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Quantitative analysis of ultra-close
fault dynamic rupture and seismic
risks in deep roadway excavation

Yatao Li***! & Xuehong Gao*"*

This study presents a comprehensive numerical analysis of dynamic rupture and fault-induced seismic
risks in deep roadway excavation environments, focusing on near-fault conditions. A quantitative
assessment was conducted for faults within 5 m of the roadway, a critical range for evaluating
heightened seismic risks. Our results demonstrate that within this proximity, fault slip and seismic
moment increase significantly, with peak fault slip reaching 17.1 mm and seismic moment exceeding
3.9x10° Nm. One of the key findings is the amplification effect of wave reflections along the exposed
roadway surfaces, particularly in areas near the roof and sidewall. The peak particle velocity (PPV) on
the roof reached 0.40 m/s, while the right sidewall recorded 0.49 m/s, highlighting elevated seismic
impacts in these critical regions. The study also validated the linear slip weakening model, confirming
its effectiveness in capturing the transition from static to dynamic friction during rupture and providing
theoretical grounding for observed fault behavior. This research contributes novel insights into the
fault-induced dynamic rupture process, particularly in ultra-close fault conditions, and emphasizes

the need to account for fault proximity, frictional properties, and wave reflection in seismic hazard
assessments. Our findings offer a foundation for improving seismic-resistant design in deep excavation
operations, particularly in faulted geological settings.

Keywords Roadway excavation, Ultra-close fault rupture, Induced earthquake, Wave reflection, Linear slip
weakening law, Coal burst

The safety of underground coal mining operations is critically influenced by the presence of fault structures!=.

When a fault slips, it can trigger a coal burst, which violently ejects fragmented coal and rock into the excavation
space, posing severe risks to both equipment and workers*~. Such events have been widely documented across
various types of mining operations, including gold mining, tunneling, and especially coal mining®®. As coal
extraction moves into deeper and more geologically complex areas, the problem of rock or coal bursts has become
increasingly acute, presenting significant challenges to maintaining safe and efficient mining operations'*-*%.

Field studies have consistently demonstrated the significant role that faults play in coal burst incidents. For
example, in the Longfeng coal mine, 72% of the 50 recorded coal burst incidents were associated with faults, and
62% occurred in roadways that were close to fault zones!*!>. This suggests that faults not only act as potential
triggers for coal bursts but can also exacerbate the destructive effects under certain geological conditions'®1”.
Furthermore, rock bursts in the Jinping IT Hydropower Station tunnels in China were often found to occur in
areas characterized by geological faults or large joints'®2. In a 3-D environment, it has been observed that in
South African gold mines, when the angle between the mining direction and the strike of a major fault is less
than 20°, mining conditions can worsen significantly, often leading to dynamic fault slip events?!. This risk is
especially pronounced in reverse fault settings where panel rotation is considered; when the panel is parallel to
the fault strike, the slip zone becomes most significant, resulting in the largest fault seismic moment?2.

Coal bursts induced by fault slip typically involve a sudden release of accumulated energy, leading to the
destabilization of the surrounding rock mass®*~%¢. The stress concentrations caused by mining activities can
trigger fault slips, releasing large amounts of strain energy and causing significant damage to the coal and rock
mass*’~%°. Coal bursts not only disrupt mining operations but also pose serious threats to life’!. For instance,
a fault slip-induced coal burst in the Qianqiu coal mine resulted in 10 fatalities and trapped 75 individuals
underground?2. Similarly, in 2014, a coal burst at the Austar Coal Mine in Australia tragically resulted in the loss
of two lives*’. Consequently, the accurate prediction and effective prevention of coal bursts caused by fault slips
have become critical areas of research in coal mining.
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While theoretical analyses and laboratory experiments have provided valuable insights into the mechanisms
of fault rupture and rupture-induced coal bursts, these approaches often face limitations when applied to complex
geological settings® . Traditional experimental methods, especially in deep and high-stress environments,
struggle to accurately replicate the dynamic processes of fault slip and their impact on coal seam stability*”.
As a result, numerical simulation has emerged as a more effective tool, capable of systematically modeling the
intricate interactions between fault slip and rock bursts*»*~4!. Sainoki and Mitri*>-*> employed a series of static
and dynamic numerical models to deeply explore fault slip behaviors resulting from stratified mining and to
assess the impact of different geological conditions on mining induced fault slip.

In a related study, Vardar et al.* investigated the impact of fault slip on coal burst susceptibility during
underground roadway excavation. Using a 2-D numerical model developed in UDEC, they conducted a
parametric analysis based on the geological and geotechnical conditions of Australian underground coal mines.
Their work emphasized the effects of fault dip angle and mining depth on energy release characteristics, showing
that faults located near roadways significantly increase total radiated seismic energy and peak kinetic energy.
However, Vardar et al.* primarily focused on the elastic strain energy release associated with fault proximity,
which may not fully account for the complex dynamics of unstable energy release or fault instability. This
limitation is particularly important, as the main triggers for coal bursts and rockbursts are often the sudden,
non-stable release of elastic energy or the unstable failure of faults, typically modeled in elastic bodies*®4”.

Building on the work of Vardar et al.*, this study extends the analysis by providing a more detailed
investigation into dynamic rupture processes and fault instability, focusing on the unstable release of energy
during roadway excavation. Our approach goes beyond static stability considerations to incorporate dynamic
fault slip mechanisms and seismic wave amplification effects, specifically near the excavation boundary. We
also validated the linear slip weakening law, which allowed us to explore the temporal and spatial evolution of
fault rupture. By evaluating the effects of fault proximity, critical slip distance, and dynamic friction, this study
advances the understanding of fault-induced seismic hazards in deep mining environments. Our findings offer
practical guidance for geotechnical engineers in mitigating seismic risks and improving the design of roadway
structures in faulted geological conditions.

Numerical modeling approach

Engineering background

This study is conducted within the challenging geological conditions of underground coal mining in Queensland,
Australia. The deep coal seams in this region are intersected by a network of geological faults, which present
significant challenges for maintaining roadway stability, especially with respect to the risk of coal bursts. Coal
bursts, characterized by a sudden release of energy, can lead to the violent ejection of coal and rock, posing
serious risks to mining operations®..

The coal seam under investigation is 5 m thick, with the roadway positioned 0.3 m above the seam floor,
leaving 1.1 m of coal in the immediate roof. This geological setup is typical for the area. Above the coal seam lies a
5 m thick siltstone unit, further capped by competent sandstone layers, while the floor beneath the seam consists
of strong sandstone. These geological features contribute to the overall stability of the excavation (Table 1).

A major concern in this mining environment is the presence of geological faults, which significantly influence
roadway stability. The faults in this region vary in proximity to the roadway and exhibit different dip angles,
both critical factors affecting the stress distribution around the excavation®. This modeling approach simulates
the realistic conditions found in the mine, helping to understand how fault geometry influences seismic risk.
The stress conditions modeled reflect the typical in situ stress regime around normal faults in Queensland.
Specifically, rather than using constant values, we account for the specific characteristics of the normal fault
setting by assuming that the vertical stress is due to the overburden weight*. To ensure consistency with previous
analyses, particularly those focused on strain energy density (SED), this study initially fixes the fault dip angle at

Description Value

Fault dip angle, ¢ (°) 75 (From 20° to 80°, in increments of 5°)*
Vertical stress, o, (MPa) Self-gravity

Horizontal stress ratio, Uh/ [ 0.5

Roadway height, R;; (m) 3.6

Roadway width, R, (m) 55

Coal seam thickness above roadway (m) | 1.1

Coal seam thickness below roadway (m) | 0.3

Mining depth, h, (m) 500

Static friction coefficient, Hy 0.47 (0.37,0.27)*

Dynamic friction coefficient, 4 4 0.27

Critical slip distance, D_ (mm) 1(1.5,2.0,3)*

Fault-roadway distance, D (m) 3 (0-20 every 1 m individual)*

Table 1. Fault parameters, roadway design, and stress conditions. Note: Parameters marked with ( )* indicate
variables studied in this research. All other values in the table are referenced from Vardar et al.®.
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75°, the same angle used in Vardar et al.*. The minimum horizontal stress set at 0.5 times of the vertical stress
in the x-direction.

Model setup: governing equations, assumptions, and input parameters
We employed a 2-D plane-strain model using a thin rectangular domain, as illustrated in Fig. 1. The computational
domain extended 120 m along the x-axis (mining direction) and 100 m in the vertical y-axis, with a fixed width
of 1 m along the z-axis. The origin was positioned at the lower-left corner of the model, with the positive y-
direction defined upwards. The depth h was calculated as & =500-z, representing the vertical distance from the
surface (Table 1).

The governing equation for dynamic modeling is the equation of motion shown as follows.

05+ fi = pi 1)

where 0;; ; Tepresents the spatial derivative of stress tensor, where compressive stress is considered positive. Here,
i and j are indices referring to the spatial directions x, and y. Specifically, i indicates the direction of the stress
component (e.g., 0,0, etc.), and j refers to the direction along which the derivative is taken (i.e., the derivative
with respect to x, or y) and f; is the body force field per unit volume. The term u, denotes the displacement vector
field in the i-th direction.
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Fig. 1. Schematic representation of the numerical model setup and geological conditions. (a) Model setup
showing 75° fault dip, roadway dimensions, and rock strata for simulating fault slip. (b) Local coordinate
system established on the roadway and fault. (¢) Stratigraphic profile based on the fault geometry in (a).
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No. | Lithology | T (m) | p (kg/m®) | v G (GPa) | K(GPa) | V_ (m/s) VP (m/s)
L1 | Sandstone | 60 2500 0.25 | 4.8 8 1385.6 2400

L2 | Siltstone 5 2400 025 |32 53 1154.7 2000

L3 | Coal 5 1300 0.25]0.8 1.3 784.5 1358.7
L4 | Sandstone | 30 2500 0.25 | 4.8 8 1385.6 2400

Table 2. Stratigraphic layers properties and wave velocities. T: Thickness; p: Density; v: Poisson’s ratio; G:
Shear Modulus; K: Bulk modulus; V: Shear wave velocity; Vi Compressional wave velocity.

(a) (b)

Hy

v
<

D

Fig. 2. Schematic diagram of stress distribution and slip weakening law in roadway excavation-induced
faulting. (a) Schematic representation of stress components on a fault plane: o, and 7 distribution. (b) Linear
slip weakening law.

The displacement boundary conditions are as follows:

disp, =0 (2)

disp, = 0; forx = Om,
Specifically, disp, = 0; fory= 0m,
disp, =0; forz= 0mand1lm
where disp, denotes the displacement in the i-th direction, with i corresponding to x, y, or z.
To define the stress conditions in the static modeling, we introduce the background stress o, where i is either
h, or v. o, (x, y), which is self-gravity and represents the stress condition along the y-axis (Table 2).

Y
0-1’(1:7?!) = g/ p(l‘v?)d? (3)

70
where the depth h is given by 5 =500-y in meters.

Horizontal stress (0;) results from tectonic forces or lateral constraints exerted by surrounding rock. The
ratio of horizontal stress to vertical stress, denoted as r, provides insight into the relative magnitude of these two
stress components:

r=o- @

Assess fault stability

o, and T on an inclined fault plane

When the fault plane is inclined at an angle ¢, 0, and 0, decompose into normal stress (0,) and shear stress (7)
acting on the fault plane. o, is the compressive force perpendicular to the fault plane, acting to stabilize the fault
by preventing slip. 7 is the force parallel to the fault plane, which drives fault slip (Fig. 2a). The ¢, and 7 on a fault
plane inclined at angle ¢ can be calculated as:

%(a s — 0 u)cos (20) 7 = 7%(0 s — o 0)sin (20) 5)

on=7s(024+04)—

2

Equation 5 shows how stress varies depending on the ¢ and the relative magnitudes of o, and 0, . As ¢ increases,
the normal and shear stresses change, influencing the likelihood of fault slip.
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Definition of K
K is a key parameter used to assess fault stability, defined as the ratio of 7 to o, on the fault plane:
T
K=—
— ©)

For the background stress effect, we further introduce K|,

—L(o7—04)sin(29)
_ 2
Ko = 302 +0u)—3(0c7—0y)cos(2¢) 7

A higher K value indicates greater shear stress relative to normal stress, making the fault more prone to slip.
Understanding how K, varies with r and ¢ is essential for evaluating fault stability and seismic risk in roadway
excavation operations.

Evaluation of K, in normal faulting conditions

In Fig. 3a, the x-axis represents the fault dip angle ¢, ranging from 0° to 90°, while the y-axis shows K. Each
curve corresponds to a different r (0.5, 0.6, 0.7, and 0.8). As ¢ increases from 0° to 30°, K, rises nonlinearly
across all values of r, indicating that the steeper the fault, the greater the shear stress relative to the normal
stress. For r=0.5, K, reaches a maximum value of 0.35 at ¢ =35 for r=0.6, the maximum value of 0.26 occurs
at ¢ =38°; for r=0.7, the peak of 0.18 is found at ¢ =40° and for r=0.8, K, peaks at 0.11 around ¢ =42°. As the
dip angle continues to increase beyond these points, K, decreases steadily, eventually dropping to 0 at ¢ =90°.
For a detailed analysis of the changes in normal and shear stresses on the fault, refer to Fig. S1, which shows the
variation of K as a function of ¢ under different r with an assumed o, of 1.0. This emphasizes the critical role
tectonic stress conditions play in determining fault slip potential.

Figure 3b explores the relationship between K, and r, with curves for various dip angles ¢ (40°, 50°, 60°,
70°, 80°, and 75° for the current study). The x-axis represents r, while the y-axis again shows K,. As rincreases,
K, decreases nonlinearly across all dip angles, with the trend being more pronounced for shallower angles. For
steeper fault dip angles, such as 75° in this study, K, starts at approximately 0.27 when r is small and progressively
decreases to zero as r increases. This indicates that, in steeply dipping faults, the effect of increasing horizontal
stress ratio significantly reduces shear stress relative to normal stress.

These results demonstrate the substantial variability in fault stability across different dip angles and
horizontal stress ratios, underscoring the importance of targeted monitoring in roadway excavation operations.
For instance, in the current study, when the fault dip angle is 75°, K, increases as r decreases, highlighting the
need for careful consideration of fault geometry when assessing seismic risk.

Mohr-Coulomb criterion and slip weakening law
In the previous section, we analyzed the stress state around the roadway excavation through the parameters K
and K, which describe the ratio of horizontal to vertical stress and their impact on fault stability. In this section,
we extend our analysis by incorporating the Mohr-Coulomb failure criterion and the slip weakening law to
further model the fault behavior during and after roadway excavation-induced stress redistribution.

The Mohr-Coulomb failure criterion serves as the basis for determining when fault slip will initiate due to the
altered stress field caused by roadway excavation. This criterion is represented by:

T =po,+C (8)
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Fig. 3. Variation of K, with ¢ and r. (a) K|, as a function of ¢ (0° to 90°) for different r (0.5, 0.6, 0.7, 0.8), (b) K,
as a function of r for different ¢ (40°, 50°, 60°, 70°, 80°, and 75° for the current study).
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where p denote the static friction coefficient, and C represents cohesion, which is set to 0 in this study.

In our model, we examine how the excavation of the roadway modifies the local stress state, particularly
focusing on the evolution of K values around critical fault zones. This enables us to predict how the fault behaves
as the excavation progresses, especially when the shear stress approaches or exceeds the critical threshold defined
by the Mohr-Coulomb criterion.

Once fault slip is initiated due to the stress concentration around the roadway, we utilize the linear slip
weakening law (LSW) to model the dynamic behavior of the fault during rupture. This law describes how the
shear strength of the fault decreases as slip displacement accumulates, a process that is crucial for simulating the
fault’s response to excavation-induced stress changes. LSW is expressed as:

M:{Ua_(ué_ﬂd)gc dSD( (9)

Mg d> D.
where u, denote the dynamic friction coefficient, D, is the critical slip distance, d is the slip (Table 1; Fig. 2b).
D, is assumed between 1.0 mm, 1.5 mm and 2.0 mm, which falls within the range of values typically selected in
numerical simulations*®-C.

This formulation allows us to track the evolution of fault slip and weakening processes that occur due to
the excavation of the roadway. As the roadway excavation alters the local stress distribution, we focus on the
interplay between stress concentration and fault slip dynamics. LSW is essential in our analysis to capture how
the fault progressively weakens as slip progresses, which is critical for understanding potential seismic events
triggered by roadway excavation.

PyLith: static and dynamic analysis

In this section, we present the numerical settings and methodologies employed in our study, which begins by
replicating the results of Vardar et al.* as a foundational step. By accurately reproducing their findings, we
aim to validate the reliability of our model before extending it to dynamic simulations using PyLith 4.0.0°1:2,
This approach allows us to ensure that our 2-D model builds upon a verified baseline, thereby enhancing its
credibility when applied to the complex scenarios typical of deep roadway excavation environments.

The model domain was set to 120 mx100 mx1 m, with absorbing boundary conditions applied on all sides
except the free surface to minimize reflections and accurately simulate dynamic rupture processes. The model
was discretized using a fine mesh of tetrahedral elements, with a resolution of 0.05 m near the rupture zone,
gradually increasing by a factor of 1.02 towards the boundaries. This configuration resulted in a highly detailed
mesh of 9,681,458 to 9,681,582 elements (Table. S1), ensuring the accuracy of the simulation across different
scales.

Static simulation conditions and methodology

Before delving into dynamic simulations, it was essential to establish a reliable static baseline. In situ stress
conditions were applied to the model to replicate the actual stress environment in a roadway excavation setting.
An initial equilibrium state was reached through iterative solutions, ensuring that the model accurately reflected
the stress distributions present before excavation.

The excavation process was then simulated by sequentially removing elements of the roadway and gradually
reducing the internal boundary forces surrounding the excavation site. This staged approach was critical in
minimizing the potential dynamic effects associated with an instantaneous excavation, thereby providing a
realistic representation of progressive roadway excavation operations. The static solution derived from these
simulations served as a foundation for subsequent dynamic analyses by ensuring that the stress distribution
before dynamic rupture accurately reflects realistic conditions, integrating both in situ stress and mining-
induced perturbations.

Dynamic simulation conditions and methodology
With the static equilibrium established, we proceeded to simulate the dynamic rupture processes. The dynamic
simulations were initiated using the stress state distribution obtained from the static analysis, which combined
mining-induced stress perturbations with the background stress field. During the nucleation phase of dynamic
rupture, classical nucleation theory®® was applied in conjunction with the LSW model to define the fault
boundary conditions. This approach ensured that the critical nucleation size, as described in Li et al.”, and the
transition from static to dynamic rupture were accurately represented. While our current model simplifies the
time-dependent nature of the nucleation process to a static solution for computational clarity, this limitation has
been explicitly acknowledged, along with ongoing efforts to refine its characterization under realistic mining
conditions.

To achieve accurate spatial and temporal resolution near the rupture tips, the average diameter of the elements
(Ax) is set at 0.05 m. Following the numerical stability conditions (Eq. 10)*8>%, Ax is taken as smaller than the one
thirds of the static cohesive zone length ( A o) as shown in Fig. 4a:

gm G De
21—v Tts—7T4q

Ax < %A where Ag = (10)
0

The initial time step was set at 10~> s, complying with the Courant-Friedrichs-Lewy (CFL) condition, to ensure
CFL<0.71, as shown in Eq. 11%. The time step in our current models, as shown in Fig. 4b, also satisfies the
stability condition.
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This approach allowed for a precise resolution of the rapid evolution of stress and displacement fields, capturing
the full temporal dynamics of the rupture process from initiation to termination. The primary objective of these
numerical simulations is to thoroughly investigate how varying fault conditions and proximity to roadways
influence both static stability and dynamic rupture processes in roadway excavation environments. By adjusting
key parameters such as the critical slip weakening distance (D), dynamic friction coefficient (), and fault-
roadway distance (D), we aim to identify critical thresholds that could lead to increased seismic risks. The
insights gained from these simulations are expected to enhance our understanding of fault-induced dynamic
ruptures and provide practical guidelines for improving safety protocols in roadway excavation operations. This
detailed numerical setup ensures that our models are both robust and precise, enabling a comprehensive analysis
of the factors that influence fault stability and seismic activity in complex geological settings.

Strain energy density (SED) and seismic moment
This study, based on the assumption of linear elasticity, employs the inverse form of Hooke’s law, where strain is
expressed as a function of stress:

€ij = Kijrkio wl (12)

where, ¢, is the strain tensor components; o, is the stress tensor components. K., is the compliance tensor.
Based on Eq. 12, the strain energy density (Eg;,) can be derived as shown in'the following Eq.

1 1
Esgp = itmce (T?) === [(T 2. +T§y+Tiz) — 20 (T 02T yy + T aaT 22 + T yyT 22) +2(1+U)(T§y +72, +T§Z)] (13)

2F

The trace operator refers to the sum of the diagonal components, while the determinant is defined in the standard
manner™®>,

The excavation process leads to stress redistribution around the fault, which in turn induces fault slip. Using
our model, we captured the coseismic slip of the fault and analyzed its implications for roadway excavation
induced seismic activity. Subsequently, we computed the seismic moment (M,) resulting from the coseismic
fault slip. The seismic moment quantitatively describes the energy released during fault slip and is given by the
equation®-¢!:

Mo=GAS (14)
where A =L, * Ly (15)

where: M is the seismic moment, G is the shear modulus (Table 2), A is the fault slip area, 5 is the average slip.

L, and L represent the coseismic slip length and width, respectively. In this study, we assumed that L and L
adhere to the empirical relationship L_= 2L  for moderate earthquakes, as proposed by Geller®.

By applying this formula, we quantitatively established a direct link between the coseismic fault slip and
induced seismicity, enabling us to further assess the impact of fault slip on roadway stability and the associated
seismic hazards.
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Simulation results and discussion

Validation of model integrity through reproduction of Vardar et al.>®

The first step of this study involved replicating the 2-D numerical model developed by Vardar et al.* to ensure the
reliability of our modeling framework, particularly regarding mesh configuration and computational outputs.
This replication is crucial for validating the accuracy of our setup and ensuring consistency with the published
data. Vardar et al.** employed the Universal Distinct Element Code (UDEC), a numerical modeling software
widely used for simulating jointed and blocky rock masses, to investigate the effect of fault proximity on coal burst
proneness during roadway excavation. In our replication, we maintained the same geological and geotechnical
conditions, including coal seam geometry, rock unit properties, and fault characteristics. Specifically, we ensured
that fault dip angles, mining depths, and proximity values were consistent with those used in their original study.

Our replication aligns with the findings of Vardar et al.* in terms of the distribution of SED around the fault
and roadway. As shown in Fig. 5f, under #,=10, no fault slip occurred, and the SED distribution around the
roadway was symmetrical, consistent with the patterns observed in Fig. 4a%. The SED magnitudes in our model,
ranging between 0 and 200 kJ/m?3, closely match the results obtained by Vardar et al.*, demonstrating a strong
consistency in energy release magnitudes.

Notably, we treated the surrounding rock mass as an elastic body, reflecting the elastic behavior of hard rock
prone to rockbursts, and removed the plastic zone around the roadway within a 6 m radius®. This adjustment
facilitates more accurate quantitative analysis of induced fault rupture and seismic wave interactions with the
roadway. If we consider the plastic zone at a depth of 500 m, we would need to account for this 6 m plastic zone
in future analyses.

Figure 5 illustrates the spatial distribution of SED in our model under varying proximity values (D=1 m to
D=5 m) with a fixed fault dip angle of 75° and y =0.27. In our simulations, the concentration of SED within
the coal seam increased as the fault approached the roadway, confirming that the stress accumulation patterns
in our replication are consistent with Vardar et al.*® in Fig. 4. Given the nature of rockbursts, treating the rock
mass as approximately elastic is expected to further strengthen the interaction between fault slip (both static and
dynamic rupture) and the roadway as boundary conditions evolve.

We also observed that as the roadway approached the fault, the SED near the ribs increased, further
supporting the need for quantitative analysis of the dynamic rupture and seismic wave impacts on the roadway
when it is located near the fault. This interaction is essential for assessing the coal burst risk in faulted geological
environments.

Fault static slip induced by roadway excavation
Roadway excavation-induced fault coseismic slip under varying friction parameters

To further understand the dynamics of fault slip induced by roadway excavation, we conducted an analysis of
coseismic slip distributions under various fault conditions, as depicted in Fig. 6. The analysis explores the impact
of different y, D, and fault frictional behavior by comparing results with the Mohr-Coulomb criterion.

Figure 6a demonstrates the coseismic slip distributions for three different Uy (0.27,0.37,and 0.47) at D=1 m,
r=0.5, and ¢=75°. As expected, the coseismic slip magnitudes decrease with increasing y. When p =0.27,
the largest coseismic slip, reaching approximately 17.1 mm at F; = 2 m. In contrast, when p_increases to 0.47,
the coseismic slip reduces to around 9.3 mm at F; = 1 m. This inverse relationship between static friction and
coseismic slip highlights the stabilizing effect of higher static friction on fault behavior, reducing the likelihood
of coseismic events. In Fig. 6b, we further investigate the influence of D_ on coseismic slip, while maintaining
static and dynamic friction coefficients of y =0.47 and p,=0.27, respectively. The critical slip distances tested
were D_= 1 mm, 2 mm, and 3 mm. The results indicate that larger D_values correspond to smaller coseismic
slip. For example, with D_ = 3 mm, the coseismic slip reaches approximately 15.8 mm, whereas for D_= 1 mm,
it reaches around 16.5 mm. The findings reveal that both static friction and critical slip distance are pivotal in
determining the magnitude and spatial distribution of coseismic slip along the fault plane.

Roadway excavation-induced fault coseismic slip and M, under different D

To further assess the response of faults during excavation-induced seismic events, we analyzed the distribution of
coseismic slip and M, under varying D and y, as shown in Fig. 7. This analysis aims to elucidate the relationship
between fault slip behavior and seismic energy release, which is crucial for understanding fault mechanisms
during roadway excavation.

Figure 7a illustrates the variation of coseismic slip with D for a static friction coefficient of y =0.27, with
r=0.5 and ¢="75°. The results indicate a marked increase in coseismic slip as D decreases. When D is greater
than 5 m, the slip remains below 5 mm; however, as D approaches 1 m, the coseismic slip increases significantly,
reaching up to approximately 17.1 mm. This behavior suggests that as the fault moves closer to the roadway,
stress concentration near the fault intensifies, leading to greater fault displacement during seismic events. Fig.
S2 provides additional insights into 7, ¢ , K, and slip distributions under varying D for  =0.27, offering a more
detailed understanding of fault instability.

Similarly, Fig. 7b shows the coseismic slip distribution for 4 =0.37 under the same geometric conditions. The
slip behavior follows a similar pattern, with increasing displacement as D decreases. However, the magnitude of
slip for u =0.37 is notably lower than that for _=0.27, further emphasizing that lower static friction coefficients
result in more pronounced fault slip due to reduced resistance along the fault plane. For instance, at D=1 m,
the coseismic slip for y =0.37 exceeds 12 mm, whereas for y =0.27, it reaches approximately 17 mm. Fig. S3
provides the corresponding T, o, K and slip distributions for 4, =0.37, reinforcing the observations about fault
stability under varying frictional conditions. Fig. S4 presents the corresponding stress drop distribution (top)
and fault slip (bottom) for y =0.37 and ¢, =0.47 under D=1 m.
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Fig. 5. Spatial distribution of SED around the fault and roadway under varying D values. (a—e) SED
distribution for D=1.0 m, 2.0 m, 3.0 m, 4.0 m, 5.0 m with u =0.27. (f) SED distribution under no fault slip
condition, where p_is set to a high value (u,=10).

Figure 7c explores the variation of M) with D for both static friction coefficients, y =0.27 and p =0.37,
integrating the results from Fig. 7a and b in conjunction with Eq. 14, Eq. 15, and the classic relationship from
Geller®. The seismic moment, which quantifies the total energy released during fault slip, increases as the
fault approaches the roadway. For both p_values, M reaches its maximum when D is approximately 1 m, with
M, approaching 39x10° Nm for s =0.27 and 4x 10° Nm for g =0.37. This trend underscores the significant
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Fig. 7. Coseismic slip distribution and M, under varying 4_and D. (a) Coseismic slip as a function of D for
#,=0.27,r=0.5, and ¢=75°. (b) Coseismic slip as a function of D for #,=0.37,r=0.5, and ¢=75°. (c) M,
variation with D for y =0.27 and 0.37.
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influence of D on seismic energy release, with faults in close proximity to the roadway exhibiting higher M
values. Additionally, the higher M) observed for u =0.27 suggests that lower static friction coefficients lead to
more intense seismic activity, as reduced resistance on the fault plane allows for greater energy release during
slip events.

These findings indicate that static friction coefficients and fault proximity are key factors in determining the
magnitude of fault slip and the amount of seismic energy released during seismic events. As the fault approaches
the roadway, lower friction coefficients result in more significant coseismic slip and higher seismic moments,
increasing the potential for dynamic fault rupture and associated seismic hazards. Therefore, it is crucial to
consider fault proximity and frictional properties when evaluating seismic risk in underground roadway
excavation.

Validation of theoretical and numerical solutions

We conducted a K-based analysis by selecting K values from areas unaffected by roadway excavation,
representing the background stress state, and compared the theoretical and numerical solutions under a constant
r=0.5, as shown in Fig. 8. This analysis aims to evaluate the accuracy and consistency of the numerical model in
capturing key stress responses within the fault system and to compare these results with established theoretical
frameworks.

Figure 8 illustrates the relationship between K and ¢ under the condition of 7=0.5. Both the theoretical and
numerical solutions exhibit a similar trend, with K increasing as ¢ rises up to 35°. Beyond ¢ = 35°, both solutions
show a decline in K. Notably, at ¢ =65°, the numerical solution begins to diverge from the theoretical one, with
the predicted K values from the numerical model approximately 10-12% lower than the theoretical estimates.
This discrepancy may be attributed to the potential influence of stress redistribution in areas still affected by
roadway excavation, which could alter the local stress field. Overall, the K -based analysis demonstrates that
while the theoretical model provides a solid foundation for understanding fault behavior, the numerical model
closely aligns with theoretical predictions for the most part, maintaining relative stability in K, values. The
observed deviations at higher ¢, however, underscore the importance of considering excavation-induced stress
redistribution in such analyses.

Fault dynamic rupture induced by roadway excavation

By accurately utilizing the stress disturbances caused by the near-source effects of excavation, and applying the
methods outlined in Sect. 2.3 and 2.4, we quantitatively evaluate the dynamic rupture behavior. Additionally, the
study examines the fault’s dynamic response and the subsequent propagation of seismic waves, assessing their
impact on roadway stability.

Dynamic rupture propagation

As illustrated in Fig. 9, the particle velocity distribution in the surrounding rock clearly demonstrates the seismic
waves generated by dynamic rupture propagation, from =0 ms to =23 ms. The simulation conditions are set at
D=3m, y =047, 4,=0.27,and D_= 0.001 m. The figure highlights the localized area between the roadway and
the fault, capturing both the dynamic slip and the propagation of seismic waves over time.

Dynamic rupture is markedly different from static stress redistribution. During the dynamic rupture
process, fault slip accelerates rapidly and propagates through the surrounding rock mass at high velocities.
The particle velocity distribution reflects the intensity and speed of the dynamic response, with the highest
values concentrated near the fault and on the side closest to the roadway. This distribution further confirms that
dynamic rupture induces significant stress perturbations within the roadway-fault system, with clearly visible
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Fig. 8. Comparison of theoretical and numerical solutions for K across varying fault dip angles at r=0.5.
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Fig. 9. Particle velocity distribution in the surrounding rock mass during dynamic rupture propagation caused
by seismic waves, from =0 ms to =23 ms, under conditions of D=3 m, y =0.47, 4;=0.27, and D_= 0.001 m.
The focus is on the local region between the roadway and fault.
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Fig. 10. Slip and slip rate distribution during dynamic rupture under conditions of D=3 m, y =0.47, 4, =0.27,
and D_= 0.001 m. (a) Slip evolution over time from 1 ms to 39 ms, with uniform 1 ms intervals and color
transition from red (1 ms, start) to purple (39 ms, end). (b) Slip rate distribution, highlighting the nucleation
zone and maximum slip rate (R ™**=2.4 m/s), with the same color transition and time intervals.

wavefronts radiating from the fault. This demonstrates the critical role of seismic waves in the dynamic rupture
phase, a factor absent in the static process.

The proximity between the fault and the roadway has a particularly strong influence on the rupture dynamics,
with seismic waves focusing between the fault and the excavation site, leading to localized stress amplification
and accelerated slip. The dynamic rupture and rapid seismic wave propagation depicted in Fig. 9 underscore
the significant shift in fault mechanics from the static to the dynamic phase. The particle velocity distribution
provides clear evidence of the intensity and localized impact of dynamic rupture, highlighting the importance
of considering dynamic processes when assessing fault stability and seismic risk during roadway excavation.

Our focus is on the fault, analyzing the evolution of slip and slip rate over time, with a temporal resolution
of 107% s. We output data every 1073 s (1 ms). Figure 10 provides a detailed representation of the slip and slip
rate distribution during dynamic rupture under the conditions of D=3 m, y =0.47, y;=0.27, and D_= 0.001 m.

Figure 10a illustrates the slip evolution from t=1 ms to t=39 ms, with color transitions from red (at 1 ms) to
purple (at 39 ms). This distribution clearly shows the progression of slip along the fault plane, with values steadily
increasing as rupture propagates. By 39 ms, the cumulative slip reaches approximately 5.7 mm, indicating
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significant slip resulting from dynamic rupture. The figure also identifies the point of rupture initiation, showing
that the slip process begins at the nucleation zone and gradually spreads outward along the fault.

Figuew 10b presents the slip rate distribution, emphasizing both the nucleation zone and the maximum slip
rate (R = 2.4 m/s). Similar to Fig. 10a, the same color transitions and time intervals are used to demonstrate
the evolution of slip rate over time. The maximum slip rate occurs near the nucleation zone, aligning with
the rupture initiation point. As rupture propagates, the slip rate gradually decreases, reflecting the natural
attenuation of rupture speed as seismic energy dissipates. The peak slip rate of 2.4 m/s highlights the rapid
response during the initial rupture phase, with the highest velocity concentrated near the starting point of
rupture. This distribution provides critical insights into the dynamic stress release during fault rupture, clearly
differentiating the high-speed dynamic phase from the previously discussed static behavior.

The steady increase in slip, combined with the rapid, concentrated slip rate in the nucleation zone,
emphasizes the complex interaction between fault properties and seismic energy release. The maximum slip and
slip rate indicate a highly dynamic process, with energy gradually dissipating as the rupture propagates away
from the nucleation zone. This analysis further enhances our understanding of dynamic rupture mechanisms,
complementing the particle velocity distribution shown in Fig. 9. For additional analysis on D_ = 1.5 mm and
D_ = 2.0 mm, refer to Figs. S5 and S6. Notably, at D_=2.0 mm, under the given r and D conditions, almost
no dynamic rupture occurs. This observation underscores the sensitivity of D_and the complexity involved in
dynamic rupture analysis. A summary of the key parameters observed during dynamic rupture is provided in
Table 3.

Verifying LSW during dynamic rupture

Our goal is to validate the LSW under dynamic rupture conditions. During seismic events, as dynamic rupture
propagates along the fault, different locations experience slip weakening at various times. In this process, stress
transitions from static strength to dynamic strength, while the slip rate accelerates from zero to its maximum,
with the slip distance traversing D, as theoretically defined. To thoroughly assess the accuracy of the LSW
model, we selected 3 positions — F; =0 m, 5 m, and 10 m — and tracked the evolution of slip and slip rate at
each point as the rupture progressed.

Using the data from Fig. 11 and Fig. S7, we conducted a comprehensive analysis of the temporal evolution of
slip and slip rate during dynamic rupture. Slip weakening is characterized by a transition in stress from static to
dynamic strength, with the slip rate rapidly increasing to a peak before gradually declining as the slip distance
reaches D_ By examining the behavior at F; = 0 m, 5 m, and 10 m, we clearly observed the progression of slip
weakening across the fault and verified the applicability of the LSW model at each location.

In Figure 11a, at F; = 0 m, we observe the evolution of slip, stress, and slip rate from t=0 ms to t=20 ms.
Slip increases steadily, while the slip rate follows a rise-and-fall pattern, peaking at approximately 1.6 m/s as the
rupture accelerates, and then decaying to zero. This behavior conforms to the expected LSW dynamics, where
the slip rate sharply increases as the rupture reaches D, followed by a gradual decrease in both slip rate and
stress. The transition in stress from around 2.5 MPa (static strength) to 1.5 MPa (dynamic strength) aligns with
the theoretical slip weakening mechanism. At F,; = 5 m, as shown in Fig. 11b, the peak slip rate of approximately
1.1 m/s occurs slightly later than at F; = 0 m, indicating a temporal lag in the dynamic weakening process as
rupture propagates outward from the nucleation point. The stress evolution mirrors this delay, transitioning
from around 3 MPa to 1.8 MPa, with fault weakening accelerating rupture propagation. Figure 11c, at F; =10 m,
reveals a further delay in the evolution of slip and slip rate, demonstrating that the rupture process slows as it
moves further along the fault. Despite the temporal lag, the overall slip and stress weakening behavior remains
consistent, confirming the robustness of the LSW model across varying fault positions.

Figure S7 extends the analysis to a larger critical slip distance (D, = 0.0015 m), revealing similar trends in
slip and slip rate evolution, though with slightly reduced slip magnitudes and an extended stress weakening
process. This demonstrates the sensitivity of dynamic rupture to D, as the larger D_ leads to slower rupture
initiation and progression. The combined analysis of Fig. 11 and Fig. S6 clearly verifies the LSW effectiveness,
while also highlighting the role of D_in shaping fault dynamics. The excellent agreement between our numerical
simulations and theoretical predictions further validates our choice of time-step and mesh size.

Impact of seismic waves on roadway stability

Particle velocity distribution and roadway response

Seismic waves generated by dynamic rupture can significantly impact the stability of the surrounding rock mass
and the structural integrity of underground roadways. This section analyzes the distribution of particle velocity
(PV) to evaluate the dynamic response of the roadway structure, with particular emphasis on the amplification
effect caused by wave reflection. The peak particle velocity (PPV) refers to the maximum PV value, while the

No. | D_(mm) | Slip (mm) Viupture (km/s) | RZ*®* (m/s) | T, (ms)
1 1.0 5.7 1.46 2.4 39
2 1.5 55 0.83 1.7 38
3 2.0 0.3 - 0.09 4

Table 3. Influence of D_onslip, V, . .. R™®, and T, In this table, no value is provided for the V. . when
D_is 2.0 mm, as indicated by the dashed line. This absence of data likely arises from the rupture velocity being

negligible to be recorded at this particular value of D_.
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Fig. 11. Temporal evolution of 7, slip, and R, during dynamic rupture for varying points at F; under
conditions of D_= 0.001 m. (a) F; =0 m. (b) 15; =5m, (c) F; =10 m, with 7, slip, and RSlip parameters
measured over 0-20 ms.

peak particle acceleration (PPA) corresponds to the maximum particle acceleration. Data were collected from
multiple monitoring points along the roof (H1-H5) and the right side of the roadway (V1-V5), as shown in
Fig. 12, to assess the influence of seismic wave propagation on roadway stability.

Figure 13 presents the PV distribution along the roof (H1-H5) under the conditions of D=3 m, y =0.47,
#4=0.27, and D_= 0.001 m. The maximum value for each monitoring line represents the PPV, with red arrows
indicating the exact location of these maxima. The PPV values show a clear decreasing trend from HI to H5,
with H1 exhibiting a PPV of 0.40 m/s, while H5 decreases to 0.21 m/s. This significant reduction indicates the
attenuation of seismic wave energy as it moves away from the roadway, with less dynamic impact observed in
more distant regions.
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Fig. 12. Schematic diagram of observation points for analyzing roadway stability. (a) Roof observation (H1-
H5). (b) Right-side roadway observation (V1-V5) .

The notably higher PPV values at HI and H2 can be attributed to the wave reflection amplification effect.
As seismic waves reach the free surface of the roadway roof, part of the wave energy is reflected back into the
surrounding medium. This reflected wave interferes with the incoming wave, leading to an amplification of the
dynamic response. For example, the PPV at H1 is 0.40 m/s, while at H5 it drops to 0.21 m/s, showing a reduction
of more than 47%, clearly indicating that the reflection effect diminishes with increasing distance from the
roadway.

Figure 14 illustrates the PV distribution along the right side of the roadway (V1-V5). Similar to the roof, PPV
and PPA values decrease with distance from the roadway. However, the reduction in PPV along the sidewall is
less pronounced than along the roof. For instance, V1 records a PPV of 0.49 m/s, while V5 shows a reduction
to 0.36 m/s, a decrease of only 27%. This smaller reduction can be explained by the proximity of the sidewall to
the seismic source, leading to less energy dissipation over the shorter distance, and thus less wave attenuation.
Consequently, the reflection effect is less significant along the sidewall compared to the roof. The PPV and PPA
at the observation points on the roof and right side of the roadway are summarized in Table 4.

Reflection amplification effect on roadway stability

The distribution of PPV and PPA reveals the significant influence of the reflection amplification effect on
roadway stability. Monitoring points near the free surface (e.g., H1 and V1) experience higher dynamic loads
due to the combined effect of incoming and reflected waves. For instance, the PPV at H1 reaches 0.40 m/s, while
V1 records a PPV of 0.49 m/s, indicating elevated dynamic stresses in these areas. As the distance from the
roadway increases (e.g., H5 and V5), the PPV values drop significantly due to the attenuation of seismic waves
and the diminishing effect of wave reflection, leading to lower dynamic loads and improved structural stability
in these regions.

In designing roadways, it is crucial to account for the reflection amplification effect, particularly along
the roof. The free surface of the roof amplifies the dynamic response, especially in areas close to the roadway,
such as H1 and H2, where dynamic loads are more pronounced. These regions require special attention in
terms of structural design to enhance the roadway’s seismic resilience. Although the sidewall is less affected
by wave reflection, it is still subjected to higher PPV and PPA values due to its proximity to the seismic source,
necessitating careful consideration of the stability of V1 and V2.

The data presented in Figs. 13 and 14, and Table 4 clearly demonstrate the effects of wave reflection and seismic
wave attenuation on different regions of the roadway. Analysis of PPV and PPA distributions reveals that regions
near the free surface of the roadway, particularly the roof, experience amplified dynamic responses due to wave
reflection. In contrast, the sidewall experiences less amplification but remains exposed to significant dynamic
loads due to its proximity to the seismic source. These findings emphasize the importance of considering both
reflection effects and distance from the source in designing roadway structures for enhanced seismic resilience,
especially in seismically active mining environments.

Limitations
While this study provides valuable insights into ultra-close fault dynamic rupture and its impact on roadway
stability, several limitations should be acknowledged.

First, the 2-D plane-strain model used, although effective in capturing fault slip behavior and seismic
responses, simplifies the inherently complex three-dimensional nature of fault systems and seismic wave
propagation. In reality, fault geometries and rupture propagation exhibit significant 3-D variability, which
cannot be fully captured by a 2-D model. This limitation constrains the ability of the model to represent lateral
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Fig. 13. Particle velocity distributions along the roof under conditions of D=3 m, y =0.47, 4;,=0.27, and D,
=0.001 m. (a-e) Correspond to H1 to H5. The red arrows indicate the exact location of the PPV along the
monitoring lines.

and vertical fault interactions and more intricate seismic wave reflections. Future studies should incorporate full
3-D simulations to better capture stress distributions, rupture dynamics, and seismic wave interactions across
the fault plane and the entire roadway system, providing a more accurate assessment of fault-induced seismic
risks.

Second, a notable limitation arises from the exclusion of the plastic zone induced by roadway excavation.
Excavation typically causes plastic deformation in the surrounding rock mass, which significantly alters stress
redistribution and may influence fault stability*>®>. By not including the plastic zone in our model, we may
have overestimated roadway stability and underestimated the effects of excavation-induced deformation on fault
rupture and seismic wave propagation. Future work should integrate the plastic zone to more accurately capture
the interaction between excavation deformation and dynamic rupture processes.

Another limitation is the restricted range of D_values used in this analysis. While the chosen D_ values are
representative of typical fault behavior, real-world faults may exhibit a broader spectrum of D_ values due to
variations in geological and mechanical properties*>. This limited range of D_values may constrain the study’s
ability to fully explore a wide range of rupture behaviors and energy dissipation mechanisms. Expanding the range
of D_values in future research would enable a more comprehensive understanding of dynamic rupture behavior
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Fig. 14. Particle velocity distributions along the right side of the roadway under conditions of D=3 m,
#,=0.47, 4;=0.27, and D_= 0.001 m. (a—e) Correspond to V1 to V5. The red arrows indicate the exact location
of the PPV along the monitoring lines.

and associated seismic hazards. The pre-nucleation phase in our model, while inherently time-dependent under
real mining conditions, has been approximated as a static process for computational efficiency and clarity. This
simplification omits the gradual redistribution of stress over time, which could result in discrepancies when
compared to actual mining scenarios. To address this limitation, future research should aim to incorporate the
time-dependent characteristics of the pre-nucleation phase, enabling a more precise representation of stress
evolution and rupture initiation.

Additionally, the reflection and amplification effects modeled near the excavation boundaries were based
on idealized conditions assuming smooth, regular geometry. In real mining environments, roadway surfaces
are often irregular, with joints and fractures that could further amplify or alter seismic wave propagation®~%’.
The assumption of smooth surfaces may oversimplify the interaction between wave reflection and excavation
geometry. Future studies should incorporate more complex geometries that account for surface roughness
and discontinuities, providing a more accurate assessment of seismic wave amplification and its impact on
roadway stability. The conclusion that reflected waves from the roadway surface dominate PPV amplification,
particularly near the roof, is specific to the geometric and material configurations of the current model. It is
important to note that under different roadway geometries, fault positions, or fault-to-roadway distances, the
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Roof
Observation Line H1 H2 H3 H4 H5
PPV (m/s) 0.40 0.37 0.28 0.23 0.21
PPA(rn/sz) 5.00 4.70 4.20 3.40 3.25
Right side of the roadway
Observation Line Vi V2 V3 V4 V5
PPV (m/s) 0.49 0.49 0.45 0.39 0.36
PPA(m/sz) 6.85 6.83 6.25 5.60 5.40

Table 4. PPV and PPA at observation points on the roof and right side of the roadway.
The two gradient arrows indicate the decrease in PPV and PPA as the distance from the roadway increases.

direct contribution of seismic waves generated by the fault may surpass the effects of wave reflections. This
suggests that the dominance of reflected waves is not universally applicable. Future studies should broaden the
scope of analysis to encompass a wider range of fault and roadway configurations, ensuring a more generalized
understanding of PPV amplification mechanisms.

Conclusion

This study provides a detailed numerical analysis of dynamic rupture induced by deep roadway excavation,
focusing on near-fault dynamic rupture. By replicating and extending the model of Vardar et al. (2022), we
validated our numerical approach and conducted a quantitative assessment of dynamic rupture for faults located
within 5 m of the roadway.

The results show significant increases in fault slip and seismic moment when the fault is within 5 m of the
roadway. For example, at D =3 m, the peak fault slip exceeds 17.1 mm, and the seismic moment reaches 3.9 x 10
Nm. Faults with 4 =0.27 show greater slip than those with 4 =0.37, underscoring the role of frictional properties
in fault mechanics. The validation of the LSW model demonstrates its effectiveness in capturing slip weakening
mechanisms and the transition from static to dynamic stress.

Wave reflection effects at the roadway surface were identified as a major contributor to PPV amplification,
particularly near the roof, with PPV values of 0.40 m/s and 0.49 m/s at H1 and V1, respectively. However,
further analysis indicates that the dominance of reflections is specific to the current model configuration. Under
different fault geometries or fault-to-roadway distances, seismic source effects may outweigh reflections. This
study highlights the need for broader investigations to generalize these findings.

In conclusion, this study provides valuable insights into seismic risks associated with ultra-close fault
conditions and the role of wave reflections in roadway stability. While our findings advance the understanding
of fault behavior and slip weakening mechanisms, further empirical research is needed to validate these results
and support seismic-resistant designs in faulted geological environments.

Data availability

All data generated or analyzed during this study are available from the corresponding author upon request. We
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who will gladly provide the necessary resources.Availability: https://github.com/liyatao2020/roadway-dynamic.
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