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The effectiveness of roadway support in soft rock under high horizontal stress
poses a critical technical challenge in underground engineering. It directly
affects mine construction progress and mining safety. In response to support
failures, such as significant deformation, sheet wall collapse, and roof fall,
encountered during the high horizontal stress soft rock roadway support in coal
mines, this study utilizes similar material model experiments to simulate actual
roadway excavation processes, aiming to analyze the patterns of displacement,
deformation, and failure in the surrounding rock during roadway excavation
and assesses the effectiveness of different support methods. Simultaneously,
FLAC3P was employed to simulate the working face to obtain the deformation
and stress distribution patterns of the surrounding rock in the roadway. Field
test verification was conducted using the fiber grating anchor monitoring
system to validate the findings. The research findings demonstrate that the
novel support design scheme effectively restricts the deformation and stress
distribution in the surrounding rock, these research results not only provide a
solid scientific foundation for selecting an appropriate support method for the
soft rock roadways subjected to high horizontal stress, but also contribute to the
enhancement of process safety risk control in coal mining.

KEYWORDS

high horizontal stress, soft rock roadway, failure mechanism, similarity model, roadway
support, anchor bolt

1 Introduction

Coal, a finite mineral resource, serves as China’s primary energy source and industrial
raw material (Qian, 2010; Xie et al., 2018; Zhang et al., 2024; AdebayoS, 2022; Li et al,,
2023). Currently, the persistent energy shortage poses a long-term challenge to China’s
economic and social development. Among various energy sources, coal occupies a
dominant position in both production and consumption due to its reliable, affordable,
and environmentally-friendly utilization methods (Pu, 2002; Yuan, 2021; Yang et al., 2025;
Wang X. et al., 2025). With the continuous development of China’s economy, the demand
for coal resources is increasing, and deep coal mining will inevitably continue to develop.
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However, with the depth increasing, the mining environment
experiences notable changes as mining operations progress, leading
to the emergence of increasingly complex gas occurrence conditions,
these conditions are accompanied by elevated levels of ground
stress, temperature, and karst water pressure, alongside the presence
of strong mining disturbances. This combination of factors is
commonly referred to as the “three highs and one disturbance”
(Xie et al., 2012; Yuan et al., 2022; Zhu et al., 2022b; Rong et al.,
2018; Wang et al,, 2017). The safe extraction of deep coal resources
is encountering significant challenges. The increasing demand for
coal mining has led to a rise in soft rock mines due to greater
mining depths. As a result, safety concerns regarding soft rock
mine support have become more prominent, especially in high-
stress soft rock roadways resulting from insufficient support design
and engineering repairs. This not only leads to significant wastage
of human and material resources but also poses a severe safety
threat (Zhao et al, 2022a; Zhang and Yin, 2022; Hou et al,
2022). The deformation and failure mechanisms of soft rock
roadways exhibit complex characteristics, posing significant and
intricate challenges in providing effective support in underground
engineering worldwide. Addressing these challenges is crucial
for achieving both the objectives of “in-depth development” and
“safe production” in the coal mining sector (Zhu et al., 2022a;
Zhan et al., 2022; Wang et al., 2025a).

Currently, extensive research has been conducted by both
domestic and international scholars on the support of soft rock
roadways. In the realm of theoretical inquiry, He (2014) propose the
theory of coupling and integrated support for critical components.
Yu and Qiao, (1981) put forward the “theory of axis shift” and the
“theory of system excavation control” Dong et al. (1994), Dong.
(2001) put forward “loose circle theory” and so on. In terms of
mechanism research, Sun et al. (2023), Liu et al. (2022a), Yuan et al.
(2022), Wang et al. (2022), Xi et al. (2022) and Zhu et al. (2022b)
have carried out a lot of research on the stress evolution law,
deformation and damage mechanism and support technology of
soft rock roadway through numerical simulation. Li et al. (2023)
explored the deformation mechanism of the extremely expanded
soft rock roadway and established a mechanical model of the
plastic zone. Yang et al. (2017) and Zhai et al. (2022) have carried
out research on the drum bottom mechanism and floor failure
characteristics and control of soft rock roadway with different
geological conditions. Zhao et al. (2020) studied the surrounding
rock control technology of deep soft rock roadway, including
damage characteristics, roadway deformation mechanism and repair
technology of surrounding rock. Li et al. (2020) conducted research
on the damage mechanism and support technology for the large
deformation and support problem of deep soft rock roadway.
Ma et al. (2021) derived the theoretical solution of the optimal
supporting pressure from the Drucker-Prager yield criterion and
the steady-state creep criterion expressed as the third invariant of
deviation stress. Cai et al. (2023) built a PPD model of the rock
(body), by establishing the mechanical model of prestressed bolt
support, Li et al. (2021) found that the initial deformation plastic
area of soft rock roadway was mainly located in the left shoulder of
the inclined shaft, among which the plastic area was mainly tensile
failure. Jia et al. (2022) using theoretical analysis, field measurement,
numerical simulation and other comprehensive research methods,
the failure law of the roadway extreme soft roof of different top
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coal thickness under the action of mining is studied. Yu et al.
(2020) studied the deformation characteristics and control factors
of deep buried soft rock roadway under the influence of mining.
Jiang et al. (2020) obtained the cooperative control principle of
soft rock anchor in kilometer deep well. Wen et al. (2019) studied
the bottom failure mechanism and support technology of soft rock
mining roadway. Kang and Yi, (2023) established BVS model to solve
the problems of deterioration, capacity expansion and rheological
effect of surrounding rock in deep soft rock mining roadway.
In the research aspect of supporting technology. Zhang et al
(2023) proposed the superposition community theoretical model
and superposition joint support scheme of “anchor bolt (cable) +
anchor net + anchor injection flexible bolt + shotcrete support”
Kang et al. (2015) studied the effectiveness and applicability of
the bolt system in soft rock mass reinforcement. Wang et al.
(2021) proposed a double-shell grouting technology for low-
pressure grouting and high-pressure split grouting. Yuan et al.
(2022) proposed a comprehensive surrounding rock management
method of bolt-net-cable-serous coupling support, and analyzed the
interaction mechanism between coupled support and surrounding
rock through numerical simulation. Yang et al. (2019) proposed
a new combination of “bolt-cable-net-shotcrete + shell’to support
the ventilation roadway, and the new support design successfully
controlled the large deformation of the roadway. Zeng et al.
(2022) studied the deformation and failure characteristics of soft
rock roadway, and proposed a comprehensive step by step joint
support control strategy based on the numerical simulation results.
Zhan et al. (2019) found that the convergence trend of omni-
directional, strong rheological and large deformation is the essential
characteristics of deep soft rock roadway deformation and the
unreasonable design of support scheme and the destruction of
support structure are the external factors that produce this influence.
Zhao et al. (2022b) in view of the characteristics of large buried
depth, high stress and low surrounding rock strength of Xinhu Coal
Mine, proposed the joint support scheme of “concrete injection +
grouting anchor bolt/anchor cable + ordinary anchor bolt/anchor
cable” Meng et al. (2016) analyzed the deformation and failure
mechanism of deep high stress crushing soft rock roadway, and put
forward the step-by-step joint support technical scheme of “anchor
net cable spray + U-shaped steel bracket + grouting + bottom
plate anchor injection”. Liu et al. (2022b) proposed the step-by-
step combined support technology of deep weak broken roadway.
Wu et al. (2024) proposed a new collaborative control strategy that
combines anchoring, shotcrete, and grouting for supporting soft
rock roadways. Zhu et al. (2023) determined the key parts of the
surrounding rock that are prone to instability through numerical
simulation, selected appropriate arrangements and parameters for
side tunnel drilling pressure relief, floor grouting, floor trenching,
and secondary support of floor anchor bolts.

Currently, a lot of research results have been made in terms of
mechanism and technology, however, it is evident that numerous
issues still require in-depth exploration. For instance, theoretical
research in this field noticeably lags behind engineering application
research. The predominant use of low anchorage force end anchors
and full-anchor anchors, while the utilization of resin full-length
anchorage anchors remains relatively minimal. Furthermore, there is
no unified understanding of the anchor reinforcement mechanism,
and the absence of effective and rational calculation methods
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hampers progress. Theoretical analysis and numerical simulation
often exhibit significant discrepancies when compared to real-
world scenarios. These challenges highlight the need for further
investigation and development in these areas. Insufficient research
on the support of high-stress soft rock roadways has resulted in poor
support effectiveness for a significant number of coal mines. Wall
caving, with the continuous development of coal mining, there is
still insufficient research on high-stress soft rock roadway support.
As a result, many soft rock roadways in coal mines exhibit poor
support effectiveness, leading to wall caving and roof collapse during
infrastructure construction and mining operations.

The inadequate safety reliability of these roadways fails to meet
the demands of mine safety production, severely restricting the
safety and efliciency of mining operations. Therefore, there is a
critical need to focus on the support of soft rock roadways, including
understanding the deformation and stress distribution laws of
surrounding rocks, selecting appropriate support methods, studying
the impact of mining on soft rock roadways, and developing effective
support technologies. This research has significant theoretical
implications and practical applications for ensuring safe coal mining
operations, especially under high levels of stress. It plays a crucial
role in future longitudinal development and production. Specifically,
in this study, we examine the effects of high stress levels in coal mines
on soft rock roadways, such as top subsidence, fractures, cracks,
and the occurrence of the serious bottom drum phenomenon.
Firstly, a comparative study was undertaken to optimize the support
of mining roadways using similar model materials. The objective
was to investigate the distribution of supporting pressure in the
substrata. This paper presents a systematic examination of the
surrounding rock deformation during roadway excavation, stress
variations in two coal wall gangs, and changes in anchor tail forces.
To validate the findings, a comprehensive application of FLAC®P
numerical software was utilized for simulation verification, along
with an industrial experiment using an optical fiber grating bolt
monitoring system. The research results have important significance
for understanding the failure mechanism of support in deep soft rock
mining roadways, ensuring high efficiency and safety in the process
of coal mining, and also offer valuable guidance for supporting deep
and high-level stress soft rock roadways.

2 Project overview
2.1 Geological conditions of mining area

The study area is located in Majiata Town, Lingwu City,
Ningxia Hui Autonomous Region, China. This area features
complex geological structures, with coal-bearing strata belonging
to the Jurassic Yaw'an Formation. The location of mining area
is shown in Figure 1. The main mining coal seam has an average
thickness of 30.5m. However, the roadway surrounding rock
predominantly consists of interbedded mudstone and siltstone,
locally intercalated with thin sandy mudstone layers, exhibiting
typical soft rock characteristics: low compressive strength (uniaxial
compressive strength generally <15MPa) and water-induced
softening (mudstone strength attenuation rate exceeds 50% after
water immersion). Additionally, the regional in situ stress field is
dominated by horizontal tectonic stress, with measured maximum
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horizontal principal stress reaching 25 MPa. Under superimposed
mining-induced stress disturbances, soft rock roadways are prone to
nonlinear large deformations such as floor heave, rib spalling, and
roof subsidence. Particularly in fault zones and sandstone-mudstone
interfaces, the surrounding rock exhibits significant rheological
behavior, where time-dependent deformation can reach 2-3 times
the initial deformation. These unique geographical and geological
conditions impose higher demands on the support system.

Based on the geological data obtained from the coal mine, the
roof of coal seam consists of fine-grained sandstone characterized by
rock pore development. This material is susceptible to weathering,
has poor flooding resistance, and exhibits low strength, making it
an unstable rock mass. It lacks firmness and easily collapses during
coal seam mining, with a compressive strength of 0.4 MPa. The
top plate experiences cyclic pressure and is prone to falling. The
bottom plate, on the other hand, is composed of siltstone with low
rock strength, poor water resistance, weathering resistance, and frost
resistance. It is prone to softening and exhibits poor rock firmness,
with a unidirectional compressive strength of 0.3 MPa, making it a
very weak bottom plate. The coal strips within the coal seam display
brown and black colors, with teski coefficient f < 1. They exhibit
stepped, uneven, and flat fractures, with developed endogenous
cracks. Some of these cracks are filled with calcite and pyrite, and
pyrite tuberculosis is common in the coal. These characteristics
collectively define the “three soft coal seams” - soft roof, soft bottom
plate, and soft coal quality, indicating an overall loose rock structure
that is prone to softening in water and weathering.

2.2 The current situation of roadway
support

Currently, the functional face is in the mining phase. Based on
the site investigation, the principal ore pressure on the roadway is
the subsidence, fracture, and split of the roadway’s roof, and the
bottom drum phenomenon is severe. The roadway is situated in a
weak aquifer environment, where small water flow from the roof
is common. The mudstone in the roof tends to disintegrate into
sheets, making it highly susceptible to wind and water disturbances.
Additionally, the water disturbance weakens the anchorage force at
the end section of the anchor cable (rod), leading to accelerated
deformation and significant deformations in the roadway roof layer
and surrounding rock. As a result, the stability of the roadway is
compromised, leading to an extended period of instability. Figure 2
illustrates the stratigraphic column and support status.

3 Model test platform design
3.1 Model building

Based on field data, the field geological environment structure
was simulated and a three-dimensional loadable experimental
platform measuring 100 mm x 1,500 mm x 600 mm was utilized
for the roadway similarity model experiment (Yuan et al., 2022;
Yu et al.,, 2020; Ma et al., 2024). The experimental model size was
set at 1,500 mm x 1,400 mm X 600 mm, with a laying height of
1,400 mm. The geometric ratio was set at 1:15, the time ratio at
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Stratigraphic column and support status.
was 0.93 MPa. The loading device employs a 6-round hydraulic
crane for uniform loading. The loading sequence began with vertical
stress, followed by horizontal stress. Each round of loading applied
a force of 1-2 tons vertically and laterally.
Optimized roadway ™ ~ =71 Model 3.3 Monitoring point layout
_ A~ AT
o |Pre-optimized /_E;——)\
3 roadway % / e /:, In the experiment, equipment was positioned on top of the
4 > . .
T S roadway’s roof to observe the displacement of the surrounding
\{'I S granite. The entire station was utilized for monitoring the
S . .
g measurement points. As shown in Figure 5a, a total of 70
1500 measuring points were placed on the model frame to record
the relationship between the position, size, and duration of the
FIGURE 3 applied load. Additionally, high-precision percentage meters and
Pattern layout. (Unit: mm). PP . ¥ g p b & .
micrometers were utilized to monitor the movement, deformation,

support design strategy. As depicted in Figure 4, the two supports
remained unchanged, the roof anchor length was 0.2 m, and the row
spacing between the anchors was 53 mm x 53 mm.

3.2.2 Model loading

At the top of the roadway, the measured vertical stress was
7.5 MPa, and the horizontal tension was 22.5 MPa. Based on the
geometric similarity ratio, the vertical loading stress in the upper
portion of the model was 0.31 MPa, while the lateral loading stress
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and deterioration of the surrounding granite. Figure 5b illustrates
the monitoring of internal displacements within the roadway. These
meters measure the movement of the left and right sides, roof
subsidence, and floor change.

Force monitoring was conducted by attaching the tail of the
anchor. As depicted in Figure 5¢c, a total of 12 micro anchor
dynamometers were installed. The force exerted on the two
coal walls of the roadway was monitored using a pressure
sensor weighing one thousand kilograms at the model’s base.
The installation of 24 pressure sensors, arranged in three rows
and eight columns, enabled comprehensive data collection. The
computer data acquisition system 108 was employed to collect
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data from the pressure sensors, with its specific position shown
in Figure 5d. Figure 6 provides a visual representation of the
instrument sampling.

4 Experimentation project

4.1 Model building

The model measures 1,500 mm X 1,400 mm x 600 mm and is
1.4 m tall. After the model has been cured, the two free surfaces of
the model are arranged, followed by the placement of measuring
points above the roof of the original support design simulation
roadway and the optimized support parameters. The two free faces of
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the model are reinforced with plexiglass plate in order to simulate the
dynamic deformation of a roadway’s surrounding granite. The plate
is 1,500 mm in length, 1,200 mm in height, and 20 mm in thickness.
The building procedure is depicted in Figure 7.

4.2 Experimentation

4.2.1 Model excavation

The model is subdivided into three excavations, and the bolt
force measuring instrument and percentage meter are installed
within the roadway. The method is illustrated in Figure 8.

(1) First excavation: the center of the excavated section of the
carriageway aligns with the experimentally designed section,
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FIGURE 6
Experimental instrument diagram. (a) R series total station, (b) Anchor pole dynamometer, (c) 108 computer data acquisition system, (d) Strain
gauge tester.

FIGURE 7
Model building process. (a) Pressure sensor laying, (b) Material

weighing, (c) Material mixing, (d) Model stacking, (e) Natural withering,
(f) Model reinforcement.

and the dimensions of the section are half the length and
width of the designed section (17mm x 130 mm). The
roadway is excavated simultaneously from both the front
and rear sides, passing through the center of the model.
Prior excavation, each instrument must be calibrated, and
data from both sides of the model and the top and bottom
pressure of the model must be recorded. The excavation
of the roadway segment is carried out once the data
is stable.
(2) Second excavation: once the monitoring data approach
stability, the width of the excavation roadway is expanded to
240 mm, and the height is adjusted to match the design height
of the section. During the lane expansion, it is necessary to
remove the charcoal mudstone above the roof, with a depth
of 10 mm on the model. To prevent roof damage and crack
formation, the roof is supported using an anchor-net-steel belt,
and a bolt force measuring device is promptly installed.
(3) The third excavation: the left and right sides of the carriageway
are expanded by 40 mm, followed by the installation
of a double-gang support system and the erection of a
percentage table.
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FIGURE 8

Model excavation process. (a) First excavation, (b) Roadway
breakthrough, (c) Vertical expansion, (d) Falling mudstone, (e) Laying
net, (f) Install the top bolt, (g) Force measuring device, (h) Expansion
support, (i) Formed excavation, (j) Bolting with wire mesh, (k) Dial
meter erection, (1) Support completed.

4.2.2 Model loading process

The model loading process continued for 8 days until the
roof was completely destroyed, the top pressure was loaded with
10.25 t, while the side pressure was loaded with 8 t, divided into 10
increments. Upon completion, the loading pressure was maintained,
and an additional 2 days were dedicated to collecting monitoring
data to assess the final movement condition of the model’s rock
strata. Data collection occurred before and after the loading of
the model, with increased acquisition periods when significant
changes were observed. Figure 9 provides a visual depiction of the
loading process.

During the initial to fifth longitudinal loadings of the model,
with a cumulative top pressure loading of 7 t, the original support
design simulation roadway exhibited various phenomena such as
layer separation, fissures, cracks, roof collapse, and warping. On the
other hand, the optimized design simulation roadway experienced
only a minor roof collapse in a small area due to excavation, which
was the only notable change observed. Prior to the sixth loading,
with a top pressure of 7 t and a side pressure of 4 t, the optimized
design simulated the emergence of side deformation and a small area
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Model loading quantity-time curve.

of collapse at the edge of the roadway. To ensure the boundary effect
of the experiment during the loading process, plastic foam was used
to fill the landing points on both sides at the appropriate moment.

During the seventh to 10th loading stages, with a top pressure
of 10 t and the side pressure unchanged, noticeable rock migration
was observed around the original support design model roadway.
The roof of the roadway suffered severe damage, with the eighth
loading causing the extension of the roof layer on the roadway side
to 23.3 cm and significant drumming phenomenon at the bottom.
The roof layer on the roadway side experienced severe damage,
exhibiting large cracks that almost spanned the entire roadway
by the 10th loading. In contrast, the optimized design simulation
showcased numerous fractures on the roadway side and longitudinal
cracks throughout the entire model surface, while the roadway
roof remained intact. After the final loading, it was determined
that the original support design replicated the entire rock layer
of the roadway’s roof, and the wooden support at the entrance
resembled the actual site conditions. However, the optimized design
simulation demonstrated that the roadway roof did not collapse
and the roadway retained its original shape. Figure 10 illustrates the
loading process.

5 Experimental analysis

5.1 Data processing and analysis of
pressure sensor in roadway

With the longitudinal load of the model, two rows of pressure
sensors were randomly selected to illustrate the variation in
longitudinal loading pressure at the bottom sensor relative to its
distance from the roadway, as shown in Figure 11.

As the longitudinal and transverse loads increase, the pressure
change at the bottom sensor gradually increases. When the
longitudinal load reaches 4 t, one end of the original support design
of the model roadway collapses. The pressure at the bottom sensor
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located far from the roadway increases, while the pressure near
the roadway decreases, indicating a transfer of pressure towards
the far end of the roadway. Whether it is the longitudinal load or
the transverse load applied to the model, the pressure is lowest
in the two columns closest to the roadway, highest in the two
columns of sensors next to the roadway, and intermediate in the
other two columns of sensors. This distribution pattern adheres
to the sustaining pressure distribution law on the roadway. When
the longitudinal load reaches 10t, the original support design
simulation results in a significant collapse of the roof on one side
of the roadway. The sensor pressure near the roadway undergoes
minimal changes, while the sensor pressure far from the roadway
experiences relatively greater changes, indicating that the pressure
shifts towards the rock mass far from the roadway during this phase.

5.2 Dial indicator data analysis

Based on the data from the percentage table
during loading, Figure 12 illustrates the corresponding change
curves for different positions along the roadway. The analysis can be
summarized as follows.

5.2.1 Analysis of deformation on both sides

The maximum amount of left-side displacement in the roadway
simulation section of optimized support design is 2.240 mm.
In comparison, the maximum left-side displacement in the
simulation section of the original support design roadway is
4.741 mm. Additionally, the maximum right-side displacement in
the simulation section of the original support design roadway is
3.010 mm. The analysis reveals that when the top pressure reaches
4.25 t, the model enters the compaction stage, leading to the closure
of small gaps within the model. As the top pressure increases to 6 t,
the support undergoes changes, and the overall trend approaches
linearity, indicating elastic-plastic deformation of the rock mass.
Continuing to increase the top pressure to 8.25t and with a side
pressure load of 4 t, the rock mass enters the destruction stage.

5.2.2 Analysis of the roof subsidence quantity

The maximum value of roof subsidence in the simulation section
of the optimized support design is 9.258 mm, while the highest value
for the roadway in the original support design is 17.075 mm. As the
top pressure increases from 0 to 7.25 t, the side pressure exhibits
nearly linear changes, reaching 4 t. When the top pressure reaches
8.25 t, and the side pressure simulates the original support design,
the rock mass enters the destruction stage. Continuing to increase
the top pressure to 10.25 t, with a side pressure load of 8 t, the roof
reaches its maximum limit of 1 cm.

5.2.3 Analysis of the bottom plate deformation
quantity

The maximum left bottom displacement in the optimized
support design is 1.303 mm, while the maximum bottom
displacement in the simulation of the original support design is
0.23 mm. Analysis reveals that since the beginning of loading,
the floor data has shown a decreasing trend, indicated elastic
compression of the floor while experienced roof sinking. Upon
reaching a top pressure of 7.25t and a side pressure of 4t in
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FIGURE 10
Roadway change diagram during model loading. (a) Roadway separation, (b) Separation at 4 cm, (c) Edge caving, (d) Roadway caving, (e) Roadway roof
caved in, (f) Two sides moved in, (g) Caving back, (h) Severe roof damage, (i) Roadway support, (j) Roof of roadway.

the simulation of the original support design roadway, the floor
undergoes significant changes, exhibiting increased deformation
and entering the drumming stage at the bottom. As the top pressure
reaches 10.25 tand the side pressure reaches 8 t, the roof ruptures. In
the simulation of the optimized support design roadway section, the
floor remains in an elastic compression state until a top pressure of
7.25 t is reached, resulting in compressive subsidence. At this stage,
the optimized support design simulation section exhibits bottom
drumming. As the top pressure continues to increase to 8.25t
and the side pressure reaches 8t, the bottom undergoes drastic
changes, entering the drumming stage, and ultimately reaching a
destructible state.

5.3 Analysis of the anchor bolt
dynamometer data

of the bolt
dynamometer data in the upper left, upper right, and lower left

Observing the distinctive characteristics
corners of both the original support design section and the support
design optimization section, as shown in Figure 13.

In the first row, the left corner represents the roadway section
of the original support design, while the left corner of the fifth row
represents the roadway section of the optimized support design. The
force of the bolt gradually reaches its maximum value of 5.303 t
during the fourth longitudinal load (7 t) and lateral load (2 t), which
corresponds to the first visible damage in the roadway model. The
concentrated stress for the maximum force of the anchor ranges
from 4.809 t to 4.849 t. At this point, the simulated roadway in the
original support design section deforms, and the bolt restricts this
deformation. Thus, the force change of the bolt is more pronounced
under the original support conditions compared to the optimized
support design.

Frontiers in Built Environment

In the second row, the roof position range represents the
roadway section of the original support design, while the seventh
row represents the roadway section of the optimized support design.
The sinking of the roof causes the micro bolt to slide, resulting in a
significant decrease in bolt force. The figure illustrates the fluctuation
and abrupt decrease, even to negative values, of the bolt’s force. The
minimum and maximum values for the top bolt in the second row
are 4.59 t and 4.669 t, respectively, with a small change range. In
contrast, the minimum force of the top bolt in the seventh row is
2.346 t, reaching its maximum value of 2.899 t during the fifth lateral
load (8 t) and longitudinal load (8 t). The force change of the fastener
on the roadway’s roof is more apparent than under the initial support
conditions. This is due to the original support design simulating the
sinking of the roadway anchor with the roof without providing a
specific suspension effect and having a small tail force on the bolt.
In contrast, the top anchor in the seventh row plays a hanging role
on the roof, resulting in a more pronounced force change than under
the original support conditions.

In the first row, the position range of the right corner represents
the roadway section of the original support design, while the
right corner of the seventh row represents the roadway section
of the optimized support design. As the loading progresses, the
force of the anchor at the right corner of the first row increases
from 1.344t to 1.374t, and the force at the right end of the
first row increases from 1.185t to 1.244 t in the right corner of
the roadway.

In both the first row and the seventh row, the force of the bolt
gradually increases, with a more pronounced trend as the loading
progresses. At the conclusion of the loading, the force in the first row
reaches its maximum value of 1.344 t, starting from an initial value
of up to 1.344 t, while the force at the right corner of the seventh row
reaches its maximum value of 1.185 t, starting from an initial value
of up to 1.244 t.
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Change of load pressure-distance from roadway. (a) Longitudinal loading of row 1, (b) Longitudinal loading of row 3, (c) Horizontal loading of row 1, (d)

Horizontal loading of row three.

At the end of the loading, as the loading duration increases, the
force at the right corner of the first row increases from the initial
value of 1.344 tto 1.374 t, and the force at the right end of the seventh
row increases from 1.185t to 1.244t in the right corner of the
roadway. Overall, the bolt force changes more dramatically under
the initial support conditions than after optimization, as indicated
by the overall change trend.

5.4 Total station data analysis

The total station is utilized to monitor and collect data from each
measuring point during the loading of the model, The second row
of measuring points along the roadway is selected to generate the
sinking curve, as depicted in Figurel4.

Frontiers in Built Environment

10

As shown in Figure 14a, the minimum subsidence at the 14
# point in the stratum is 3 mm, while the maximum subsidence
is 14 mm. The 11 # and 17 # points on both sides of the model
exhibit a maximum subsidence of 5 mm, whereas the 14 # points
in the middle have a maximum displacement difference of 9 mm.
Notably, the 14 # point experienced a sudden subsidence of 3 mm
between the ninth and 10th loading, indicating a relatively abrupt
sinking amplitude. This comparison illustrates that the original
surface bolt support is suboptimal for controlling roof stability in
this particular stratum.

Figure 14b demonstrates that the minimum subsidence at the
14 # point is 2 mm, while the maximum subsidence is 11 mm.
The maximum subsidence at points 11 # and 17 # on both sides
of the model is 3 mm. Furthermore, the greatest displacement
difference, originating from the 24 # point is 8 mm. The maximum
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Dial indicator data change chart. (a) Quantity of left side, (b) Quantity of right side, (c) Quantity of roof, (d) Quantity of floor.

subsidence at sites 11 # and 17 # on both sides of the original surface
reached 8 mm. It is evident that surface optimization, specifically the
implementation of anchor net cable support, positively influences
subsidence control on both sides of the roof.

To compare the design surface settlement before and after
optimization, the settlement measurements at points 14# to 44#
were subjected to statistical analysis, as depicted in Figure 15. The
northern 14# point experienced a maximum subsidence of 16 mm,
while the southern 14# point exhibited a maximum subsidence
of 8 mm, resulting in a relatively dense subsidence curve. This
demonstrates that the anchor cable net support has provided
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adequate reinforcement. After the third longitudinal loading of 6 t,
the model detached from the layer and a fracture appeared on
the left side of the northern roadway. The vertical displacement of
each point, from the top pressure of 6t to the lateral pressure of
1 t, varies significantly, as shown in Figure 15a. During the control
test procedure, when a lateral loading of 4t was applied, stress
redistribution occurred, the fissure became more pronounced, and
the vertical displacement at the 14# point under a lateral pressure
of 4 t reached 12 mm, which is 4 mm higher than the displacement
under a lateral pressure of 2 t. This indicates that a lateral pressure of
4 t has a relatively significant impact on the model.
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Change diagram of the bolt force. (a) Left side, (b) Roadway roof, (c)
Right side.
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5.5 Discussion of similar model test results

A three-dimensional physical similarity material model
experiment was conducted to investigate the effectiveness of various
support forms in soft rock roadways. The study aimed to understand
the detachment and collapse characteristics of the rock mass at
different positions on the roof under different stress conditions. The
specific analysis is presented as follows.

(1) The pressure supported by the bottom plate of the model
gradually increased with the applied load. During the loading
process, it was observed that the pressure change recorded
by the pressure sensors was influenced by the distance from
the roadway. The sensors closer to the roadway exhibited
smaller pressure variations, indicating the transfer of pressure
towards deeper parts of the surrounding rock. However, due to
limitations in the model boundaries and sensor placement, the
peak pressure values were not obtained in the experiment.

(2) The displacement of the left and right sides, as well as the
top and bottom plates in the simulated section of the newly
designed support roadway, was significantly smaller compared
to that in the simulation section of the original support design
roadway. The roof deformation in the original support design
simulation roadway occurred earlier and was more severe
compared to the new support design simulation roadway.

(3) The experiment revealed that the anchor rods in the simulated
roadway of the original support design sank along with the
movement of the rock layer. However, the anchor rods in the
simulated roadway of the new support design experienced
minimal changes due to mining activities and confining
pressure. Further analysis indicated that the insufficient
constraint length of the anchor rods in the original support
design simulated roadway and their lack of suspension effect
on the roof rock layer were the main contributing factors.

(4) During the loading process, as the applied pressure increased,
the overlying rock layers in the roadway underwent various
degrees of movement and deformation. Notably, significant
changes were observed in a row of measurement points above
the roadway’s centerline. However, the settlement of the first
layer of the simulated roadway after loading in the new
support design was significantly smaller compared to that of
the original support design simulation roadway.

6 Numerical simulation of roadway
support parameters

A three-dimensional physical simulation experiment was
conducted to investigate the effect of different support forms on soft
rock roadways. The experiment aimed to determine the supporting
method, parameters, and the variation pattern of surrounding rock
failure under different roof positions and stress environments.
FLAC™ software was utilized to systematically simulate and
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FIGURE 15
Settlement comparison diagram. (a) Original 14 # —44 #, (b)
Optimized 14#-444#.

6.1 Model building

In conjunction with the field, the dimensions of final model
were calculated to be X X Y X Z = 65 m x 20 mx58 m, comprising
160,320 units and 173,117 nodes. The model was designed to restrict
horizontal movement on the sides. while the bottom was fixed. The
upper surface of the model represented the stress boundary, with an
applied load of 7.5 MPa and horizontal tension of 22.5 MPa. These
values aimed to simulate the dead weight boundary of the overlying
rock mass. The material failure governed by the Mohr-Coulomb
strength criterion, and the physical and mechanical parameters of
the engineering granite mass are presented in Table 2.

6.2 Analysis of numerical simulation results

Figure 16 illustrates the fastener (cable) layout for both the
original support design and the optimized support design. The
immediate bottom and immediate roof sections consist of dense grid
cells with dimensions of 0.5m x 0.5 mx0.5 m, while the primary
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Block Group
bottom floor
direct roof
coal
FIGURE 16

Layout drawing of the anchor bolt (cable). (a) Original support, (b) Optimized support.

top and primary bottom sections contain sparse grid cells with
dimensions of 2.0 m x 2.0 mx2.0 m.

6.2.1 Plastic zone distribution of surrounding
rock before and after roadway optimization

As depicted in Figure 17, various plastic failure characteristics
were calculated. The distribution of plastic zones around the
roadway’s surrounding granite, before and after the optimization of
the support design, exhibit the following characteristics.

(1) The distribution of the roadway’s plastic is symmetrical
along its axis.

(2) The extent of the plastic zone on the roadway’s roof differs
significantly from that on the two sides, with a greater depth
of influence on the roof.

(3) The roadway-surrounding granite experiences greater shear
damage, while the pilling force is relatively less pronounced.

(4) The optimized support design results in a smaller distribution
range of the plastic zone compared to the original
support design.

6.2.2 Roof and floor settlement displacement
before and after roadway optimization support

Figure 18 illustrates the displacement of the roof and floor of two
different types of roadways support. In the original support design,
the maximum subsidence and floor heave of the surrounding rock
roof are 22.1 cm and 8.3 cm, respectively. In the optimized support
design, the maximum subsidence and floor heave of the surrounding
rock roof are 17 cm and 7.7 cm, respectively.

6.2.3 Horizontal displacement before and after
roadway optimization support

Figure 19 depicts the horizontal displacements of two different
forms of roadway support. The original supporting design roadway
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exhibits horizontal displacements of 9.2 cm and 8.3 cm on the left
and right sides, respectively. In contrast, the optimized supporting
design roadway shows horizontal displacements of 4.83 cm and
4.84 cm on the left and right sides, respectively.

6.2.4 Main stress of roadway surrounding rock
before and after roadway optimization support

Figure 20 illustrates the cloud diagram displaying the principal
stress distribution of the surrounding rock in a roadway with two
different support forms. The stress distribution of the surrounding
rock body reveals the following observations.

(1) The stress in the surrounding rock is symmetrical and exhibits
a uniform distribution.

(2) The main stress in the surrounding rock is relatively low,
ranging from 1 to 2 MPa, while the depth reaches 3 to4 MPa.
The higher stress tends to shift towards greater depths.

(3) After optimizing the roadway support, there is an increase
in shallow stress in the surrounding rock, with stress
concentration occurring at the shoulder corner of the roadway.

7 Field monitoring and result analysis

7.1 Laboratory testing of monitoring
systems

7.1.1 Monitoring system components

To enhance applicability in the field, five devices were connected
to the laboratory system using long-distance fibre optic cables to test
the strength of the reflected signals from each device.
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Displacement diagram of roof and floor. (a) Original support, (b) Optimized support
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Horizontal displacement diagram. (a) Original support, (b) Optimized support.

7.1.1.1 Components of the monitoring system

The monitoring system mainly consists of a fibre grating anchor
force measurement device, sensing fibre, fiber grating network
demodulator and data acquisition computer.

Fibre gratings are characteristics such as temperature sensitivity,
stress sensitivity, wavelength division multiplexing and more. By
connecting gratings with different center wavelengths in series on
a single optical fibre, stress, temperature, and other parameters can
be simultaneously measured. The principle of fibre Bragg grating
distribution measurement is illustrated in Figure 21.

Different reflected light wavelengths from FBGs (4, A,, A5, A,),
correspond to different measurement points, enabling synchronous
measurement and achieving the distribution of these points.

7.1.1.2 Monitoring system connection and signal testing

The total length of fibre used for the test was 4 km. Each force
measuring device is connected in series within a 4 km optical fibre,
which is then connected to a fibre grating network demodulator,
connecting flanges are used between the optical fibres, and the
demodulator is connected to a computer, forming a monitoring
system. By demodulating the reflected light signal of each device
through the demodulator, any device with no signal was cleaned
and reconnected, resulting in normal reflection of the light signal
for each device.
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7.2 Monitoring system installation

Through physical similarity simulations and numerical
simulations, the support scheme and supporting parameters of a
porous rock roadway are determined with reasonable accuracy.
Subsequently, an optical fiber sensing system is utilized to monitor
the field ore pressure, enabling precise determination of the force
acting on the anchor of the working face roadway.

The force measuring device is installed in the return airway of
the working face, which has a rectangular section with a net width
of 5 m and a net height of 3 m. The support method involves anchor
(cable) rod + steel belt, and the net section measures 15 m?. The
bolt row spacing is 800 mm x 800 mm, with a top bolt length of
2,500 mm and a side bolt length of 2000 mm. The anchoring force
should be at least 50 kN. Additionally, the roof is equipped with two
rows of anchor cables, each with a length of 6,000 mm and an inter-
row spacing of 2,400 mm x 2,400 mm. The maximum anchoring
force for each cable is 260 kN. The monitoring site is located 165.2 m
from the cutting opening and 1,308.4 m from the entrance of the
transport roadway. The ascending order of the numbered positions
from the cutting opening is 1#, 2#, 5#, 3#, and 4#, with distances
from the cutting opening of 165.2 m, 166.8 m, 168.4 m, 170 m, and
171.6 m, respectively. The total length of the line is 2,368 m. The
installation of the device is depicted in Figure 22.
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Cloud map of principal stress distribution. (a) Original support, (b) Optimized support.
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7.3 Monitoring data processing and result
analysis

7.3.1 Monitoring data processing

The fiber grating anchor (cable) monitoring system enables real-
time monitoring of the anchor’s strain during mining operations.
Automatic data saving is configured to occur every 30 min. The
installation site maintains a relatively constant temperature, allowing
us to disregard the impact of temperature on the fiber grating. It
is believed that the wavelength drift is solely caused by changes in
the axial force of the fastener. Figure 23 illustrates the advancing
distance-time curve of the working face and the load-time curve of
the monitoring device.
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7.3.2 Monitoring result analysis

Figure 23 demonstrates that when a specific preload is applied
during the installation of the force measuring device, the force of
the 1#, 3#, 4#, and 5# tends to decrease before the advancement of
the working face. After a few days, when the total strain remains
unchanged, the force of devices primarily decreases due to stress
relaxation. The coal wall in contact with the pallet undergoes a
partial transition from elastic to plastic strain. When the working
face does not advance, the force of devices 1#, 3%, 4#, and 5#
remains stable, along with the bolt’s preload. As the working face
advances by 5.6 m, the devices are 159.6 m distant, the force of
devices 1#, 3#, and 4# progressively increase. After 3 days, the
forces of the three devices increased from 8.825 kN, 9.170 kN, and
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12.583 kN-13.711 kN, 13.845 kN, and 15.470 kN, respectively, with
force increments of 4.886 kN, 4.675 kN, and 2.887 kN, the force of
each sensor device continuously varies as the working face advances
over a greater distance. However, at an advancing distance of 61.8 m,
the maximum force of each device ranges between 5.253 kN.

The analysis indicates that the sensor installation is in its initial
stages, the working face has not yet advanced, and the data have
not shown significant fluctuations. With each advancement of the
working face by approximately 6 m, the roof undergoes a small
compression range until stability is reached. However, when the
working face reaches an advancement of 61.8 m, the force of the
device significantly increases, and the force change of device 1#
becomes abnormal, surpassing the previous peaks. The distance
between the five monitoring devices and the working face ranges
from 105 m to 165 m, and the maximum force change of the anchor
rod is 20 kN, falling within the influence range of abutment pressure.
The analysis demonstrates that the variation in anchor axial force, as
monitored by the system, is a result of the activity of the strata above
the working surface.

8 Discussion

Research has shown that three-dimensional physical similarity
models offer significant advantages over planar models. However,
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achieving synchronous loading of top and side pressures in three-
dimensional physical similarity models is challenging. Currently,
only the top and side pressures can be loaded step by step. Based on
comprehensive simulation results and on-site monitoring data, the
consistency of the data has been verified, indicating the feasibility of
this loading method.

The FLAC?P numerical simulation study on the original support
design and the new support design scheme for the working
face roadway provides insights into the deformation and stress
distribution of the surrounding rock. Combining similar model
experiments, numerical simulations, and comprehensive analysis of
fiber optic on-site monitoring, the following new support scheme
has been determined: roof mining using ¢ 20 mm x 3000 mm
threaded steel anchor rods, while the two sides adopt 20 mm x
2000 mm threaded steel anchor rods. The spacing between anchor
rods is 800 mm x 700 mm. A single row of anchor cables is arranged
on the centerline of the top plate, using ¢ 17.8 mm steel stranded
wire. The anchor cable length is 5000 mm, with a row spacing of
1400 mm. The maximum anchoring force is 260 kN, with a pre-
tensioning force range of 120-230 kN.

Through indoor experiments, numerical simulations, and
on-site engineering measurements, it has been discovered
that the design of support schemes for soft rock roadways
requires a comprehensive study of the address structure, water
environment, stress distribution range of the surrounding rock,
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Monitoring data chart. (a) Working face progress, (b) Bolt load
measuring device force-time curve.

loosening zone, separation range, and physical and mechanical
parameters of the rock. Regional dynamic joint support must be
implemented.

9 Conclusion

Through similar material model experiment, comprehensive
application of FLAC®® numerical software simulation and
verification, industrial experiment conducted by fiber grating
anchor monitoring system, etc., the study investigated the
deformation of surrounding rock in roadway excavation, changes
in stress on the coal sides and stress variations in bolt tail. Based
on the findings, the study determined a reasonable support
scheme and support parameters for soft rock roadways. The
following conclusions were drawn.
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(1) The similar material model experiments verified the
propagation and distribution patterns of
pressure in the floor rock and indirectly established the

abutment

relationship between abutment pressure and surrounding
rock deformation. The optimized support situation exhibited
superior support effectiveness and rationality. The optimized
bolt layout parameters were found to be more reasonable,
contributing to improved stability in the surrounding granite.
(2) Roadway surrounding rock primarily experienced failure
shear with minor tensile forces. The plastic zone and stress
distribution along the roadway axis were symmetrically
distributed. Tension increased in the shallow portion of the
surrounding rock, primarily concentrated at the shoulder
angle, and tended to transfer to deeper areas.
(3) In-situ mine pressure monitoring enabled the initial
determination of the direct roof caving step and the first
pressing step of the primary roof. It was also observed
that the working face did not undergo normal mining,
making it difficult to comprehend the roof’s activity law.
Accurate judgment of the primary roof’s pressing step requires
long-term monitoring.
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