
Vol.:(0123456789)1 3

International Journal of Coal Science & Technology            (2022) 9:18  
https://doi.org/10.1007/s40789-022-00473-5

RESEARCH

Evaluating the mechanical properties of anisotropic shale containing 
bedding and natural fractures with discrete element modeling

Yingjie Li1  · Lihong Song1 · Yuanjun Tang1 · Jianping Zuo1 · Dongjie Xue1

Received: 10 June 2021 / Accepted: 17 January 2022 
© The Author(s) 2022

Abstract
Natural fracture data from one of the Carboniferous shale masses in the eastern Qaidam Basin were used to establish a 
stochastic model of a discrete fracture network and to perform discrete element simulation research on the size effect and 
mechanical parameters of shale. Analytical solutions of fictitious joints in transversely isotropic media were derived, which 
made it possible for the proposed numerical model to simulate the bedding and natural fractures in shale masses. The results 
indicate that there are two main factors influencing the representative elementary volume (REV) size of a shale mass. The 
first and most decisive factor is the presence of natural fractures in the block itself. The second is the anisotropy ratio: the 
greater the anisotropy is, the larger the REV. The bedding angle has little influence on the REV size, whereas it has a certain 
influence on the mechanical parameters of the rock mass. When the bedding angle approaches the average orientation of 
the natural fractures, the mechanical parameters of the shale blocks decrease greatly. The REV representing the mechanical 
properties of the Carboniferous shale masses in the eastern Qaidam Basin were comprehensively identified by considering 
the influence of bedding and natural fractures. When the numerical model size is larger than the REV, the fractured rock 
mass discontinuities can be transformed into equivalent continuities, which provides a method for simulating shale with 
natural fractures and bedding to analyze the stability of a borehole wall in shale.

Keywords Shale · Discrete fracture network · Natural fracture · Anisotropy · Discrete element modeling

1 Introduction

As an unconventional natural gas resource, shale gas has 
attracted a considerable amount of attention because it is 
clean, efficient and abundant (Faraj et al. 2004; Jarvie et al. 
2007; Owolabi et al. 2013; Liu et al. 2021b). The verified 
recoverable shale gas resources in the major basins of China 
total approximately 3.1 ×  1013  m3, accounting for 14.3% of 
the technically recoverable shale gas reserves in the world 
(Zhang et al. 2008; Zou et al. 2010). Shale gas basins in 
China are typically composed of hard and brittle shale and 
characterized by large burial depths and complex geologi-
cal conditions. The mechanical properties of shale masses 
are affected by both sedimentary bedding and natural frac-
tures and are therefore more complex than those of other 

rock masses; additionally, these features contribute to the 
frequent occurrence of borehole wall collapse during drill-
ing (Liu et al. 2019; Wang et al. 2012). Improvement in the 
accurate measurement of mechanical properties is therefore 
of great theoretical and practical significance for shale gas 
exploration and general development.

The bedded characteristics of shale resulting from a 
preferred orientation of the deposited clay minerals lead 
to the significant anisotropy of shale (Khan et al. 2012; Li 
et al. 2019). Many studies have focused on measuring the 
mechanical properties of shale with anisotropy relative to 
the bedding plane (Cho et al. 2012; Dewhurst and Siggins 
2006; Hou et al. 2016; Kuila et al. 2011; Lora et al. 2016). 
In these studies, shale cores were prepared as standard cylin-
drical samples with different bedding angles. Uniaxial and 
triaxial compression experiments have also been conducted, 
from which scholars have analyzed the effect of the bedding 
plane direction on shale mechanics and established aniso-
tropic constitutive equations for shale.

Natural fractures affect the recovery of fractured oil 
and gas reservoir; thus, their characteristics and geological 
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genesis have always been closely considered during well 
planning (Lamarche et al. 2012; Larsen and Gudmunds-
son 2012). Scholars have carried out geological surveys 
and research on the characteristics of natural fractures in 
shale gas reservoirs, including outcrop investigations, core 
analyses, image log analyses, seismic detection (Lamarche 
et al. 2012; Cobbold et al. 2013; Engelder et al. 2009; Gale 
et al. 2014; Hennings et al. 2000) and geostatistical analy-
ses, which were integrated to construct discrete fracture net-
works (DFNs) to estimate reservoirs and plan the develop-
ment of shale gas (Akbarnejad-Nesheli et al. 2012; Emsley 
et al. 2014). New numerical calculation models have been 
subsequently developed to evaluate the fracturing effect 
of hydraulic cracks encountering natural fractures (Cohen 
et al. 2017; Taleghani et al. 2018; Weng et al. 2011). Con-
sequently, determining the natural fracture characteristics 
during shale reservoir surveys is an essential task in shale 
gas resource exploration and development engineering.

As mentioned above, a considerable amount of work has 
been perfomred to study the effects of bedding or natural 
fractures on shale reservoirs; however, few studies have 
investigated the combined effects of both bedding and natu-
ral fractures on the mechanical properties of shale masses. 
There are many methods to determine rock mass param-
eters (Wang and Zheng 2015); for example, a DFN based 
on Monte Carlo stochastic theory can generate joint sets 
using statistical parameters obtained from measured frac-
tures, which are used to determine rock structural planes 
and rock block geometry parameters (Yu et al. 2007). Min 
and Jing (2003) used the discrete element method (DEM) 
to calculate the representative elementary volume (REV) of 
fractured rock masses and obtained the equivalent param-
eters of fractured rock masses. Baghbanan and Jing (2008) 
developed a DEM model to correlate the fracture length and 
aperture for determining the REV rock mass from the per-
spective of rock penetration and evaluated stress effects on 
permeability. Kulatilake et al. (1992) introduced "fictitious 
joints" and combined DFN simulation technology with the 
DEM to analyze the mechanical properties of rock masses 
containing nonpenetrating joints. Currently, DFN codes have 
been embedded in the main 3DEC program, which can be 
used to easily construct a DEM fracture model for further 
performing mechanical analysis (Itasca Consulting Group 
Inc. 2013). The DEM method provides a good foundation 
for studying the mechanical properties of rock masses with 
fractures. However, Wu (2012) proposed that the deforma-
tion parameters of fictitious joints impact the deformation 
characteristics of the DEM model; thus, analytical equations 
have been theoretically derived to determine the normal stiff-
ness and shear stiffness of fictitious joints considering the 
effect of model size, stress boundary condition and geometry 
distribution of fictitious joints. The proposed fictitious joint 
parameters of the rock mass were based on the isotropic 

constitutive equation, which are only applicable to homoge-
neous matrices. To simulate bedded shale masses with natu-
ral fractures, calculating the parameters of fictitious joints 
based on the transversely isotropic constitutive equation is 
still needed.

The objective of this study is to establish a DEM for bed-
ded shale masses containing natural fractures, which solves 
the key issue in 3-DEM numerical simulations of bedded 
shale masses. The proposed DEM can be used to evaluate 
the REV of a shale mass. During the course of this study, 
field measurements of natural fractures in the Shihuigou area 
of the Carboniferous system, Qaidam Basin (Zhang et al. 
2016), are used to develop the DFN and DEM models. Vari-
ous sample sizes and key mechanical properties are exam-
ined to evaluate their dependence on the sample sizes, thus 
identifying the optimal REV of the shale mass for reliable 
mechanical property measurements. This study will provide 
a necessary modeling basis for analyzing and discussing the 
mechanism of wellbore instability in shale gas reservoirs.

2  Natural fractures and bedding 
of the Carboniferous shale in the eastern 
Qaidam Basin

2.1  Characteristics of the natural fractures 
in the Carboniferous shale outcrop 
in the eastern Qaidam Basin

The Qaidam Basin, located in the northern Qinghai-Tibet 
Plateau and rich in oil and gas resources, is a large oil-and-
gas-bearing basin in Western China. Oil sands have also 
been discovered in Carboniferous strata, indicating that 
the eastern Carboniferous strata in the basin have a certain 
hydrocarbon-generation potential (Li et al. 2014). The Car-
boniferous shale in this area is more developed, has a mod-
erate maturity and is unmetamorphosed, demonstrating that 
this area is extremely favorable for shale gas exploration 
(Chen et al. 2021; Liu et al. 2021a, b).

This study selected the measured fracture data (Zhang 
et al. 2016) from a typical Carboniferous shale outcrop in the 
Shihuigou area of the eastern Qaidam Basin as the basis for 
establishing a fracture network model and a discrete element 
numerical model. As shown in Fig. 1, the selected outcrop 
with geographical coordinates of longitude 37°23′54.57″N 
and latitude 96°06′05.06″E is of the Carboniferous Hurleg 
Formation shale. The shale outcrop is yellowish-brown 
with an underlying black coal seam, the thickness of which 
is approximately 50 cm. The outcrop profile is 3.2 m in 
length and 1.4 m in height, and the formation occurrence is 
6°∠46°, with an average foliation spacing of approximately 
10 mm. Sixty-seven fractures were measured in the outcrop. 
Some of these fractures are shown in Fig. 1: the fractures 
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are horizontal, and some are filled with calcite. The meas-
ured fractures were statistically analyzed and grouped, and 
the corresponding pole diagram is shown in Fig. 2. After 
grouping, the Fisher distribution function was selected to 
fit the geometric distribution of fractures in each group, and 
the unknown parameters in the distribution function were 
determined. At the same time, geometric parameters such 

as the average tendency and inclination, trace length, and 
density of each group of fractures in the outcrop profile 
were calculated, as shown in Table 1. The results show that 
the occurrence of fractures can be roughly divided into two 
groups: one set of 46 fractures with low dips and NW–SE 
strikes, and another set of 21 fractures with low dips and 
nearly NW–SE strikes. The minimum crack length of the 
observed outcrop is 5 cm, and the maximum is 100 cm. 
Crack lengths of 10–20 cm account for 26%, whereas crack 
lengths of 20–30 cm account for 31%. The mean length of 
the fractures in the simulation is approximately 30 cm, and 
the fractures are mainly tectonic fractures. Observations of 
the fractures from a core obtained from the study area (Li 
and Yu 2017) revealed that some of the fractures were filled 
with calcite, whereas others remained open; thus, these frac-
tures can affect the mechanical properties of the rock mass.

The fractures observed on the outcrop were reconstructed 
as a 3-D fracture network model by using the DFN approach. 
Based on the statistical law of the geometric parameters of 
the fractures (Table 1), the number of joints was converted 
to joint density, and the occurrence of joints was simulated 
using the distribution function. The probability distribution 
of various structural plane information in the DFN model 
was consistent with the actual situation. Figure 3a shows the 
3-D fracture network model using a DFN. The dimensions of 
the 3-D fracture network model were 5 m × 5 m × 5 m, which 
was larger than the measured outcrop scale. To verify the 
rationality of the established model, horizontal and vertical 
sections were cut out from the established model, as shown 
in Fig. 3b–e, and 3 random measurement lines were arranged 
in the sections. The linear density and the mean trace length 
of the simulated joints along each measurement line were 
calculated. The data from the three lines were averaged and 
compared with the linear density and average trace length 
of the measured fractures. The results are shown in Table 2. 
The density and trace length of a measured fracture were 
very close to those of the simulated fracture. The established 
3-D fracture network model of shale can output geomet-
ric parameter information that closely replicates the actual 
fractures in a shale formation, laying the foundation for the 
establishment of other discrete element numerical models of 
fractures in shale reservoirs.

Fig. 1  Shale outcrop of the Carboniferous Hurleg Formation in the 
eastern Qaidam Basin (Zhang et al. 2016)

Fig. 2  Pole diagram of the measured fractures

Table 1  Statistical parameters 
of the fractures in the outcrop 
of the Carboniferous Hurleg 
Formation shale in the 
Shihuigou area

Fracture 
set num-
ber

Number 
of frac-
tures

Observed trace length Distribution Mean orientation 1-D inten-
sity
[number of 
joints (m)]

Mean (m) Standard 
deviation 
(m)

Dip direction (°) Dip angle (°)

1 21 0.331 0.1834 Fisher 265.87 41.61 5.99
2 46 0.312 0.1883 Fisher 126.19 40.85 13.16
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Fig. 3  A 3-D fracture network model and profiles of the outcrop of the Carboniferous Hurleg Formation shale in the eastern Qaidam Basin
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2.2  Bedding characteristics of the Carboniferous 
shale in the eastern Qaidam Basin

The bedding of Carboniferous shale in the eastern Qaidam 
Basin is generally well developed, and the strata contain a 
large amount of mica and common plant fossils. Banded and 

granular pyrite is often found in shales (Li and Yu 2017). 
Figure 4a–d shows the bedding characteristics of the Car-
boniferous Hurleg Formation shale in the Qaidam Basin, 
which is dominated by massive bedding (Fig. 4a) and tidal 
bedding (Fig. 4b–d).

The experimental and numerical simulation results show 
that the transversely isotropic constitutive model can be used 
to characterize the properties of shale formations (Kanfar 
et al. 2015; Zhou et al. 1992; Hou et al. 2015). The trans-
versely isotropic constitutive stress–strain relationship satis-
fies formula (1), in which there are five independent elastic 
constants: Ex and μx are the elastic modulus and Poisson's 
ratio of the parallel transversely isotropic plane, respectively; 
Ez and μz are the elastic modulus and Poisson's ratio of the 
vertical isotropic plane, respectively; and Gz is the shear 
modulus in the vertical bedding direction.

Table 2  Comparison of the measured and simulated data of the frac-
tures in the shale outcrop in the Shihuigou area

Fracture 
set num-
ber

Measured 
linear den-
sity [number 
of joints 
(m)]

Simulation 
value of lin-
ear density 
[number of 
joints (m)]

Measured 
average 
trace length 
(m)

Simulated 
average trace 
length (m)

1 5.99 5.36 0.3310 0.3015
2 13.16 12.86 0.3120 0.3152

Fig. 4  Structural characteristics of the Carboniferous Hurleg Formation shale (from the Chaiye 2 well) (Li and Yu 2017)
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Batugin and Nirenburg obtained the solution of the shear 
modulus perpendicular to the isotropic plane by mathemati-
cal methods (Batugin and Nirenburg, 1972), as shown in 
Eq. (2).

3  3‑D discrete element calculation model 
for shale masses

In the following section, a 3-D discrete element model con-
sidering the statistical analysis results of bedded shale con-
taining natural fractures is constructed, and the size effect 
of rock mechanics parameters is evaluated.

3.1  Determination of the REV

To determine the REV of a shale mass under the combined 
action of natural fractures and bedding, it is necessary to cut 
the established 5 m block into smaller blocks. The dimen-
sions of these smaller cubic blocks are 0.8, 1.2, 1.6, 2.0, 2.4, 
2.8, 3.2, and 3.6 m, respectively. After the scope of the REV 
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Ex + Ez + 2�zEx is basically determined, more accurate blocks can be cut 
out in the reduced scope to determine the size of the REV. 
The mechanical properties of the blocks are affected by the 
different geometrical distributions of the fractures in differ-
ent positions, and the influence is especially obvious when 
the block size is smaller. To improve calculation precision 
and reduce error, we performed calculations at five differ-
ent positions in each block model and then took the mean 
mechanical parameters as the final result. Figure 5 shows the 
five positions in the 0.8 m blocks.

3.2  Parameters of the discrete element numerical 
model

(1) Transversely isotropic constitutive parameters

The ratio of the elastic modulus in the paral-
lel bedding direction to that in the vertical bedding 
direction was defined as the anisotropy ratio k . In 
this study, k was set to 0.5, 1.0, 1.5 and 2.0; hence, 
Ex = 0.5Ez, Ex = 1.0Ez, Ex = 1.5Ez, and Ex = 2Ez . The 
influence of different k values on the compressive strength, 
elastic modulus, shear strength and volume modulus of shale 
with natural fractures were studied. The relevant parameters 
of the transversely isotropic shale were reasonably selected, 
as shown in Table 3.

(2) Parameters of actual and fictitious joints

Geological measurements indicate that nonpenetrating 
joints widely exist in shale masses. In the discrete element 
numerical simulation program, a DFN can include fictitious 
joints combined with nonpenetrating joints to generate poly-
hedral blocks, which can be recognized by DEM. The natu-
ral fracture network model of the shale mass in the study 
area was established with the DFN method in Sect. 1.1, the Fig. 5  Block selections at different locations ( 0.8m × 0.8m × 0.8m)

Table 3  Transversely isotropic constitutive parameters for shale

Mechanical parameters Value

Young's modulus Ex (GPa) 12 24 36 48
Young's modulus Ez (GPa) 23.99
Shear modulus Gxy (GPa) 5.305 10.61 15.915 21.22
Shear modulus Gxz (GPa) 7.28 10.46 12.223 13.37
Poisson's ratio vxy 0.131
Poisson's ratio vxz 0.1475
Density � (kg/m3) 2700
Cohesion C (MPa) 38.4
Internal friction angle (°) 14.4
Tensile strength �t (MPa) 20
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fractures of which can be assigned to the parameters accord-
ing to the literature (Wu and Kulatilake 2012), as shown in 
Table 4. Parameters also need to be assigned to the ficti-
tious joints. The main parameters of fictitious joints include 
normal stiffness and tangential stiffness. A new calculation 
method suitable for transversely anisotropic shale should 
be established because the current assignment method for 
fictitious joints is applicable to only certain rocks such as 
granite.

Biaxial compression mechanical models with fictitious 
joints were established first, as shown in Fig. 6. The hori-
zontal ground stress was �2 , and vertical the ground stress 
was �1 . In the model, the angle between the transversely 
isotropic plane and the vertical direction was α, whereas 
the angle between the transversely isotropic plane and the 
horizontal direction was β. According to the theory of elastic 
mechanics, the relationship between the elastic modulus E� 
and Poisson's ratio v� of the stratified shale with a bedding 
dip angle of α and the vertical deformation ΔLV and hori-
zontal deformation ΔLH of the model without fictitious joints 
can be expressed with Eqs. (3), (4) and (5).

The vertical deformation Sv and horizontal deformation 
Sh generated with a single fictitious joint can be calculated 
by Eq. (6), where Kn and Ks are the normal stiffness and 
tangential stiffness of the fictitious joint, respectively.

The rock mass deformation error � caused by the fictitious 
joints is defined as the ratio between Sv ( Sh ) and ΔLV(ΔLH) , 
as shown in Eq. (7).

Equations (3)–(7) can be combined to form Eq. (8), which 
is an expression of the normal stiffness and shear stiffness 
of a single fictitious joint; in this formula, a, b, c and d are 
parameters related to the boundary stress and joint inclina-
tion and are introduced for the convenience of calculation.

Suppose the model contains N fictitious joints with 
inclination angles of φ1, φ3,…, φN. In this case, the total 
error caused by the fictitious joint is equal to the sum of the 
error values caused by a single fictitious joint, as shown in 
Eq. (10), where �i is the deformation error caused by the 
ith joint.

To facilitate the calculation, the average error �avr is 
introduced, wherein �avr = �sum∕N . Equation (11) expresses 
the normal stiffness and tangential stiffness when the 
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Table 4  Actual and fictitious joint parameters

Mechanical parameter Actual joints Fictitious joints

Shear stiffness Ks (GPa) 0.2 Table 5
Normal stiffness Kn (GPa) 1 Table 5
Friction angle φ (°) 25 14.4
Cohesion C (MPa) 0.15 38.4
Tensile strength �t (MPa) 0 20

Fig. 6  Mechanical model with fictitious joints
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deformation of the ith fictitious joint satisfies the error limit 
condition.

If there are many nonpenetrating joints in the rock mass, 
it is unrealistic to assign fictitious joints individually. There-
fore, Eq. (12) can be used to approximate the normal stiff-
ness and tangential stiffness of the fictitious joints in bedded 
shale from the mean values of the deformation parameters 
of each fictitious joint.

From Eq. (12), the normal stiffness and shear stiffness 
of the fictitious joints under different anisotropy ratios and 
different bedding angles are calculated, and the results are 
shown in Table 5. Kn and Ks of the fictitious joints change 
with changes in the bedding angle, block size and anisotropy 
ratio, which lays the foundation for subsequent simulation 
work.

3.3  Test schemes

Three different numerical loading paths were designed to 
calculate the compressive strength, deformation modulus, 
shear modulus and volume modulus of the shale mass, which 
were realized by using the built-in Fish language in 3DEC.

Figure 7 shows the loading schematic diagrams of the 
numerical simulation for the uniaxial compression, pure 
shear, and triaxial compressive tests, respectively. For each 
loading scheme, compressive stresses σx, σy, and σz that are 
far less than the compressive strength are first applied in the 
vertical direction of blocks X, Y and Z to keep the blocks in a 
stable state, and then the boundary stress is kept unchanged. 
Subsequently, the loading is applied in the Z direction at a 
displacement rate of 0.01 m/s until the model fails in the 
uniaxial compression test. The loading is applied to any 
adjacent block surface at a displacement rate of 0.01 m/s in 
the pure shear test. Additionally, the loading is applied in the 
three principal directions at a displacement rate of 0.01 m/s 
in the triaxial compressive test.

Monitoring points were arranged on the block surface 
to record the displacement and stress in the block during 
the loading process, and these recorded data were used to 
draw the stress–strain curve. During the loading process, 
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the stress distribution at each point on the block surface was 
not uniform, which introduces substantial error into the cal-
culation results. To reduce the error, different numbers of 
monitoring points were set up according to the block size 
to monitor the stress and strain in the block. Figure 8 shows 
the layout diagrams of the monitoring points when the block 
size was L = 0.5–1.0 m, L = 1.0–2.0 m, and L = 2.0–5.0 m, 
respectively.

4  Results and analysis from the 3‑D discrete 
element numerical simulations of a shale 
mass

Figure 9 shows the uniaxial compressive stress–strain curves, 
shear stress–strain curves, and volumetric stress–strain 
curves of the block ( 0.8m × 0.8m × 0.8m ), respectively. On 
this basis, the compressive strength, deformation modulus, 
shear strength and volume modulus of shale blocks with 
different sizes, anisotropy ratios and bedding angles can be 
obtained.

4.1  Influence of different anisotropy ratios 
on the REV of a shale mass

The variation in the mechanical parameters of the shale 
blocks with respect to different anisotropy ratios and block 
sizes under the same bedding angle is shown in Fig. 10. The 
results show that with increasing anisotropy ratio, the com-
pressive strength, deformation modulus, bulk modulus and 
shear modulus of the block increase. At the same anisot-
ropy ratio, these parameters gradually decrease as the block 
size increases until they stabilize. The size of the block that 
allows this stability is regarded as the REV. When the ani-
sotropy ratio is 1 (i.e., Eh = Ev ), the sizes of the REV deter-
mined by the four parameters are the smallest. In this case, 
the block can be approximately regarded as homogeneous, 
and the size of the REV is under the influence of only the 
action of natural fractures. When the anisotropy ratio is not 
1 (i.e., Eh ≠ Ev ), the size of the REV increases.

As the anisotropy ratio changes from 2.0 to 0.5 to 1.5 
(i.e., Eh = 2.0Ev , Eh = 0.5Ev , and Eh = 1.5Ev ), the size of 
the REV determined by the four parameters decreases suc-
cessively. For Eh = 2.0Ev and Eh = 0.5Ev , the anisotropy 
degrees of the block are similar and strong. In this case, the 
homogenization process of the block requires a greater num-
ber of fractures, so the corresponding REV size is larger. 
The anisotropy degree of Eh = 1.5Ev is smaller than that of 
the first two, leading to a slightly smaller REV.
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4.2  Influence of the shale bedding angle 
on the mechanical parameters and REV 
of a shale mass

The variations in the mechanical parameters (compressive 
strength, deformability modulus, bulk modulus, and shear 
modulus) of a shale mass with respect to the bedding angle 

and block size under the same anisotropy ratio are shown in 
Fig. 11. The mechanical parameters of each block gradu-
ally decrease with increasing block size at different bedding 
angles until they become stable. For the same mechanical 
parameters of a rock mass, as long as the anisotropy ratio is 
constant, the REV size does not substantially change with 
changes in the bedding angle. We speculated that the block 

Table 5  Parameters of the 
fictitious joints at different 
bedding angles and anisotropy 
ratios

Block size (m) k Bedding angle of 0° Bedding angle of 45° Bedding angle of 90°

Kn (GPa) Ks (GPa) Kn (GPa) Ks (GPa) Kn (GPa) Ks (GPa)

0.8 0.5 35,269 9771 63,301 6280 358,501 4441
1.0 92,169 10,685 92,169 10,685 92,169 10,685
1.5 199,408 12,136 108,693 14,066 74,707 20,374
2.0 476,765 13,488 119,395 16,642 68,242 36,938

1.2 0.5 23,512 5961 42,200 4190 205,667 2960
1.0 61,446 7160 61,446 7160 61,446 7160
1.5 132,939 8239 72,462 9377 49,805 13,582
2.0 317,843 9436 79,597 11,095 45,495 24,625

1.6 0.5 17,634 4937 31,650 3144 154,250 2218
1.0 46,085 5372 46,085 5372 46,085 5372
1.5 99,704 6232 54,346 7033 37,353 10,187
2.0 238,381 7540 59,698 8320 34,121 18,500

2.0 0.5 14,107 4306 25,302 2511 43,447 1776
1.0 36,868 4296 36,868 4296 36,868 4296
1.5 79,763 5276 43,447 5626 29,882 8150
2.0 190,706 5972 47,758 6657 27,297 14,775

2.4 0.5 12,756 3846 21,101 2085 102,833 1481
1.0 30,723 3580 30,723 3580 30,723 3580
1.5 66,469 4119 36,231 4689 24,902 6791
2.0 158,921 4952 39,799 5547 22,747 12,313

2.6 0.5 11,381 3271 19,304 1856 94,617 1328
1.0 27,412 3319 27,412 3319 27,412 3319
1.5 60,843 3750 33,481 4371 22,837 6260
2.0 14,256 4472 37,260 5062 20,429 11,093

2.8 0.5 10,077 2863 18,086 1795 88,143 1269
1.0 26,334 3069 26,334 3069 26,334 3069
1.5 56,974 3466 31,055 4019 21,345 5821
2.0 136,219 4187 34,113 4755 19,498 10,554

3.0 0.5 9542 2516 16,947 1645 82,551 1186
1.0 25,114 2835 25,114 2835 25,114 2835
1.5 52,653 3166 27,581 3726 19,038 5419
2.0 12,432 3823 32,059 4413 18,276 9628

3.2 0.5 8817 2355 15,825 1571 77,125 1100
1.0 23,042 2685 23,042 2685 23,042 2685
1.5 49,852 2951 24,173 3517 18,677 5093
2.0 119,191 3672 29,849 4161 17,060 9233

3.6 0.5 7837 2061 14,067 1369 68,556 987
1.0 20,482 2387 20,482 2387 20,482 2387
1.5 44,313 2520 24,173 3126 18,677 4258
2.0 105,938 2792 26,532 3697 15,165 8208
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will contain more fractures as the block size increases, which 
makes the block exhibit a homogeneous state and weakens 
the influence of stratigraphic anisotropy on the size of the 

REV. Comparing the influence of different bedding angles 
on various parameters, it was found that regardless of the 
anisotropy ratio, various parameters corresponding to a 45° 
bedding angle under each block size are the smallest. This 
may be due to the average orientation of natural fractures in 
the simulated shale mass being approximately 40°, which is 
close to the bedding angle of 45°. The combined effects of 
bedding and natural fractures greatly weaken the properties 
of a rock mass.

By comparing each of the four panels in Fig. 11, in which 
the same mechanical parameter is assessed under different 
anisotropy ratios, we found that the greater the anisotropy 
ratio is, the more obvious the influence of the bedding angle 
on the mechanical properties of the block.

Fig. 7  Schematic diagram of the numerical test (Wu and Kulatilake 2012)

Fig. 8  Schematic diagram of the monitoring points in blocks of dif-
ferent sizes
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5  Discussion

In this research, the DEM was used to evaluate the mechani-
cal properties of shale under the combined action of fractur-
ing and bedding. Compared with the method that analyzes 
shale mechanical properties from a microscopic perspective, 
this method analyzes the overall shale mechanical param-
eters from a macroscopic perspective. The numerical experi-
mental results in this paper show that the mechanical param-
eters of the block basically change in the range of 0.8–2.0 m, 
0.8–2.6 m, 0.8–2.8 m and 0.8–3.0 m at different anisotropy 
ratios. When the block size is larger than the critical size, 

these parameters do not change significantly. It was deter-
mined that the REV size of the rock mass is approximately 
2.0–3.0 m. When the numerical model size is larger than the 
REV, the fractured rock mass discontinuities can be trans-
formed into equivalent continuities. The results of this study 
illustrate that the anisotropy ratio of shale has a great influ-
ence on the size of the REV, which must be considered when 
determining the size of the REV for bedding shale.

When using the equivalent continuity numerical simula-
tion method, the mechanical parameters of the REV can be 
used to analyze the stability of a shale borehole wall. Fig-
ure 12 shows the distribution of the four REV parameters 

Fig. 9  Stress–strain curve from the discrete element numerical simulation (K = 1.0, θ = 45°)
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(compressive strength, deformability modulus, bulk modu-
lus, and shear modulus). Figure 12 shows that for each bed-
ding angle, the mechanical parameters of the equivalent rock 
mass are the smallest when the anisotropy ratio is 0.5. The 
mechanical parameters of the equivalent rock mass increase 
as the anisotropy ratio increases, and the mechanical param-
eters reach the largest values when the anisotropy ratio is 
2.0. The results indicate that the mechanical properties of 

the shale bedding matrix have an important influence on the 
mechanical parameters of the entire rock mass.

Under the same anisotropy ratio, the mechanical param-
eters (compressive strength, deformability modulus, bulk 
modulus, shear modulus) of the REV at a bedding angle 
of 45° are the smallest. Similar to the previous analysis, 
because the 45° bedding angle was close to the natural 
fracture orientation, the mechanical parameters of the REV 

Fig. 10  Variations in mechanical parameters with respect to the anisotropy ratio and block size under the same bedding angle
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lowered more at this angle. When the anisotropy ratio is 0.5, 
which was close to the actual situation, the research results 
show that the mechanical properties of the shale mass are 
weakened the most among the results of all of the condi-
tions tested. Compared with the properties of the original 
block, the compressive strength of the REV decreases up 
to 58.35%; the deformation modulus of the REV decreases 
up to 61.39%; the shear modulus of the REV decreases up 
to 67.6%; and the bulk modulus of the REV decreases up 
to 53.83%. This can explain why the parameters, such as 
the compressive strength, of the standard shale sample were 
very high while actual horizontal shale wells often collapse 
in large sections.

6  Conclusions

(1) The DEM was explored to address the problem of 
simulating bedding and natural fractures within shale 
masses. In the numerical simulation, DFN simulation 

technology and the transversely isotropic constitutive 
model were used to characterize the natural fractures 
and bedding, respectively. In addition, fictitious joint 
deformation parameters suitable for bedding shale have 
been analytically derived.

(2) A procedure was proposed to investigate the influence 
of the degree of anisotropy introduced by bedding on 
the REV and mechanical properties of shale mass. The 
results showed that when Eh ≠ Ev , the degree of ani-
sotropy was higher, and more fractures were required 
for to reach the mechanical properties of a homogenous 
block, leading to a larger REV. With the same anisot-
ropy ratio, a change in bedding angle did not affect 
the size of the REV. The bedding angle had a great 
influence on the mechanical parameters of the shale at 
various scales. Under different anisotropy ratios, the 
mechanical parameters corresponding to a 45° bedding 
angle were the smallest for each block size, indicating 
that the closer the bedding angles were to the orienta-

Fig. 11  Variation in the mechanical parameters with respect to the bedding angle and block size under the same anisotropy ratio
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tion of the natural fractures, the greater the decrease in 
the rock properties.

(3) The REV size required to represent the mechanical 
properties of the Carboniferous shale masses in the 
eastern Qaidam Basin is approximately 2.0–3.0 m. 
When the numerical model size is larger than the 
REV, the fractured rock mass discontinuities can be 
transformed into equivalent continuities. In this case, 
the mechanical parameters of the REV are much lower 
than those of the shale sample due to the influence of 
the anisotropy ratio and bedding angle, which must be 
considered when analyzing the stability of a borehole 
wall in shale.

Acknowledgements The authors gratefully acknowledge the finan-
cial support of the National Natural Science Foundation of China 
(51604275); the Key Laboratory of Urban Under Ground Engineer-
ing of Ministry of Education (TUE2018–01); Yue Qi Young Scholar 

Project of China University of Mining & Technology, Beijing; and the 
Fundamental Research Funds for the Central Universities (2016QL02).

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Akbarnejad-Nesheli B, Valko P, Lee JW (2012) Relating fracture 
network characteristics to shale gas reserve estimation. In: SPE 

Fig. 12  Mechanical parameters under different anisotropy ratios and bedding angles

http://creativecommons.org/licenses/by/4.0/


Evaluating the mechanical properties of anisotropic shale containing bedding and natural…

1 3

Page 15 of 16    18 

Americas unconventional resources conference. Society of Petro-
leum Engineers, Pittsburgh, Pennsylvania USA

Baghbanan A, Jing L (2008) Stress effects on permeability in a frac-
tured rock mass with correlated fracture length and aperture. Int 
J Rock Mech Min Sci 45(8):1320–1334. https:// doi. org/ 10. 1016/j. 
ijrmms. 2008. 01. 015

Batugin SA, Nirenburg RK (1972) Approximate relation between the 
elastic constants of anisotropic rocks and the anisotropy param-
eters. Sov Min 8(1):5–9. https:// doi. org/ 10. 1007/ BF024 97798

Chen SB, Zhang C, Li XY, Zhang YK, Wang XQ (2021) Simulation 
of methane adsorption in diverse organic pores in shale reservoirs 
with multi-period geological evolution. Int J Coal Sci Technol. 
https:// doi. org/ 10. 1007/ s40789- 021- 00431-7

Cho JW, Kim H, Jeon S, Min KB (2012) Deformation and strength 
anisotropy of Asan gneiss, Boryeong shale, and Yeoncheon schist. 
Int J Rock Mech Min Sci 50:158–169. https:// doi. org/ 10. 1016/j. 
ijrmms. 2011. 12. 004

Cobbold PR, Zanella A, Rodrigues N, Loseth H (2013) Bedding-paral-
lel fibrous veins (beef and cone-in-cone): Worldwide occurrence 
and possible significance in terms of fluid overpressure, hydrocar-
bon generation and mineralization. Mar Pet Geol 43:1–20. https:// 
doi. org/ 10. 1016/j. marpe tgeo. 2013. 01. 010

Cohen CE, Kresse O, Weng X (2017) Stacked height model to improve 
fracture height growth prediction, and simulate interactions with 
multi-layer DFNs and ledges at weak zone interfaces. In: SPE 
hydraulic fracturing technology conference and exhibition. Soci-
ety of Petroleum Engineers

Dewhurst DN, Siggins AF (2006) Impact of fabric, microcracks and 
stress field on shale anisotropy. Geophys J Int 165(1):135–148. 
https:// doi. org/ 10. 1111/j. 1365- 246X. 2006. 02834.x

Emsley SJ, Hallin CJ, Rivas J (2014) Realistic DFN modelling using 
3D 3C seismic data for the marcellus shale with application to 
engineering studies. Eur Assoc Geosci Eng. https:// doi. org/ 10. 
3997/ 2214- 4609. 20140 662

Engelder T, Lash GG, Uzcátegui RS (2009) Joint sets that enhance 
production from Middle and Upper Devonian gas shales of the 
Appalachian Basin. Aapg Bull 93(7):857–889. https:// doi. org/ 10. 
1306/ 03230 908032

Faraj B, Wiilliams H, Addison G, Mckinstry B (2004) Gas potential of 
selected shale formations in the Western Canadian Sedimentary 
Basin. Can Resour 10:21–25

Gale JFW, Laubach SE, Olson JE, Eichhuble P, Fall A (2014) Natural 
fractures in shale: a review and new observations. AAPG Bull 
98(11):2165–2216. https:// doi. org/ 10. 1306/ 08121 413151

Hennings P, Olson JE, Thompson LB (2000) Combining outcrop data 
and three-dimensional structural models to characterize fractured 
reservoirs: an example from Wyoming. AAPG Bull 84:830–849. 
https:// doi. org/ 10. 1306/ a9673 40a- 1738- 11d7- 86450 00102 c1865d

Hou ZK, Yang CH, Guo YT, Zhang BP, Wei YL, Heng S (2015) Exper-
imental study on anisotropic properties of Longmaxi formation 
shale under uniaxial compression. Rock Soil Mech 36(90):2541–
2550. https:// doi. org/ 10. 16285/j. rsm. 2015. 09. 014

Hou P, Gao F, Yang YG, Zhang XX, Zhang ZZ (2016) Effect of the 
layer orientation on mechanics and energy evolution character-
istics of shales under uniaxial loading. Int J Min Sci Technol 
26(5):857–862. https:// doi. org/ 10. 1016/j. ijmst. 2016. 05. 041

Itasca Consulting Group Inc (2013) 3DEC ( 3 dimensional distinct 
element code) Constitutive Models. Itasca Consulting Group Inc

Jarvie DM, Hill RJ, Ruble TE, Pollastro RM (2007) Unconventional 
shale-gas systems: the Mississippian Barnett Shale of north-cen-
tral Texas as one model for thermogenic shale-gas assessment. 
AAPG Bull 91(4):475–499. https:// doi. org/ 10. 1306/ 12190 606068

Kanfar MF, Chen Z, Rahman SS (2015) Effect of material anisotropy 
on time-dependent wellbore stability. Int J Rock Mech Min Sci 
78:36–45. https:// doi. org/ 10. 1016/j. ijrmms. 2015. 04. 024

Khan S, Williams RE, Khosravi N (2012) Impact of mechanical ani-
sotropy on design of hydraulic fracturing in shales. In: Abu Dhabi 
international petroleum conference and exhibition. Society of 
Petroleum Engineers

Kuila U, Dewhurst DN, Siggins AF, Raven MD (2011) Stress anisot-
ropy and velocity anisotropy in low porosity shale. Tectonophys-
ics 503(1):34–44. https:// doi. org/ 10. 1016/j. tecto. 2010. 09. 023

Kulatilake PHSW, Ucpirti H, Wang S, Radberg G, Stephansson O 
(1992) Use of the distinct element method to perform stress anal-
ysis in rock with non-persistent joints and to study the effect of 
joint geometry parameters on the strength and deformability of 
rock masses. Rock Mech Rock Eng 25(4):253–274. https:// doi. 
org/ 10. 1007/ bf010 41807

Lamarche J, Lavenu APC, Gauthier BDM, Guglielmi Y, Jayet O 
(2012) Relationships between fracture patterns, geodynamics 
and mechanical stratigraphy in Carbonates (South-East Basin, 
France). Tectonophysics 581:231–245. https:// doi. org/ 10. 1016/j. 
tecto. 2012. 06. 042

Larsen B, Gudmundsson A (2012) Linking of fractures in layered 
rocks: implications for permeability. Tectonophysics 492(1):108–
120. https:// doi. org/ 10. 1016/j. tecto. 2010. 05. 022

Li YJ, Yu QC (2017) Study on the reservior and permeation fluid char-
acteristics of Carboniferous shale in the Eastern Qaidam Basin, 
China. Tianjin Science and Technology Press, Tianjin

Li YJ, Sun YL, Zhao Y, Chang C, Yu QC, Ma YS (2014) Prospects of 
Carboniferous shale gas exploitation in the eastern Qaidam Basin. 
Acta Geol Sin Engl Edit 88(2):620–634. https:// doi. org/ 10. 1111/ 
1755- 6724. 12218

Li YJ, Wang BQ, Song LH, Liu J, Zuo JP (2019) Ultrasonic wave 
propagation characteristics for typical anisotropic failure modes of 
shale under uniaxial compression and real-time ultrasonic experi-
ments. J Geophys Eng 17(2):258–276

Liu HB, Cui S, Meng YF, Wu S, Wu K (2019) Study on mechani-
cal characteristics and Wellbore stability of Hard Brittle Shale in 
Western Sichuan. J Southwest Pet Univ (Sci Technol Edit) 41:60–
67. https:// doi. org/ 10. 11885/j. issn. 1674- 5086. 2019. 09. 17. 10

Liu A, Liu SM, Liu P, Wang K (2021a) Water sorption on coal: effects 
of oxygen-containing function groups and pore structure. Int J 
Coal Sci Technol. https:// doi. org/ 10. 1007/ s40789- 021- 00424-6

Liu Y, Liu S, Kang Y (2021b) Probing nanomechanical properties 
of a shale with nanoindentation: heterogeneity and the effect of 
water–shale interactions. Energy Fuels 35:11930–11946

Lora VR, Ghazanfari E, Izquierdo EA (2016) Geomechanical charac-
terization of Marcellus Shale. Rock Mech Rock Eng 49(9):3403–
3424. https:// doi. org/ 10. 1007/ s00603- 016- 0955-7

Min KB, Jing L (2003) Numerical determination of the equivalent elas-
tic compliance tensor for fractured rock masses using the distinct 
element method. Int J Rock Mech Min Sci 40(6):795–816. https:// 
doi. org/ 10. 1016/ S1365- 1609(03) 00038-8

Owolabi OO, Volz RF, Smith PS (2013) Can shale-like stimulations 
unlock the potential of extremely low permeability tight gas res-
ervoirs? In: SPE unconventional gas conference and exhibition. 
Society of Petroleum Engineers

Taleghani AD, Gonzalez-Chavez M, Yu H, Asala H (2018) Numeri-
cal simulation of hydraulic fracture propagation in naturally frac-
tured formations using the cohesive zone model. J Petrol Sci Eng 
165:42–57. https:// doi. org/ 10. 1016/j. petrol. 2018. 01. 063

Wang XM, Zheng YH (2015) Review of advances in investigation of 
representative elementary volume and scale effect of fractured 
rock masses. Rock Soil Mech 36(12):3456–3464. https:// doi. org/ 
10. 16285/j. rsm. 2015. 12. 016

Wang CL, Li G, Yan JT, Luo B, Liu HB, Liu XJ (2012) Experiment 
study of hard and brittle shale wellbore instability mechanism in 
south of Sichuan. Sci Technol Eng 12(30):8012–8015. https:// doi. 
org/ 10. 3969/j. issn. 1671- 1815. 2012. 30. 046

https://doi.org/10.1016/j.ijrmms.2008.01.015
https://doi.org/10.1016/j.ijrmms.2008.01.015
https://doi.org/10.1007/BF02497798
https://doi.org/10.1007/s40789-021-00431-7
https://doi.org/10.1016/j.ijrmms.2011.12.004
https://doi.org/10.1016/j.ijrmms.2011.12.004
https://doi.org/10.1016/j.marpetgeo.2013.01.010
https://doi.org/10.1016/j.marpetgeo.2013.01.010
https://doi.org/10.1111/j.1365-246X.2006.02834.x
https://doi.org/10.3997/2214-4609.20140662
https://doi.org/10.3997/2214-4609.20140662
https://doi.org/10.1306/03230908032
https://doi.org/10.1306/03230908032
https://doi.org/10.1306/08121413151
https://doi.org/10.1306/a967340a-1738-11d7-8645000102c1865d
https://doi.org/10.16285/j.rsm.2015.09.014
https://doi.org/10.1016/j.ijmst.2016.05.041
https://doi.org/10.1306/12190606068
https://doi.org/10.1016/j.ijrmms.2015.04.024
https://doi.org/10.1016/j.tecto.2010.09.023
https://doi.org/10.1007/bf01041807
https://doi.org/10.1007/bf01041807
https://doi.org/10.1016/j.tecto.2012.06.042
https://doi.org/10.1016/j.tecto.2012.06.042
https://doi.org/10.1016/j.tecto.2010.05.022
https://doi.org/10.1111/1755-6724.12218
https://doi.org/10.1111/1755-6724.12218
https://doi.org/10.11885/j.issn.1674-5086.2019.09.17.10
https://doi.org/10.1007/s40789-021-00424-6
https://doi.org/10.1007/s00603-016-0955-7
https://doi.org/10.1016/S1365-1609(03)00038-8
https://doi.org/10.1016/S1365-1609(03)00038-8
https://doi.org/10.1016/j.petrol.2018.01.063
https://doi.org/10.16285/j.rsm.2015.12.016
https://doi.org/10.16285/j.rsm.2015.12.016
https://doi.org/10.3969/j.issn.1671-1815.2012.30.046
https://doi.org/10.3969/j.issn.1671-1815.2012.30.046


 Y. Li et al.

1 3

   18  Page 16 of 16

Weng X, Kresse O, Cohen CE, Wu R, Gu H (2011) Modeling of 
hydraulic fracture network propagation in a naturally fractured 
formation. In: SPE hydraulic fracturing technology conference. 
Society of Petroleum Engineers

Wu Q (2012) The mechanical parameters of jointed rock mass scale-
effect research. China University of Geosciences, Wuhan

Wu Q, Kulatilake PHSW (2012) REV and its properties on fracture 
system and mechanical properties, and an orthotropic constitu-
tive model for a jointed rock mass in a dam site in China. Comput 
Geotech 43:124–142. https:// doi. org/ 10. 1016/j. compg eo. 2012. 
02. 010

Yu QC, Xue GF, Chen DJ (2007) General block theory for fractured 
rock mass. China Water & Power Press, Beijing

Zhang JC, Xu B, Nie HK, Wang ZY, Lin T (2008) Exploration potential 
of shale gas resources in China. Nat Gas Ind 28(6):136–140

Zhang C, Xia L, Li YJ, Yu QC (2016) Study on three-dimensional frac-
ture network models of Carboniferous shale in Eastern Qaidam 
Basin. Earth Sci Front 23(5):184–192. https:// doi. org/ 10. 13745/j. 
esf. 2016. 05. 020

Zhou ZH, Huang RZ, Chen YF (1992) Constitutive equations of shale 
and clay swelling: theoretical model and laboratory test under 
confining pressure. In: International meeting on petroleum engi-
neering. Society of Petroleum Engineers, Beijing, China, p 12

Zou CN, Dong DZ, Wang SJ, Li JZ, Li XJ, Wang YM (2010) Geologi-
cal characteristics and resource potential of shale gas in China. 
Pet Explor Dev 37(6):641–653. https:// doi. org/ 10. 1016/ S1876- 
3804(11) 60001-3

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.compgeo.2012.02.010
https://doi.org/10.1016/j.compgeo.2012.02.010
https://doi.org/10.13745/j.esf.2016.05.020
https://doi.org/10.13745/j.esf.2016.05.020
https://doi.org/10.1016/S1876-3804(11)60001-3
https://doi.org/10.1016/S1876-3804(11)60001-3

	Evaluating the mechanical properties of anisotropic shale containing bedding and natural fractures with discrete element modeling
	Abstract
	1 Introduction
	2 Natural fractures and bedding of the Carboniferous shale in the eastern Qaidam Basin
	2.1 Characteristics of the natural fractures in the Carboniferous shale outcrop in the eastern Qaidam Basin
	2.2 Bedding characteristics of the Carboniferous shale in the eastern Qaidam Basin

	3 3-D discrete element calculation model for shale masses
	3.1 Determination of the REV
	3.2 Parameters of the discrete element numerical model
	3.3 Test schemes

	4 Results and analysis from the 3-D discrete element numerical simulations of a shale mass
	4.1 Influence of different anisotropy ratios on the REV of a shale mass
	4.2 Influence of the shale bedding angle on the mechanical parameters and REV of a shale mass

	5 Discussion
	6 Conclusions
	Acknowledgements 
	References


