fig. 7 shows stressestrain curves of two groups of conglomerate
specimens with different gravel contents. It can be seen from the
stressestrain curve that the specimens from the Baikouquan For-
mation (Group Z) suffer from a brittle failure, and multiple
1726
fracturing happened before the load reaches the peak strength.
While specimens of the Upper Wuerhe Formation (group X) are
mainly plastic failures, and the phenomenon ofmultiple fractures is
rare.

Table 2 shows the compressive strength, elastic modulus, and
Poisson's ratio of conglomerate specimens. For specimens in group
Z, the uniaxial compressive strength (UCS) ranges from 26.4 to
60.4 MPa with an average of 45.3 MPa, and the elastic modulus (E)
ranges from 18.1 to 25.8 GPa with an average of 21.4 GPa. The
specimens in group X have a uniaxial compressive strength ranging
from 22.5 to 57.4 MPa with an average of 36.9 MPa, and an elastic
modulus ranging from 9.8 to 23.1 GPa with an average of 14.8 GPa.
The compressive strength and elastic modulus of specimens in
group Z are higher than those in group X. Comparing with the
previous experiments, where the elastic modulus of rock samples
ranged from 29.01 to 78.15 GPa, with an average of 48.04 GPa, the
Poisson's ratio is 0.15e0.75, with an average of 0.37, and the uni-
axial compressive strength is 14.0e54.5 MPa, with an average of
36.5 MPa (Liu et al., 2018), it can be seeing that the conglomerate is
highly heterogeneous and its mechanical properties vary greatly in
different strata and regions.

3.2. Fracture characteristics

3.2.1. Morphological characteristics of fractures
Based on CT scanning, the fractures formed in specimens in

group Z and group X after the uniaxial compression experiment



Fig. 2. Extracted gravel contour and the calculation of gravel content. (a) The cylindrical surface of specimen; (b) The extracted gravel contour image.

Fig. 3. The X-ray fluorescence (XRF) elemental maps showing the distribution and content of Al, Ca, Fe, Mg, Si and K in the group Z and group X.
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were extracted to analyze the morphological characteristics and
influencing factors of the fracture. The scanning scope is a cylin-
drical area with a diameter of 28.8 mm and a height of 23.0 mm.
Fig. 8 shows the steps of CT reconstruction. Fig. 8(a) shows the
range of CT scan, Fig. 8(b) shows the 3D reconstructed specimen
images, and Fig. 8(c) shows the extracted fracture image.

The CT reconstruction image of group Z is as shown in Fig. 9. It
can be seen that when the gravel content of group Z is low (Z1,
25.5 vol% of gravel content), the fractures formed in group Z are
relatively simple, with obvious main fractures and undeveloped
branch fractures. Meanwhile, it is observed that the fractures would
surround gravels when they encounter gravels. As the gravel con-
tent increases (Z2, 30.8 vol% of gravel content), two obviously
intersecting fractures are formed accompanied by undeveloped
branch fractures. When the fractures encounter gravel, although a
1727
little would penetrate through gravel, mainly of them remain to
surround gravel. As the gravel content further increases (Z3,
41.2 vol% of gravel content), a complex fracture network is formed
with no obvious main fractures. The gravel-surrounding fractures
develop together with the gravel-penetrating fractures. When the
gravel content is much higher (Z5, 60.3 vol% of gravel content), the
fractures formed are relatively simple with obvious main fractures
and extend through the gravels.

Fig. 10 shows the CT reconstruction of the specimens in group X.
When the gravel content of the specimens in group X is low (X1,
10.4 vol% of gravel content; X2, 14.6 vol% of gravel content), the
fractures formed are relatively simple, with obvious main fractures
and undeveloped branch fractures. With the increase of gravel
content (X3, 25.8 vol% of gravel content; X4, 35.6 vol% of gravel
content; X5, 63.3 vol% of gravel content), the fracture morphology



Fig. 4. The SEM (a, c) and EDS (b, d) maps of conglomerate specimens from group Z (a, b) and group X (c, d).
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is more and more complex, accompanied by more branch fractures.
Meanwhile, the main fractures are not obvious anymore, and the
gravel-surrounding fractures develop together with the gravel-
penetrating fractures, but the fractures mainly surround gravels.
3.2.2. Characterization of fracture complexity
The complexity of fractures is divided into tortuosity of single

fracture and distribution density of branch fractures. To charac-
terize the complexity of fractures, the fractal dimension method
and the Sholl method are used to characterize the tortuosity of a
single fracture and the distribution density of branch fractures,
respectively. The fractal dimension can characterize the irregular
morphology and tortuosity of the fracture surface. The larger the
fractal dimension of the fracture is, the larger the tortuosity of the
fracture is and themore irregular the fracture surface is (Tatone and
Grasselli, 2015; Ju et al., 2014). There are many definitions of the
fractal dimension, such as the Hausdorff dimension, the Lyapunov
dimension, and box-counting dimension. The box-counting
dimension has become one of the effective methods to calculate
fractal dimension because of its simple calculation. Box-counting
fractal dimension is obtained by calculating the number of grids
in different sizes occupied by graphs and then by linear regression
(Falconer, 2014; Peitgen et al., 2004).

dimboxðSÞ ¼ lim
n/0

lgNðSÞ
�lgn

(1)

where dimbox(S) represents the fractal dimension of graph S; N(S)
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represents the number of grids occupied by graph S; and n repre-
sents the length of the grid. Based on the above principle, the three-
dimensional fractal dimension of fractures in specimens was
determined by Avizo software. The fractal dimension of fractures is
as shown in Table 2.

To characterize the distribution density of branch fractures, the
Sholl method, which is used for quantitative analysis of axons and
dendrites of neurons in medicine, is used to analyze the distribu-
tion density of branch fractures. The principle of Sholl method is to
superimpose a group of concentric circles on neurons and obtain
the branching patterns of dendrites and axons of neurons in
different regions by calculating the number of branches intersect-
ing each circle, thus quantitatively characterizing the morpholog-
ical characteristics of neurons (Sholl, 1953; Ferreira et al., 2014).

Fig. 11 shows the analysis process of the Sholl method. Firstly, CT
images to be processed are selected and fractures are extracted by
threshold segmentation. The size of the CT scanning range is cir-
cular with a diameter of 28.78 mm. Since fractures formed by
uniaxial compression have no obvious fracture initiation center, the
center of the CT image is taken as the center of the circle for the
Sholl analysis. In addition, 0.225 mm is taken as the radius of each
increase of the concentric circles to count the number of intersec-
tion points formed by fractures together with concentric circles.
Then the average number of intersection points of all the concentric
circles is calculated. This average is called the intersection index to
characterize the distribution density of branch fractures. To elimi-
nate statistical contingency, 10 CT images were taken from each
specimen isometrically for analysis, with an interval of 2.88 mm



Fig. 5. Experimental instruments. (a) An installed experimental specimen; (b) RTR-1000 for uniaxial compression test; (c) The Richter Data Acquisition and Streaming System of
Itasca; (d) Nano Voxel 30502E CT scanning instrument.

Fig. 6. Median filtering figure. (a) Original figure before median filtering; (b) Figure after median filtering.
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between two successive images. The arithmetic average of the
number of intersection points of 10 images is calculated as a
parameter (i.e., the intersection index) to quantitatively charac-
terize fracture distribution density.

Table 3 shows the fractal dimension and intersection index of
specimens in group Z and group X. For specimens in group Z, the
fractal dimension ranges from 2.097 to 2.295, with an average of
2.188 and the intersection index ranges from 4.15 to 10.5, with an
average of 7.076. As to specimens in group X, the fractal dimension
1729
ranges from 2.126 to 2.358, with an average of 2.215 and the
intersection index ranges from 3.50 to 11.6, with an average of 5.77.
3.3. Evolution characteristics of conglomerate cracks

During the uniaxial compression experiment, the properties of
rock would change due to the evolution of its internal cracks. AE
can be used to monitor the generation and evolution of cracks in
uniaxial compression experiments, and the volumetric strain of



Fig. 7. Stressestrain curves of two groups of conglomerate specimens. (a) Baikouquan group specimens (Group Z); (b) Upper Wuerhe group specimens (group X).

Table 2
Basic data and mechanical properties of experimental specimens.

Specimen No. Gravel content, vol% Uniaxial compressive strength, MPa Elastic modulus E, GPa Poisson's ratio

Z1 25.5 49.5 18.9 0.17
Z2 30.8 53.2 18.4 0.20
Z3 41.2 60.4 25.8 0.24
Z4 55.4 50.5 22.3 0.09
Z5 60.3 26.4 18.1 0.09
X1 10.4 57.4 17.8 0.22
X2 14.6 49.6 14.7 0.23
X3 25.8 29.4 11.3 0.22
X4 35.6 42.5 19.9 0.30
X5 63.3 29.2 9.8 0.48

Fig. 8. The steps of 3D reconstruction. (a) Range and location of CT scan; (b) Reconstructed specimen image; (c) Extracted fracture image.
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crack can be used to characterize the evolution degree of cracks.
The volumetric strain of crack can be obtained by subtracting

the elastic volumetric strain from the total volumetric strain
(Martin and Chandler, 1994):

εc ¼ εv � εe (2)

where εc is the volumetric strain of crack; εv is the total volumetric
strain; εe is the elastic volume strain, and the total volumetric strain
1730
εv is:

εv ¼ εa þ 2εl (3)

where εa is the axial strain; εl is the lateral strain. The εa and εl are
measured by the uniaxial compression experiment, and the elastic
volume strain εe under uniaxial compression is



Fig. 9. 3D reconstruction images and 2D slices of three directions showing the fractures of specimens in group Z.
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εe ¼ 1� 2m
E

sa (4)

where m is Poisson's ratio; E is elastic modulus.
An example of axial, lateral, and total volumetric strain versus

axial stress curves, and the curve showing the relationship between
AE rate and accumulative AE event number as well as axial strain
for specimen X1 are given in Fig. 12. The gravel content of specimen
X1 is 10.4 vol%. It can be seen that when the gravel content is low,
the curve is similar to that of homogeneous brittle rock, and the
evolution of crack can be divided into five stages: crack closure
stage I, elastic stage II, stable crack growth stage II, unstable
cracking stage IV and post-peak deformation stage V (Scholz, 1968;
Brace et al., 1966;Wawersik and Brace, 1971; Tapponnier and Brace,
1976; Martin and Chandler. 1994). The crack initiation stress (sci)
and the crack development stress (scd) are two important stresses
in the crack evolution process. sci is to distinguish the crack initi-
ation stage from elastic stage, indicating the initiation of cracks in
1731
the specimen. scd is to distinguish the unstable cracking stage from
the stable crack growth stage, which shows that the cracks inside
the specimen begin to expand and eventually form macroscopic
fractures.

Fig. 13 shows the stressestrain curve and acoustic emission
monitoring curve of conglomerate with different gravel contents in
Group Z. According to Fig. 12, the crack evolution can be divided
into five stages. Fig. 13(a) shows the stressestrain curve of spec-
imen Z1 that has a gravel content of 25.5 vol%, with sci ¼ 21.46 MPa
and scd ¼ 37.94 MPa. Multiple fracturing happened during the
experiment. This phenomenon also appears in specimens Z2 and
Z3, as shown in Fig. 13(b) and (c). It can be seen that the AE rate
increases rapidly before first fracturing and decreases fast after
fracturing. It then maintains a period of stability, in which the AE
rate is at a relatively higher level than that before fracturing. Before
the stress reaches its peak, the AE rate increases rapidly again. After
reaching the peak stress, the stress and the AE rate decrease rapidly.
Fig. 13(b) shows the stressestrain curve of specimen Z2 which has a



Fig. 10. 3D reconstruction images and 2D slices of three directions showing the fractures of specimens in group X.
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gravel content of 30.8 vol%, with sci ¼ 24.76 MPa and
scd ¼ 32.91 MPa. The stress does not decrease after reaching the
peak stress but decreases after stabilizing for a period of time,
during which the AE rate gradually increases. Fig. 13(c) shows the
stressestrain curve of specimen Z3 that has a gravel content of
41.2 vol%, with sci ¼ 26.24 MPa and scd ¼ 33.80 MPa. Similar to
specimen Z2, the AE rate events of Z3 do not decrease rapidly after
peak stress, and the acoustic emission rate is maintained at 55
times/s. Fig. 13(d) shows the stressestrain curve of specimen Z5
which has a gravel content of 60.3 vol%, with sci ¼ 15.14 MPa and
scd ¼ 23.69 MPa. It can be seen that, for Z5, no multiple fracturing
happens, and the acoustic emission rate increases rapidly before
peak stress and decreases rapidly after peak stress.

Fig. 14 shows the stressestrain and AE monitoring curves of
conglomerate specimens with a gravel content of 10.4, 14.6, 25.8,
and 63.3 vol% in group X. Fig.14(a) shows the stressestrain diagram
of specimen X1 which has a gravel content of 10.4 vol%, with
sci ¼ 23.40 MPa and scd ¼ 41.10 MPa. The stressestrain curve and
1732
AE characteristics of specimen X1 are similar to those of homoge-
neous brittle rock. At the unstable cracking stage, the AE rate in-
creases rapidly. Then it reaches the maximum value at the peak
stress and decreases rapidly at the post-peak deformation stage.
Fig. 14(b) shows the stressestrain diagram of specimen X2 which
has a gravel content of 14.6 vol%, with sci ¼ 26.9 MPa and
scd¼ 32.6 MPa. The AE rate reaches the maximumvalue at the peak
stress, and the AE rate at the peak is lower than that with a gravel
content of 10.4 vol%. Fig. 14(c) shows the stressestrain diagram of
specimen X3 that has a gravel content of 25.8 vol%, sci ¼ 12.9 MPa,
scd ¼ 19.64 MPa. The AE rate increases slowly in stage IV and does
not have obvious peak at peak stress, but decreases slightly after
peak stress. Fig. 14(d) shows the stressestrain diagram of specimen
X5 that has a gravel content of 63.3 vol%, with sci ¼ 6 MPa and
scd ¼ 7.5 MPa. Similar to specimen X3, the acoustic emission rate
rises slowly in the unstable cracking stage, and there is no obvious
peak value of the acoustic emission rate at peak stress.



Fig. 11. The analysis process of Sholl method. (a) Original gray CT image of fracture; (b) Image of fractures and a series of concentric circles with increasing radius; (c) The number of
intersection points; (d) Curve of the number of intersection points with radius.

Table 3
The fractal dimension and intersection index of specimens in group Z and group X.

Specimen No. Gravel content, vol% Fractal dimension Intersection index

Z1 25.5 2.097 4.51
Z2 30.8 2.260 7.06
Z3 41.2 2.295 10.5
Z4 55.4 2.114 5.98
Z5 60.3 2.175 5.33
X1 10.4 2.205 3.50
X2 14.6 2.170 3.68
X3 25.8 2.173 3.89
X4 35.6 2.126 4.68
X5 63.3 2.358 11.6
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4. Discussion

4.1. Analysis of factors affecting mechanical properties

Fig. 15(a) shows the relationship between the compressive
strength and gravel content of the conglomerate. When the
1733
carbonate cemented conglomerate has a gravel content of 25.5 vol%,
the uniaxial compressive strength is 49.5 MPa, and when the gravel
content increases to 41.2 vol%, the uniaxial compressive strength
increases to 60.4 MPa. However, as the gravel content further in-
creases to 60.3 vol%, the uniaxial compressive strength decreases to
26.4 MPa. In the case where the clay cemented conglomerate has a
gravel content of 10.4 vol%, the uniaxial compressive strength is
57.4 MPa. With the increase of gravel content, the uniaxial
compressive strength gradually decreases, and when the gravel
content is 63.3 vol%, the uniaxial compressive strength is 29.2MPa. A
similar pattern is also found in studies on the mechanical properties
of artificial composite materials such as concrete, where the
compressive strength is negatively correlated with the content of
hard particles. This phenomenon ascribes to stress concentration at
the edges of hard particles (Abdelaziz et al., 2018; Janeiro and
Einstein, 2010). The compressive strength of carbonate cemented
conglomerate is greater than that of clay cemented conglomerate
under the same gravel content. The reason lies in that the cemen-
tation strength of carbonate is greater than that of clay and gravels
are less likely to be destroyed at the edge of the matrix.



Fig. 12. Stressestrain diagram showing the crack evaluation stages of specimen X1.
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Fig. 15(b) shows the relationship between Poisson's ratio and
gravel content. When the carbonate cemented conglomerate has a
gravel content of 25.5 vol%, Poisson's ratio is 0.17, and when the
gravel content increases to 41.2 vol%, Poisson's ratio increases to
0.24. However, as the gravel content further increases to 60.3 vol%,
Poisson's ratio decreases to 0.09. In the case where the clay
cemented conglomerate has a gravel content of 10.4 vol%, Poisson's
ratio is 0.17. With the increase of gravel content, Poisson's ratio
gradually decreases, and when the gravel content is 63.3 vol%,
Poisson's ratio is 0.48. Poisson's ratio of carbonate cemented
conglomerate specimens increases first and then decreases with
the increase of gravel content. But for clay cemented conglomerate
specimens, their Poisson's ratio solely increases with the increase of
gravel content. Poisson's ratio of rock reflects the deformation
characteristics of rock under stress. The bigger Poisson's ratio is, the
softer the rock is and the larger the plasticity of rock is. The rock
with smaller Poisson's ratio is hard and brittle (Zhang et al., 2011).
Poisson's ratio is the basic property of rock, which is related to the
mineral composition and the mineral content of the rock. For
conglomerate, Poisson's ratio is controlled by the mechanical
properties and the content of the constituent phases. However, the
research related to this issue is deficient at present.
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4.2. Influencing factors of fracture morphology and formation
mechanism

4.2.1. Factors influencing fracture complexity
The fractal dimension and intersection index of carbonate

cemented conglomerate and clay cemented conglomerate vary
with gravel content as shown in Fig.16. Fig.16(a) shows the curve of
fractal dimension of carbonate cemented conglomerate versus
gravel content. It can be seen that the fractal dimension increases
from 2.097 to 2.295 as the gravel content increase from 25.5 to
41.2 vol% and then decreases from 2.295 to 2.175 with gravel con-
tent ranging from 41.2 to 60.3 vol%.

The variation curve of the intersection index of carbonate
cemented conglomerate versus gravel content is given in Fig. 16(b).
It can be seen that the intersection index increases from 4.51 to 10.5
as the gravel content increase from 25.5 to 41.2 vol%, and then
decreases from 10.5 to 5.33 with the gravel content increasing from
41.2 to 60.3 vol%. By considering the fracture morphology (Fig. 9) of
carbonate cemented conglomerate combined with its fracture
tortuosity and distribution density, it can be seen that for carbonate
cemented conglomerate with low gravel content, the fractures are
simple ones with low tortuosity and distribution density that



Fig. 13. Stressestrain diagram showing the crack evaluation stages of specimens from group Z.
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surround gravels. With the increase of gravel content, the fractures
are more and more complex. When gravel content is 41.2 vol%, the
fractures manifest as the complex fracture network developed by
both gravel-surrounding and gravel-penetrating fractures, with
high tortuosity and high distribution density. When the gravel
1735
content exceeds 41.2 vol%, the fracture tortuosity decreases, and the
distribution density decreases with gravel content increasing.
When the gravel content is 60 vol%, fractures are simple gravel-
penetrating fractures. Fig. 16(c) shows the variation curve of
fractal dimension of clay cemented conglomerate specimens versus



Fig. 14. Stressestrain diagram showing the stages of crack evaluation of specimens from group X.
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gravel content. It can be seen that the fractal dimension increases
from 2.20 to 2.13 as the gravel content decrease from 10.4 to
35.6 vol%, and then increases from 2.13 to 2.36 with the gravel
content increasing from 35.6 to 63.3 vol%. Fig. 16(d) shows the
variation curve of the intersection index of clay cemented
1736
conglomerate specimens versus gravel content. It is clear that the
intersection index increases from 3.50 to 11.6 with the gravel
content increasing from 10.4 to 63.3 vol%. Thus, it can be concluded
that the fracture complexity of clay cemented conglomerate spec-
imens increases with the increase of gravel content.



Fig. 15. Relationship curve between mechanical properties of conglomerate and gravel content.

Fig. 16. The influence of gravel content on fractal dimension and intersection index.
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The complexity of carbonate cemented conglomerate fractures
varies with the gravel content, and there is an inflection point at the
gravel content of about 40 vol%, which is consistent with the
phenomenon observed in the previous numerical simulation study
of conglomerate fracturing (Luo et al., 2021). There are two reasons
for the fractures of conglomerate under the action of stress. (1)
According to the MohreCoulomb failure criterion (Labuz and Zang,
2012), under the action of stress, the rock will undergo shear failure
along a fracture plane, forming a shear fracture. (2) Due to the large
difference in mechanical properties between gravels and the ma-
trix (Li et al., 2022), the strains of the gravels and the matrix are not
coordinated under stress, and fractures are generated at the
cementation of the gravels and thematrix.When the gravel content
is 0e20 vol%, the gravels arewrapped by thematrix, there is little or
no contact between gravels, and the matrix bears the main stress.
Under the action of stress, the conglomerate will undergo shear
failure along a fracture plane, forming a shear fracture. Since the
gravel content is small, fractures at the cementation of the gravels
and the matrix are difficult to coalesce with each other and expand,
and thus the overall fracture morphology of the conglomerate is
simple (for example, sample X1, Fig.10 and sample Z1, Fig. 9). When
the gravel content is 20e40 vol%, more gravels are prone to contact
with each other, and the factures at the cementation of the gravels
and the matrix will expand around the gravel and through the
gravel (Liu et al., 2016). With the increase of the gravel content, a
large number of fractures that are around the gravel and through
the gravel will occur, and the tortuosity and distribution density of
the fractures will also increase. When the gravel content is larger
than 40 vol%, the gravels contact with each other and bear the main
stress. In this case, the elastic modulus of gravels is greater than
that of the matrix (Li et al., 2022), and the elastic strain of the
conglomerate before fracturing is less than that in the case of
0e20 vol% of gravel content (X1 is 0.26%, X5 is 0.15%; Z1 is 0.21%, Z5
is 0.20%). Therefore, the fractures at the cementation of the gravels
and the matrix are not prone to be formed. Since the carbonate has
a high cementation strength, the fractures at the cementation of the
gravels and the matrix are not prone to be formed either, which
leads to the simple morphology of fractures, as shown by sample
Z5.

4.2.2. Influencing factors of crack evolution
From the study of crack evolution of homogeneous rocks such as

sandstone and granite, the following conclusions can be drawn
from data analysis. (1) Crack initiation stress sci is about 0.3e0.5
times of peak stress, and (2) crack propagation stress scd is
approximately 0.7e1.0 times of peak stress (Brace et al., 1966;
Martin, 1993; Eberhardt et al., 1999; Hatzor and Palchik, 1997). In
this study, it has been observed that the initiation stress of cracks
sci in the conglomerate specimen is approximately 0.25e0.50 times
of peak stress sf, which is similar to previous studies of homoge-
neous rocks. The crack development stress scd is about 0.25e0.90
times of peak stress sf, which is quite different from that of ho-
mogeneous rock.

Fig. 17 shows the relationship of sci/sf and scd/sf versus gravel
content. It can be seen that there is no obvious correlation between
gravel content and sci/sf, as shown in Fig. 17(a). On the contrary, scd/
sf has a strong correlation with gravel content, and the relationship
curves of conglomerate with different cementation types are
different, as shown in Fig. 17(b). The percentage of crack develop-
ment stress of carbonate cemented conglomerate decreases first and
then increases with gravel content. While the percentage of crack
propagation stress of clay cemented conglomerate decreases with
the increase in gravel content. The size of the percentage of crack
development stress represents the sooner or later when the crack
develops. The larger the percentage is, the later the crack develops,
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the shorter the time for development is, and the smaller the fracture
process zone is. Conversely, the smaller the percentage is, the earlier
the crack develops, the longer the time for development is, and the
larger the fracture process zone is. For both the carbonate cemented
conglomerates and the clay cemented conglomerates, when the
gravel content is in a range of 0e40 vol%, the percentage of crack
development stage and the fracture process zone become largerwith
the increase in gravel content. This is because that the stress con-
centration is prone to appear at the interface of gravels and matrix
due to the strain incompatibility and the strength of the interface is
low, so the interface area starts to fracture first. With the increase of
the gravel content, the interface area between gravels and matrix
also increases, which makes the interface crack earlier, thus
increasing the percentage of the crack development stage. When the
gravel content is greater than 40 vol%, the percentage of crack
development stage of carbonate cemented conglomerate decreases
with the increase of gravel content. This is because when the gravel
content exceeds 40 vol%, the gravels in the conglomerate contact
with each other, and the support mode becomes gravel-supported,
making gravels bearing a larger stress. The interface area of car-
bonate cemented conglomerate has a relatively high cementation
strength, so it is less likely to form fractures, and the percentage of
crack development stage is thus reduced. However, clay cemented
conglomerate is more prone to fracture due to its low cementation
strength, and the percentage of crack development stage increases.

Fig. 18 shows the relationship between the percentage of crack
development stress (scd/sf) and the intersection index. It can be
seen that the percentage of crack development stress is negatively
correlated with the intersection index, indicating that the earlier
the crack develops, the more branch fractures are eventually
formed.

Based on the above analysis, it is believed that the crack evo-
lution and fracture morphology characteristics of the conglomerate
are affected by both gravel content and cementation types of the
conglomerate, as shown in Fig. 19. When the gravel content is
relatively low, the carbonate cemented conglomerate and clay
cemented conglomerate have similar properties. Specifically, the
crack develops late, the fracture process zone is small, and the
fracture morphology form is simple. With the increase of gravel
content, the crack development stress decreases, the fracture pro-
cess zone increases, and the fracture morphology becomes more
and more complex. In the carbonate cemented conglomerate, the
gravel-surrounding fractures and gravel-penetrating fractures are
developed together. In the clay cemented conglomerate, the gravel-
surrounding fractures are mainly, but the gravel-penetrating frac-
tures are seldom formed.When the gravel content reaches the level
that gravel support can be formed, with the gravel content
increasing continually, the crack development stress of carbonate
cemented conglomerate increases, forming simple gravel-
penetrating fractures. While for clay cemented conglomerate, the
crack development stress continues to decrease, forming a complex
fracture network jointly developed by gravel-surrounding fractures
and gravel-penetrating fractures.

4.3. Uncertainty analysis and research suggestions

In this article, the uniaxial compression test, acoustic emission
monitoring, and CT scanning are used to study the fracturing pro-
cess and fracture morphology characteristics of conglomerate. Ac-
cording to different cementation types, the conglomerate can be
divided into carbonate cemented conglomerate and clay cemented
conglomerate. The relationship between the fracturing character-
istics and fracture morphology and the gravel content and
cementation type of these two types of conglomerate is studied
respectively. Nevertheless, the methods used in this article have



Fig. 17. The influence of gravel content on sci/sf and scd/sf.

Fig. 18. Relationship curve between intersection index and scd/sf.
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some limitations:

(1) When the fracture distribution density of the conglomerate
is analyzed by the Sholl method, the statistical data are
processed by two average treatments. The first is to average
the number of the intersection point of each ring and frac-
tures in each CT image. The variance of the geometric mean,
the arithmetic mean, the median and the mode is calculated,
respectively, and the arithmetic mean is chosen as the mean
value for additional processing and analysis. The second
average treatment is to further average the number of the
intersection points in the 10 images for each sample. In
addition, an error bar is used to identify the 95% confidence
interval in the graph (Fig. 16).

(2) The conglomerate sample used in this article is 38 mm in
diameter and 76 mm in height, which is sufficient for
studying gravels with smaller diameter. However, it has been
noticed that gravels in some formations of Mahu sag have a
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diameter of more than 50 mm, and it is difficult to study the
fracturing characteristics of such large-scale conglomerate
through traditional laboratory tests.

(3) In this study, instead of scanning all areas of the sample, the
middle part of the sample is subjected to CT scanning. This is
mainly to meet the requirements for CT image resolution. In
order to recognize themicro fracturesmore clearly andmake
the scanning area larger asmuch as possible, the resolution is
determined to be 15 mm after several tests and adjustments.
Meanwhile, the scanning area is in the middle of the sample,
thus avoiding the impact of fractures on the end face of the
sample caused by stress concentration on the test results.
However, this method is only an alternative one, and there
are still some fractures that have not been scanned. In sub-
sequent experiments, better test equipment should be used
to scan the test samples in a full range.

(4) The conglomerate strength in this study is mostly qualita-
tively described, lacking quantitative characterization of the
properties of each component of conglomerate. In the
following research, it is suggested that the micromechanical
test means should be used to measure the mechanical
properties of each constituent of conglomerate and analyze
the characteristics of conglomerate fracturing and the frac-
tures formed.
5. Conclusions

In this study, uniaxial compression, acoustic emission moni-
toring, and CT scanning were used to investigate the fracture
characteristics of the conglomerate and their controlling factors,
especially the cementation type and gravel content. The following
conclusions may be drawn:

(1) According to the stressestrain curves and AE characteristics,
the fracture characteristics of the conglomerate are complex
and are affected by the cementation type and the gravel
content.

(2) The mechanical properties of conglomerates are affected by
the gravel content and the cement. The compressive strength
of conglomerate decreases with the increase of gravel con-
tent. When the gravel content is the same, the compressive



Fig. 19. Conglomerates classification according to the gravel content and the cement.
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strength of carbonate cemented conglomerate is greater than
that of clay cemented conglomerate.

(3) The crack evolution process of the conglomerate can be
divided into five stages. The crack development stress is a
significant parameter in the crack evaluation of
conglomerates.

(4) The conglomerate can be divided into carbonate cemented
conglomerate and clay cemented conglomerate, according to
the composition of the cement. The fracture morphology,
complexity, and regularity of these two types of conglom-
erates are different.

(5) For carbonate cemented conglomerates, the relationship
between fracture characteristics and gravel content shows
two change stages. (a) With the gravel content increasing
from about 25 to 40 vol%, the crack development stress de-
creases, and fractal dimension and intersection index in-
crease. The increase in fracture complexity is accompanied
by the fracture morphology changing from simple gravel-
surrounding fractures to a fracture network developed by
both gravel-surrounding and gravel-penetrating fractures.
(b) With the gravel content increasing from about 40 to
60 vol%, the crack development stress increases, and fractal
1740
dimension and intersection index decrease. The fracture
complexity is reduced and the fracture morphology changes
from a fracture network developed by both gravel-
surrounding and gravel-penetrating fractures to a simple
gravel-penetrating fracture.

(6) For clay cemented conglomerates, the crack development
stress decreases and the fractal dimension and intersection
index increase with increasing gravel content. The fracture
complexity increases and the fracture morphology changes
from a simple gravel-surrounding fracture to a fracture
network developed by both gravel-surrounding and gravel-
penetrating fractures.
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