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Introduction: Coal reservoir fractures serve as critical storage spaces and
migration pathways for coalbed methane (CBM), significantly influencing CBM
enrichment. The characteristics of coal reservoir fracture development can be
obtained using traditional simulationmethods, but these still have shortcomings.
This work presents an optimization approach for the traditional method.

Methods: This study introduces an optimization approach for traditional
methods with two novel contributions. This study integrates the simulation of
tectonic stress fields with fracture prediction, using surface sandstone fractures
as constraints to reconstruct the paleostress field of the coal seam, while also
accounting for the influence of coal thickness on fracture development to
calculate fracture density.

Results: The predicted fracture density results were validated against measured
values from the Bailongshanmine and Xiongdong coal mine with a relative error
of approximately 12%, suggesting a reasonable degree of reliability.

Discussion: Based on the results of the fracture simulation predictions, it
is believed that the coal seam fracture density in the study area is mostly
10–20 lines/m and that the sweet spot for CBM development is located in the
Yuwang block.

KEYWORDS

coal reservoir, fracture, numerical simulation, quantitative prediction, tectonic stress

1 Introduction

In coal reservoirs, the storage spaces and migration pathways of coalbed methane
(CBM) are jointly formed by the pore–fracture system, which is an important index
that determines the success of CBM development projects (Moore, 2012; Li and Liu,
2022; Zhang et al., 2019). Most of the regional fractures are formed under the control of
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tectonic stresses; hence, the characteristics of the tectonic stress field
determine the spatial distribution, development, and evolution of
these fractures (Zhou et al., 2006; Liu et al., 2023). Concurrently,
most coal-bearing basins experience superimposed and reworked
tectonic processes of varying magnitudes and phases, including
compression, shearing, and extension (Liu et al., 2000). Tectonic
movements control the formation and distribution of fractures and
pores in coal reservoirs, reshaping their structural characteristics
and ultimately altering the permeability of the coal reservoir (Ju
et al., 2005; Pang et al., 2017). Accordingly, numerical simulations
are used as feasible and practical approaches for restoring the paleo
stress fields and predicting fractures in coal reservoirs.

In the 1990s, Qian et al. (1994) explored the use of numerical
simulations to invert the stress field for fracture prediction, and
this approach has been used in oil and gas fields. Numerical
simulation of the tectonic stress field involves establishing a
numerical model of the study area to simulate and calculate the
stress field distribution using finite element software (Carminati
and Vadacca, 2010; Zhou et al., 2021; Ren, 2019). Wu et al. (2011)
used numerical simulation to study the fracture development in the
Longmaxi formation; Wang et al. (2016) numerically simulated the
low-permeability sandstone reservoirs of the Yanchang Formation
using ANSYS software. Wang (2007) combined rock mechanics
with numerical simulation to establish a quantitative relationship
between the stress field and fracture parameters as well as realize
quantitative fracture predictions; this method was successfully
applied to the Dina gas field. Since then, numerical simulations have
been widely used for quantitative predictions of reservoir fractures.
Predicting reservoir fractures based on the paleo stress field is
more accurate (Fang et al., 2005; Fang et al., 2017); however, this
method has been primarily used on sandstone, carbonate, and shale
formations, with relatively fewer studies on fracture prediction in
coal reservoirs.

Studies have shown that fracture development is influenced
by the thickness of the rock formation (Dixon, 1979). McQuillan
(1973) and Ladeira and Price (1981) showed that fracture
spacing has a linear relationship with layer thickness when
the layer is less than 1.5 m thick or a nonlinear relationship
when the layer thickness exceeds 1.5 m. Jiang and Wang (2015)
noted that there is an exponential relationship between the
fracture density of the rock layer and its thickness. However,
most reservoir simulations are based on basic mechanical
properties, such as Poisson’s ratio and Young’s modulus, and do
not take into account the effects of reservoir thickness on the
fractures.

Therefore, this paper introduces an optimized method for
predicting fractures in CBM reservoirs. The proposed method
uses surface fractures as boundary constraints to initially simulate
the paleotectonic stress field during the critical period of fracture
formation. Subsequently, by considering the influence of thickness
on the evolution of the coal seam fractures, an optimized
fracture prediction model is used to forecast fractures in the
9# coal seam of the established mining area. Finally, based
on the fracture prediction outcomes, the sweet spots for CBM
development are delineated, thereby establishing a foundation for
further exploration and development.

2 Geological conditions and the key
period of fracture formation

The geotectonic position of the Laochang area is in the
Pu’an-Shizong depression of the Nanpanjiang-Youjiang basin. The
Youjiang Basin (Figure 1) is along the southwestern margin of the
Upper Yangzi landmass; it is connected to the North Vietnam
landmass in the southwest, to the Yinzhi landmass through the
Jinshajiang-Maoguishan Suture Belt and Majiang Suture Belt,
and to the Qinzhou Suture Belt in the southeast. The basin
is bounded by the Mile-Shizong Fault in the northwest and
Ziyun-Luodian Fault in the northeast. Inside the basin, the
northwest Baise-Longlin Fault and northeast Nanpanjiang Fault are
developed.

2.1 Stratigraphy and coal-bearing strata of
the study area

In the Laochang area, the strata exposed from oldest to youngest
include the Permian system: Maokou Formation (P2m), Longtan
Formation (P3l), and Changxing Formation (P3c), the Triassic
system: Kaiyuan Formation (T1k), Feixianguan Formation (T1f ),
Yongning Formation (T1y), and Gejiu Formation (T2g), as well
as the Quaternary system (Q). The distribution of outcrops is
controlled by the structural influences of the Laochang anticline,
with the exposed strata becoming progressively older toward the
core of the anticline. The Upper Triassic strata are missing, and
only the Wailu Formation is in direct contact with the Quaternary
unconformity in the area.

The coal-bearing strata in the Laochang area belong to theUpper
Permian Longtan Formation (P3l) and Changxing Formation (P3c).
The Longtan Formation is divided into upper and lower parts, with
the main exploitable coal seam 9# being concentrated in the upper
part; its thickness ranges from 0 to 17.53 m, and the total exploitable
thickness is approximately 18.46 m. The lower part of the Longtan
Formation is dominated by tuff, sandstone, shale, and coal seams.
The Changxing Formation contains the main recoverable coal seam
6# with a single-layer thickness of 0–6.65 m and total recoverable
thickness of approximately 8.97 m; it is in conformable contact with
the base of the Longtan Formation.The present study focuses on the
9# coal seam of the Longtan Formation.

2.2 Tectonic features of the study area

The Laochang area is surrounded by the Baise-Longlin Fault,
Nanpanjiang Fault, and Mile-Shizong Fault, which divide the South
China landmass from the Yangzi landmass. Moreover, there are
ancient uplifts between the fa zones located near the Laochang
and Dashuijing areas. Owing to the ancient uplifts, the area
surrounding Laochang has developed interspersed dome and basin
structures; arcuate structures parallel to the boundaries of the
uplift are also formed near the margins (Figure 2). For instance,
an arcuate fault zone developed in the southern part of the
Laochang area, while the northern and western parts formed the
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FIGURE 1
Tectonic outline of the Youjiang Basin (Gui and Wang, 2000).

Dehei-Qingkou arcuate compressional deformation belt.The central
part features a rhombic dome, the eastern part has a clockwise
rotating pivot structure, and the northern part has a series of
extensional faults (Wang, 2007).

During the Indosinian movements, the southern part of the
Nanpanjiang Fault was extruded by NNW-SSE stresses, and these
stresses changed to NW-SE on the northern side of the fault. At the
same time, owing to the existence of the Dashuijing ancient uplift,
folds were formed parallel to the Nanpanjiang Fault and boundary
of the Dashuijing ancient uplift, which then compounded to form
the arcuate structures of the Tsuiyang Fault and Xiaolajia Fault.
Thus far, the main tectonic framework of the study area was formed
under the influence of the Indosinian stress field. During the Early
and Middle Yanshanian periods, the study area was subjected to
NE-SW compressive stress; during the Late Yanshanian period, the
study area was in a NWW-SEE tensile environment; during the
Himalayan period, the area was transformed into an EWextensional
stress environment, which further modified the tectonics of the
study area (Guo et al., 2004).

2.3 Characteristics of fracture
development and the key period of
formation

Owing to weak tectonic deformations in Yuwang and its
surrounding area, the recovered paleo stress field based on the
statistical fracture data is more credible. In addition, the fractures in
the study area are predominantly conjugate shear joints, which are
conducive to restoring the paleo stress field. Using the stereographic
projection method, the original orientations of the structural
fractures in the horizontal state of the rock layerwere restored. Based
on the corrected fracture data, a contoured equal-area projection
map was drawn to determine the dominant orientations of the
conjugate structural fractures.

To investigate the fracture development in the study area, we
selected 19 outcrops to calculate the orientations and density of
fractures from different formational episodes to reconstruct the
principal stresses individually. The results show that the fractures
in the study area experienced three stages of tectonics in different
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FIGURE 2
Tectonic outline of the Laochang area.

directions. The statistical results indicate that a total of 12 outcrop
fracture measurement points predominantly show development of
the NW-NNE fractures, and the maximum compressive stresses
recovered in the NNW-SSE direction, which belongs to the
Indosinian period (Figure 3). Three of the field outcrop fracture
measurement points focus on the development of the NNW-NEE
fractures, and the maximum compressive stresses are in the NW-
SE direction, which belongs to the Early and Middle Yanshanian
periods. Four of the fracture measurement points show dominant
fractures developing in the NE-NWWdirection, with themaximum
compressive stresses being in the NEE-SWW direction, belonging
to the Himalayan period (Figure 3). Obviously, the Indosinian
fractures account for a higher proportion in the study area, and it
is assumed that the tectonic stresses of the Indosinian movements
have the greatest influence on fracture formation in the study area.

For instance, at the 92404 fracture point (Figure 4), the
Feixianguan Formation is exposed with yellowish-brown thin-
bedded silty fine sandstone. The strike and dip of this formation
is 130°∠10°, indicating a relatively gentle stratification with the
development of two sets of fracture systems. The fracture dip is
significant and nearly perpendicular to the stratum. The first set of
conjugate shear fractures trend NW and NNE, indicating NWW-
SSE compressional stress from the Indosinian period; the second
set of conjugate shear fractures trend SWW and NNW, indicating
NW-SE compressional stress from the Yanshanian period.

3 Fracture prediction principles

In this paper, fracture development in the surface rock layers
was taken as a constraint, and ANSYS finite element simulation
software was used to invert the paleotectonic stress field during the
critical period; then, the fracture density computation model was
used to predict the density and orientation of the fractures by taking
the rock layer thickness into account. Thus, it is necessary to first
clarify the mathematical theoretical model of stress on the density
and orientations of the fractures.

3.1 Relationship between fracture density
and stress

Fractures are formedwhen the rock stress approaches or exceeds
its ultimate strength, such that the internal binding force of the
rock is damaged and the rock is no longer integral, thus producing
deformations of various sizes. Accordingly, fracture deformations
can be described as local responses of the rock to applied stress.
According to the Mohr–Coulomb model of fracture strength, each
rock variety has its own inherent shear strength τ0. Under the
premise that all other conditions remain unchanged, τ0 is a constant.
For a given cross section of the rock, when the applied shear stress
reaches or exceeds τ0, shear fractures may be formed along the
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FIGURE 3
Tectonic outline and conjugate joint stress analysis diagram of the Laochang area.

section. Wang (2007) established the following equation set based
on energy conservation (Figure 5):

{{{{{{{{{{{{
{{{{{{{{{{{{
{

W f =
1
2E
(σ21 + σ

2
3 − 2μσ1σ3 − 0.85

2σ2p + 2μσ30.85σp)

σp =
2C0 cos φ+ (1+ sin φ)σ3

1− sin φ

W f = Dvf(J0 + σ3b)

D′l f =
2DvfL1L3 sin θ cos θ− L1 sin θ− L3 cos θ

L21 sin
2θ + L23 cos

2θ
,

(1)

whereW f is the energy dissipated during loading; considering that
the energy dissipated as elasticwaves is negligible, the loading energy
denotes the power consumed during fracture formation (J/m3).
Furthermore, E is the elastic modulus of the rock stratum (GPa); σ1,
σ2, and σ3 are the external stress values (MPa); μ is the Poisson’s ratio
of the rock stratum; C0 is the cohesive force representing the shear
strength in the event that C0 = 0 (Pa); φ is the internal friction angle
(°); J0 is the surface energy of the fractures when the corresponding
confining pressure is zero (J/m2) and is equivalent to the surface
energy of the fractures obtained by uniaxial compression testing;Dvf
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FIGURE 4
Equal density map of the 92404 fracture joint and its field development conditions.

FIGURE 5
Relationships between the parameters and stress for fractures within the representative elementary volume (Wang, 2007).

is the ratio of the total surface area of the fractured rock mass to its
representative elementary volume and represents the volumedensity
of the fractures within the representative elementary volume; b is the
fracture aperture; σp is the rock breakdown pressure (MPa); θ is the
rupture angle of the rock fractures (°) and is defined as the angle
included between the fracture surface and σ1; L1 and L3 refer to the
respective rock lengths in the directions of σ1 and σ3 (m).

The confining pressure impedes fracture formation as the energy
accumulated in the rock needs to overcome the intrinsic cohesion
due to the intermolecular forces as well as the confining pressure
to experience lithological disruption and form a fracture. The
surface energy of the fractures is a combination of the effects of
the intrinsic properties of the rock and pressure impediments to
fracture formation. According to the theory of maximum strain
energy density and maximum tensile stress in brittle fracture
mechanics, brittle materials like rocks fracture when the rate of

release of the elastic strain energy accumulated in the material is
equal to the amount of energy required to produce a unit area of
the fracture surface. Therefore, the following energy equation is
established:

W f = Dvf(J0 + σ3b) (2)

Adopting the fracture bulk density to describe the fractures
comprehensively reflects the fracture information and is less affected
by the size of the unit; however, this is not conducive to the study of
fractures in coal reservoirs. In fracture research, emphasis is placed
on the fracture trace density (or fracture spacing), which refers to the
number of fractures per unit length (with fracture spacing being the
reciprocal of the fracture line density). Consequently, it is necessary
to establish a formula for the fracture line density.
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FIGURE 6
Relationship between stratum thickness and fracture density.

In particular, the volume and trace density of the fractures can
be converted as follows:

D′l f =
2DvfL1L3 sin θ cos θ− L1 sin θ− L3 cos θ

L21 sin
2 θ+ L23 cos

2 θ
. (3)

According to Equation 3, there is no necessary relationship
between the fracture line density and stratum thickness. However,
Jing et al. (2014) and Wang (2014) believed that there is a negative
power function relationship between the two variables. When the
rock stratum is thin (thickness: <10 cm), the stratum thickness has
the most significant influence on fracture line density. When the
rock layer is medium-thick (thickness: 10–50 cm), the influence
of the formation thickness on the stratum declines rapidly. In
some areas, the fracture density may increase abnormally under
the influence of tectonics. If the stratum is thick or superthick, the
fracture line density is comparatively low and tends to be stable.
The fracture data compiled from previous field outcrop observations
show a similar negative power function relationship between the
fracture line density and stratum thickness (Figure 6).

Wang (2007) proposed a model that does not consider the effect
of thickness on the fracture line density; here, it was considered that
the depth of the fracture formed under stress is greater than the rock
thickness, i.e., the fractures extend throughout the model. However,
during fracture formation, although some of the microfractures
eventually extend throughout the model to form fractures, there
are still numerous microfractures with depths less than the rock
thickness that are unable to penetrate the entire model or can only
form small fractures inside the rock. During actual measurements,
such fractures are not counted, resulting in lower measured fracture
line density values.

In addition, owing to the non-homogeneous nature of the
rock, there are bound to be differences between the fractures

in the homogeneous model and those in the actual rock. This
means that under stress, the lengths of the fractures formed by
interconnectedmicrofractures in the direction of σ2 will be different,
resulting in some of the fractures failing to penetrate the model.
To solve this problem, we consider that the non-homogeneous
regions in the rock are distributed more randomly. In this case,
the lengths of the fractures in the direction of σ2 are normally
distributed (Figure 7).

For rocks of thickness h, fractures with lengths greater than h
in the σ2 direction were successfully observed in the field. However,
fracture lengths less than h are developed inside the rock, making it
difficult to observe them visually. Therefore, the measured fracture
density can be expressed by the following equation:

Dl f = D
′
l f ×∫
+∞

h

1
√2πα

e−
(l2−l0)

2

2α2 dl2, (4)

where l0 is the fracture length along σ2 under homogeneous
conditions, and l2 is the measured length in the same direction.
Moreover, both α and l0 are subjected to the actions of rock stratum
lithology and stress, whose specific values should be determined
according to the physical conditions of the specific areas. In this
scenario, the relationship between the fracture line density and stress
can be expressed by the following equation set:

{{{{{{{{{{{{{{{{{
{{{{{{{{{{{{{{{{{
{

w f =
1
2E
(σ21 + σ

2
3 − 2μσ1σ3 − 0.85

2σ2p + 2μσ30.85σp)

σp =
2C0 cosφ+ (1+ sinφ)σ3

1− sinφ

w f = Dvf(J0 + σ3b)

D′l f =
2DvfL1L3 sinθcosθ− L1 sinθ− L3 cosθ

L21 sin
2 θ+ L23 cos

2 θ

Dl f = D
′
l f ×∫
+∞

h

1
√2πα

e−
(l2−l0)

2

2α2 dl2.

(5)
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FIGURE 7
Schematic illustration of the fracture lengths.

FIGURE 8
Fracture development prediction model for coal reservoirs.

Theoretical analysis results were compared with the field survey
outcomes, and it was found that the expected value of the
fracture length along σ2 was rather small for fractures formed
inside the rock. In actual field conditions, it is less likely for
the rock thickness to be less than the corresponding expected
value. Consequently, a relationship similar to the negative power
function exists between the stratum thickness andmeasured fracture
density. Thus, the expected fracture lengths may be set to 0 in the
σ2 direction.

3.2 Relationship between fracture
orientation and stress

Based on the Mohr–Coulomb shear fracture criterion, an
angular bisector of the conjugate fractures is in the stress direction.
If the stress direction is known, we only need to acquire the
rupture angles of the coalbed fractures under stress to roughly
predict the orientations of the coal reservoir fractures. Based on
long-term geological research, Ramsay (1980) proposed that the
conjugate shear angle is variable, i.e., it can be less or more than 90°.
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FIGURE 9
Schematic illustration of the coal reservoir fracture development prediction model for the Laochang area.

TABLE 1 Rock mechanical parameters of the Laochang area for numerical simulation.

Element name Density (kg/m3) Young’s modulus (GPa) Poisson’s ratio

Siltstone 2,800.00 4.00 0.30

Fault zone of the rock stratum 2,000.00 0.80 0.34

Coal seam 1,350.00 3.00 0.30

Fault zone of the coal seam 1,000.00 0.60 0.34

However, according to the Cullen–Moore rupture criterion, there
are no rupture angles larger than 90° or that such angles larger than
90° cannot be expressed mathematically. Although the relationship
between the conjugate shear angle and confining pressure can be
expressed by envisioning the ultimate stress Moore envelope as
a parabola, when the conjugate shear angle is close to 90°, the
field measurement is at 0.5°, and the error of the derived pressure
reaches several orders of magnitude. Later, Lin (1993) improved this
method by replacing the parabola with an ellipse to better represent
the relationship between the conjugate shear angle and confining
pressure. Accordingly, Lin (1993) proposed an ellipse parameter
t as follows:

t0 = arctan[sin(
φ
2
) tan (90° −φ)], (6)

t = arctan[sin (
φ
2
) tan (V)]. (7)

When V = 90°, t = 90°. Then, the shear strength of the rock can
be expressed as

τ = |
4C0 sin (t)

sin (φ) sin (t0)
|. (8)

By substituting Equations 6, 7 into Equation 8, i.e., the measured
values of shear strength and cohesive force of the rock, the theoretical
value of the rupture angle can be obtained.Thus, under the premise of
a known stress direction, the fracture orientation can be clarified.

4 Coal reservoir fracture prediction

Fractures formed under the influence of tectonic stress exhibit
a spatial distribution and an evolutionary development dictated by
the regional tectonic stress field. Research on fracture formation
and distribution in the Laochang area show that the fractures are
formed under the control of lithology and tectonic stress as well
as the influence of rock stratum thickness. The tectonic stresses
exerted on rock strata and coal reservoirs are consistent to a certain
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FIGURE 10
Mesh generation diagram for the Laochang area.

extent. Thus, ANSYS finite element numerical simulations were
conducted to establish a prediction model by placing the coal
reservoir and a certain thickness of the rock layer in the same
stress field. Field measurements of the fracture density values of
the outcrop rock layers and surface structural characteristics were
adopted as constraints to fulfill the equivalent stress inversion during
the critical period of fracture formation in the study area. Hence, the
overall fracture development and distribution rules can be predicted
for the coal reservoir in accordance with the distribution of the
surface fractures. Subsequently, by incorporating the thickness of
the simulated coal seam stratigraphy from the study area in the
mathematical model, it is possible to obtain the predicted fracture
density distribution within the coal reservoir that closely matches
the actual measured fracture density (Figure 8).

4.1 Prediction model

The construction of the prediction model entails building a
unified geometric model, building the model, andmesh generation.

4.1.1 Unified geometric model
Since the formation of the Permian coal measures, the Laochang

area primarily experiences tectonic movements due to Indosinian,
Yanshanian, and Himalayan influences. As observed from the field
fracture measurement data and principal stress restoration results,
the Indosinian period is the critical stage of fracture formation;
therefore, we consider it as the target period for this simulation.
However, stresses in the Laochang area during the Indosinian period
vary in both direction and magnitude, which is not conducive
to the establishment of the model. Hence, the model scope was
extended to the southern district of the Laochang area. In this case,

the entire model roughly covers places from the Laochang ancient
uplift to the northeastern boundary of the Dashuijing ancient uplift.
Based on the geological evolution of the Laochang area, the model
is initially simplified by removing the structures formed during
and after the Indosinian period while retaining only the basement
structures that existed before. Finally, to facilitate stress loading,
the model was rotated to generate a simulation model for the
Laochang area (Figure 9).

The stresses should be applied so that they are maximally
consistent with the actual scenarios. During the Indosinian period,
the closure of the Mayang River and Qinzhou remnant troughs
almost created a south–north stress, but the study area was
influenced by the Nanpanjiang Fault such that the direction of
stress shifted to NNW-SSE. This result is consistent with the stress
recovery results from the fractures in the field. According to the
tectonic framework surrounding the Laochang area, the Dashuijing
ancient uplift and Nanpanjiang Fault are deemed to be located to
the southwest and southeast of this area, respectively. In the actual
process of tectonic evolution, different modes of stress attenuation
produced different stress strengths and directions near the Laochang
area. Based on the structural outline map of the Luoping area, it is
inferred that stress along the southeastern boundary of Laochang
area is in the northwest direction, and fault zones and folds are
densely formed along the Nanpanjiang Fault by the stresses applied
directly on it during the Indosinian period. Along the southwestern
boundary of the Laochang area, the stresses are almost in the
south–north and NNE directions, resulting in simple faults and
wide but gentle folds; the reason for this is that the stresses from
the Indosinian movements act on the Dashuijing ancient uplift via
the Nanpanjiang Fault and finally affect the Laochang area, which
could lead to stress attenuation to a certain extent. Basement faults
were found at the northwest and northeast boundaries of Laochang
area. Therefore, the stress status of the surroundings for the model
is designed as follows. In addition to inward extrusion along
the ancient uplift boundary, the southeastern stress is far greater
than the southwestern component. Moreover, the displacements
of the basement faults remain unchanged. The rock mechanical
parameters of the Laochang area are obtained experimentally from
the collected samples (Table 1).

4.1.2 Model construction
Transformation from a geometric to geological model was

realized by attaching the rock mechanical parameters representing
the properties of different units to the geometric model. In
combination with the results of the field geological survey, the
siltstone of the Feixianguan Formation exposed in the Laochang
area was selected as the reference stratum. Based on the rock
mechanical experiments, the Young’s modulus and Poisson’s ratio
that represent the mechanical properties of the rock were included
with the originalmodel to establish the geologicalmodel for siltstone
in the Laochang area.

Once the geological model is constructed, the unit model must
be selected. Generally, for the 3D geological model, PLANE183 is
selected as the basic unit in the finite element analysis.

4.1.3 Mesh generation
Given the complex geological conditions, the automatic mesh

division methods available in simulation software cannot accurately
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TABLE 2 Measured data processing to predict fracture density in the Laochang area.

Lithology Measured
fracture
density
(lines/m)

Thickness (m) Predicted
total fracture

density
(lines/m)

SD Probability Normal
probability

Absolute
difference

Siltstone

19.00 0.35 40.00 2.00 0.48 0.43 0.0445

19.00 0.09 40.00 2.00 0.48 0.48 0.0071

19.00 0.10 40.00 2.00 0.48 0.48 0.0051

18.00 0.12 40.00 2.00 0.45 0.48 0.0261

Coal seam
78.00 1.20 290.00 1.36 0.27 0.19 0.0802

30.00 1.70 290.00 1.36 0.10 0.11 0.002

FIGURE 11
Simulation results of the maximum principal stress in the study area.

represent the complex geological structures and lithologies.
However, manual mesh division can take into account different
material properties. During mesh division, rock bodies with
different material properties should be categorized with different
units, and the parts wherein the rock properties vary should
be refined using a denser mesh where appropriate. It is also
important to avoid the use of obtuse angles within the units.
Concurrently, the special characteristics of the strata and structures
must be considered to determine the combination of units and
specific division method to be employed. In accordance with
mesh generation principles, quadrilateral meshes were primarily
adopted in this work. Specifically, the geological model of the
entire research area was divided into 5,609 elements and 18,925
nodes to reflect the geological tectonic characteristics of the main
research area (Figure 10).

4.1.4 Data selection and processing
The data from field measurements are first screened, and the

fracture points from the Indosinian period are selected and classified
according to lithology. Then, the variance of the fracture density in
the mathematical formula is calculated based on the relationship
between the rock layer thickness and fracture density (Table 2).

4.1.5 Mechanical model
Using the generated mesh, the boundary conditions of the stress

field were loaded for the study area to realize conversion from a
geological model to a mechanical model. In addition to applying
appropriate stresses along the bottom and right-side boundaries
of the model, constraints were imposed on the model boundaries
adjacent to the Mile-Shizong Fault and Baise-Longlin Fault to
restrict displacement of the basement faults.
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FIGURE 12
Simulation results of the minimum principal stress in the study area.

As seen from the previous paleo stress measurements from the
vicinity of the research area, the corresponding differential stress
was designed as approximately 100 MPa. By applying stresses to the
boundaries along the sides of the model, the stress distribution was
obtained for the research area, followed by calculation of the fracture
density predictedusing the constrainedpoints.Then, the calculated and
measuredfracturedensityvalueswerecompared,andtheerrorsbetween
them were further analyzed. Finally, the stress magnitudes along the
sideswere adjusted according to the experimental findings. By ensuring
that thedifferential stressmagnitudes remained roughlyunchanged, the
above procedures were repeated until the predicted fracture density of
the surface was maximally similar to its measured value.

Error analysis was performed based on the relative errors
calculated as follows:

R =
|MeasuredJointDensity−PredictedJointDensity|

MeasuredJointDensity
× 100%,

(9)

where R is the relative error.
Considering that the fracture densitiesmeasured during the field

surveymayhave errors, especiallywhen the values at the observation
points are rather low, the relative errors may greatly inconvenience
the overall error analysis. Hence, absolute error is introduced to
support the error analysis as follows:

r = |MeasuredJointDensity−PredictedJointDensity|, (10)

where r is the absolute error.
The fracture density was calculated using the simulation results

of themaximumandminimumprincipal stress values under varying
stress conditions (Figures 11, 12). Under the condition that the
extremal stress values are 8 MPa and 100 MPa, the predicted fracture
density calculated by using Equation 5 is slightly different from the
measured valuewith respect to the constraint points. Specifically, the

relative errors are all below 9%, and the absolute errors are less than
2 fractures per meter, which are calculated by using Equations 9, 10.

4.2 Prediction results

By modifying the mechanical parameters of the surface
geometric model as well as lithological parameters used in the
calculations, it is possible to perform a forward modeling of
the structural evolution of the coal reservoir by substituting the
thickness of the coal seamat each point in Equation 4.This allows the
simulation and prediction of the fracture density as well as fracture
orientations within the coal reservoir.

4.2.1 Fracture density distribution prediction
Using the self-programmed command flow, all node coordinates

and stress values of the paleo stress field simulation results were
extracted, and the fracture density prediction was calculated using
Equations 1–3. Finally, the node coordinates and predicted fracture
density were imported into Surfer to draw the contour map of the
overall fracture density of the coal reservoir (Figure 13). Xiao (2017)
reported that the overall fracture density in the Laochang area ismainly
controlled by large-scale boundary faults and ancient uplifts, while the
local fracture density anomalies are influenced by different tectonic
combinations in the area. Based on the current results from the paleo
stress field study on the key period of fracture formation in the study
area, we note that Laochang and its surrounding areas were subjected
to NNW-SSE stresses during the Indosinian period, which resulted in
bidirectional lateral extrusion stresses perpendicular to the boundaries
of the Nanpanjiang Fault and Dashuijing ancient uplift. Thus, the
fracturedensity in the study area gradually decreases fromthe southeast
to northwest direction.

The findings of previous studies regarding the thickness of the 9#

coal seam in the study area (Figure 14) were applied as the thickness
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FIGURE 13
Contour map of the predicted fracture density for coal reservoirs in the Laochang area without considering stratum thickness.

parameter values in the fracture mathematical model to calculate
the fracture density using Equation 4; then, the measured fracture
density contour map of the coal reservoir was obtained using the
contour map of its total fracture density as well as the contour
map of the thickness of the 9# coal seam (Figure 15). Comparing
the measured and calculated fracture densities after considering
the effects of thickness, the relative error in fracture density is
less than 13% (Table 3), which indicates that the predicted results
have a certain degree of confidence. According to the results, the
number of fractures measured in the coal reservoir in the Laochang
area mostly ranges from 10 to 20 per meter, while some regions may
have up to 80 fractures permeter or above. Under tectonic influence,
the fractures in the Laochang area have a higher distribution density
in the south than in the north as well as higher density in the west

than in the east. Owing to the impact of thickness, fractures are
mainly developed in the east of F1-19 as well as other places next to
B401, F9, and F10, where the coal seams are rather thin. The fracture
density of the coal reservoir in the Yuwang block is generally high.
In the northern part of the Laochang anticline, rapid increases in the
coal seam thickness cause the fracture density to decline rapidly. In
some zones, the number of fractures is even as low as 1 per meter.

4.2.2 Fracture orientation prediction
The coordinates of all the nodes and directions of the stress

values were extracted using the self-programmed command flow.
After simple calculations, the data were imported into Surfer to
obtain the statistical results. The predicted stress direction of the
coal reservoir in the Laochang area is mostly between 150° and
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FIGURE 14
The Thickness contour map of the 9# coal seam in the Laochang area (Wang, 2007).

155°. The stress direction is roughly NNW and perpendicular to
the Nanpanjiang Fault. Given the presence of basement faults, the
stress directions may change perpendicular to such faults. Along
the east side of the Mile-Shizong Fault, the stresses move gradually

downward from 152° to 150°; in contrast, the stresses near the
Baise-Longlin Fault move upward from 152° to 155°.

Based on the stress directions obtained from the simulations and
theoretical rupture angles obtained by calculations, the following
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FIGURE 15
Contour map for the predicted fracture density of coal reservoirs in the Laochang area considering stratum thickness.

TABLE 3 Error analysis of the fracture density prediction considering stratum thickness for coal reservoirs in the Laochang area.

Observation
point

Thickness of
coal seam (m)

Measured
fracture density

(lines/m)

Predicted
fracture density

(lines/m)

Relative error (%) Absolute error
(lines/m)

Bailong Mountain coal
mine

1.70 30.00 33.81 12.71 2.81

Xiongdong coal mine 1.20 78.00 68.00 12.27 9.57

conclusions can be drawn (Table 4). When the fracture formation
in the coal reservoir does not change with progressive deformation
or preliminary rupture, two major sets of fractures are developed in
the coal reservoir; the fracture strikes from one set are roughly at
193°, while those from the other set are at about 116°. In addition,

unusual concentration or changes in the stress direction in the area
due to inhomogeneities in the coal and rock can lead to abnormal
changes in the direction and density of the fractures. However, the
overall tendency for variation should generally be similar to the
corresponding predicted outcomes.
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TABLE 4 Rupture angles for coal reservoirs in the Laochang area.

Observation
point

Fracture set
1

Fracture set
2

Rupture
angle

Calculated
value of
rupture
angle

Relative
error (%)

Absolute
error

Bailong Mountain
coal mine

29.00°∠82.00° 315.00°∠81.00° 106.00° 103.19° 1.73 1.81

Xiongdong coal
mine

210.00°∠85.00° 135.00°∠81.00° 105.00° 103.19° 2.65 2.81

4.2.3 Sweet spot area optimization
Permeability and gas content are the factors that directly control

CBM accumulation (Fang et al., 2005). Although the permeability
generally decreases with increasing burial depth, the development
of fracture systems in deep coal reservoirs can enhance permeability
(Sun et al., 2014); therefore, cleat density is crucial for CBM
development. Based on the simulation results presented herein,
thicker coal seams tend to have lower cleat densities and lower
permeability. The Yuwang Block is characterized by relatively
thin coal seams with well-developed cleats and good connectivity,
resulting in high permeability. However, excess tectonic stresses can
lead to significant deformation of the coal seams and the formation
of mylonitic coal, which would reduce permeability (Jiang et al.,
2005). The Yuwang Block exhibits a simple geological structure
and lacks major faults and folds, suggesting a high potential for
CBM. Furthermore, the coal seam thickness is correlated with
the gas content, with thicker seams generally exhibiting lower
gas content (Qin et al., 2000). Although the Yuwang Block generally
has thin coal seams, the presence of small-scale folds in the northern
region, particularly within the synclinal structures, has resulted in
locally thicker coal seamswithwell-developed cleats; these represent
the areas with the highest potential for CBM development.

Based on previous studies of the present-day in situ stress
in the Yuwang region, the maximum horizontal principal stress
in the Yuwang Block is approximately in the south–north
direction (Ju et al., 2020). Previously reported fracture prediction
results for the Laochang area within the region indicate that the
dominant joint sets are oriented NNE and NEE. One of these joint
sets forms a smaller angle with the present-day SHmax orientation.
Consequently, this joint set exhibits higher effectiveness under the
influence of the current stress regime, leading to increased coal
seam permeability and enhanced CBM migration. Therefore, the
most suitable areas for CBM exploitation would be the middle
and southern parts of the Yuwang block. This conclusion is also
consistent with the previously reported sweet spot for coalbed gas
development in the Laochang area.

5 Conclusion

This paper entails recovery and evaluation of the paleotectonic
stress field in a study area using numerical simulations by taking the
Laochang area as an example and drawing on the development of
fractures in the adjacent layers of the coal seam. Accordingly, the
method for calculating the reservoir fracture density is optimized

to the study area to realize prediction of the coal reservoir fracture
density and direction.Themain findings of this study are as follows:

1) Traditional approaches of simulating tectonic stresses are often
limited by their reliance on experimental stress parameters
without incorporating geological constraints such as faults.
This study introduces a method to integrate tectonic stress
field simulation with fracture prediction by using surface
sandstone faults as the constraints for stress inversion. The
sandstone layer, which is geographically aligned with the coal
reservoir, provides a natural dataset for analyzing the stress
history influencing both the sandstone layer and coal reservoir.
This integration is expected to improve the accuracy of stress
predictions and enhance our understanding of the geological
structures in the study area.

2) The fracture density calculation model was improved by
specifically considering the effect of the rock layer thickness on
the fracture density. The fracture density calculation formula
previously summarized by researchers does not account for
the influence of stratum thickness on fracture density. In the
Laochang area, there is an inverse power function relationship
between the fracture density and stratum thickness. Owing to
the heterogeneity of the rock layer, there are variations in the
fracture lengths in the σ2 direction. In this study, we consider
that the heterogeneous regions in the rock are distributed
randomly and that the fracture lengths in the σ2 direction
follow a normal distribution. Thus, fractures are observed
in the field only when their lengths exceed the rock layer
thickness.

3) According to the prediction results of the fracture simulations,
it is believed that the fracture density of the coal reservoir in
the study area is mostly 10–20 per meter. Overall, the fracture
density distribution in the coal reservoir trends high in the
south to low in the north and high in the east to low in the west.
Ultimately, through integrated analysis of the fracture density
and orientation, coal seam thickness, structural complexity,
and the present-day stress field within the study area, the
Yuwang block is determined as the sweet spot for CBM
development in the Laochang area.
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