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In recent years, the frequent occurrence of dynamic disasters in tunnels with high stress in fault areas 
has greatly threatened engineering safety. The typical case – a tunnel influenced by fault slip on is 
taken as a research object. A series of physical simulation experiments and numerical simulations 
are conducted to analyze the stress evolution laws in the tunnel roof, shoulder, and coal pillar, along 
with the stress distribution characteristics across the working face at different excavation stages. The 
disaster mechanisms, the influence law of fault parameters and control measures for such tunnels are 
clarified. The main experiment results are as follows. The tunnel located in the hanging wall of the 
fault experiences a more pronounced increase in stress. Additionally, the closer the tunnel is to the 
fault plane in the hanging wall, the higher the stresses in the roof, shoulders, and coal pillar sides. For 
example, the stress at measurement point Jβ−3 in the β measurement section is 63.4% higher than 
that at point Jα−3 in the α measurement section. Moreover, the surrounding rock at different locations 
of the tunnel is more severely affected by the fault deeper inside, while the shallow parts experience 
less influence. Meanwhile, the pressure relief effect by the artificial pre-splitting for high-stress tunnels 
is proven by the established quantitative evaluation indicators for stress increase and decrease. 
Among them, the application of the new technology results in a maximum reduction of 145.4% in 
stress change rate. Through this study, a preliminary measure for controlling the surrounding rock of 
high-stress tunnels in fault areas is proposed, which can provide a reference for the control of similar 
tunnels.
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 With the increasing demand for energy and the intensification of mining activities, shallow resources are 
gradually depleting, and coal mining is progressively extending to greater depths1–3. Deep mining environments 
are facing increasingly complex geological environments, including high ground stress, fault zones, and 
strong mining disturbances4–6. Among them, the tunnels in the deep fault zone are under the influence of the 
superposition of deep buried high stress and fault structural stress, and the surrounding rock stress is at a very 
high value7–9. At this time, with the emergence of coal mining space, the fault surface near the tunnel is equipped 
with sliding space, which makes fault sliding extremely prone to occur, and may trigger such tunnel dynamic 
disaster incidents10,11.

Complex geological conditions, such as faults, disrupt the continuity and integrity of rock layers12, leading 
to stress concentration near these faults. Numerous scholars have conducted a series of studies using different 
research methods. In terms of numerical simulation, Shan et al.13 investigated the asymmetric deformation of 
tunnels under the influence of geological structures and mining activities using numerical simulation by FLAC3D 
software, analyzing the distribution patterns of deviatoric stress and plastic zones under different distances from 
the fault plane. Jiang et al.14 used FLAC3D software to simulate and analyze the stress evolution characteristics 
of the working face in the hanging wall, revealing the formation of high stress concentration zones in the fault 
pillar and ahead of the working face. Sun et al.15 used FLAC3D software to study the stress distribution law of 
surrounding rock in deep fault zone tunnels, and analyzed the rock failure mode of such tunnels. Thus, it can 
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be seen that the existing research primarily employs numerical simulation and theoretical analysis to examine 
stress variation characteristics of working faces and tunnel surrounding rock under fault conditions. However, 
current research methods have limitations: theoretical analysis and numerical simulation results lack sufficient 
validation. Physical model tests, which accurately reflect the spatial relationships between geological structures 
and engineering layouts, serve as an effective means to replicate field conditions for holistic research, addressing 
the shortcomings of the aforementioned methods16–18.

In terms of physical model experiment, Ma et al.19 conducted physical similarity experiments (4.2 × 1.5 × 
0.25 m model body size) on two fault structures to study the distribution characteristics of mining-induced 
stress under fault influence. The results showed that fault slip and dislocation caused by coal mining can lead to 
rock impact and fragmentation, significantly affecting the behavior of mine pressure. Wang et al.20 conducted 
a physical model experiment (3.0 × 1.3 × 0.6 m model body size) to determine the main factors that the 
deformation and failure of fault zone tunnel and reveal the underlying mechanisms. The results show that when 
crossing a fault, the high static load formed by the coupling of mining stress and fault pillar stress induces mining 
stress-type fault activation. It can be seen that, at present, the simulation of tunnels in fault structures during the 
entire mining process is mainly based on two-dimensional plane models. This physical simulation is relatively 
reliable for studying the stress impact of faults on a certain position of the tunnel, but it cannot study the stress 
impact of faults on the tunnel as the working face continues to be mined.

To address the issue of stress concentration in the surrounding rock, a pressure relief method is needed to 
effectively reduce rock mass stress and release energy. Many scholars have conducted extensive research on 
pressure relief techniques for tunnel surrounding rock. Zhang et al.21 carried out laboratory and field tests on 
borehole pressure relief, optimizing borehole parameters to effectively reduce stress concentration in coal seams. 
Cui et al.22 used numerical simulations to study the angle of pressure relief boreholes, proposing a calculation 
formula for borehole angle design and validating it through typical engineering cases. Chen et al.23 conducted 
numerical experiments on coal seam water injection ahead of the working face, demonstrating a significant 
reduction in peak stress within the coal mass, thereby verifying the effectiveness of water injection for pressure 
relief. Kang et al.24 performed numerical and field tests on hydraulic fracturing for pressure relief in deep mine 
tunnels, effectively reducing stress in roof rock masses. To achieve precise directional roof cutting, He et al. 
proposed a method of directional pre-splitting and cutting for surrounding rock pressure relief25. This method 
exploits the compressive-weakening and tensile-failure characteristics of rock masses, inducing controlled 
tensile fractures along predetermined directions to form pre-split surfaces. By cutting the roof at designed 
locations and directions, the roof collapses along the pre-split fractures at the intended height, severing stress 
transmission between the tunnel roof and the goaf roof, thereby reducing tunnel surrounding rock stress and 
achieving effective control. This artificial directional pre-splitting technology provides a new idea for the control 
of tunnels in deep fault zones in principle. However, its control advantage over this type of tunnel needs further 
verification, and the impact of core technical parameters on its control effect needs to be clarified.

Based on this, this paper focuses on typical fault-induced dynamic disaster tunnels under high stress, 
employing a comprehensive method combining large scale 3D physical model tests and numerical simulations. 
The study investigates disaster mechanisms and control measures for mining tunnels in high-stress fault zones, 
comparing the variation and distribution patterns of mining pressure under different influencing factors. 
Numerical comparative tests are conducted on high-stress tunnels in fault zones under various pressure relief 
methods to clarify disaster mechanisms induced by faults and mining, as well as the influence pattern and control 
mechanisms of artificial pre-splitting for pressure relief. It could provide a methodological basis for surrounding 
rock control in high-stress tunnels within fault zones.

The typical tunnel with high stress in fault zones
A dynamic disaster accident occurred in the fully mechanized top-coal caving mining face of a coal mine in 
China, located in a typical high-stress tunnel within a fault zone. This chapter introduces the basic parameters of 
the working face, tunnel, and fault in this area, as well as the on-site damage conditions, providing a parameter 
basis for subsequent numerical simulations and physical model tests.

Basic parameters
The maximum burial depth of the accident-prone working face W1 in this mine exceeds 1000 m. Its adjacent 
W2 working face has already been mined out, leaving a 5 m pillar between the two faces. The fully mechanized 
top-coal caving technology is adopted in the W1 working face. This method mainly includes two parts: one-time 
coal mining by the coal cutter and self weight collapse of the top coal. The average coal seam thickness is 9.2 m, 
the mining height is 3.6 m and the top coal caving thickness is 5.6 m. The immediate roof is siltstone with the 
thickness of 3.0 m, a main roof of about 17.0 m of fine sandstone, and an immediate floor of roughly 5.0 m of 
fine sandstone, as shown in Fig. 1. The physical and mechanical parameters of the main coal and rock masses 
are listed in Table 1.

There is a fault in the working face where the accident occurred, posing a safety hazard. The fault passes 
through the test tunnel, but the location passed through is at a certain distance in front of the accident area of 
the tunnel. It has a throw of 0 ~ 15 m (average value of 12 m), a dip angle of 70 degrees, and a dip direction of 
North West. As shown in Fig. 2, the original measurement section of the tunnel is rectangular, with a width 
of 4.8 m and a height of 4.0 m. The tunnel is supported by a combination of anchor cables and bolts. The roof 
is reinforced with cables of 22 mm diameter and 6.3 m length, as well as cables of 22 mm diameter and 3.8 m 
length. The sidewalls are supported by cables of 22 mm diameter and 3.8 m length, along with rock bolts of 
22 mm diameter and 2.5 m length. The spacing between bolts and cable bolts is 900 × 1000 mm. Detailed tunnel 
support parameters are shown in Fig. 2.
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Fig. 2.  Tunnel support parameters and the deformed contour at four typical locations.

 

Lithology
Bulk modulus
/GPa

Shear modulus
/GPa

Cohesion
/MPa

Internal friction angle
/°

Tensile strength
/MPa

Coal 18.0 8.3 2.9 29 0.7

Siltstone 18.4 13.3 5.1 35 2.1

Fine sandstone 30.2 22.7 5.8 35 4.0

Table 1.  The physical and mechanical parameters of rock mass.

 

Fig. 1.  Basic parameters of the dynamic impact accident.

 

Scientific Reports |        (2025) 15:41562 3| https://doi.org/10.1038/s41598-025-25448-9

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Failure conditions of the surrounding rock in the tunnel
Under the aforementioned tunnel support conditions, a dynamic impact accident occurred in the upper tunnel 
of the W1 working face, affecting a range of 420 m, as shown in Fig. 1. After the incident, measurement sectional 
shape sketches are conducted at four typical locations in the tunnel, as illustrated in Fig. 2. The tunnel, after 
severe contraction deformation, has a height ranging from 1.8 to 3.2 m and a width between 2.3 and 3.8 m. This 
indicates roof-to-floor deformation of 0.8 to 2.2 m and sidewall deformation of 1.0 to 2.5 m.

Preliminary analysis suggests the following causes. The tunnel where the accident occurred is deeply 
buried, resulting in high internal stress in the surrounding rock. More importantly, the main fault in this area 
intersects obliquely with the W1 working face, forming a triangular zone. As the working face advances, the 
area of this triangular zone gradually decreases, leading to extremely complex stress variations in the tunnel 
region, compounded by superimposed stress disturbances from the working face mining activities. These factors 
collectively contribute to the occurrence of the dynamic impact accident.

Further in-depth research is required to investigate the influence of specific fault structures on the disaster 
mechanisms of high-stress tunnels during mining, the impact patterns of fault parameters, and appropriate 
control strategies.

Physical simulation experiment on the catastrophic failure of tunnels under high 
stress in a fault zone
To investigate the stress evolution patterns of the aforementioned high stress tunnels and working faces in fault 
zones, and to clarify the relationship between tunnel deformation/failure and surrounding rock stress during 
mining operations, a physical simulation experiment study on catastrophic failure of tunnels under high stress 
in fault zones is conducted using a coal mining physical simulation test apparatus, as shown in Fig.  3. The 
simulation area selected for this experiment is taken from the accident area and does not reach the location 
where the fault passes through the tunnel.

Overall plan design in physical simulation
(1) Similar scale parameters

Based on the dimensions of the physical simulation test device and the simulated object, the geometric 
similarity ratio is determined to be 1/80, and the stress similarity ratio is set at 1/96 (with a unit weight similarity 
ratio of 1/1.2). According to the physical simulation similarity theory, the similarity ratios for elastic modulus 
and cohesion are equal to the stress similarity ratio, while the similarity ratios for strain, internal friction angle, 
and Poisson’s ratio are all 1.

After conversion using the similarity ratios, the length of the W1 working face in the model is 3.25  m, 
simulating an actual working face length of 260 m. The measurement sectional dimensions of the tunnel in the 
model are 60 mm in width and 50 mm in height, simulating an actual tunnel measurement section of 4.8 m in 
width and 4.0 m in height. The simulated fault is set a throw of 15 mm (corresponding to 12 m on site). Simulate 
rock strata on both sides of the fault and create a set throw during the laying process. The fault plane is simulated 
by laying mica sheets, with a thickness of 10 mm. The laying direction and angle are set according to the on-site 
parameters.

(2) Measurement plan
The stress measurement plan for this experiment is as follows. Inside the model, two measurement sections, α 

and β, are set up along the simulated working face excavation direction, located 0.75 m and 2.25 m from the front 
surface of the model, respectively. In each measurement section, the stress measurement is conducted at key 
locations, including the tunnel roof, shoulder, coal pillar, and working face. The specific layout of measurement 

Fig. 3.  Physical simulation test device and internal layout conditions.
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points is as follows. Tunnel roof measurement points are labeled Dm−n. Tunnel shoulder measurement points 
are labeled Jm−n. Coal pillar measurement points are labeled Zm−n. Working face measurement points are labeled 
Gm−n. In the above symbols, m denotes the measurement section, m = α ~ β; and n represents the n measurement 
point. Among them, the α measurement section is illustrated in Fig. 4(a), and the β measurement section is 
illustrated in Fig. 4(b). The distances between each measurement point are marked on this figure.

(3) Specific model construction plan
After completing the model filling and installing the measurement points, boundary loading forces are 

applied to the model in both the vertical and horizontal directions. Based on the aforementioned stress similarity 
ratio, the simulated vertical in-situ stress at the W1 working face reaches 0.250 MPa, while the horizontal in-situ 
stress reaches 0.469 MPa. After maintaining the pressure for 24 h, the model excavation commences, which 
involves four construction steps (Fig. 5), namely: (a) construction of W2 working face, excavation step spacing 
of 0.2 m, a total of 15 steps; (b) Construction of lower tunnel, excavation step spacing of 0.6 m, a total of 5 steps; 
(c) Construction of upper tunnel, excavation step spacing of 0.6 m, a total of 5 steps; (d) Construction of W1 
working face, excavation step spacing of 0.1 m, a total of 30 steps.

Analysis of physical simulation results
The stress evolution laws in the tunnel roof, shoulder, and coal pillar during the entire Step four process are 
analyzed, along with the stress distribution characteristics across the working face at different excavation stages.

Stress evolution analysis of the tunnel roof
During the working face excavation (Step four), the stresses at various measurement points on the upper tunnel 
roof in α and β measurement sections are continuously monitored. The stress evolution curves of the tunnel roof 
in both measurement sections are plotted in Fig. 6.

The specific analysis of the data pattern in Fig. 6 is as follows.
(1) The α measurement section
As the working face advances, the stress at each measurement point in the tunnel roof increases to a peak. The 

peak stresses at Dα−1, Dα−2, Dα−3, and Dα−4 are 0.215 MPa, 0.482 MPa, 0.439 MPa, and 0.372 MPa, respectively. 
The original rock stress is 0.250 MPa, indicating that Dα−1 is in a deformation pressure-relief zone with stress 
lower than the original rock stress, while Dα−2, Dα−3, and Dα−4 are in a stress-increasing zone with stresses higher 
than the original rock stress. As mining progresses beyond the measurement section α, the roof stresses at all 
measurement points drop sharply. This suggests that the tunnel roof collapses along with the overlying strata of 
the goaf, leading to stress reduction. The post-collapse stresses at all roof measurement points are significantly 
lower than the original rock stress.

(2) The β measurement section

Fig. 4.  Layout of stress and displacement measurement points for two measurement sections. (a) The α 
measurement section, (b) The β measurement section.
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When the working face is 1500 mm away from measurement section β, the stresses at the roof measurement 
points begin to rise. This indicates that the advance influence range of such tunnels is approximately 0 ~ 1500 mm, 
which translates to an on-site advance influence range of 120 m, consistent with field engineering data. The 
peak stresses at Dβ−1, Dβ−3, and Dβ−4 are 0.239 MPa, 0.517 MPa, and 0.551 MPa, respectively. Due to sensor 
failure, no valid data are obtained for Dα−2. Similar to the results from the α measurement section, the stress 
at the shallowest measurement point, Dβ−1, is lower than the original rock stress, indicating a pressure-relief 
zone. Additionally, once mining advances beyond the β measurement section, the abrupt stress drop at all roof 
measurement points follows the same pattern as in the α measurement section.

According to the measurement plan, compared to measurement section α, the main fault at measurement 
section β is closer to the study object—the upper tunnel. Comparing the peak stress data from the two sections, 
the peak stresses at Dβ−1, Dβ−3, and Dβ−4 increase by 10.0%, 15.1%, and 32.5%, respectively, relative to Dα−1, Dα−3, 
and Dα−4. This demonstrates that the closer the tunnel is to the fault during mining, the higher the internal roof 
stress and the greater the risk of dynamic disasters. Furthermore, two additional effects are observed: ① The 
intact deep surrounding rock in the tunnel roof is more significantly affected by the fault, while the shallow 
pressure-relief zone is less influenced. ② Due to the fault’s proximity to the tunnel, the peak internal roof stress 
shifts deeper (from Dα−2 to Dβ−4).

Analysis of stress evolution in tunnel shoulder zones
As the working face advances (Step Four), continuous measurement is conducted on the stress at various 
measurement points in the shoulder zones of the upper tunnel at measurement sections α and β. The stress 
evolution patterns in the tunnel shoulders at these two sections are illustrated in Fig. 7.

The specific analysis of the data pattern in Fig. 7 is as follows.
(1) The α measurement section
As the working face advances, the stress at each measurement point in the tunnel shoulders increases to 

its peak value. The peak stresses at Dα−1, Jα−1, and Jα−2 are 0.215 MPa, 0.662 MPa, and 0.450 MPa, respectively, 
with all peak locations situated at the α measurement section. The peak stresses at Jα−1 and Jα−2 reach 2.65 and 
1.80 times the original rock stress, respectively. This indicates that the maximum stress in the tunnel shoulders 
occurs at the middle measurement point (Jα−1), suggesting an overall “increase-then-decrease-to-stabilization” 
trend in shoulder stress distribution. Once mining progresses beyond the α measurement section, the stresses at 

Fig. 5.  The excavation for four step model construction. (a) Schematic of excavation plan, (Made by 
SolidWorks 2015) ​h​t​t​p​s​:​​​/​​/​h​e​l​​p​.​s​o​l​i​d​w​o​r​k​​s​​.​c​​o​m​/​​2​0​​1​5​/​​c​h​i​n​​e​s​​e​/​s​o​l​​i​d​w​o​​r​​k​s​/​i​n​s​​​t​a​l​l​_​g​​​u​​i​d​e​​/​t​_​i​n​i​t​i​​a​t​​i​n​g​_​s​w​_​i​n​s​t​a​l​​l​a​t​
i​o​n​.​h​t​m, (b) Four step excavation site photos.
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all shoulder measurement points drop sharply, following a pattern consistent with the roof stress evolution (not 
repeated here for brevity).

(2) The β measurement section
When the working face approaches within 1500 mm of the β measurement section, the stresses at shoulder 

measurement points Jβ−1 and Jβ−2 begin to exhibit an increasing trend. This observation confirms that the 
advanced influence range of this type of tunnel is approximately 0–1500 mm, which corresponds to an actual 
mining-induced influence range of 120 m in field conditions - a finding consistent with the roof behavior pattern. 
The peak stress recorded at Dβ−1, Jβ−1, and Jβ−2 is 0.239 MPa, 1.410 MPa, and 1.230 MPa, respectively. (The stress 

Fig. 7.  Comparison of stress evolution curves of the tunnel shoulder between the two measurement sections.

 

Fig. 6.  Stress evolution curves of two measurement sections of the tunnel roof. (a) The α measurement section, 
(b) The β measurement section.
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pattern at Dβ−1 has been previously discussed in the roof section analysis.) Notably, the peak stresses at Jβ−1 and 
Jβ−2 reach 5.64 and 4.92 times the original in-situ stress level, demonstrating significant stress amplification in 
the shoulder regions under the combined effects of fault proximity and mining activities.

Comparing the peak stress data at the shoulder sections of the two measurement sections, the peak stresses 
at points Dβ−1, Jβ−2, and Jβ−3 increase by 10.0%, 53.0%, and 63.4%, respectively, relative to measurement points 
Dα−1, Jα−2, and Jα−3. Similarly, the closer the tunnel is to the fault during mining, the higher the internal stress 
in its shoulder section. Compared to the internal stress in the roof surrounding rock, the stress increase in the 
shoulder section is more significant, making it a more critical factor in triggering dynamic impact disasters in 
tunnels within high-stress fault zones.

Analysis of stress evolution law inside the coal pillar
As the working face advances (Step four), continuous measurement is conducted on the internal stress of 
measurement points within the coal pillar of the upper tunnel in measurement sections α and β. The stress 
evolution patterns inside the coal mass of the tunnels in both measurement sections are plotted, as shown in 
Fig. 8.

Compared with the α measurement section, the main fault in the β measurement section is located closer to 
the coal pillar on the upper tunnel side. Analysis of Fig. 8 reveals the following. When the working face advances 
to the α measurement section, the internal stress in the coal mass reaches 0.691 MPa, 2.8 times the in-situ stress. 
When the working face reaches the β measurement section, the internal stress increases to 0.717 MPa, 2.9 times 
the in-situ stress. The results indicate that the internal stress of the coal pillar rises significantly under mining-
induced disturbances. The proximity of the fault further amplifies this stress increase, leading to a higher stress 
concentration.

Analysis of stress distribution patterns in the working face
Taking measurement points above the roof of the working face in the α and β measurement sections as the 
research subjects, the stress distribution patterns across the entire working face are analyzed for four distinct 
stages: ① After Step one (W2 Working face excavation completion); ② After Step three (Upper tunnel excavation 
completion); ③ When Step four reaches the measurement section (Excavation to measurement section); ④ After 
Step four (W1 Working face excavation completion). The stress distribution results are illustrated in Fig. 9. The 

Fig. 8.  Comparison of stress evolution curves inside two measurement sections of tunnel coal body.
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stress measurement points include Gi−1 to Gi−13 and Di−2, where i represents α and β (refer to Fig. 4 for specific 
locations).

Analysis of Fig.  9 reveals that during the three stages—W2 Working face excavating end, upper tunnel 
excavating end, and excavating to measurement section of W1 Working face—the stress at the upper tunnel is 
significantly higher than that at the lower tunnel. However, during the W1 working face excavating end stage, 
the surrounding rock of both tunnels is in a collapsed state, with stresses lower than the in-situ stress, and thus 
no detailed analysis is conducted for this stage.

The specific analysis for the three stages—W2 Working face excavating end, upper tunnel excavating end, and 
excavating to measurement section—is as follows.

(1) Stress analysis on both sides of the fault zone in different stages
1) The α measurement section.

	(i)	 During the W2 Working face excavating end and upper tunnel excavating end stages, the stresses on 
both sides of the fault increase from 0.257 MPa and 0.258 MPa to 0.265 MPa and 0.269 MPa, respectively 
(Fig. 9a). The stress difference between the left and right sides of the fault is minimal. This is because the W2 
Working face is far from the fault, so its excavation has no impact on the fault zone. Similarly, the excavation 
of the upper tunnel, being small in scale and not intersecting the fault, also does not affect the fault zone.

	(ii)	 During the excavating to the α measurement section stage, the stress on both sides of the fault rises from 
0.341 MPa to 0.373 MPa, showing a more pronounced difference compared to the previous two stages.

2) The β measurement section.
During the W2 Working face excavating end and Upper tunnel excavating end stages, the stresses on both 

sides of the fault increase from 0.251 MPa and 0.263 MPa to 0.259 MPa and 0.267 MPa, respectively (Fig. 9b). 
This trend is consistent with that observed in the α measurement section and will not be elaborated further. 
During the excavating to measurement section α stage, the stress on both sides of the fault rises from 0.572 MPa 
to 0.664 MPa, again showing a significant difference compared to the previous stages.

The data from these two measurement sections indicate that the mining of adjacent working faces and tunnel 
excavation have a minor impact on the stress distribution around the fault. However, the main fault significantly 
influences the stress distribution in the surrounding rock after the excavation of the W1 Working face, with 
higher stress observed on the hanging wall. This also corroborates the higher stress observed in the upper tunnel 
located on the hanging wall.

(2) Comparative analysis of stress peaks near the upper tunnel at different stages
1) The α measurement section.
At the three stages—W2 working face excavation completion, upper tunnel excavation completion, and 

excavation to the measurement section of W1 working face—the stress peaks near the upper tunnel were 

Fig. 9.  The stress distribution law of the entire working face in four stages of two measurement sections. (a) 
The α measurement section, (b) The β measurement section.
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0.540 MPa, 0.542 MPa, and 0.661 MPa, respectively. It can be observed that the excavation of adjacent working 
faces and tunnels has a minor impact on the stress of the upper tunnel. In contrast, the mining of the current 
working face significantly influences the stress of the upper tunnel.

2) The β measurement section.
At the three stages—W2 working face excavation completion, upper tunnel excavation completion, and 

excavation to the measurement section—the stress peaks near the upper tunnel are 0.472 MPa, 0.503 MPa, and 
1.143 MPa, respectively. The excavation of adjacent working faces and tunnels has a limited effect on the stress 
of the upper tunnel. However, due to the fault being closer to the upper tunnel, its influence on the tunnel is 
more pronounced, compounded by the mining impact of the current working face. These factors cause a sharp 
rise in the surrounding rock stress of the upper tunnel, reaching up to 4.6 times the original rock stress, posing 
a significant risk for dynamic impact disasters.

Combining the results of the physical simulation experiments in Chap. 3, the drastic increase in stress in the 
overlying strata, roof, shoulder, and coal pillar areas of the tunnel can be attributed to two main factors: mining 
influence and fault structure influence. The closer the fault is to the tunnel, the more pronounced its effect, with 
a significantly greater impact on tunnels within the hanging wall strata compared to those in the footwall. This is 
the primary cause of dynamic impact accidents in high-stress tunnels within fault zones, as studied in this paper. 
Building on this, further research is needed to explore how specific fault parameters affect the upper tunnel and 
how to prevent and control such accidents.

Numerical simulation study on fault influence mechanisms and artificial pre-splitting 
control
Based on physical simulation experiments, using the internal stress of the coal pillar in the upper tunnel as 
a representative of tunnel surrounding rock stress, this chapter investigates the influence of different fault 
parameters (fault tendency, fault angle) on the stress distribution around the tunnel. Additionally, it explores the 
control effect of artificial pre-splitting pressure relief on such tunnels. To address these research objectives, this 
chapter sequentially conducts numerical simulations on the influence mechanisms of different fault parameters 
and the artificial pre-splitting control of high-stress tunnels near faults.

Numerical simulation of the influence of fault parameters on tunnels
To clarify the influence of fault parameters on tunnel surrounding rock stress, numerical comparative experiments 
under different fault parameters are conducted based on physical simulation tests, with the upper tunnel of the 
W1 working face as the research subject.

Specific simulation plan
The experiment is divided into two parts, including fault tendency and fault angle, numbered I− i and II− j. The 
specific parameters are shown in Table 2.

(1) In terms of fault tendency (I− i): The main fault tendency on site is North West 70 °, and it is set as the I− 3 
plan; In addition, I− 1 is North West 60 °, I− 2 is North West 65 °, I− 4 is North West 75 °, and I− 5 is North West 80 °.

(2) In terms of fault angle (II− j): the main fault angle on site is 70 °, which is set as the II− 3 plan; In addition, 
II− 1 is 60 °, II− 2 is 65 °, II− 4 is 75 °, and II− 5 is 80 °. The parameters of other working faces, faults, and tunnels are 
consistent with those on site.

Parameters of the model body
Based on field conditions and physical simulations, a numerical calculation model is established using FLAC 3D. 
The model measures 450 m in length, 250 m in width, and 200 m in height. The mechanical parameters of each 
rock layer in the model are assigned according to Table 1, employing the Mohr-Coulomb constitutive model. 
The bottom boundary of the model is fixed in both vertical and horizontal directions, while the side boundaries 
are fixed horizontally. The top boundary is set as a stress boundary, with the applied value representing the 
overburden rock weight (not shown). The model parameters and the stress distribution within the coal seam are 
illustrated in Fig. 10. About simulated fault parameter, the shear stiffness is set to 109 Pa, the normal stiffness is 
set to 2 × 109 Pa, the cohesion is set to 5 × 103 N, and the friction angle is set to 17.5°. The excavation plan of the 
numerical model is consistent with that of the physical simulation tests.

Since the physical simulation has already conducted a detailed analysis of the stresses in different sections 
of the tunnel, the numerical simulation focuses only on the coal pillar area as a representative case to study the 
influence of different fault parameters on tunnel stresses. Specifically, five stress measurement points (labeled Z1 
to Z5) are arranged within the 5 m-wide coal pillar at 1.0 m intervals.

Number Plan order Tendency/° Plan order Angle/°

1 I-1 North West 60° II-1 60°

2 I-2 North West 65° II-2 65°

3 I-3 North West 70° II-3 70°

4 I-4 North West 75° II-4 75°

5 I-5 North West 80° II-5 80°

Table 2.  Numerical simulation plan for the influence law of fault parameters.
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To better compare and analyze the stress variation patterns in the surrounding rock of the tunnel under 
different plans and the degree of fault influence, a quantitative evaluation index called the “coal pillar stress 
increasing rate ( ηZi-j-l )” is established for comprehensive assessment. The coal pillar stress increasing rate 
( ηZi-j-l ) represents the percentage increase in tunnel coal pillar stress compared to the original rock stress, 
calculated as follows:

	 ηZi−j−l = (Zi−j−l − Zi−j−ini)/Zi−j−ini × 100%� (1)

Where:
ηZi-j-l—The coal pillar stress increasing rate at measurement point l in plan i-j, representing the degree 

of stress increase at point l compared to the in-situ rock stress in plan i-j. A higher ηZi-j-l  indicates a more 
pronounced influence of the fault on the coal pillar. Here, i denotes the type of plan (i = I ~ II), and j represents 
the sub-plan under the main category (j = 1 ~ 5). For example, ηZI-1-1  refers to the stress increasing rate at 
measurement point l in plan I-1, in %.

Zi-j-ini—In-situ rock stress at the coal pillar in plan i-j, in MPa.
Zi-j-l—Stress at measurement point l of the coal pillar in plan i-j, in MPa.

Analysis of test results for different fault parameter plans
When the working face advances to the measurement section, the stress distribution at each measurement point 
of the tunnel coal pillar under different fault tendencies/angles is shown in Figs. 11(a) and 12(a), respectively. 
The quantitative evaluation indices of surrounding rock stress at the peak stress measurement points under the 
two conditions are presented in Figs. 11(b) and 12(b), respectively.

The specific analysis of the data pattern in Figs. 11 ~ 12 is as follows.

Fig. 11.  Comparison of stress distribution and characteristic points inside the tunnel coal pillar in Plan I.

 

Fig. 10.  The parameter situation of the model body and the arrangement of stress measurement points inside 
the coal pillar.
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(1) In the fault tendency plans, the stress within the tunnel coal pillar exhibits a single-peak distribution 
characterized by “high in the middle and low on both sides,” with the peak stress located at the center of the 
coal pillar. The peak stresses for each plan are 54.11 MPa, 53.82 MPa, 53.15 MPa, 52.86 MPa, and 51.90 MPa, 
with coal pillar stress increasing rates of 125.5%, 124.3%, 121.5%, 120.3%, and 116.3%, respectively. As the fault 
tendency increases, the peak stress within the coal pillar shows an upward trend. This is because a larger fault 
tendency brings the fault closer to the upper tunnel at the measurement section. This further confirms that the 
closer the fault is to the upper tunnel, the greater the peak stress within the coal pillar.

(2) In the fault angle plans, the stress within the tunnel coal pillar also displays a single-peak distribution of 
“high in the middle and low on both sides,” with the peak stress located at the center of the coal pillar. The peak 
stresses for each plan are 53.95 MPa, 54.36 MPa, 53.21 MPa, 52.93 MPa, and 51.60 MPa, with coal pillar stress 
increasing rates of 124.8%, 126.5%, 121.7%, 120.5%, and 115.0%, respectively. The influence of fault angle on 
coal pillar stress differs from that of fault tendency. When the fault angle is 65°, the peak stress within the coal 
pillar reaches its maximum. Within the range of 65°~80°, a negative correlation is observed between the fault 
angle and the peak stress in the coal pillar.

The above summarizes the influence of fault parameters on the stress distribution in the surrounding rock of 
the tunnel. However, further research is still needed to determine how to prevent and control dynamic disasters 
in tunnels subjected to high stress in fault zones.

Numerical simulation of artificial pre-splitting control in fault zone tunnels
 Using the widely adopted artificial pre-splitting technology, this chapter investigates the surrounding rock 
control during the excavation of high-stress tunnels in fault zones. This technology utilizes the high compressive 
strength and low tensile strength of rocks to achieve. Specifically, using a directional pre-splitting device, a 
concentrated blasting force is generated in the set direction of each blast hole, and adjacent blast holes are 
interconnected through cracks. Therefore, an artificial pre-splitting surface with a set direction is formed, as 
shown in Fig. 13. The numerical model remains consistent with the one established in Sect. 4.1, with the addition 
of an artificial pre-splitting simulation.

Specific simulation plan
Based on the I− 3 model from Sect. 4.1 (aligned with field conditions), simulations of artificial pre-splitting roof 
cutting are conducted. The simulations primarily focus on two aspects: pre-splitting height (height of cutting) 
and pre-splitting angle (angle of cutting), labeled as III− i and IV− j, respectively. The specific plan parameters are 
listed in Table 3.

To better compare and analyze the effect of artificial pre-splitting on reducing the stress of surrounding rock 
in fault area tunnels under different plans, a quantitative evaluation index of coal pillar stress change rate ( δ Zi-j ) 
is established to comprehensively evaluate and analyze the stress of surrounding rock. The stress change rate of 
coal pillars ( δ Zi-j ) refers to the percentage decrease in the average stress of coal pillars in the tunnel compared 
to the average stress of coal pillars in the uncut tunnel. The calculation formula is as follows.

	
δ Zi−j = (

−
Z

I−3
−

−
Z

i−j
)/

−
Z

i−j
× 100%� (2)

Where:
δ Zi-j—The stress change rate of the tunnel coal pillars in the i-j plan, %. The higher the δ ( δ Zi-j ), the more 

significant the impact of roof cutting and pressure relief on the tunnel coal pillars. Among them, i represents 
different types of plan numbers, i = III-IV, j represents sub plans under the main category plan, j = 1 ~ 5.

Fig. 12.  Comparison of stress distribution and characteristic points inside the tunnel coal pillar in Plan II. (a) 
Stress distribution law, (b) Comparison of peak point stress.
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−
ZI-3—The average stress of the tunnel coal pillars in the I− 3 plan, MPa. The average stress of coal pillars in 

tunnels that have not been artificially pre cracked.
−
Z i-j—The average stress of the tunnel coal pillar in the i-j plan, MPa.

Analysis of test results for different control parameter plans
When the mining face reaches the measurement section, the stress distribution of different artificial pre-splitting 
parameters (height of cutting, angle of cutting) at each measurement point of the coal pillar is shown in Fig. 14 
(a) and Fig. 15 (a), respectively. Among them, the quantitative evaluation indicators of the surrounding rock 
stress at the measurement points corresponding to the peak stress of the coal pillar under the two conditions are 
shown in Fig. 14 (b) and Fig. 15 (b), respectively.

The specific analysis of the data pattern in Figs. 14 ~ 15 is as follows.
(1) In the artificial pre-splitting height plans, the stress within the tunnel coal pillar exhibits a single-peak 

distribution characterized by “high in the middle and low on both sides,” with the peak located at the center of 
the coal pillar. Compared to tunnels without artificial pre-splitting, the internal stress of the coal pillar in each 
pre-splitting plan is reduced to varying degrees. The stress change rates in the coal pillar for Plans III− 1 to III− 5 
are 118.9%, 113.6%, 102.5%, 97.5%, and 91.9%, respectively. This demonstrates that the artificial pre-splitting 
technique effectively reduces the surrounding rock stress of the tunnel. The optimal artificial pre-splitting height 
is 15 m (Plan III− 1), which provides the best pressure relief effect for tunnels in high-stress fault zones.

(2) In the artificial pre-splitting angle plans, the internal stress distribution of the tunnel coal pillar is generally 
consistent with that of the pre-splitting height plans. Among Plans IV− 1 to IV− 3, the internal stresses of the coal 
pillars show little variation, with stress change rates ranging from 102.5% to 145.4%. However, in Plans IV− 4 to 
IV− 5, the internal stress of the coal pillars increases significantly, and the stress change rates drop noticeably to 
37.4%~42.0%. This indicates that when the artificial pre-splitting angle is within 0 ~ 10°, the internal stress of the 
coal pillar is significantly lower than when the angle is 15 ~ 20°. Therefore, the optimal angle should be selected 
within the 0 ~ 10° range, with the specific value determined based on the engineering requirements for blasting 
and pre-splitting on-site.

Number Plan order Height of cutting Plan order Angle of cutting

1 III-1 15,000 mm IV-1 0°

2 III-2 20,000 mm IV-2 5°

3 III-3 25,000 mm IV-3 10°

4 III-4 30,000 mm IV-4 15°

5 III-5 35,000 mm IV-5 20°

Table 3.  Numerical simulation plan for artificial pre-splitting control parameters.

 

Fig. 13.  Technical principal diagram of the artificial pre-splitting technology.
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The above data demonstrate that artificial pre-splitting roof cutting enhances rock strata caving, reduces the 
rotation of overlying strata in the fault zone above the tunnel, alleviates stress concentration to some extent, and 
lowers the risk of dynamic impact disasters.

Conclusion
A typical case study of high-stress tunnels within fault zones is conducted to explore the factors of and control 
measures of fault slip induced disasters through a series of experiments. The physical simulation experiments 
of surrounding rock failure in high-stress tunnels within fault zones are carried out. The disaster law of such 
tunnels is clarified. Furthermore, two types of numerical simulations are performed to investigate the influence 
of fault parameters and control measures for such tunnels is also carried out. The impact patterns of different 
fault parameters on working face stress, as well as the pressure relief effects of high-stress tunnels under various 
artificial pre-splitting parameters, are revealed. The specific conclusions are as follows.

(1) The physical simulation experiment result shows that after mining through a fault—i.e., when the fault has 
slip space—the influence of the fault on high-stress tunnels becomes significant. Tunnels located in the hanging 
wall of the fault experience a more pronounced increase in stress, and the sharp stress increase of such tunnels in 
the fault hanging wall caused by the fault and mining activities is the internal factor triggering dynamic disasters. 
Additionally, the closer the tunnel is to the fault plane in the hanging wall, the higher the stresses in the roof, 
shoulders, and coal pillar sides. For instance, the stress at measurement point Jβ−3 in the β measurement section 
is 63.4% higher than that at point Jα−3 in the α measurement section. Moreover, the deeper surrounding rock of 
the tunnel is more severely affected by the fault, while the shallow parts experience less influence.

(2) Two types of numerical simulations results show that when the fault angle ranges between 65° and 80°, 
there is a negative correlation between the fault angle and the peak stress in the coal pillar, and the peak stress 
inside the coal pillar tends to rise with the fault tendency increasing. Additionally, artificial pre-splitting of the 
roof enhances the broken expansion degree of the caving rock strata, reduces the rotation of overlying strata 
above the tunnel in the fault zone, alleviates stress concentration to some extent, and lowers the risk of dynamic 

Fig. 15.  Comparison of stress distribution and characteristic points inside the tunnel coal pillar in Plan IV. (a) 
Stress distribution law, (b) Comparison of stress change rate in coal pillars.

 

Fig. 14.  Comparison of stress distribution and characteristic points inside the tunnel coal pillar in Plan III. (a) 
Stress distribution law, (b) Comparison of stress change rate in coal pillars.
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impact disasters. Regarding the selection of pre-splitting control parameters, the case in this study serves as an 
example. The optimal artificial pre-splitting height is 15 m, and the optimal pre-splitting angle is in a range of 
0 ~ 10°, which provides the best pressure relief effect for high-stress tunnels in fault zones.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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