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Abstract
To prevent economic losses caused by borehole breakout during coalbed methane extraction, it is essential to understand the 
mechanisms of borehole deformation and the distribution patterns of stress-induced fractures. However, previous research 
efforts have failed to address these aspects adequately. This article investigates the geometry nature of borehole breakout in 
pre-loaded coal samples under various factors using the discrete element method (DEM). The results revealed significant 
distinctions in borehole breakout behaviour between coal and other geological materials. In the case of coal, the geometry of 
breakout is particularly pronounced during the initial stages of failure. However, as stress differentials intensify, the geom-
etry undergoes relatively minimal alterations compared to other rock formations, suggesting a relatively weak sensitivity. 
The geometry of the borehole breakout in the coal seam widened and deepened as the stress difference increased and the 
coal elastic modulus decreased. The breakout volume first increased significantly and remained stable as the stress differ-
ence increased. A critical threshold line is proposed to represent the macroscopic failure of coal rock caused by drilling, 
considering the combined effects of elastic modulus and stress differential. The region below the threshold line represents 
the trend of macroscopic failure after drilling instability, while the region above the threshold line indicates a stable trend. 
The findings of this study have practical implications for engineering applications.

Highlights

• Various factors (stress difference, borehole size, coal elastic modulus) influence the geometry nature of borehole breakout 
in coal.

• Breakout depth and breakout width in simulated coal rock show a linear positive correlation with stress differences.
• Borehole deformation in coal seams is apparent once it occurs but shows lower sensitivity to the in-situ stress difference 

compared to sandstone and limestone,.
• A decisive criterion for determining whether borehole breakout leads to macroscopic fracture in coal rock is suggested 

by considering the joint impact of elastic modulus and stress difference.
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1 Introduction

Borehole breakout is the distortion and deformation to the 
borehole’s surroundings caused by the redistribution of in-
situ stress due to drilling, which leads to different types of 
borehole breakout in geo-materials, including V-shaped or 
slot-shaped breakout along the minimum horizontal stress 
direction, spiral-shaped breakout, and others (Fig. 1). If 
left unaddressed, these localized stress concentrations 
can result in fractures, deformation, and failure, such as 
borehole collapse, washout, and completion difficulties, 
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ultimately leading to economic losses and impacting 
coalbed methane extraction efficiency (Zoback et al 40; 
Cheatham 5; Haimson and Lee 14; Marschall et al 25; 
Jianping et al 20). However, its occurrence mechanism, 
crack propagation and distribution patterns have been 
rarely addressed in previous studies.

Cheng (Fushan et al 12) reported that in the DaNiuDi gas 
field in the northern part of the Ordos Basin, 50% of the coal 
bed drilling operations have resulted in borehole instability 
accidents. Five wells, including DP3, DP16, and DP18, col-
lapsed severely, leading to side-drilling backfilling, while 
DP7 encountered blockages and had to be prematurely com-
pleted, resulting in significant economic losses. In a study 
by Shen (Ruichen 28), borehole instability data from various 
basins in China were surveyed. The findings revealed that 
the Tuha, Tarim, and Ordos basins, as well as Shanxi Prov-
ince, are the regions most significantly affected by wall sta-
bility issues during coal bed drilling operations. Ai (Ai et al 
1) found that coal bed cleats expanded after being soaked in 
borehole water for two days, destabilising previously stable 
wellbores, which provides evidence of a hysteresis effect in 
the instability of coal bed drilling. He (He et al 16) estab-
lished the functional relationship between effective radial 
and tangential shear and in-situ stresses and pore pressure 
of borehole instability locations through on-site monitoring. 
Many scholars have qualitatively observed the phenomenon 
of drilling-induced fractures in coal seams through field 
and laboratory experiments. However, there has been little 
quantitative research on the instability mechanisms and fac-
tors affecting fracture geometry. Additionally, the influence 
mechanism of coal strength on borehole deformation and 

instability remains unclear due to the intrinsic discreteness 
of coal as a geological material.

Although analytical solutions exist (Zoback et al 40; 
Barton et al 4; Wang et al 36; Xiang et al 37) for the near-
wellbore stress distribution in geo-materials, the dynamic 
process of stress redistribution following fracture crea-
tion makes modelling the failure evolution challenging 
using constitutive methods. Additionally, it is challeng-
ing to conduct experiments on the development of bore-
hole breakout geometry in coal rock, both in the field and 
indoors, due to limitations in observation methods. To 
address this issue, a micromechanics-based approach, such 
as the Discrete Element Method (DEM), may aid in com-
prehending the physical process and underlying mecha-
nisms of borehole breakouts under varying borehole sizes, 
in situ stresses, etc. The discrete element method (DEM) 
(Cundall 7; Fakhimi et al 11; Potyondy and Cundall 26; 
Hazzard et al 15) is employed to study the geometry of 
borehole breakouts in coal rock under various conditions. 
A detailed examination of the failure process and under-
lying mechanisms of V-shaped borehole breakouts is pre-
sented in this paper. To begin with, a brief introduction 
of the simulation methodology is provided, followed by 
careful calibration of microscopic parameters used in the 
simulation through laboratory tests and analytical meth-
ods. Subsequently, breakout geometries are investigated 
under varying stress differences, borehole sizes, and intrin-
sic properties of coal rock. Furthermore, the numerical 
simulation results of coal drilling-induced fractures are 
compared with those of other rocks. Finally, the practi-
cal implications of the findings for field applications are 

Fig. 1  Illustration of several borehole breakout phenomena: A, Berea 
sandstone showing V-shaped breakout (Haimson 2007); B, Aztec 
sandstone showing slot-shaped breakout geometry; C, Westerly Gran-

ite showing V-shaped breakout geometry (Song 34); D, Spiral-shaped 
geometry observed in an artificial sandstone under the same stress in 
both directions (Van den Hoek PJ 17)
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discussed. This study contributes to a better understanding 
of borehole breakouts in coal rock and provides insights 
for optimising drilling operations.

2  Numerical Simulation Methodology

2.1  Bonded Parallel Model (BPM)

The Discrete Element Method (DEM) eliminates the mac-
roscopic continuity assumption inherent in traditional con-
tinuum mechanics models by amalgamating particles into 
macroscopic materials. Consequently, DEM proves to be 
a fitting approach for simulating nonlinear rock material 
behaviors such as substantial deformation and cracking. 
At the grain scale, microfractures occur and propagate 
within rocks. A commonly held belief is that a 2D parti-
cle assembly based on the Bonded Parallel Model (BPM) 
accurately represents actual rock samples, with spheri-
cal particles cemented at contacts via finite disks termed 
“bonds” (Song et al Itasca 19). The BPM can effectively 
reflect the mechanical properties of rock materials by 
simultaneously transmitting force and moment. It uses 
the force–displacement law and Newton’s law of motion 
in alternating calculation iterations. The force–displace-
ment law updates the contact force of the effective contact 
area, while the law of motion updates the particle–particle 

and particle-boundary position, ultimately achieving a new 
equilibrium. Fish language is utilized for data processing 
to write the function, and DEM records interparticle adhe-
sion destruction, crack distribution and number, contact 
force field, and other information. This report implements 
DEM simulation using commercial software PFC2D. For 
more details on the BPM model, readers can refer to the 
previous research articles (Potyondy and Cundall 26; Haz-
zard et al 15; Itasca 19; Song et al 30; Xu et al 38; Bai et al 
2; Lu et al 24).

2.2  Parameter Calibration

PFC functions with input parameters that differ from the 
mechanical parameters obtained through macro-scale phys-
ical tests, such as Young’s modulus, Poisson’s ratio, and 
UCS. Hence, achieving accurate PFC modelling requires 
calibration of input microscale parameters, which can be 
a time-consuming and laborious trial-and-error process, 
greatly reliant on physical test results. In this article, a uni-
axial compression test was conducted using the Precision 
Material Testing Machine (AG-250kN-IS) at the State Key 
Laboratory of Coal Mine Disaster Dynamics and Control, 
Chongqing University, on coal rock samples. Subsequently, 
by performing multiple numerical simulations of the uni-
axial compression test using PFC, the numerically mod-
elled uniaxial compressive strength (UCS) values, tensile 

Table 1  Calibrated micro-mechanical parameters and other properties of the numerical specimen

Micro-mechanical parameters Value

Ball-ball contact Young’s modulus,E(GPa) 1.48

Parallel-bond Young’s modulus, E(GPa) 1.48
Parallel-bond tension strength,�

t
(MPa) 13.1

Parallel-bond cohesion,c( MPa) 27.2

Parallel-bond normal-to-shear stiffness ratio, k
n
∕k

s
(-) 2.8

Internal friction angle, ϕ (°) 21
Friction coefficient, η (-) 0.1
Macro-mechanical parameters Experimental value Calibrated value Error
UCS, σc (MPa) 26.24 26.95 4.4%
TS, σt (MPa) 1.54 1.57 1.9%
Poisson’s ratio, ν (-) 0.38 0.42 10.5%
Elastic Modulus, Ec (GPa) 1.97 1.99 1.01%
Model’s other properties Radius of wellbore (m) Ball maximum radius (m) Ball minimum radius (m)

1.8 ~ 2.2 ×  10–2 6.6 ×  10–4 4.0 ×  10–4

Ball density (kg/m3) Model length & height (m) Ball-facet contact amounts in intact 
sample (-)

Ball-ball contact amounts 
in intact sample (-)

1550 0.5 672 83,415
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strength (TS), Poisson’s ratio, elastic modulus were opti-
mized to reflect the actual experimental results (Table 1). 
The stress–strain curve obtained is presented in Fig. 2A. 
Further details on this step can be found in our previous 
study (Lu et al 24).

As this paper simulates the unstable fracturing behav-
iour of coal rock after drilling, the key point that validates 
this model is the calibration of stress distribution around the 

circular borehole, in addition to the correction of macro-scale 
strength parameters. The state of stress in this scenario can be 
described using the Kirsch equations, which are commonly 
applied to a hole in an infinite plate. Fairhurst (Fairhurst 10) 
adapted these equations for plane strain conditions and drilling 
a hole in a pre-stressed geo-material. Haimson (Haimson 13) 
further updated the equations to incorporate the influence of 
borehole and pore fluid pressures:

Fig. 2  a-b, comparison of stress–strain curves: uniaxial compres-
sion test and brazilian tension test (The peak values of each curve are 
marked with corresponding colors); c, comparison of stress around 

borehole from simulation and theoretical calculation; d, illustration of 
sample set-up and arrangement of 72 measuring circles used during 
calibration procedure
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where, �rr is the radius stress, ��� is the tangential stress, �r� 
is the shear stress acting around the borehole wall. a is the 
borehole radius, r is the distance of the measuring point to 
the borehole centre. θ denotes the angular direction meas-
ured counterclockwise from the direction of σH. ΔP is the 
difference between the fluid pressure in the borehole and the 
formation. Since pore water pressure is ignored in this study, 
ΔP = 0 . The DEM model in this section incorporates a set of 
72 measurement circles (Itasca 19), each with a diameter of 
1 cm, to determine the stress state, as illustrated in Fig. 2C. 
The resulting stress measurements can be converted to polar 
coordinates using the equations presented by previous stud-
ies (Sokolnikoff and Specht 29; Duan and Kwok 9):

where σx, σy, and τxy are the stress components measured 
from the measure circles (Itasca 19; Duan and Kwok 9). Fig-
ure 2B compares the measured stress components acquired 
through circular measurements with the theoretical solution 
of the stress field around the borehole (Eqs. 1, 2 and 3) & (4, 
5 and 6). The results reveal that �r� exhibits the highest level 
of agreement, whereas ��� and �rr show minor discrepancies. 
These deviations indicate the existence of high stress con-
centrations at certain points owing to the geometric hetero-
geneity resulting from non-uniform-sized particle packing. 
Since the DEM-based PFC model utilizes the commonly 
accepted approach of establishing maximum and minimum 
particle sizes (Song 35; Song et al 31; Bai and Konietzky 
3), subtle local stress concentration phenomena are deemed 
unavoidable.

To ensure that discrete element numerical simulation 
methods are appropriate for modeling the damage behavior 
of geo-material, we calibrate the model in both quantitative 
and qualitative aspects. The reasonability of a numerical 
model can be evaluated based on two factors: (1) the model 
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should demonstrate a diverse range of complex macro–micro 
behaviours similar to those observed in real materials, and 
(2) the model should replicate damage and failure mecha-
nisms comparable to those of actual materials (Song et al 
32).

After carefully comparing the theoretical, experimen-
tal, and numerical results, we qualitatively compared the 
observed macroscopic phenomena during borehole break-
out. Figure 3 displays the macroscopic failure mechanisms 
observed during borehole breakout, which are dominated 
by tensile spalling resulting from the continuous spalling of 
broken rock materials or flakes into the borehole, leading to 
V-shaped breakouts. This occurs due to the extensile microc-
racks and their coalescence (Fig. 3A, B). Figure 3C displays 
a selected borehole geometry from a series of simulations in 
the final stage, demonstrating that the numerical model can 
accurately reproduce V-shaped fractures and flaky rock peel-
ing. Ultimately, this study provides reasonable confirmation 
of the numerical model’s reliability.

2.3  Simulation Scheme

Many prior studies have demonstrated the ability of dis-
crete element-based numerical simulation methods to more 
accurately model borehole breakout phenomena (Lin et al 
23; Wang et al 36). Depending on the testing design, these 
experiments can be classified into pre-drilling and pre-
stressed tests (Table 2). The pre-drilled loading method sig-
nificantly reduces the strength of the sample before applying 
stress, which negatively interferes with the study of bore-
hole fracture behaviour. The pre-stressed loading method is 
more representative of real-world conditions. Therefore, we 
adopted the pre-stressed loading method in this study. The 
construction of the numerical model is illustrated in Fig. 4, 
with the length and width of the model set at 2 m, and the 
borehole radius set at 0.02 m.

To better capture changes in stress, three measurement 
circles were placed in the σh direction with a radius of 1/4 of 
the borehole radius (Fig. 4). The PFC software’s built-in fish 
language measurement circle module was used to extract the 
stress tensor in each direction and record the corresponding 
maximum and minimum principal stresses (Itasca 19; Inc, 
Itasca Consulting Group 19):
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Fig. 3  A, Mancos Shale sample PERP 1.2 after deformation, showing 
V-shaped fracture distribution along the axis of the wellbore (Choens 
et al 6). B, Partial view of the wall of a 1 m vertical borehole in the 
Lac du Bonnet granite at the Manitoba, showing buckled rock flakes 

along a line coinciding with the σh springline (Lee et al 21). C, clo-
seup of selected timestep in a random case showing V-shape breakout 
and rock flakes

Table 2  A brief summary of the numerical simulation of borehole breakout under different loading conditions

References Calibrated via Loading scheme Features

Lin (Lin et al 2020) Sandstone Pre-drilled Could undergo macro-scale failure prior to the full develop-
ment of the breakoutDuan (Duan and Kwok 2016; 

Duan et al 2018)
Shale Pre-drilled

Zhang (Zhang et al 2019) Gypsum Pre-drilled
Xiang (Xiang et al 2023) Sandstone Pre-drilled and pre-stressed State before drilling is closer to the real geological condition
Lee (Lee et al 2016) Sandstone Pre-stressed
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where σxx, σyy, σxy are the stress components recorded from 
the measuring circles. Before borehole drilling, the model 
is pre-stressed by applying acceleration to each of the four 
walls. The velocity applied to the wall at each time incre-
ment can be calculated using the following formula:

where � is the relaxation factor, Aw is the area of the wall, 
knw is the average stiffness of the contacts on the wall, Nc 
is the number of contacts acting on the wall, Δt is the cor-
responding timestep, Δ� is the difference between the stress 
required and the current stress of the wall (Itasca 19; Lu et al 
24). This technique ensures that the stress values in all direc-
tions applied to the sample remain constant throughout sub-
sequent simulation processes. Once the expected confining 
pressure of the model is attained, borehole drilling behaviour 
is simulated by removing small spherical particles within the 
range of the borehole radius. To explicitly study the influ-
ence of various factors on the borehole breakout geometry 
and induced fracture propagation pattern, 45 experimental 
groups with distinct variables are established (Table 3).
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3  Simulation Results and Analysis

In this section, we initially present the progressive damage 
characteristics of the borehole wall under a specific con-
dition. Subsequently, we conduct simulation calculations 
in strict accordance with the strategy outlined in Table 3. 
These calculations aim to investigate the fracture mecha-
nism and geometry around the borehole wall of the coal rock 
under varying conditions, including far-field stress, borehole 
radius, young’s modulus of the coal seam.

3.1  Progressive Breakout Evolution

For example, case#3 depicts the progressive breakout pro-
cess shown in Fig. 6. The model is saved and recorded every 
2500 timesteps, with the corresponding stress state depicted 
in Fig. 6. After excavation, stress is redistributed around 
the borehole, with the upper and lower parts experiencing 
almost simultaneous damage. The significant stress differ-
ence regionally leads to stress concentration at the top and 
bottom edges of the borehole, and cracks rapidly propagate 
within 3000 steps (Fig. 6a). At this point, stresses within 
all measurement circles quickly rise. As cracks continue to 
propagate rapidly, the maximum principal stress (σ1) within 
measurement circle one near the borehole quickly reaches 
its peak and then rapidly declines. At the same time, higher 
compressive stress concentrations continue to propagate 
further into the coal matrix, leading to continuous stress 
increases within circles 2 and 3.

0.04 m

0.2 m

0.2 m

1

2

3

0.01 m

Fig. 4  Model set-up illustrating arrangments of boreholes and meas-
uring circle used for subsequent simulations

Table 3  Sensitivity analysis considering different parameters

Case Far-field stress 
σH, σh (MPa)

Borehole 
radius (mm)

Young’s modulus of 
coal matrix (GPa)

1 30, 7 20 1.99
2 30, 9 20 1.99
3 30, 12 20 1.99
4 30, 15 20 1.99
5 30, 20 20 1.99
6 30, 25 20 1.99
7 30, 30 20 1.99
8—12 30, 7 18—22 1.99
13—17 30, 9 18—22 1.99
18—22 30, 12 18—22 1.99
23—27 30, 15 18—22 1.99
28—32 30, 20 18—22 1.99
33—37 30, 25 18—22 1.99
38—42 30, 30 18—22 1.99
43 30, 15 20 0.99
44 30, 15 20 2.98
45 30, 15 20 4.10
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Subsequently, the upper end of the borehole stabilizes 
and cracks no longer significantly increase in number, while 
cracks continue to propagate at the lower end of the bore-
hole. This is evidenced by Fig. 5b, which shows the timestep 
of fracture initiation. By the time the model reaches 7500 
steps, cracks are no longer significantly increasing, and only 
a few new cracks are occurring at the lower edge of the bore-
hole (Fig. 5b). The model stabilizes at around 8000 steps, 

with no new cracks and no further stress changes around the 
borehole (Fig. 6).

The terminal geometry of borehole breakout phenomena 
in this section is consistent with previous experimental stud-
ies, which showed the characteristic “dog-ear” shape along 
the direction of least resistance. This finding is highly com-
parable with previous research (Zoback et al 40; Haimson 
13; Lee et al 21). To better quantify and compare results, 
the subsequent analysis focused on normalized depth (L/R) 
and breakout width (θ) depending on the terminal breakout 
geometry, allowing for quantitative analysis of the effects 
of different in-situ stresses, borehole diameters, and coal 
intrinsic properties in the coal seam (Lin et al 23; Qi et al 
27; Xiang et al 37). The black and red dashed lines in Fig. 5 
correspond to the normalized depth and breakout width, 
respectively. Normalized depth represents the ratio of the 
distance L from the top of the borehole breakout to the bore-
hole centre to the borehole radius R. Breakout width (θ) rep-
resents the maximum angle formed by the cracks in contact 
with the borehole wall and the borehole centre during the 
breakout. However, in the simulation of coal rock, breakout 
in both directions of the borehole appears to be symmetric. 
For ease of analysis, normalized depth and breakout width 
are always taken as their maximum values (if there are two 
or more significant breakouts in the current case). Addition-
ally, the volume loss of buckled rock is investigated during 

Fig. 5  Progressive failure procedure of borehole breakout of case #3

Fig. 6  Principle stress and accumulative crack amount as a function 
of model timestep
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borehole breakout. The following equation represents the 
breakout volume:

where  Nd is the number of particles detached from the 
matrix subjected to borehole breakout, which is updated 
automatically every 2500 timesteps;  Nsum is the total ball 
amount at the beginning of the simulation. Figure 7 depicts 
the evolution of the volume damage rate during the borehole 
breakout process. As stress redistributes, cracks gradually 
propagate around the borehole. The volume damage rate 
(Rv) steadily increases until around 6000 steps, gradually 
slowing down until the borehole stabilizes.

(10)Rv = Nd∕Nsum

3.2  Analysis of Impact Factors

3.2.1  Influence of in‑situ Stress

The in-situ stress is a crucial factor in determining bore-
hole breakout geometry. This section conducts a series of 
simulations (cases 1–7) to reveal the evolution of Rv and 
breakout geometry under different stress conditions. The 
stress extracted from the prefabricated measuring circle 
and accumulative crack amount as a relationship of timestep 
from selected typical cases are also illustrated. As depicted 
in Fig. 8, the relationship between stress differences can 
be expressed using a power function (fitting coefficient 
 r2 = 0.8755). The reason for this pattern is that when the far-
field stress difference is large, stress concentration is more 
likely to occur inside the specimen, inducing more micro-
fractures. This is because a sufficiently large stress differ-
ence causes local stress to exceed the tensile/shear strength 
between adjacent borehole balls, rapidly generating cracks 
after borehole drilling. However, as the fitting curve shows, 
the Rv value reaches its maximum when the stress differ-
ence is between 2.5 and 3.0 and no longer increases signifi-
cantly. Consequently, this corresponds to an increase in the 
total number of accumulated cracks. As the stress difference 
increases, the Rv value increases according to the power 
function law and eventually stabilizes. Moreover, the results 
show that a higher stress difference (greater than 2.5) does 
not seem to significantly increase the rate of crack genera-
tion, as each model runs for 10,000 steps.
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Fig. 7  Evolution of breakout volume
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In-situ stress not only affects the breakout volume but also 
significantly alters the breakout geometry. Figure 9 shows 
the final geometric configuration of the wellbore failures 
for the selected three cases (case #1, case #3, and case #6). 
It can be observed that the wellbores in each case fail in the 
direction perpendicular to the maximum principal stress (in 
the vertical direction of the wellbore). As the stress differ-
ence increases, the width and depth of the V-shaped fail-
ure increase, leading to a greater Rv value and an increased 
number of accumulated cracks.

Figure 10 displays the evolution of stress and accumu-
lated crack number for each case with three measurement 
circles arranged over time steps. On the left-hand side of 
each graph, a force chain distribution map is shown, with 
the thickness of the line indicating the magnitude of the 
absolute value. This map helps to qualitatively observe 
stress concentration to determine the farthest crack from 
the wellbore for fracture depth L. Below the force chains 
contour is a crack distribution map based on the crack 
initiation time step. The scale of this map is the same as 
Fig. 5. After borehole formation, stress quickly concen-
trates on the borehole due to pre-loading. For instance, 
in Fig. 10, σ1 measured from circle #1 initially increases 
rapidly and then abruptly drops, indicating that the crack 
zone has gradually passed through circle #1. Between 
3000 and 8000 timesteps, the stress measured at both 
ends of the borehole enters a “stress stable period.” How-
ever, during this period, the model’s cracks still increased 

rapidly, followed by a tendency to stabilize and then a 
sharp increase around 7000 time steps. This is because 
after the coal on both ends of the borehole perpendicular 
to the maximum principal stress direction (σh) is com-
pletely damaged, cracks that the measurement circle has 
not captured continue to occur. These cracks can be clas-
sified into two types: (I) transversely extending cracks 
along the borehole wall. Crack initiation time serves as 
evidence (Fig. 10D), and this type of crack is observed 
to accumulate dramatically between 3000 and 4500 time 
steps (Fig. 10A). (II) Macroscopic conjugate X-shaped 
cracks. This type of crack is particularly evident when 
there is a large difference in the applied stress. The mac-
roscopic channelling of this crack implies the final failure 
of the specimen. As shown in Fig. 11A, after the “stress 
stable period” (blue dot), the three measurement circles no 
longer fluctuate in all principal stresses. However, type II 
cracks increase rapidly until the specimen produces mac-
roscopic X-shaped failure. When the stress difference is 
21 MPa (Fig. 10B), the specimen eventually fails due to 
the gradual increase in type II cracks. However, at this 
point, the three measurement circles’ maximum and mini-
mum principal stresses have already reached equilibrium 
much earlier (around 6500 timesteps), indicating that the 
borehole failure behaviour was completed earlier. When 
the stress difference is 10 MPa (Fig. 10C), the specimen 
no longer fails due to the borehole fracture. The stress 
inside the measurement circle reaches an equilibrium state 

: 

:

Fig. 10  Terminal geometry and stress evolution of selected cases
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much earlier (around 3000 timesteps). In contrast to the 
other two cases, type II fractures are no longer generated. 
Type I cracks continue to occur after the radial fracture 
is completed (3000–6000 time steps) until the specimen 
reaches equilibrium.

As evidenced by the force chain patterns in each case, 
the stress concentration effects towards the ends of the 
aperture gradually decrease as the stress difference dimin-
ishes, and the distribution of force chains around the aper-
ture becomes homogeneous. When the stress difference is 
zero (under uniform principal horizontal far-field stresses), 
this stress concentration effect is no longer evident, and 
directional preference of borehole breakout is absent. 
Instead of two breakouts aligned with the σh springline, 
three breakouts form around the circumference of the bore-
hole approximately 120 degrees apart. This phenomenon is 
particularly pronounced in case #40 (σH = σh = 30 MPa) as 
depicted in Fig. 11A. This finding corroborates with that 
of Haimson (Haimson 13), who observed similar results 
when drilling experiments using Cordova cream under the 
condition of σH = σh = 40 MPa.

3.2.2  Borehole Size Effect

The effect of borehole size on breakout geometry was inves-
tigated by simulations using five groups of parameters with 
varying borehole diameters (18, 19, 20, 21, and 22 mm, 
respectively). Figure 12 demonstrates the evolution of nor-
malized breakout depth, breakout width, and Rv with respect 
to stress difference for each borehole diameter. It is evident 
from the figure that borehole size has a significant influence 
on these three parameters. Figure 12A shows that in most 
stress conditions, smaller borehole diameters result in larger 

normalized breakout depths. Borehole size not only affects 
the magnitude of normalized breakout depth but also has a 
considerable impact on its sensitivity to stress conditions. 
When the borehole diameter is reduced from 21 to 20 mm, 
the slope of the linear convergence function increases sig-
nificantly. Figure 12B presents the well-fitted relationship 
between Rv and stress difference for different borehole 
diameters, showing that smaller borehole diameters result 
in larger breakout widths. The linear regression functions 
for the four borehole diameters reveal that borehole size has 
a minimal impact on the sensitivity of breakout width to 
stress conditions. Lastly, as depicted in Fig. 12, Rv exhibits 
a well-fitted power function relationship with stress differ-
ence. However, the influence of borehole size on Rv under 
different stress conditions does not follow a clear pattern.

3.2.3  Coal Rock’s Intrinsic Properties

The geometry of borehole breakout in coal seams is mainly 
affected by the characteristics of the coal-rock mass. This 
section presents a numerical simulation study of borehole 
breakout in coal rocks based on different elastic moduli. In 
addition to the baseline simulations, three additional sets 
of simulations were conducted, where the elastic modulus 
of each numerical model was adjusted to 1–4 GPa while 
maintaining strength constant (case #4, case #43, case #44, 
case #45, respectively). An additional parameter calibration 
was performed for the three coal rocks with different elastic 
moduli, and the resulting parameters and errors are shown 
in Table 4.

Figure 13 reveals the variations of the measured in-circle 
stresses and the accumulated number of cracks over time 
for the four numerical simulations. The results show that 

Fig. 11  A, simulation result from case # 40 showing 3 breakouts roughly forming an angle of 120 degrees; B, Cross-sections of boreholes drilled 
in Cordova cream under uniform principal horizontal far-field stresses (Haimson 13)
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with an elastic modulus of 1 GPa, there is no stabilizing 
period for the measured stresses and accumulated cracks 
in the three measuring circles. After 10,000 time steps, the 
stresses in measuring circles #1 and #2 have decreased to 
zero, indicating that the breakout tip has passed through the 

range of circles #1 and #2, releasing the stress sufficiently. 
The number of cracks increases significantly until a mac-
roscopic X-shaped damage appears, causing the specimen 
to fracture. For an elastic modulus of 2 GPa, type I cracks 
appear around the 3000th time step (blue-shaded area), 
and the drilling-induced breakout is completed around the 
6600th step, reaching a balanced state (red-shaded area). 
Type I cracks begin to emerge later at around the 6700th 
time step for an elastic modulus of 3 GPa. For an elastic 
modulus of 4 GPa, the specimen reaches a stable state at the 
earliest (around the 4150th step).

Figure 14 presents normalized breakout depth, break-
out width, and Rv as a function of elastic modulus. As 
the elastic modulus increases, normalized depth shows 
a clear monotonic decrease when the stress difference is 
assigned as 21 and 18 MPa (Fig. 14A). When the stress 
difference is assigned as 15 and 18 MPa, the breakout 
width decreases monotonically with the increasing elastic 
modulus (Fig. 14B). Rv shows a clear monotonic decrease 
for 15 and 21 MPa stress differences. These three figures 
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Fig. 12  Normalized depth (L/r) A, breakout wide θ (°) B, and breakout volume (BOV) C as a function of stress difference under constant σH

Table 4  Input parameters for coal rocks with different Elastic modu-
lus under constant UCS

I II III IV

Target value for Elastic Modulus 
(GPa)

1.00 2.00 3.00 4.00

Simulation result for Elastic Modulus 
(GPa)

0.99 1.99 2.98 4.10

Error (%) 1.00 0.50 0.67 2.55
Target value for UCS (MPa) 26.95 26.95 26.95 26.95
Simulation result for UCS (MPa) 26.28 26.95 26.12 26.12
Error (%) 2.45 0.00 3.08 3.08
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indicate that an increase in elastic modulus significantly 
inhibits the borehole breakout geometry in coal rocks.

4  Discussion

The influence of coal elastic modulus on breakout geom-
etry can be explained as follows: (1) After the development 
of a free surface/space due to drilling, stress concentration 
occurs at both ends perpendicular to the maximum principal 
stress (in this paper represented by σH as the X direction and 
stress concentration occurring at the two ends of the Y direc-
tion). Micro fractures initiate when regional tensile stress 
induced by stress concentration exceeds the bond strength 
between discrete ball elements. (2) The micro fractures form 
and coalesce at the bore wall, and as the fractures continue 
to generate, the fracture tip forms and extends along the 
minimum in-situ stress direction. (3) When the fracture tip 
stops extending, the crack expands laterally along the bore 
wall. In some cases, X-shaped conjugate cracks can occur 
until macroscopic failure. As previously discussed, the dis-
tribution of I and II-typed cracks occurs. Geo stress is an 
essential factor affecting unstable cracks in bore walls. As 
the stress difference decreases, the stress concentration effect 
along the minimum principal stress direction weakens, and 

the initiation and accumulation of cracks are suppressed. 
At this point, the distribution pattern of crack inclination 
changes from “concentrated at both ends at about 0 and 
180 degrees” to “roughly uniformly distributed.” (Fig. 15). 
Therefore, breakout geometry changes from “symmetrical 
development at both ends” to “uniform distribution at an 
angle close to 60 degrees.” Overall, the mechanism of coal 
elastic modulus influencing breakout geometry is complex 
and involves several factors that must be considered.

Qualitatively speaking, the borehole instability pattern 
based on coal rock is consistent with the experimental 
results reported in previous literature based on other rocks 
(see Fig. 11). However, a quantitative comparison of the 
borehole instability geometry in coal seams with the data 
obtained based on other rock types in previous literature 
reveals significant differences. Coal rock breakout width is 
not very sensitive to stress difference and remains relatively 
high, mostly between 70 and 80° (Fig. 16A). Similarly, nor-
malized breakout depth in coal rock exhibits initial high val-
ues and low fluctuations compared to sandstone (Fig. 16B). 
Overall, these observations show that the mechanism of 
borehole instability in coal rock is unique and must be care-
fully considered when studying rock mechanics and drilling 
engineering.

Fig. 13  Evolutions of stress and accumulative crack amount for different Young’s modulus: A, 2GPa; B, 2 GPa; C, 3 GPa; D, 4 GPa
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Furthermore, the simulation results of coal rock with dif-
ferent elastic moduli in the previous section showed that 
not all models remain stable after borehole fracturing when 
the elastic modulus changes. In addition to the cases intro-
duced at the beginning of Sect. 2.3, this section performed 

simulations with different stress differences for each elastic 
modulus until the sample was stable or destroyed. It is cru-
cial to consider the variations in elastic modulus and stress 
difference when studying borehole instability in coal rock.

(Li et al. 2019) 
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It was discovered that there is a critical line at which coal 
samples ultimately fracture due to the impact of borehole 
instability (Fig. 17). When the elastic modulus of coal rock 
is presented as a variable of stress difference, the critical line 
generally shows a power function relationship. The smaller 
the stress difference, the larger the safe range (the red-shaded 
area), and the stronger the tendency for stability after coal 
seam drilling breakout. As the stress difference increases, 
there is a stronger tendency for macroscopic fracture after 
the coal seam drilling breakout, and the hardness of the 
coal seam has less control over the eventual occurrence of 
macroscopic cracks. In other words, when the stress differ-
ence is more prominent, borehole instability may ignore the 
elastic modulus of the coal seam, ultimately resulting in 

macroscopic cracks. This observation provides theoretical 
references for engineering applications in coal mines.

5  Conclusion

We implement a DEM-based model using PFC 5.0-2D 
software to comprehensively investigate borehole break-
out in coal rock, revealing the influence of in-situ geo 
stress, borehole diameter, and coal intrinsic properties on 
the breakout geometry under pre-stressed conditions. We 
found that the breakout geometry in coal rock is highly 
sensitive to stress differences. Breakout depth and width 
show a linear positive correlation with stress differences, 
with linear convergence coefficients ranging from 0.78 to 
0.90 under different borehole sizes, while Rv shows an 
exponential function correlation with stress differences. 
As stress differences increase, the Rv value first increases 
and then stabilizes. The convergence coefficients under 
different borehole sizes range from 0.86 to 0.91. Fur-
thermore, parameters used to describe borehole breakout 
geometry (breakout depth, breakout wide) in coal seams 
show similar characteristics to sandstone but with initially 
high values and low fluctuations as the stress difference 
changes. In other words, borehole instability in coal seams 
is apparent once it occurs. However, compared to sand-
stone and limestone, breakout depth and width in coal 
seams show lower sensitivity to the in-situ stress. Finally, 
an increased elastic modulus has a significant inhibitory 
effect on breakout geometry under various stress differ-
ences. The smaller the elastic modulus, the more prone 
the coal body is to macroscopic damage after borehole 
instability. A critical line for borehole breakout in coal 
rock is proposed based on the combined influence of the 
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elastic modulus and stress difference, where the area below 
the critical line represents the tendency for macroscopic 
damage after borehole instability, and the area above rep-
resents the tendency to remain stable. These results offer 
valuable insights into engineering sites and contribute to 
advancing knowledge of borehole breakout in coal rock.
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