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a b s t r a c t

Clarify the mechanical properties of different laminations and the fracture mechanism of continental
shale under in-situ stress can provide theoretical basis for more comprehensive evaluation of the frac-
ability of continental shale oil reservoir. The Chang 72 continental shale was used to investigate the
mechanical properties of laminations and the effect of natural structure on the crack propagation of the
shale. The XRD and thin section tests show that the laminations contain two types: bright sandy lami-
nation with void structure and dark muddy lamination with layer structure. The real-time CT uniaxial
compression tests were conducted to investigate the differences of mechanical properties between the
muddy lamination and sandy lamination. It found that the uniaxial compression strength and elastic
modulus of the sandy lamination are higher, forming a simple crack with large opening, and the Poisson's
ratio of the muddy lamination is large, forming obvious lateral deformation and more secondary cracks.
On this basis, the cuboid-shaped continental shale specimens were tested under true triaxial
compression conditions to study the effect of laminations and interface cracks on crack propagation
combining AE and CT techniques. It found that nascent cracks connected laminations and interface cracks
to form fracture network under appropriate loading condition, tensile cracks developed in sandy lami-
nation and shear cracks occurred in muddy lamination because of deformation dissonance and brittle-
ness index differences, and more secondary cracks formed in muddy lamination with smaller fracture
toughness. Moreover, the combination relationships between nascent and natural cracks mainly
conclude direct penetration and deflection, which is affected by the filling degree and morphology of
interface cracks and the relationship of lamination types. These conclusions show that laminar conti-
nental shale is conducive to forming complex fracture network, which can provide a theoretical basis for
the proposal of indicators and methods for fracability evaluation.
© 2025 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

Shale oil is abundant in geological resources in the world, which
has become the principal part of international crude oil production
growth. Strengthening shale oil exploration and development is an
important way to ensure the security of national energy supply.
(Y.-T. Duan), yangbaicun@
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Due to the geological characteristics of low permeability and sig-
nificant brittleness of shale reservoirs, the fracturing technology
has become an essential technology, and the fracability of the
reservoir should be evaluated before using this technology (Sun
et al., 2024; Zhao et al., 2025). Many scholars (Chandler et al.,
2016; Yuan et al., 2017; Wang et al., 2019, 2020; Gupta et al.,
2020; He et al., 2022; Yang et al., 2023) have paid attention to the
mechanical properties and parameters of shale, such as elastic
modulus, brittleness index, and fracture toughness through labo-
ratory mechanical tests, in order to use more comprehensive in-
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rock fracture mechanism of shale reservoir can directly clarify the
deformation and fracture law of shale reservoir and provide me-
chanical parameters for rock fracability evaluation.

The shale oil development in the United States has made major
breakthroughs, while the exploration of shale oil in China started is
relative late and mainly oriented towards continental basins (Yang
et al., 2019; Hu et al., 2020; Li and Chen, 2021; Bao et al., 2023; Chen
et al., 2024a). Recent studies (Zhao et al., 2020; Sun et al., 2021;
Zhang et al., 2022a; Zou et al., 2022; Guo et al., 2023; Bian et al.,
2023; Jia, 2024) show that there are huge differences in geolog-
ical conditions between China's continental shale oil and America's
marine shale oil, which determines that the evaluation index and
method of fracability of the marine shale cannot be used directly.
Continental shale in China are highly heterogeneous, and the main
shale types include laminar, layer and pure shale, among which the
laminar continental shale has the best oil content (Jin et al., 2021;
Shi et al., 2022; Xu and Gou, 2023). Currently, most fracability
evaluation methods of continental shale reservoir refer to those of
marine shale reservoir, and rarely consider the influence of the
characteristics of continental shale oil reservoir, which results that
the fracturing results of continental shale reservoirs are not ideal.
Therefore, it is urgent to clarify the rock fracture mechanism
affected by laminations, and provide a theoretical basis for the
proposal of indicators and methods for fracability evaluation for
laminar continental shale reservoir rocks.

Lamination refers to the smallest or thinnest structure units in
shale oil enrichment and plays an important role in high shale oil
production (Li et al., 2019a, 2022a; Xia et al., 2021; Shi et al., 2022).
For the study of lamination characteristics of continental shale,
some scholars have carried out studies to delineate the types of
lamination, Xi et al. (2020) analysed the type of lamination based
on the mineral composition of the lamination and other factors in
the Chang 7 shale, and found that four major types of laminae, tuff-
rich lamina, organic-rich lamina, silt-sized feldspar-quartz lamina
and clay lamina, were mainly developed in the organic-rich shale.
Shi et al. (2022) divided the lamination of the Paleogene organic-
rich shale in the Dongying Sag into two categories, and revealed
that laminar shale with high laminar continuity exhibit higher
porosity, permeability, and oil saturation values than shale with
poor laminar continuity. Some other scholars have conducted
studies of thickness and fractals, Li et al. (2019b) conducted a
multiscale study of grain layers and natural fractures in shale res-
ervoirs in the Ordos Basin, and found that the average thickness of
grain layers and the study scale obeyed the power function distri-
bution law by constructing 3-D geological structure models. Liu
et al. (2019) calculated the thickness of silty lamination of the
Qingshankou Formation shale, and found that the number of
laminations whose thickness is greater than or equal to the thick-
ness of single lamination is linearly correlated with the thickness of
single lamination. Huang et al. (2020) statistically analysed the
minimum laminations of the shales of the Yanchang Formation at
different scales, and found that the thickness of the multi-scale
laminations exhibited fractal characteristic. Woo et al. (2021)
concluded that shale from different environmental backgrounds
and deposition processes exhibit different shape characteristics
such as uniform, discontinuous, wavy and lenticular. These studies
mainly focused on the lamination types and geometric distribution
of continental shale.

Moreover, the mechanical properties of different types of lam-
inations of continental shale are also been investigated. Meng et al.
(2021) studied the elastic modulus, hardness, and fracture tough-
ness of continental shale from four typical continental shale basins
using the mineral analysis and nanoindentation tests. Wang et al.
(2022a) applied the nanoindentation method to study the me-
chanical and creep properties of the Yanchang Formation
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continental shale, and found a strong anisotropy of mechanical
properties, strong creep behaviour and weak fracture toughness. Li
et al. (2022b) studied the elastic modulus differences of stiffer layer
(pyritic lamination), intermediate layer (sandy lamination), and
soft layer (organic-rich lamination) in continental Chang 7 shale
using micro-indentation technique, and demonstrated that the
elastic modulus of laminations correlated well with the mineral
compositions and the nanoscale elastic modulus of individual
minerals. Cheng et al. (2024) used the nanoindentation method to
quantitatively analyse the micro mechanical properties of three
laminations with different lithofacies of shale in the Bohai Bay
Basin and investigated the mechanical differences between the
different laminations. These studies have clarified the differences in
deformation parameters of different types of laminations, but the
differences in strength and failure mode are still needed to be
carried out.

In addition to the lamination property, the fracture mechanism
of continental shale with different types of laminar assemblages is
also under way. Some scholars have carried out the uniaxial
compression (Huang et al., 2020; Zhang et al., 2022b), conventional
triaxial compression (Xia et al., 2019; Liu et al., 2020a; Li et al.,
2022c), Brazil (Wang et al., 2020, 2022b), and twisted-torsion
tests (Zhou et al., 2022) of laminar continental shale, which clari-
fied the influence of laminar structures on the growth of nascent
cracks. However, the mechanical differences between laminations
are few considered, and the field stress conditions of reservoir rocks
are closer to the true triaxial loading conditions (s1 > s2 > s3), it is
more practical to study the fracture mechanism of rocks under true
triaxial loading. Even though many scholars have conducted true
triaxial compression tests of granite (Feng et al., 2019; Jiang et al.,
2021; Ma et al., 2023), sandstone (Zhang et al., 2020a; Gao et al.,
2022; Chen et al., 2023), and layered rock (Lu et al., 2020; Liu
et al., 2020b, 2023a), and confirmed the influence of loading con-
ditions on the growth of nascent cracks, but for the laminar con-
tinental shale with complex structure, the fracture mechanism
under true triaxial loading conditions are still not clear.

To detect the structural characteristics and structural evolution
of rock under loading conditions, the X-ray computed tomography
(CT) technology, as a non-destructive testing technique, can be well
used to solve the problem. In addition to observing the structural
changes of rocks before and after the true triaxial loading, the
synchronous testing process of loading and scanning can be real-
ized by combining CT scanning device with a special loading device
(Duan et al., 2022a), which is called the real-time CT loading tests.
At present, some scholars have used the real-time micro-CT uni-
axial compression equipment to carry out the real-time scanning
tests on mud shale (Shi et al., 2021; Lin et al., 2022), sandstone (Fan
et al., 2022), and granite (Gao et al., 2021; Fan et al., 2023) to study
the fracture evolution process of these rocks. However, for the
structures or cracking evolution characteristics of laminar conti-
nental shale, especially for the deformation and fracture process of
different types of lamination specimens, there are still no relevant
studies using the real-time CT technology.

In view of this, this investigation selects the Chang 7 laminar
continental shale to classify the lamination types by combining
with the structural observation, XRD and thin section analysis re-
sults. On this basis, the real-timemicro-CT tests of different types of
laminations are carried out to obtain the deformation and failure
characteristics, and the differences in mechanical properties of
laminations are analysed. In addition, the true triaxial loading tests
and CT scanning tests of laminar continental shale are carried out to
analyse the influence of lamination characteristics on the defor-
mation and fracture of continental shale qualitatively and quanti-
tatively, to clarify the structural controlling mechanism of the
fracture of laminar continental shale, and put forward to combine
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the natural structure and the in-situ stress to comprehensively
evaluate the fracability of laminar continental shale.

2. Geological background and sample information

2.1. Geological background

Ordos Basin is a large intracontinental basin in China, which is
commonly subdivided into six first-order structural units (Li et al.,
2018; Liu et al., 2021; Duan et al., 2022b, 2024). It developed during
the Mesoproterozoic and sediments accumulated up till the Ter-
tiary with an average thick 4e5 km, and it is a gentle, west-dipping
monocline with dip angles less than 1� (Yang et al., 2016; Wang
et al., 2017a; Pu et al., 2023). The Upper Triassic Yanchang Forma-
tion recorded a complete evolutionary cycle of a large lacustrine
system and is 200e1400 m thick, which can be subdivided into ten
oil layer groups that named Chang 1 to Chang 10 from top to bottom
(Fig.1(a)). The sedimentary period of Chang 7Member is the largest
stage in the deep lake area of the Yanchang Formation, and can be
subdivided into three members: the Chang 71 Member, the Chang
72 Member, and the Chang 73 Member (Fu et al., 2020; Huang et al.,
2020; Lyu et al., 2022; Mi et al., 2023). Controlled by semi-deep
lacustrine to deep lacustrine deposition, the rocks in Chang 7
reservoir are characterized by strong heterogeneity, especially the
Chang 72 Member shows apparent lamination. To study the lami-
nation characteristics and the fracture mechanical of continental
shale, the Chang 72 shale core samples with laminar development
taken from the scientific well JK04 were obtained. This well is
located in Jinsuoguan Town, Tongchuan City, southern Ordos Basin,
at a depth of about 124 m. The corresponding core information is
shown in Fig. 1(b).

2.2. Sample processing and lamination observation

The shale core disintegrates under the action of water when
using the conventional cutting sample preparationmethod, and the
structure of continental shale is complex, it is very difficult to
prepare the samples. And four cuboid samples with dimensions of
35 mm � 35 mm � 70 mm were prepared in the laboratory using
waterless diamond wire cutting technology (Ozcelik et al., 2002),
each cuboid sample having horizontal laminations (Fig. 2(a)).
Thereafter, the initial structures of each sample are observed using
the optical photography and super depth-of-field 3-D microscopic
system. Fig. 2(a) shows four sides of a continental shale sample,
which is mainly constituted by bright laminations and dark lami-
nations. In order to further distinguish the differences in mineral
composition and structure between the two types of lamination,
the XRD tests and thin section analysis tests are conducted at the
corresponding lamination positions (I and II in Fig. 2(a)). Fig. 2(b)
shows the pie chart of mineral composition percentages of the two
types of lamination, and Fig. 2(c) shows the microscope photos of
thin section analysis, respectively. It can be seen that the main
mineral contents in the dark lamination at position I are 39.7% clay
minerals and 44.3% brittle minerals (quartz, feldspar, and dolo-
mite), and the mineral composition of the bright lamination at
position II is dominated by brittle minerals (81.0%), which is almost
twice as much as the dark lamination (Fig. 2(b)). Moreover, the dark
lamination is stratified with black organic matter and maroon/
yellow clay mineral with obvious bedding structure as well as filled
with some scattered quartz and pyrite, while the brittle mineral
particles are dispersed in the bright lamination with obvious void
structure (Fig. 2(c)). In view of this, the structural characteristics of
the two laminations are different obviously, according to the dif-
ferences in laminar colour, morphology, composition and struc-
tures, the laminations of continental shale in the study area are
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divided into two types: dark muddy lamination with bedding
structure and bright sandy lamination with void structure
(Fig. 2(d)).

3. Real-time micro-CT uniaxial compression test of two
laminations

Most studies (Huang et al., 2020; Liu et al., 2020a; Zhang et al.,
2022b; Li et al., 2022c; Zhou et al., 2022) found that laminar
structure has a certain influence on the propagation of nascent
fractures, but there are few correlation analyses on the mechanical
differences between different laminations and their influence
mechanism on the growth of nascent fractures. In view of this, the
mechanical differences between the muddy lamination and the
sandy lamination are first investigated.

3.1. Lamination specimens and experimental process

The miniature waterless wire-cutting device and the precision
cutting-grinding machine were used to obtain the specimens from
core samples with two laminations. Based on the requirements of
testing equipment and reference to the existed uniaxial compres-
sion test of marine shale (Duan et al., 2019, 2022a), the shape and
size of the sample is a cylinder with a diameter of 4 mm and a
height of 8 mm, and the cutting direction was perpendicular to the
horizontal lamination planes (Fig. 3(a)). Then the prepared lami-
nation specimens were tested under uniaxial compression condi-
tions using the real-time micro-CT device (Fig. 3(b)), which can
realize the test process of loading and scanning, more detail in-
formation about this CT equipment combined with a loading
equipment can be found in Duan et al. (2020). Fig. 3(c) shows the
loading curves and the CT scanning steps of the two lamination
specimens, it can be found that the uniaxial compression loads of
sandy lamination are obvious larger than that of muddy lamination.
Moreover, the muddy lamination was scanned before loading, at
600, 900, 1200 N, and after fracture (scanning steps 1e5 labelled on
the red curve), the sandy lamination was scanned at the same
loading conditions except for a more step at 1500 N (scanning steps
1e6 labelled on the blue curve). At each scanning step, a three-
dimensional (3-D) reconstructed stereogram and some horizontal
CT images can be obtained (Fig. 3(d)), the CT scanning work flow
has been listed in Duan et al. (2019). The pixel size of the CT image is
11.27 mm � 11.27 mm, and the effective region (the internal struc-
ture is clearly visible) is the middle position of the specimen, which
is chosen as the ROI (region of interesting) and corresponds to the
CT image number (i) from 300 to 700.

3.2. Deformation and strength differences of two laminations

In terms of deformation differences, the deformation in the axial
direction was measured directly during the loading of real-time
uniaxial compression tests of two lamination specimens, but
lateral deformation cannot be obtained directly due to the limited
specimen size, and was therefore calculated indirectly through the
perimeter change of the specimens. Firstly, the structural charac-
teristics of the specimens obtained by CT scanning in the ROI were
selected, and the specimen perimeters of muddy lamination spec-
imen and sandy lamination specimen were counted for every 25
layers (every 10 layers around layer 500) at each scanning step, as
shown in Fig. 4(a) and (b), fromwhich it can be seen that, before the
peak force, the lateral deformation (perimeter changing) in the
whole statistical region of the two specimens both increased with
the increase of loading stresses, while the deformation values of the
muddy lamination specimen are more obvious, which indicates
that the muddy lamination specimen is more easily to deform,



Fig. 1. Stratigraphic column of the Yanchang Formation (a) and the Chang 7 Member (b) (Modified after Wang et al. (2017a), Yang et al. (2017), and Li et al. (2018)). Ch ¼ Chang;
Fm. ¼ Formation; Sed. ¼ Sediment.
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especially lateral deformation under the same force. Secondly, the
average perimeter value of the ROI image was used to calculate the
lateral strain, and then combined with the axial strain value to
calculate the volumetric strain (Duan and Yang, 2022). Fig. 4(c) and
(d) show the stress-strain curves (including axial strain, lateral
strain and volumetric strain) of the muddy lamination specimen
and sandy lamination specimen, respectively. It can be found that
the axial strain and lateral strain of muddy lamination specimen are
larger than that of sandy lamination specimen at each scanning
step before the step 4, and the volumetric strain curve deviates
more obviously from the straight line. When loading to the peak
values, the lateral strain of muddy lamination specimen is still lager
even though the axial strain values are almost the same.

For the deformation differences, the mechanical parameters of
elastic modulus (E) and Poisson's ratio (m) are also calculated, and
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the values are 10.94 GPa and 0.25 for the muddy lamination
specimen as well as 13.24 GPa and 0.15 for the sandy lamination
specimen. However, Li et al. (2022b) obtained the elastic modulus
of organic-rich lamination and sandy lamination of similar samples
through micro-indentation test, which is about 14.15 and
132.20 GPa, respectively. It found that the values obtained by real-
time CT uniaxial compression test are smaller than that of micro-
indentation test, especially for the elastic modulus of sandy lami-
nation. On the one hand, the lamination specimen in the CT test
contains the inner structure: the layered combination of muddy
lamination (Fig. 5(d)) and the void structure of sandy lamination
(Fig. 5(e)), which impacts the deformation characteristics of lami-
nation specimens in the process of loading and reduces the elastic
modulus value to a certain extent of the two types of laminations.
On the other hand, there are a small number of low-density



Fig. 2. Photos of one cuboid sample (a), pie chart of mineral contents (b), photos of thin section under single polarized light (c) and schematic diagrams (d) of two laminations at
positions I and II.
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interlayers in the sandy lamination specimen tested by real-time CT
device (Fig. 5(e)), which also makes the elastic modulus of sandy
lamination lower than the result of micro-indentation. In view of
this, it is mainly due to the internal structural characteristics of the
lamination specimen, the elastic modulus is lower than that of
micro-indentation test. Although the elastic modulus of sandy
lamination obtained by real-time CT test is slightly lower, it does
not affect the accuracy of the analysis conclusions, especially when
analyzing the influence of deformation, brittleness index and
fracture toughness differences of two types of laminations on the
propagation law of new fractures by comparing the elastic modulus
of muddy lamination. Moreover, this value is thought to be more
reasonable because the rock structural influences should be taken
into account when measuring rock mechanical parameters.

For the strength differences, the uniaxial compression strength
(UCS) is 98.67 MPa of the muddy lamination specimen and
115.51 MPa of the sandy lamination specimen, and the average
value is 107.09 MPa. However, the UCS value of continental shale
core (f100 mm � 160 mm cylindrical specimen) of Chang 72
Member obtained by Zhao (2018) is 42.15 MPa. It found that the
UCS value of continental shale core with two laminations combi-
nations is smaller than the average UCS value of the two lamination
specimens. And even under the triaxial loading tests in this study,
the true triaxial compressive strength of laminar continental shale
specimen is about 60 MPa, which is still lower than the average
value of two laminations. This mainly due to the development of a
large number of interface cracks in laminar continental shale,
which controls the crack propagation pattern and greatly reduces
the uniaxial and true triaxial compressive strength of continental
shale specimens. It can be seen that in addition to the internal
structural characteristics of laminations, the interface cracks
jointed different types of laminations also have a great influence on
the mechanical property parameters of laminar continental shale.
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3.3. Failure mode differences of two laminations

Except for the mechanical parameters of two laminations, the
failure characteristics of two lamination specimens can also be
analysed. Fig. 5(a) and (b) show the 3-D reconstructed volumes by
CT images of the two damaged specimens. It found that the cracks
of the muddy lamination specimen have bifurcation phenomena,
the fracturemorphology is more complex and the number of cracks
is slightly more than that of the sandy lamination specimen. To
further analyse the differences in fracture morphology and the ef-
fect factors, the internal slices in three orthogonal directions of 3-D
reconstructed specimens were observed (Fig. 5(c)), and the
changing of internal structure characteristics of the two types of
lamination specimens before loading and after failure were
compared (Fig. 5(d) and (e)). The results show that the layered
structure in the muddy lamination specimen and the brittle min-
eral particles in the sandy lamination specimen are visible in the CT
slices before test. The layered structure that formed by clay min-
erals has a "guiding" effect on the propagation of new fractures,
that is, the new fracture tends to extend along the interface of the
layered structure, and there are oblique secondary cracks and the
widths are small. The effect of void structure that formed by brittle
minerals on the propagation of nascent fractures is similar to that of
homogeneous rocks, that is, the new fracture forms a relatively
straight inclined fracturewith a larger width at the specimen end. It
should be noted that there is a low-densitymineral interlayer at the
lower end of the sandy lamination specimen, which has a certain
influence on the expansion of new fracture in the sandy lamination,
making the fractures extend along the interlayer to the specimen
boundary, this specific influence would be discussed in the dis-
cussion section. For the fracture differences of two lamination
specimens, to sum up, the cracks in the muddy lamination have
larger roughness, smaller average width and more complex overall
morphology, and the roughness of cracks in the sandy lamination is
smaller, the average width is larger, and the overall shape is more
single.



Fig. 3. Locations and schematic diagram of two lamination specimens (a), the real-time micro-CT device (b), the loading curves and scanning steps of two specimens (c), and the
descriptions of CT results (d).
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4. True triaxial compression tests of laminar continental
shale

On the basis of clarifying the fracture characteristics of different
types of laminations, it is more practical to study the influence
mechanism of laminations on the growth of nascent fractures of
continental shale with lamination combination, especially under
real in-situ stress. Therefore, true triaxial compression tests were
carried out on four cuboid shale specimens to analyse the damage
evolution and fracture characteristics, and also the effect of natural
structures on the crack propagation and failure mode were
analysed.

4.1. Loading scheme and experimental process

Tests were carried out using aMogi type true triaxial test system
with a loading capacity of 100 MPa for the minimum principal
stress (s3) and 1200 MPa for both the intermediate and maximum
principal stresses (s2 and s1) for standard sized cubic specimens.
Considering the core depth, the geological conditions of the sam-
pling site and the carrying capacity of the loading device, the
minimumprincipal stress s3 is selected as 5MPa (Duan et al., 2024).
Moreover, according to the research results of the field work, the
horizontal geo-stress difference of the Chang 7 reservoir rocks in
the Ordos Basin, which mainly develops laminar continental shale,
is 6e12 MPa (Yuan et al., 2015), 5e7 MPa (Yang et al., 2015) and
4e5 MPa (Jiao, 2021). Consequently, the intermediate principal
1658
stress s2 in the conventional triaxial test is designed to be 5 MPa
(S1) and in the true triaxial test are 10 MPa (S2), 15 MPa (S3), and
20 MPa (S4), and the maximum principal stress s1 is the value
when the specimen fractured. To perform the test, the tested
specimen was secured by two pairs of clamps and placed hori-
zontally (the long axis is in the horizontal direction and corre-
sponds to the s1 loading) in the pressure chamber, where various
force and deformation sensors were connected, and then the
chamber was pushed into the loading frame for loading test. The
prepared continental shale specimens in this study were tested
under conventional triaxial (s1 > s2 ¼ s3) and true triaxial
(s1 > s2 > s3) compression conditions, the axial force and
displacement parameters in three orthogonal loading directions
were recorded. The loading mode of all specimens is strictly in
accordance with the testing standards recommended by Feng et al.
(2019).

4.2. Analysis of acoustic emission (AE) monitoring results

The crack initiation and crack propagation under in-situ
geological stress are of particular importance to reveal the failure
mechanism of shale and to use these two thresholds (crack initia-
tion stress (sci) and peak stress (sc)) in engineering practice (Li
et al., 2020). During the true triaxial compression loading, in
addition to monitoring the force and displacement values, the AE
sensor is also used to monitor the evolution of acoustic signals to
characterize the rock damage evolution. The evolution



Fig. 4. Evolution of specimen perimeter of muddy lamination (a) and sandy lamination (b) specimens as well as stressestrain curves of muddy lamination (c) and sandy lamination
(d) specimens.
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characteristics of differential stress (s1�s3) curve, AE ring count
and cumulative AE ring count curve of S3 and S4 are shown in
Fig. 6(a) and (b). It found that a lot of AE ring counts occurred before
the peak strength and included two large AE ring counts, and two
corresponding sudden increases appeared in the cumulative AE
ring count curve of each specimen. To describe the damage evo-
lution characteristics quantitatively, according to Kachanov (1958),
Rabotnov (1963) and Li et al. (2019c), a damage variable D by taking
into the cumulative AE ring counts is defined as:

D ¼ Cd
C0

(1)

where D is the damage variable; Cd is the cumulative AE ring
counts; and C0 is the cumulative AE ring counts of the completely
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damaged section.
By combining the stress evolution curve, damage variable curve,

AE count characteristics, and cumulative AE ring count curve, the
damage evolution of continental shale under true triaxial loading
condition can be considered experienced the stable crack extension
stage and the unstable crack propagation stage. Then according to
the suggested method of Zhang et al. (2020b) and Wu et al. (2023),
the two stress thresholds can be determined. As shown in Fig. 6, the
first sudden increase in cumulative AE ring count curve at point A
corresponds to the crack initiation stress (sci) and the second one at
point B is related to the damage stress (scd). Then the ratios of each
stress threshold to the peak stress (sc) can be calculated, corre-
spondingly, the ratios of sci/sc and scd/sc are calculated to be 52.6%
and 78.1% for S3 as well as 56.4% and 61.7% for S4. It found that with



Fig. 5. Failure mode of muddy lamination (a) and sandy lamination (b), the schematic diagram of internal slices (c), and CT results of muddy lamination (d) and sandy lamination (e)
before and after test.
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the increase in intermediate principal stress, the stress ratios show
a slight increase but the degree is limited, which indicates that the
intermediate principal stress has little influence on the damage
evolution of continental shale. In addition, the research results of
Xue (2015) showed that the value of scd/sc of sedimentary rocks
under uniaxial compression condition is about 80%, which is higher
than the two values (78.1% and 61.7%) of continental shale in this
study. Noted that the loading condition in this study is true triaxial
compression, the confining pressure should inhibit the crack
development and increase the stress ratios of sci/sc and scd/sc
(Kong et al., 2018). However, the scd/sc values of continental shale
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under true triaxial compression condition are smaller than that
under uniaxial compression condition. This is mainly due to the
influence of the initial structure of continental shale, and the spe-
cific controlling mechanism is analysed in detail in Section 5.

4.3. Deformation and strength characteristics and failure mode
analysis

Fig. 7 shows the testing results of the relationships between
differential stress (s1�s3) and principal strain (ε1, ε2, and ε3), as well
as the corresponding photos of four fractured specimens of S1, S2,



Fig. 6. Evolution characteristics of differential stress curve, damage variable curve, AE ring count and cumulative AE ring count curve of S3 (a) and S4 (b).
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S3 and S4. For the deformation characteristics, the morphology of
S2, S3, and S4 curves is of the type of elastic-plastic-brittle multi
drop (EPB-M), all of which show multiple drops and rises after the
stress peaks. On the one hand, as the intermediate principal
stresses increase, the ε2 curves change from expansion to
compression and the development trend becomes steeper and
steeper, so the deformation modulus in the ε2 direction becomes
larger and larger. On the other hand, the ε3 curve is always
expanding and the development trend is getting flatter and flatter,
so the deformation modulus in the ε3 direction is getting smaller
and smaller. Combining the curve changes under different loading
conditions, it can be seen that under the true triaxial stress, the
intermediate principal stress plays a limiting role on the defor-
mation of the rock, and the deformation of the rock in the direction
of the intermediate principal stress and the minimum principal
stress shows obvious stress-induced deformation anisotropy.

For the strength characteristics, the peak strength of shale
specimens has a non-linear change characteristic, which may be
related to the complex structure of continental shale. Under the
condition of constant minimum principal stress, the peak strength
of the sample decreases first and then increases asymmetrically
with the increase in the intermediate principal stress, but the dif-
ference between the four test results is in the range of about 5 MPa.
The enhancement coefficient l (Eq. (2)) can be calculated to
quantify the percentage enhancement of the peak stress by the
stress difference (Feng et al., 2020; Feng and Yang, 2023):
1661
8>>>>>>><
>>>>>>>:

b ¼ s2 � s3
s1 � s3

m ¼ 2b� 1

l ¼ sm � sm¼�1

sm¼�1

(2)

where b denotes the intermediate principal stress coefficient of
rock; m denotes the stress Lode parameter; sm denotes the peak
strength of rock at different intermediate principal stress states,
when m ¼ � 1, it means that the rock is in the generalized triaxial
compression state (i.e. conventional triaxial compressive state). The
calculated results of the enhancement coefficients l are 9.57%,
0.49%, and 4.68% for S2, S3, and S4 in the true triaxial condition,
while the l for hard rocks such as sandstone is generally 20% (Feng
and Yang, 2023), which in summary can indicate that the inter-
mediate principal stress has less influence on the peak strength for
continental shale. However, for the crack initiation strength, it can
be obtained that the sci of S3 and S4 are 29.76 and 33.23 MPa, the
crack initiation strength increases with the increase in intermediate
principal stresses, which shows that the intermediate principal
stresses can affect the crack initiation strength. Due to the increase
in intermediate principal stresses, the pore space and interstices of
the particles inside the rock are continuously reduced, which in-
creases the occlusion force between the internal particles of rock,



Fig. 7. Differential stress vs. principal strain curves and fractured specimen photos of S1 (a), S2 (b), S3 (c), and S4 (d).
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and the internal densification becomes more compact. This process
requires a greater stress to produce the nascent microcracks, and
thus the crack initiation strength has been improved.

For the failure characteristics, to characterize the internal
mesoscopic structures of four continental shale specimens before
and after the true triaxial compression tests, the non-destructive
450 kV industrial X-ray CT system (Sun et al., 2020) was
employed. Therefore, a reconstructed 3-D stereogram and some
slices can be obtained for each CT scanning (each specimen scanned
twice times: before and after test), and the pixel size of these CT
results is 0.129 mm � 0.129 mm. Fig. 8 shows some rendered CT
results (including 3-D volumes and CT slices in three orthogonal
directions) of S3 before test and those of S1, S2, S3, S4 after test.
Before test, it can be found that the density differences of sandy
lamination (high density with orange-red colour) and muddy
lamination (middle density with green colour) according to the
imaging principle of CT images, and a large number of natural
cracks (low density with blue colour) can also be observed
(Fig. 8(a)). These initial structures have a certain influence on the
failure results of the specimen. After test, it can be seen that a
complex new fracture developed at the upper end of S1 that under
conventional triaxial loading (Fig. 8(b)) because the fracture fea-
tures can be observed in both the xez (y ¼ 15 mm and y ¼ 25 mm)
and yez (x ¼ 15 mm and x ¼ 25 mm) planes and are obvious, while
the trend of new cracks of S2, S3, and S4 that under true triaxial
compression condition (Fig. 8(c)e(e)) is mainly along the s2 loading
direction (y-axis direction) and the fracture features observed on
the yez planes (x¼ 15mmand x¼ 25mm) gradually decrease from
S2 to S4. This is due to the fact that as the intermediate principal
stress coefficient b increases, the fracture anisotropy gradually in-
creases and the angle between fracture surface and s2 direction
becomes smaller and smaller, so that the decreasing fracture fea-
tures can be observed gradually in yez planes. Moreover, the in-
clined main fractures and a large number of secondary cracks
formed in the muddy lamination, the vertical main fractures
developed in the sandy lamination and the number of them is
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small. The macroscopic main cracks are mainly in the form of steps
with alternating vertical and inclined cracks, showing a mixed
tensile-shear damage mode of "vertical-inclined-vertical penetra-
tion". And the degree of connection of the new cracks to the natural
cracks was generally more pronounced, with a variety of connec-
tions such as penetrations, "brick" laying and flexures, with the best
degree of penetration in the S3 surface cracks. More information
about the effect of lamination types and natural fractures on frac-
ture propagation, see Sections 5.1 and 5.2.

These laboratory results of true triaxial loading show that a
complex fracture (lager vertical penetration degree, combination of
inclined and vertical cracks, main and secondary cracks) can be
formed in continental shale under an appropriate stress difference
condition (S2 and S3, horizontal stress difference (s2�s3) is 5 and
10 MPa), which indicates that the combination of different lami-
nations (muddy lamination and sandy lamination) and natural
fractures is conducive to the formation of fracture network system.
Therefore, the in-situ combination characteristics of geo-stress and
structure of Chang 7 reservoir have a positive contribution to pro-
mote the establishment of reservoir rock fracability evaluation
model.

5. Discussion

In field work, a good hydraulic fracturing result is the formation
of a complex stimulated reservoir volume (SRV) in the shale res-
ervoirs, but its formation is premised on the formation of a complex
fracture in the shale mechanics test samples tested in laboratory
(50% contribution). Studies (Huang et al., 2019; Xu and Gou, 2023)
demonstrated that the process of producing a fracture system is not
only related to the shale's mechanical parameters, such as the
compressive strength, elastic modulus, and tensile strength, but
also the shale's texture. The two factors control the generation of
micro-cracks and crack propagation, and then determine the
complex degree of shale fracture. Laminar continental shale in this
study is formed by alternating sandy lamination and muddy



Fig. 8. CT scanning results (3-D volumes and CT slices in three orthogonal directions) of S3 before test (a), and S1 (b), S2 (c), S3 (d), and S4 (e) after test.
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lamination as well as some interface cracks, which enhances the
heterogeneity of the rock's physical andmechanical properties, that
controls the failure mechanism, and also affects the comprehensive
evaluation of the fracturing capacity of laminar continental shale.
5.1. Effect of lamination types on the crack propagation

It shows that the mineral composition and structure of muddy
lamination and sandy lamination are different obviously in Section
2.2, which results in the differences of mechanical parameters of
the two types of laminations in Section 3, then the influence of
lamination types on new fracture type can be analysed. The E and m

are 10.94 GPa and 0.25 of the muddy lamination as well as
13.24 GPa and 0.15 of the sandy lamination, which indicates that
sandy lamination exhibits the higher compressive strength and
elastic modulus and the lower Poisson's ratio. Therefore, during
true triaxial loading, the muddy lamination is as the relatively
softer interlayer and tends tomaking more transverse deformation,
which is equivalent to the muddy lamination applying a transverse
tensile force at the upper and lower interfaces of the sandy lami-
nation (red arrows in Fig. 9(a) and (b)). As a result, the "I" type
fracture with greater opening is formed within the sandy lamina-
tion (Fig. 9(c)). As the rupture plane is perpendicular to the laminar
surface, and the upper and lower boundaries of sandy lamination
have no dislocation, indicating that the fracture is a tensile crack.
Moreover, the undulation pattern of sandy lamination contributes
to the stress heterogeneity positively at the boundary of lamina-
tions, and then induces the tensile fracture steering. On the con-
trary, the sandy lamination is as the relative stiffer interlayer, the
deformation of the muddy lamination is limited by the sandy
lamination, which is equivalent to the sandy lamination applying a
transverse compression force at the upper and lower interfaces of
the muddy lamination (blue arrows in Fig. 9(a) and (b)), resulting in
the appearance of "V" type inclined crack in the muddy lamination.
As the rupture plane is oblique at the laminar surface, and the
nearly horizontal natural crack in the muddy lamination experi-
ences dislocation after the test (Fig. 9(c) and (d)), thus the shear
fractures are formed within the muddy lamination. In summary, it
can be seen that the deformation dissonance between the two
types of laminations has a controlling effect on the formation type
of new fractures.
Fig. 9. Schematic diagram of deformation dissonance between two laminations (a), photos
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On this basis, in order to distinguish the brittle-plastic fracture
characteristics of two laminations quantitatively, the brittleness
index Brit of two lamination specimens is then calculated. Actually,
there are various methods to calculate the brittleness index of
reservoir shale rock (Wang et al., 2017b; Gu et al., 2021; Yang et al.,
2022, 2023; Xia et al., 2022), which is partly based on the content of
brittleness mineral of rocks, partly based on the differences in rock
mechanical properties. Because the mechanical parameters are the
comprehensive performance of mineral composition and structure
combination of rock, the method proposed by Rickman et al. (2008)
that the brittleness index can be calculated with rock mechanical
parameters (Eq. (3)) is used.

8>>>>>>>>><
>>>>>>>>>:

Y ¼ Yc � 1
8� 1

� 100

P ¼ Pc � 0:4
0:15� 0:4

� 100

Brit ¼
Y þ P
2

(3)

where Yc is the static Young's modulus, 104 MPa; Pc is Poission's
ratio; Y is the brittleness calculated from the Young's modulus; P is
the brittleness calculated from the Poisson's ratio; and Brit is the
brittleness index.

The results show that the brittleness index of sandy lamination
is 52.31, and that of muddy lamination is 30.67, which is in linewith
the research conclusion of Yang et al. (2022) that the brittleness
index for Chang 7 shale is from 7.46 to 65.69. In view of this,
combined with the conclusion of Qin et al. (2016) that the rock
stratum with brittleness index greater than 40 can be classified as
brittle fracturing segment, the sandy lamination is then regarded as
brittle layer and the muddy lamination is regarded as plastic layer.
Therefore, combined with the minimum energy principle, the new
fractures tend to take the shortest path in the brittle sandy lami-
nation (forming the vertical tensile fracture), on the contrary, the
new fractures in the plastic muddy lamination tend to take the
longest path (forming the inclined shear fractures) (Fig. 9(c)). In
view of this, it can be seen that the brittleness difference between
two types of laminations also affects the type of new fractures.

Expect for the fracture type, the number of new fractures in two
of specimen surface before (b) and after (c) test, and a CT image (d) of damaged S3.
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laminations is also different. It can be found that more secondary
fractures formed in the plastic muddy lamination, and the
morphology of secondary fractures is more complex, intersecting
with themain fracture at different angles (Fig. 9(d)). In other words,
the lamination types also have influences on the complexity of
nascent fractures. In quantitative analysis aspect, the difficulty of
crack propagation is related to the fracture toughness of the rock in
fracture mechanics theory, and in general, the smaller the fracture
toughness, the easier the propagation of cracks (Huang et al., 2019;
Gupta et al., 2020; Meng et al., 2021; He et al., 2022), thus the
plastic muddy lamination with smaller fracture toughness is more
prone to crack. On the one hand, Liu et al. (2016) and Zhang et al.
(2024) pointed out that the fracture toughness is proportional to
the elastic modulus of rocks. And the test results in this study show
that the elastic modulus of sandy lamination is greater than that of
muddy lamination. Therefore, it can be concluded that the fracture
toughness of muddy lamination is smaller, and the secondary
cracks are more likely to form inside it. On the other hand, Huang
et al. (2019) given the fitting formula (Eq. (4)) for calculating the
fracture toughness based on the mineral composition contents of
rocks.
8<
:

KІc ¼ �0:45Qz � 0:47Cl þ 0:25Cs þ 0:5272

KІІc ¼ �1:04Qz � 1:16Cl þ 0:53Cs þ 1:4737
(4)

where KIc is the mode-I fracture toughness; KIIc is the mode-II
fracture toughness; Qz is the quartz content; Cl is the clay con-
tent; and Cs is the siderite content.

Combined with the mineral results of two types of laminations
in this study, the KIc and KIIc are 0.39 and 1.14 MPa m0.5 of sandy
lamination as well as 0.22 and 0.73 MPa m0.5 of muddy lamination.
Therefore, it found that KIIc is roughly three times that of KIc (Gupta
et al., 2020), more importantly, the fracture toughness of muddy
lamination is smaller, namely its ability to resist damage is smaller,
and then more secondary cracks formed inside it. In summary, it
can be seen that the fracture toughness index of two types of
laminations controls the number of new fractures.

Considering the deformation parameters, brittleness index and
fracture toughness of two types of laminations, the differences of
types and the number of new fractures are analysed, and then the
fracability of continental shale that discussed in Section 5.3 can be
evaluated. In conclusion, the tensile fractures are easier to form
within the brittle sandy lamination and the number of fractures is
single, and the shear fractures are easier to form within the plastic
muddy lamination and more secondary fractures are likely to
develop. These results indicate that the sandy lamination and
muddy lamination have different controlling mechanism on the
propagation of new fractures, thus the combination of different
laminations is conducive to the formation of complex fracture
networks in continental shale, which means the laminar conti-
nental shale has effective fracability and is a favorable fracturing
lithofacies.

5.2. Interface cracks effect on the crack propagation

In the study of fracture propagation of continental shale, in
addition to paying attention to the influence of lamination type on
reservoir heterogeneity, the interface cracks that can provide
pathways for oil migration should also be noticed. It found that a
large number of natural fractures existed in continental shale,
combining with the previous researches (Zhu, 2013; Ding et al.,
2024) and the structure images in this study, it found that the
natural cracks that mainly developed inside the dark lamination
and at the interface positions of different laminations are the
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bedding cracks and the interface cracks, which affects both its
mechanical property and the propagation path of new cracks
(Fig. 8). Ju et al. (2022) summed up the crack propagation patterns
when approaching the interface of a compositematerial (material A
and material B) (Fig. 10(a)), and mentioned that the strength or
toughness of interface, the geometrical properties of interface, and
the dissimilar elastic properties of composite materials have sig-
nificant influences on the crack propagation. In this study, the
natural cracks have two states of full fill and incomplete fill, which
affects the strength of fracture interface. With the increase in filling
degrees, the bonding strength ratio between natural cracks and
nascent cracks becomes larger due to the greater fracture energy
required by the fracture filling materials (Sharafisafa et al., 2021),
and the propagation patterns shift from deflection to direct pene-
tration, which means that the deflection pattern easily appears in
un-filled crack and the penetration pattern occurs in full-filled
crack (Fig. 10(b)). Moreover, the morphology of natural cracks is
consistent with the laminations, showing a wavy shape or oblique
straight shape, which affects the geometrical property of the
interface (such as interface angle). Thus, there is a transition of
cracking patterns with changing of crack morphologies, which
means that the deflection pattern is prone to occur in incline nat-
ural cracks and the penetration pattern is prone to occur at hori-
zontal natural cracks (Zhang et al., 2022c; Cui and Hou, 2024)
(Fig. 10(c)). In addition, some natural cracks occur at the boundary
between muddy lamination and sandy lamination, which makes
the dissimilar elastic properties of the composite materials.
Research results (Buyukozturk and Hearing, 1998; Gudmundsson
et al., 2010; Ju et al., 2022) shown that cracks are more likely to
penetrate from the harder part into the softer part as well as from
the part with high fracture toughness into the part with low frac-
ture toughness. Thus, the strength and fracture toughness of sandy
lamination are higher than those of muddy lamination in this study,
then the combination relationship of laminations changes the crack
propagation pattern, which means that the deflection pattern is
likely to develop if crack propagating from muddy lamination to
sandy lamination and the penetration pattern is likely to occur if
crack propagating from sandy lamination to muddy lamination
(Fig. 10(d)). Therefore, the relationship between the new and nat-
ural fractures of continental shale in true triaxial loading test can be
mainly concluded as follows: direct penetration (vertical and
incline) and deflection (single and double). In summary, the effect
of interface cracks on the growth of new fractures is related to its
own properties, such as filling degree, morphological characteris-
tics, and the relationship of two side laminations, which is different
from that of bedding in layered rocks.

5.3. Comprehensive evaluation of fracability

In addition to the mechanical parameters, Yuan et al. (2017),
Meng et al. (2021), and Liu et al. (2023a) proposed that the influ-
ence of rock structure and in-situ stress should also be paid
attention to. The laminar continental shale studied in this study has
different structural characteristics from the marine and interca-
lated continental shale, and the structural heterogeneity resulted
from the different types of laminations and interface cracks. The
results of uniaxial compression tests of laminations and true
triaxial compression tests of continental shale show that: (1) The
difference of Brit of laminations affects the type of new fractures,
tensile fracture with larger opening formed in brittle sandy lami-
nation and shear fractures with complex morphology formed in
plastic muddy lamination. It can be seen that the conclusion that
the higher Brit, the easier it is to create a complex fracture network
(Jin et al., 2015; Wang et al., 2020) is not suitable for a single
lamination type. But for the whole lamination specimen, the



Fig. 10. Schematic diagram of crack propagation patterns when approaching the interface of composite material (a) (modified after Ju et al. (2022)) and the cracking patterns in this
study affected by the filling degree (b), morphology (c) of natural cracks, and the relationship of laminations (d). (Note: (b), (c) and (d) take the vertical crack as an example, and the
same six patterns also exist for an oblique crack).
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composite fracture network of tensile and shear cracks is formed
and the fracability is better. Therefore, the Brit is still an indis-
pensable index in evaluating the fracability of laminar continental
shale, and the lamination combination should be considered. (2)
The difference of Kc affects the number of new fractures, the KIc and
KIIc of muddy lamination are both smaller and more secondary
cracks are formed inside it. This is followed in the conclusion that
the lower Kc , the easier it is for the fracture to propagate (Yuan
et al., 2017; Gupta et al., 2020). Therefore, the Kc is the second
core index in evaluating the fracability of laminar continental shale.
(3) The difference of filling degree and morphology of interface
cracks control the communicationmode between nascent fractures
and natural fractures, and these mechanical properties of natural
fractures (strength cj and 4j and fracture toughness Kcj) also
contribute to the formation of complex fracture networks to a
certain extent, which is consistent with the research result that
with the increase in the number of the fracture density, the reser-
voir brittleness increased significantly (Liu et al., 2023b). Therefore,
the Brit and Kc of interface cracks are also important indexes when
evaluating the fracability of laminar continental shale. The above
three aspects are related to the shale structures and their me-
chanical properties, so the contribution of different types of lami-
nations and interface cracks should be considered, respectively.
That is, different from the previous studies, when considering the
Brit and Kc, the structural heterogeneity index H caused by the
lamination combination and interface cracks distribution should be
considered, such as the thickness ratios of different types of lami-
nations and the spacing between interface cracks. (4) A complex
fracture network is formed in the continental shale under a suitable
horizontal stress difference (Dsh ¼ 5e10 MPa) in this study, indi-
cating that the influence of the horizontal in-situ stress difference
that is different from the concept of the gradient of the minimum
in-situ stress (Yuan et al., 2017) cannot be ignored. Therefore, the
in-situ stress index S (the difference between the maximum
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horizontal principal stress and the minimum horizontal principal
stress) must also be considered when evaluating the fracability of
laminar continental shale.

To sum up, according to the results of previous studies and this
study, for the comprehensive evaluation of fracability of laminar
continental shale, in addition to considering the indexes of Brit and
Kc of different laminations and interface cracks, the structural
heterogeneity index H caused by their geometric distribution and
the in-situ stress index Dsh should also be paid attention to. And
the weights of those evaluation indexes can be determined and
integrated into a system based on the analytic hierarchy process
(Chen et al., 2024b), the entropy weight method (Huang, 2022) and
the grey relation analysis (Xiong et al., 2023). In this study, the
mechanical properties of laminations and their influences on crack
propagation are revealed through laboratory rock mechanics tests.
The relevant research tests, analysis methods and conclusions,
especially that considering the characteristics of reservoir structure
and their effects on reservoir fracability evaluation, can provide
references for applications in other geological settings and depo-
sitional environments. However, the laboratory rock tests also have
certain limitations, such as limited combination relationship of
laminations and combination relationship of the loading stress
conditions of the test samples. In order to overcome these limita-
tions and validate, the simulation and theoretical analyses are
considered to establish more numerical models of laminations
property combinations and carry out more numerical studies under
true triaxial loading stress conditions in the future to improve and
develop the knowledge obtained from the existing laboratory tests.

6. Conclusions

Laminar continental shale is a favorable rock facies for shale oil
enrichment, and the reservoir rock is with high heterogeneous.
Identifying the mechanical characteristics of laminations of
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continental shale and the fracture mechanism under true triaxial
loading can provide a theoretical basis for the proposal of indicators
and methods for fracability evaluation. In this study, methods of
multi-scale observation, XRD and thin slice analysis were used to
define the lamination types of continental shale, and the real-time
micro-CT uniaxial compression tests were carried out to obtain the
mechanical parameters and failure characteristics of different
laminations. On this basis, the true triaxial loading and CT scanning
tests of continental shale were carried out to research the influence
of mechanical parameters of laminations on fracture propagation of
laminar continental shale, analyse the controlling mechanism of
laminations and interface cracks characteristics on the growth of
nascent fractures, and elucidate the structural control mechanism
of laminar continental shale fracture. The main conclusions are as
follows:

(1) Laminations of Chang 72 continental shale include the bright
lamination and dark lamination in terms of the colour dif-
ferences, as for the mineral composition and structure, the
bright lamination has a high content of brittle minerals, such
as quartz, forming a void structure, and the dark lamination
has a high content of clay minerals, forming a layer structure.
In view of this, combining the three aspects, two types of
laminations are divided into the void-type sandy lamination
and the layer-type muddy lamination.

(2) The uniaxial compressive strength and elastic modulus of
sandy lamination specimen are higher, the Poission's ratio is
smaller and the lateral deformation is not obvious, and
simple crack with large opening is formed when it is broken.
The values of uniaxial compressive strength and elastic
modulus of muddy lamination specimen are smaller, Pois-
son's ratio is larger and the lateral deformation is more
obvious, and secondary cracks between layers are more
complex when the specimen is broken.

(3) Under the horizontal geo-stress difference condition of
Chang 7 reservoir (5 and 10 MPa), the new fractures
communicate the sandy lamination, muddy lamination, and
interface cracks. Single vertical fracture is formed in sandy
lamination, and a large number of oblique fractures are
formed in muddy lamination. The structure combination of
different laminations and natural cracks is conducive to
forming complex fracture networks, indicating that the
laminar continental shale is a favorable fracturing rock facies.

(4) Lamination types control the formation type and the number
of new fractures: tensile crack formed in sandy lamination
with higher brittleness index and shear cracks formed in
plastic muddy lamination because of their deformation
dissonance, and more secondary cracks developed in muddy
lamination due to the smaller fracture toughness. Moreover,
the characteristics (filling degree, morphology, and lamina-
tions relationship) of interface cracks also control the cracks
propagation pattern: penetration and deflection.
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