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Abstract

The failure mechanism of fractured rock masses under high in situ stress is crucial to the
stability of deep underground engineering. This study employs the discrete element
method to investigate the evolution of the excavation damage zone (EDZ) in deep-buried
tunnels. Numerical models of granite were developed to analyze how confining pressure
influences single fractures with varying characteristics and to compare the behavior of
filled versus unfilled fractures in double-fracture configurations. The results show the fol-
lowing: (1) confining pressure exerts a dual role, promoting crack initiation and EDZ ex-
pansion in intact rock and exposed fractures due to stress concentration while suppressing
damage near hidden filled fractures through confinement; (2) EDZ geometry is governed
by fracture orientation and filling condition, with filled fractures maintaining stress con-
tinuity and raising the crack initiation stress ratio to 0.3-0.4; (3) in multi-fracture setups,
unfilled fractures facilitate stress release and crack coalescence, whereas filled fractures
act as barriers, diverting cracks and promoting symmetric stress redistribution; and (4)
models accurately reproduced failure patterns from real rockburst cases, validating the
method for predicting fracture behavior, with filled fractures reducing EDZ area by up to
44%. These findings provide theoretical support for rockburst risk assessment and sup-
port design in complex geological conditions.

Keywords: excavation damage zone; confining pressure; discrete element simulation;
rockburst; stress distribution

1. Introduction

With the rapid development of underground engineering toward greater depths, the is-
sue of rock mass stability under high in situ stress conditions has become increasingly prom-
inent. The stability of deep underground excavations remains a critical challenge in rock en-
gineering, particularly in complex geological conditions involving high in situ stresses and
pre-existing discontinuities [1,2]. The formation and evolution of excavation damage zones
(EDZ) around underground openings have attracted significant research attention due to their
substantial implications for engineering safety and long-term stability [3,4]
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Extensive investigations have been conducted to understand the failure mechanisms
surrounding underground excavations. Laboratory experiments and field observations
have revealed that the development of EDZ is intrinsically influenced by the interaction
between excavation-induced stress redistribution and pre-existing geological structures
[5-7]. Particularly in deep tunnels, the presence of structural planes significantly alters
stress distribution patterns and failure characteristics, often leading to complex damage
evolution pattens and potential rockburst hazards [8-10]. Recent advances in monitoring
techniques, such as non-linear ultrasonic methods, have provided new insights into dam-
age progression in rock masses [11].

The role of natural fractures in the damage evolution process has been increasingly
recognized. Zhao et al. (2020) demonstrated that joint surface roughness and orientational
anisotropy substantially affect EDZ characteristics [12], while Lei et al. (2017) emphasized
the importance of natural fractures in controlling damage progression [13]. Recent studies
have further highlighted the significance of infilled fractures in modifying rock mass be-
havior. Indraratna et al. (2010, 2014) systematically investigated the effect of soil-infilled
joints on stability [14,15], revealing that filling materials significantly alter the shear
strength characteristics of rock discontinuities. The evolution of stress-induced borehole
breakouts in anisotropic rocks has been effectively analyzed using discrete element modeling
[16], while three-dimensional DEM simulations have provided new perspectives on V-shaped
borehole breakouts [17].

Field studies from major projects have contributed valuable empirical data. Hao et al.
(2016) analyzed EDZ development in columnar jointed rock masses at the Baihetan diversion
tunnel [18], demonstrating the critical influence of rock mass structure on damage zone char-
acteristics. Similarly, advanced numerical methods incorporating digital image processing
have enabled more accurate correlations between mineral composition and mechanical prop-
erties [19], enhancing our understanding of rock mass behavior at the micro-scale.

Despite these advances, the understanding of how filled fractures influence EDZ devel-
opment under high-stress conditions remains incomplete. Previous research has primarily fo-
cused on either intact rock masses or unfilled discontinuities, with limited attention to the cou-
pled effects of fracture filling conditions and confining pressure [20,21]. Furthermore, recent
research has advanced our understanding of the mechanical behavior of rock materials under
confining pressure unloading paths [22-24] and has provided new methodologies for micro-
seismic source location in cavern-containing rock masses [25], continuum analysis of structur-
ally controlled displacements for large-scale underground caverns [26], and displacement
back-analysis of rock mass parameters using intelligent optimization methods [27]. These
studies have deepened the understanding of the mechanical behavior of surrounding rock
and stability assessment in complex geological environments.

This study aims to address these research gaps through discrete element modeling of
granite specimens containing both single and multiple filled fractures. By examining the
controlling effects of fracture geometry, spatial position, and filling conditions on EDZ
development, this research seeks to establish a comprehensive understanding of the fail-
ure mechanisms in fractured rock masses under high in situ stress conditions. The find-
ings are expected to provide valuable insights for stability assessment and support design
in deep underground engineering projects.

2. Method and Model Setup
2.1. Numerical Simulation Method

This study employs the Particle Flow Code (PFC2D 5.0), a discrete element method-
based numerical approach, to simulate the mechanical behavior of heterogeneous geolog-
ical materials [28]. In this framework, the rock mass is represented as an assembly of
densely packed circular particles. The Linear Parallel Bond Model (LPBM) was adopted
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as the contact model. This model was selected for its capacity to accurately capture the
full range of mechanical response of hard, brittle rocks, like granite, from linear elastic
deformation to macroscopic brittle fracture. The LPBM effectively reproduces the initia-
tion, propagation, and coalescence of microcracks under various stress conditions, which
is essential for realistically modeling excavation-induced damage zoning and the associ-
ated acoustic emission events, which is the primary focus of this study.

The model incorporates a combined failure criterion that integrates the Mohr—Cou-
lomb shear strength theory with the maximum tensile stress criterion, allowing it to rep-
resent multiple failure mechanisms, including tensile cracking and shear slip [29]. When
the stress between bonded particles exceeds either the shear or tensile strength threshold,
the bond fails, resulting in a reduction in local stiffness and strength. This micro-level
mechanism manifests macroscopically as crack initiation and growth. As a result, the
adopted modeling approach successfully captures the progressive accumulation of dam-
age and the evolution of failure in rock materials under mechanical loading.

2.2. Model Setup
2.2.1. Models Containing a Single Pre-Existing Fracture

To systematically investigate the influence of confining pressure on rock fracture be-
havior, this study developed five discrete element models, each containing a single pre-
existing fracture (designated as Models A, D, D', H, and H'). Model A represents an intact
rock mass without any pre-existing fracture, serving as the benchmark. The other four
models all contain pre-existing fractures with a consistent dip of 60°, but differ in geomet-
ric and mechanical properties, including spatial location, relationship to the borehole (ex-
posed or hidden), and infill condition (filled or unfilled), thereby establishing a basis for
comparative analysis (Table 1). All models maintain consistent geometric dimensions and
initial fracture lengths, with the only variable parameter being the lateral confining pres-
sure (02 = 03), enabling analysis of the confining pressure effect.

Table 1. Models containing a single pre-existing fracture.

Fracture Characteristics

Models Inclinations Above/Below the Exposed/Hidden Filled/
Horizontal Axis to the Borehole Unfilled
Model A No fractures
Model D 60° Above Exposed Filled
Model D’ 60° Above Exposed Unfilled
Model H 60° Below Hidden Filled
Model H' 60° Below Hidden Unfilled

The specific characteristics of each model are as follows: Model D features a filled fracture
exposed to the borehole boundary; Model D' contains an unfilled fracture at the identical lo-
cation; Model H contains a filled fracture embedded within the rock mass and located below
the horizontal axis; and Model H’' contains an unfilled fracture at the same embedded location
(Table 1; Figure 1a—c). By systematically varying the confining pressure (set to 6 MPa, 12 MPa,
and 18 MPa, respectively), this study focuses on examining the coupling effect of confining
pressure and fracture attributes on the geometry of the excavation damage zone, stress distri-
bution characteristics, and crack propagation patterns.
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Figure 1. Diagram of numerical models: (a) homogeneous model A, (b) Models D and D’ containing
a single fracture that is exposed to boreholes, (c) Models H and H’ containing a single fracture that

is not exposed to boreholes, and (d) Models 1-4 containing two fractures.

2.2.2. Models Containing Two Pre-Existing Fractures

To further investigate the interaction between multiple geological structures and
their combined effect on excavation damage, discrete element models containing two pre-
existing fractures were established (Figure 1d). Building upon the methodology for single
fracture models, four distinct scenarios were configured to systematically analyze the in-
fluence of fracture infill conditions (Table 2). This setup enables a comprehensive exami-
nation of how different filling states control surrounding rock stability, with particular
focus on crack interaction, stress redistribution between adjacent fractures, and the result-
ing failure mechanisms in multi-fracture rock masses.

Table 2. Models containing two pre-existing fractures.

Models Fracturel Fracture II Simulated Case Remarks
Model1 Nofilling No filling Actual working condition =~ Benchmark model
Model 2 Filled No filling  Contrast working condition  Single side filling
Model 3  No filling Filled Contrast working condition  Single side filling
Model 4 Filled Filled Contrast working condition Full filling

2.3. Numerical Models

The numerical models were constructed with dimensions of 200 mm x 200 mm and
a central borehole 50 mm in diameter. Each model consisted of approximately 40,000 dis-
crete particles with radii ranging from 0.4 to 0.6 mm, effectively capturing the meso-scale
structure of granite, which required several hours to complete on a standard workstation.
The loading path followed the experimental procedure, beginning with an isotropic stress
of 12 MPa applied, equal to the confining pressure in the x-direction and axial stress in the
y-direction. The axial stress was then progressively increased until the excavation damage
zone fully developed, while the confining pressure was maintained constant throughout

the simulation via a servo-control mechanism.
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Model calibration was performed through comparison with physical experiments
conducted by Su et al. (2023) [21], which employed a true triaxial testing system at
Guangxi University to perform biaxial compression tests on Beishan granite specimens
containing circular boreholes and artificial, filled fractures. The granite composition com-
prises 54% potassium feldspar, 30% quartz, 10% plagioclase, and 4% biotite. Baseline me-
chanical parameters for the granite, listed in Table 3, were directly established through
unconfined compression tests and Brazilian disk splitting tests. These directly measured
parameters served as the essential reference data for calibrating the micro-mechanical
properties in the discrete element models, ensuring that the numerical response matched
the physical benchmark tests.

Table 3. Microscopic mechanical parameters of discrete element models.

} Veins .
Parameters Granite (Filled Fractures) Rock-Vein Interface
Elastic modulus (GPa) 27 10 1
Normal/tangential stiffness ratio 3 2.5 2.5
Tensile strength (MPa) 123 £12.3 30+3 0.5
Cohesion (MPa) 133 £13.3 35+3.5 1
Internal friction angle (°) 20 15 15

2.4. Monitoring Scheme and Data Processing

To comprehensively monitor the evolution of the excavation damage zone, a system-
atic monitoring scheme was implemented in the discrete element models. Three sets of 10
mm diameter stress measurement circles were installed to track the stress state within the
rock specimens (Figure 2). These consisted of two horizontal sets, each containing ten cir-
cles spaced 5 mm apart along the left and right walls of the borehole (Figure 2a,c), and
one circumferential set with thirty-six circles arranged at 10° intervals around the borehole
perimeter (Figure 2b). This layout enabled detailed comparison of the stress distribution
patterns and supported interpretation of the differences in excavation damage zone ge-

ometries.
(b) (©)
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Figure 2. Three sets (a—c) of measurement circles in the particle-based DEM models of squared gran-

ite samples.

This stress distribution can be obtained from the stress measurement circles, includ-
ing radial stress (o), tangential stress (0ve), and shear stress (1). These three stresses can
be expressed in the polar coordinate system as follows [30]:

O = 04,0520 + cysin26 + 214, sinBcos6
Ogo = 0xSiN*0 + 0,c0s%0 — 274, sinBcosO 1)

Trg = (0y — 0y)sinBcosO + txy(cosze — sin%0)
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Here, ox, oy, and 1txy are the stress components calculated from the measurement cir-
cles, and O is the angle direction measured counterclockwise from the x-axis (Figure 2b).

In addition to the recorded stress in the particle-based discrete element models, the
analytical stress solutions for radial stress (ox'), tangential stress (ooe’), and shear stress
(tr0") under standard conditions were also calculated. Thus, the stress distribution in the
damage zone of the granite sample with filled fractures was analyzed as follows [16,17,20]:

’ 1 az 1 aZ a4-
Grrzz(01+03) 1_1‘_2 +E(01_03) 1_4r_2+3r_4 cos2@

1 a? 1 at
Cgo = 5(01 +03) (1 + r_2> - 5(01 —03) (1 + 3r_4) cos26 ()

, 1 a’ az  _a*| |
Tre=—5(01+63) 1+r_2 1+2r_2_3r_4 sin26

where a is the borehole radius and r is the radial distance from the borehole axis.
Acoustic emission (AE) monitoring, based on moment tensor theory, was conducted
to track microcrack development by recording bond breakage events. The threshold for
detecting an AE event was set to the release of any finite strain energy; that is, every single
micro-fracture (bond breakage) was recorded regardless of its magnitude. Each AE event
was characterized by location, released energy, and source mechanism. The resulting sig-
nals were then processed to calculate event rates and cumulative energy. A clustering al-
gorithm was applied to classify the spatial-temporal evolution of damage features across
different stages [31]. Furthermore, an automated algorithm identified macroscopic dam-
age zones using crack density thresholds, with image processing techniques employed to
define their boundaries and measure geometry. This methodology ensured an unbiased
record of fracture activity and enhanced the accuracy and efficiency of data interpretation.

3. Model Results
3.1. Models Containing a Single Pre-Existing Fracture

Numerical simulations demonstrate that confining pressure (6, 12, and 18 MPa) sig-
nificantly influences both the geometric characteristics and failure mechanisms of the ex-
cavation damage zone (EDZ) across all model configurations. The response varies sub-
stantially depending on fracture geometry and filling conditions, revealing complex in-
teractions between pre-existing discontinuities and stress fields.

In the homogeneous model (model A) without pre-existing fractures, increasing con-
fining pressure systematically promotes EDZ expansion with distinct geometric progres-
sion. As shown in Figure 3, failure width increases from 52.8° to 58.1°, normalized depth
from 1.72 to 1.92, and damaged area from 380 mm? to 452 mm? as confining pressure rises
from 6 to 18 MPa, establishing a clear positive correlation in intact rock. This trend is cor-
roborated by the failure evolution patterns in Figure 4, which are characterized by accel-
erated crack propagation toward the lower left region and intensified wall spalling, the
latter of which produced 35% more ejected fragments.

Stress analysis reveals the underlying mechanism of asymmetric damage formation
(Figure 5). Under an axial stress of 80 MPa, the elevated confining pressure enhances shear
stress concentration within the 280-310° sector of the borehole wall, where measured val-
ues reach 45 MPa, significantly exceeding the analytical solution of 28 MPa. Simultane-
ously, radial stresses along horizontal monitoring lines increase by 60-75%, compared to
the theoretical values, confirming that intensified stress concentrations drive more exten-
sive crack propagation. The tangential stress generally agrees well with the analytical so-
lution in most regions (0-150° and 240-270°), while the radial stress is systematically
higher than theoretical predictions across the model domain. A systematic deviation of
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shear stress in the 270-330° range is identified as the key factor causing the downward
shift in the damage zone.
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Figure 3. Comparison of geometric parameters of the damaged zone in model A under different
confining pressures. Parameter A denotes the area of the damaged zone, as illustrated in the final
column of Figure 4 at the failure stress state.
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crocracks in the models are represented by blue dots, while the failure zones are delineated by red lines.
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The response of filled fracture models exhibits fundamental differences based on
fracture exposure conditions. For exposed filled fractures (model D), a distinct positive
correlation emerges between confining pressure and EDZ extent (Figure 6), with the dam-
age width expanding from 38.4° to 49.2° and depth from 1.45 to 1.68 as the pressure in-
creases. Under high confining pressure, cracks propagate upward from the left fracture
tip at 55° while expanding more extensively on the right side, forming a 42% larger dam-
age zone compared to in low-pressure conditions (Figure 7). Stress distributions at 90 MPa
axial stress (Figure 8) show that elevated pressure shifts the left wall stress concentrations
toward the 170-180° range, with radial stress peaks increasing from 38 MPa to 52 MPa,
thereby steering the cracks upward. Furthermore, high-pressure models develop dual-
stress-concentration loci on the right wall (near 15° and 330° with stresses of 48 MPa and
45 MPa, respectively), contrasting with the single locus (35 MPa) under lower pressure
and explaining the expanded right side damage.
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Figure 6. Comparison of geometric parameters of damage zones of Models D and H under different
confining pressures: (a) the left damage zones; (b) the right damage zones. Parameter A denotes the area

of the damaged zone, as illustrated in the final column of Figures 7 and 9 at the failure stress state.
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Figure 7. Simulation processes of Model D under different confining pressures. The clusters of mi-

crocracks in the models are represented by blue dots, while the failure zones are delineated by red lines.
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Figure 8. Stress distribution of Model D under different confining pressures when the axial stress is
90 MPa.

Conversely, hidden filled fractures (Model H) exhibit a negative correlation, with
EDZ contraction under increasing confining pressure (Figure 6). The damage area de-
creases by 43% from low- to high-pressure conditions. The failure process (Figure 9)
shows that at 80 MPa axial stress, the low-pressure model (H1) exhibits deep crack prop-
agation with fractures extending 18.2 mm from the borehole wall, while the high-pressure
model (H3) remains effectively suppressed with only 8.5 mm fracture propagation. Cor-
responding stress analysis (Figure 10) indicates significantly reduced hoop and radial
stresses in Model H1, dropping to 40% and 35% of analytical solutions, respectively, indi-
cating comprehensive stress release through microcracking. In contrast, higher confining
pressures enhance rock mass confinement, increasing the crack initiation stress threshold
by 28% and effectively inhibiting microcrack initiation, thereby restricting final damage
development.

o, =80 MPa o, = Failure stress

(3

L

Figure 9. Simulation processes of Model H under different confining pressures. The clusters of mi-

crocracks in the models are represented by blue dots, while the failure zones are delineated by red lines.
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Figure 10. Stress distribution of Model H under different confining pressures when the axial stress

is 80 MPa.

Unfilled fractures produce more pronounced and complex responses with height-
ened sensitivity to confining pressure. Exposed unfilled fractures (Model D’) maintain a
strong positive correlation with confining pressure (Figure 11), developing the largest
overall damage zones among all configurations. Although failure morphology resembles
Model D (Figure 12), unfilled fractures show 25% greater pressure sensitivity in damage
expansion rates. Stress analysis at 90 MPa (Figure 13) reveals that radial and shear stresses
in high-pressure models (D’3) substantially exceed analytical predictions by 65-80%, ac-

cumulating critical strain energy that produces the largest ultimate damage zone with
width reaching 61.3° and area expanding to 518 mm?2.

60

50

‘ S 1000
—=— Model D” — 21— Model D —=— Model I’
—— Model I’ @ “~ Model H' @ —— Model I
800
I E
) £
- E
[T o 600
18l \ 400
3 12 18 B 12 18 00— 12 18
a; (MPa) o, (MPa) G, (MPa)
e Model D’ | [ Model D’ ‘ sl —— Model D’
—+ Model H’ @ “H— Model 1 @ — Model B
1 20 ~
£ 500
1.9 {1 €
N £
=18 1 ™ 400
7‘/'/% 1.7
e 300
1.5
200
6 12 18 6 12 18 6 12 18
o, (MPa) oy (MPa) 6, (MPa)

Figure 11. Comparison of geometric parameters of damage zones of Models D’ and H" under dif-
ferent confining pressures: (a) the left damage zones; (b) the right damage zones. Parameter A de-

notes the area of the damaged zone, as illustrated in the final column of Figures 12 and 14 at the
failure stress state.
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crocracks in the models are represented by blue dots, while the failure zones are delineated by red lines.
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Figure 13. Stress distribution of Model D’ under different confining pressures when the axial stress
is 90 MPa.

Hidden unfilled fractures (Model H') display uniquely partitioned damage patterns
(Figure 11), with the left-side damage area and depth decreasing by 32% and 28%, respec-
tively, but right-side dimensions increasing by 41% and 37% with rising confining pres-
sure. This pronounced asymmetry stems from early failure evolution: at 60 MPa axial
stress, the low-pressure model (H'1) already shows crack propagation below the left frac-
ture tip extending 12.4 mm into the rock mass (Figure 14), which is unobserved in high-
pressure models. Corresponding stress distributions (Figure 15) show reduced hoop
stress in Model H'1, decreasing to 55% of analytical solutions, indicating comprehensive
left-side stress release. Consequently, stress concentration migrates to the right borehole
wall, developing maximum hoop stress of 58 MPa near 300° in low-pressure models and
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producing the most extensive right-side damage (width 46.8°) and largest total damaged
area (489 mm?) among all single-fracture configurations.
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Figure 14. Simulation processes of Model H" under different confining pressures. The clusters of mi-
crocracks in the models are represented by blue dots, while the failure zones are delineated by red lines.
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Figure 15. Stress distribution of Model H” under different confining pressures when the axial stress
is 60 MPa.

The characteristic stress analysis reveals that the crack initiation stress (0w/0p) and crack
damage stress (0w/0p) ratios for fractured models fall within the lower bounds (0.3-0.4 and
0.6-0.8, respectively) proposed by Cai and Kaiser (2014), being significantly lower than the 0.5
and 0.9 ratios observed in intact rock [32], confirming that pre-existing fractures substantially
reduce the stress thresholds required for damage initiation and propagation.
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3.2. Models Containing Two Pre-Existing Fractures

Simulations of models with two pre-existing fractures under different filling condi-
tions (models 1-4) reveal significant EDZ variations that highlight the critical role of frac-
ture filling in rock mass stability. The comparative analysis demonstrates how filling ma-
terials alter fractures” mechanical properties and consequently affect damage evolution
patterns around the excavation.

The filling state fundamentally governs EDZ geometry (Figure 16). Model 1 (both
fractures unfilled) develops the most extensive damage zone with maximum width (65.2°
on the left side, 58.7° on the right side), depth (normalized depth 1/r =2.15), and area (512
mm?). In contrast, model 4 (both fractures filled) exhibits minimal damage with reduced
width (41.3° on left, 38.9° on right), depth (I/r = 1.62), and area (286 mm?2). Models 2 (Frac-
ture I filled) and 3 (Fracture II filled) show intermediate damage states. This progressive
reduction in damage extent with increased fracture filling demonstrates that filling mate-
rials effectively suppress EDZ expansion by enhancing fracture strength and impeding
crack propagation.
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Figure 16. Comparison of geometric parameters of damage zones of models 1-4. Parameter A denotes

the area of the damaged zone, as illustrated in the final column of Figure 17 at the failure stress state.

Failure processes (Figure 17) elucidate the underlying damage mechanisms. At 50
MPa axial stress, model 1 displays early crack coalescence between the two unfilled frac-
tures, indicating low structural stability. Meanwhile, model 4 shows only localized spall-
ing at fracture-borewall intersections. At 60 MPa axial stress, models 2-3 exhibit transi-
tional behaviors: model 2 develops cracks upward from the tip of the unfilled Fracture I
while the filled Fracture II remains intact, whereas model 3 forms cracks primarily be-
tween the two fractures with preferential propagation toward the unfilled one. By peak
stress, model 1 forms a widespread, interconnected crack network with low density due
to rapid stress release, while model 4 maintains optimal damage control with isolated mi-
crocracks that fail to coalesce into major failure planes.
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Figure 17. Simulation processes of models 1-4 containing two different pre-existing fractures. The
clusters of microcracks in the models are represented by blue dots, while the failure zones are de-
lineated by red lines.

Stress distributions (Figure 18) provide mechanical explanations for the observed
damage patterns. At 60 MPa axial stress, models 1-3 show significant reductions (35-50%)
in terms of hoop and radial stresses on the fractured left wall compared to analytical so-
lutions, indicating substantial stress release through progressive failure. The unfilled frac-
tures serve as stress relief points where stresses drop to near-zero values. In contrast,
model 4 maintains high left-wall stresses exceeding analytical predictions by 15-20%,
demonstrating that filling materials effectively transfer and sustain rock mass stress across
fracture planes. This stress maintenance prevents the localized stress concentrations that
typically initiate crack propagation, thereby inhibiting damage development.
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Figure 18. Stress distribution of models 1-4 when the axial stress is 60 MPa.
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The simulation results further reveal that filling materials alter crack initiation se-
quences and propagation paths. In unfilled fracture models, cracks initiate simultaneously
at multiple fracture tips and rapidly coalesce. In partially filled models, crack initiation
preferentially occurs at the tips of unfilled fractures, with filled fractures acting as barriers
that deflect crack paths. The filled fractures in models 2 and 3 reduce damage asymmetry
by 42% and 28%, respectively, compared to model 1, confirming that fracture filling pro-
motes more symmetric stress redistribution around excavations.

These findings validate that fracture filling significantly enhances excavation stability
by maintaining stress continuity, increasing fracture strength, and preventing crack coa-
lescence. The results provide critical insights for optimizing grouting strategies in frac-
tured rock masses, particularly for underground projects where multiple intersecting frac-
tures pose stability challenges.

4. Discussion
4.1. Influence of Confining Pressure

The numerical simulation results clearly demonstrate that confining pressure exerts a
profoundly different influence on EDZ development depending on the presence and charac-
teristics of pre-existing fractures. The observed responses can be attributed to the competing
mechanisms of stress intensification and confinement-induced stabilization, with the specific
fracture geometry and filling conditions determining which mechanism dominates.

In homogeneous rock (Model A) and models with exposed fractures (Models D and D’),
a consistent positive correlation emerges between confining pressure and EDZ extent. This
relationship stems primarily from stress intensification under increased differential stresses.
Quantitative analysis reveals that in Model A, the damage width expanded from 52.8° to 58.1°
and the damaged area increased from 380 mm? to 452 mm? as confining pressure rose from 6
to 18 MPa. The accelerated crack initiation, occurring at 74 MPa axial stress under high con-
finement compared to 82 MPa under low confinement, demonstrates how elevated pressure
reduces the stress threshold for damage initiation. The mechanical basis for this behavior is
evident in the stress distributions: under 80 MPa axial stress, shear stress concentration in the
280-310° sector reached 45 MPa under high confinement, markedly exceeding the 28 MPa
analytical solution and driving more extensive crack propagation.

The response of filled fracture models reveals fundamental differences based on frac-
ture orientation and exposure conditions. For exposed filled fractures (Model D), the dual
stress concentration mechanism, with pressure-induced secondary stress concentration
points developing at 15° and 330° on the right wall, explains the expanded damage zone
under high confinement. The 42% larger damage zone under high-pressure conditions,
coupled with the radial stress peaks increasing from 38 MPa to 52 MPa, demonstrates how
exposed fractures serve as stress amplifiers under increasing confinement.

Conversely, hidden filled fractures (Model H) exhibit a distinctive negative correla-
tion with confining pressure, with damage area decreasing by 43% from low- to high-
pressure conditions. This confinement-induced stabilization operates through suppres-
sion of microcrack initiation and propagation. Under low confinement, the hidden frac-
ture acts as a flaw where microcracks readily initiate, leading to comprehensive stress re-
lease as evidenced by the hoop and radial stresses dropping to 40% and 35% of analytical
solutions, respectively. Higher confining pressures increase the crack initiation stress
threshold by 28%, effectively inhibiting microcrack development and restricting final
damage. This stabilization mechanism is particularly relevant for deep underground ex-
cavations where sealed, hidden fractures are common.

The most complex response emerges from hidden unfilled fractures (Model H’),
which exhibit partitioned damage patterns with left-side damage decreasing by 32% while
right-side damage increases by 41% with rising confining pressure. This asymmetry
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results from the interplay between stress release on the fractured side and stress transfer
to the intact side. At low confining pressure, the early activation of the left-side fracture
leads to stress release (hoop stress reduced to 55% of analytical solutions) and consequent
stress redistribution to the right borehole wall, where the maximum hoop stress of 58 MPa
near 300° drives extensive right-side damage. Higher confining pressures mitigate this
effect by stabilizing the fracture, resulting in more symmetric damage distribution.

The characteristic stress analysis provides crucial insights into the fundamental me-
chanics governing these responses. The significantly lower crack initiation stress (oe/op =
0.3-0.4) and crack damage stress (oci/op = 0.6-0.8) ratios for fractured models compared
to intact rock (0.5 and 0.9, respectively) confirm that pre-existing fractures substantially
reduce the stress thresholds required for damage initiation and propagation. This explains
why fractured rock masses exhibit heightened sensitivity to confining pressure variations
and why damage patterns evolve differently based on fracture characteristics.

These findings have profound implications for underground excavation design and
stability assessment. The demonstrated dual role of confining pressure, both as a driver
of stress intensification in certain geometries and as a stabilizer in others, underscores the
necessity of comprehensive fracture characterization prior to excavation. Particularly crit-
ical is the identification of hidden unfilled fractures, which can trigger unexpected asym-
metric failure patterns that conventional symmetrical analysis methods might overlook.

4.2. Influence of Composite Structural Planes

The simulation results for models with two pre-existing fractures under different fill-
ing conditions provide compelling evidence for the crucial role of fracture filling in con-
trolling EDZ development. The progressive reduction in damage extent from model 1
(both fractures unfilled) to model 4 (both fractures filled) demonstrates that filling mate-
rials can transform fractures from planes of weakness into elements of internal reinforce-
ment, fundamentally altering the failure mechanisms in fractured rock masses.

The quantitative analysis reveals striking differences in EDZ characteristics across
the four models. Model 1, with both fractures unfilled, developed the most extensive dam-
age zone with maximum width (65.2° on the left side, 58.7° on the right), depth (normal-
ized depth l/r =2.15), and area (512 mm?). In contrast, model 4, with both fractures filled,
exhibited minimal damage with significantly reduced dimensions (width: 41.3° left, 38.9°
right; depth: I/r = 1.62; area: 286 mm?). Models 2 and 3, with partial filling configurations,
showed intermediate damage states, with model 3 displaying a more asymmetric damage
distribution due to the specific spatial arrangement of the filled fracture. This progressive
44% reduction in the total damage area from model 1 to model 4 underscores the effec-
tiveness of fracture filling in constraining EDZ development.

The primary mechanism through which filling materials enhance stability is the
maintenance of rock mass integrity and stress continuity. Stress distribution analysis
demonstrates that in model 4, the filling material enables effective stress transmission
across fracture planes, maintaining left-wall stresses 15-20% above analytical predictions.
This sustained compressive stress state raises the crack initiation threshold and prevents
the stress release observed in unfilled models. In models 1-3, significant reductions (35—
50%) in the hoop and radial stresses on the fractured left wall indicate substantial stress
release through progressive failure, with the unfilled fractures serving as stress relief
points where stresses drop to near-zero values.

Furthermore, the filling material physically obstructs crack propagation and coales-
cence through several mechanisms. In model 1, cracks initiate simultaneously at multiple
fracture tips and rapidly coalesce, forming a widespread, interconnected crack network.
The unfilled fractures act as preferential paths for crack propagation, leading to the for-
mation of a large, continuous damaged block. In contrast, model 4 exhibits only isolated
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microcracks that fail to coalesce into major failure planes, with damage localized to minor
spalling at fracture-borewall intersections. The filled fractures in models 2 and 3 reduce
damage asymmetry by 42% and 28%, respectively, compared to model 1, confirming that
fracture filling promotes more symmetric stress redistribution around excavations.

The crack initiation sequences and propagation paths further illustrate the reinforc-
ing effect of filling materials. In partially filled models, crack initiation preferentially oc-
curs at the tips of unfilled fractures, with filled fractures acting as barriers that deflect
crack paths. This barrier effect significantly delays damage progression and prevents the
formation of interconnected failure networks. The intermediate states of models 2 and 3
clearly demonstrate that any unfilled fracture segment remains a potential pathway for
crack propagation and stress release, highlighting the importance of comprehensive frac-
ture treatment in engineering practice.

From a practical engineering perspective, these results strongly validate grouting
and filling techniques as highly effective measures for stabilizing rock masses with multi-
ple structural planes. The demonstrated 44% reduction in damage extent through com-
plete fracture filling provides quantitative support for the efficacy of these techniques. By
transforming unfilled fractures into filled ones, the intrinsic strength of the rock mass is
enhanced through multiple mechanisms: maintaining stress continuity, increasing frac-
ture strength, and preventing crack coalescence. These findings are particularly relevant
for high-level waste disposal repositories and deep-underground energy storage facilities,
where long-term stability and minimal rock permeability are paramount. The results also
provide critical insights for optimizing grouting strategies in fractured rock masses, sug-
gesting that priority should be given to fractures most likely to initiate damage propaga-
tion and those contributing to asymmetric failure patterns.

4.3. Model Verification and Comparative Analysis Based on Actual Rockburst Cases
4.3.1. Jinping “11.28” Rockburst Case with a Single Pre-Existing Fracture

To verify the applicability of the single fracture model in practical engineering, this
study selects the Jinping “11.28” rockburst case to conduct numerical simulation and com-
parative analysis. The mechanical parameters of the granite and filling materials (veins)
used in the case study models are identical to those of the other models listed in Table 3.
The engineering background of this case involves a pre-existing fault nearly parallel to
the tunnel axis with an inclination of approximately 40-50°, providing a typical geological
prototype for validating the failure mechanism of fractured rock masses under high in
situ stress conditions (Figure 19). By reproducing the rockburst process, the aim is to es-
tablish a connection between the simplified model and complex engineering practice.
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Figure 19. (a) Major fault exposed in the Jinping 11.28 rockburst [33]. (b) Numerical model diagram
of rockburst in Jinping 12.28.
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The numerical simulation accurately reproduced the core failure characteristics of the
rockburst on site. The V-shaped crack concentration zone formed was highly consistent in
morphology and spatial distribution with the 7 m deep V-shaped failure zone measured on
site (Figure 20). The crack evolution process (Figure 21a) further indicated that the damage
initiated at the end of the fault and gradually extended towards the tunnel wall until it was
fully penetrated, which was in line with the actual report’s description of all the rock mass
below the fault burst. This verified the effectiveness of the discrete element model in simu-
lating the stress-driven fractures’ behavior in actual geological structures.
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Figure 20. Comparison of rockburst simulation results in Jinping 12.28: (a) numerical simulation results,
in which the clusters of microcracks in the models are represented by blue dots; (b) crack distribution
diagram; (c) numerical simulation of failure zone comparison, in which the clusters of microcracks in the

models are represented by red dots [34]; and (d) Jinping 11.28 rockburst site damage area [33].
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Figure 21. Rockburst simulation results in the Jinping 12.28: (a) numerical simulation process, in
which the clusters of microcracks in the models are represented by blue dots; (b) stress distribution

around the tunnel wall; and (c) horizontal stress distribution.
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The stress distribution characteristics reveal the triggering mechanism of the rock-
burst (Figure 21b,c). Despite the fault being located above and to the right of the borehole,
the failure presents as an asymmetrical V-shaped pit, which is closely related to the stress
redistribution. The right wall, being closer to the fault, forms a double stress concentration
zone at 350° and 40°, promoting extensive crack propagation, while on the left wall, a
more significant radial stress concentration occurs at 180°, with the stress value increasing
nearly twice from 60 MPa to 70-75 MPa, leading to local deep fractures. Additionally, the
shear stress on the left wall is significantly higher than that on the right wall, and deviates
severely from the analytical solution, indicating that the fault has significantly altered the
stress distribution pattern around the chamber, thereby inducing asymmetric shear fail-
ure. This mechanism reasonably explains why the V-shaped pit on site, although related
to the fault location, shows asymmetric development.

This case study provides strong mutual verification with the conclusions of the single
fracture model. On the one hand, the 45° dip angle of the fault, as a large, concealed frac-
ture, dominates the development direction and asymmetry of the V-shaped damage zone,
further confirming the control of the structural plane’s orientation on the geometric shape
of the damage zone. On the other hand, the propagation law of cracks initiating from the
fault ends is highly consistent with the mechanism of cracks starting from the tip of the
fracture in the single fracture model, confirming the universality of the fracture tip as a
rupture source. More importantly, this case reveals the intrinsic connection between
multi-source stress concentration and complex fracture patterns in a real, high-stress en-
vironment, highlighting the significance of validating model research within an actual ge-
ological context.

This study, through case verification, demonstrates that the numerical method based
on discrete elements can effectively predict the fracture behavior of fractured rock masses
under high in situ stress conditions. The occurrence of rockburst is not only controlled by
the level of in situ stress, but is more significantly influenced by the location and orienta-
tion of structural planes. In engineering practice, sufficient attention should be paid to the
concealed fractures around the tunnel, especially near the tunnel wall, as they are prone
to become the priority development zones of fractures during the process of stress redis-
tribution. The above understanding provides a theoretical basis for the risk assessment
and prevention design of rockburst in deep underground engineering.

4.3.2. One Rockburst Case in Southwest China with Two Pre-Existing Fractures

The second validation case involves a rockburst incident in a deep-buried railway
tunnel in Southwest China, characterized by complex geological conditions in a typical
alpine valley landscape. With a maximum burial depth of 2080 m, the tunnel passes
through Yanshanian granite exhibiting a saturated uniaxial compressive strength of 130-
140 MPa and an elastic modulus of 30-60 GPa. Field investigations revealed two dominant
structural planes in the section from chainage 194 + 490 to 530, with attitudes of 184°250°
and 184°£20°, spaced approximately 2 m apart (Figure 22). These unfilled or partially
closed fractures, with widths ranging 0-5 mm, played a crucial role in the rockburst events
that occurred during excavation.
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Figure 22. Examples of typical rockbursts that occur in tunnel sections and the related geological
conditions [35].

The numerical model successfully replicated the key characteristics observed in the
actual rockburst incident. As demonstrated in Figure 23a, the simulation captured the
progressive damage evolution under increasing axial stress: the initial crack development
along the fracture tips at 60 MPa, followed by their upward and downward extension
along Fractures I and II at 80 MPa, and ultimately the formation of an extensive crack
network with significant wall spalling at 90 MPa. This damage progression pattern closely
matches the field observations of multiple rockburst events ranging from minor to mod-
erate intensity in the tunnel’s north arch shoulder to crown area.
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Figure 23. Simulation results of a tunnel in southwest China: (a) numerical simulation process, in
which the clusters of microcracks in the models are represented by blue dots; (b) stress distribution
around the tunnel wall; and (c) horizontal stress distribution.
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Stress distribution analysis provides mechanical validation of the model’s reliability.
The asymmetric hoop stress distribution around the borehole wall (Figure 23b) accurately
reflects the stress redistribution caused by the two fractures, explaining why damage pref-
erentially developed between the structural planes. The migration of radial stress concen-
tration from 10° to 0° with increasing axial stress (Figure 23c) correlates well with the ob-
served rightward crack propagation direction in the actual rockburst. Furthermore, the
distinctive shear stress pattern, with a prominent concentration on the left side and se-
quential stress variation at positions 300° and 60°, convincingly explains the complex
crack propagation sequence observed both in simulations and field conditions.

Most significantly, the numerical results demonstrate remarkable consistency with
the actual rockburst damage characteristics. As shown in Figure 24, the simulated crack
concentration zone between the two fractures aligns perfectly with the actual rockburst
pit, measuring 7 x 4 x 1 m? (width x height x depth) in dimensions. The bond breakage
distribution in the DEM model clearly shows how the fractures initiated from both the
fracture tips and eventually coalesced, leading to the detachment of rock blocks, a mech-
anism that accurately represents the “rock bursting” phenomenon observed in the field.
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Figure 24. Comparison between simulation results and actual cases: (a) schematic diagram of rock-
burst in a southwest tunnel (Hu et al., 2020) [35]; (b) crack distribution diagram of model 1 under
the axial stress of 80 MPa, with microcracks represented by blue dots; and (c) distribution diagram

of bonds of discrete element model.

This successful reproduction of both the damage patterns and stress evolution mech-
anisms in a real engineering case provides strong validation for the numerical approach
adopted in this study. The model’s ability to capture the essential physics of rockburst
development in fractured rock masses demonstrates its reliability for analyzing similar
geotechnical problems. The consistency between simulated and actual rockburst charac-
teristics confirms that the discrete element method with proper parameter calibration can
effectively predict excavation-induced damage in complex geological conditions, offering
valuable insights for rockburst risk assessment, and can support design in deep tunneling
projects through fractured rock masses.

Despite these strengths, it is important to recognize that this study uses a 2D numer-
ical model, which inherently simplifies the true three-dimensional complexity of the sys-
tem. The plane strain assumption does not fully capture out-of-plane stress effects or the
spatial variability of fracture networks—factors that can significantly influence the pre-
diction of excavation damage zone (EDZ) geometry and extent. While the current results
provide valuable insights into key mechanical behaviors, future work will focus on devel-
oping 3D simulations to enable more rigorous and quantitatively accurate assessments.
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5. Conclusions

This study utilizes the discrete element method to elucidate the evolution mechanism
of the excavation damage zone (EDZ) in deep-buried tunnels, highlighting the coupled
effects of confining pressure and pre-existing structural planes. Key findings are summa-
rized as follows:

(1) Confining pressure exerts a dual influence on EDZ development; it promotes crack initi-
ation and EDZ expansion in intact rock and at exposed fractures by intensifying stress
concentration, whereas it suppresses damage around hidden filled fractures through en-
hanced confinement.

(2) EDZ geometry is primarily governed by fracture orientation, location, and filling condi-
tion. Filled fractures maintain stress continuity, raising the crack initiation stress ratio
(0d/0p) to 0.3-0.4 and reducing EDZ area by up to 44% compared to unfilled fractures.

(3) In multi-fractured rock masses, the filling state determines stability. Unfilled fractures
facilitate stress release and crack coalescence, while filled fractures act as internal barriers,
diverting crack paths and promoting symmetric stress redistribution.

(4) The numerical models accurately reproduced failure patterns from actual rockburst
cases, validating the discrete element method as a reliable tool for predicting stress-
driven fracture behavior and supporting rockburst risk assessment and support design.
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