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Abstract: Surrounding rock properties and occurrence stability of a coal seam roof are prerequisites
for ensuring the safe and efficient operation of mines. In this study, the mechanisms and control of
weakened water-rich roadway roof slabs were investigated regarding the engineering background of
water-rich roadway roof slab destabilization in a coal mine in the western Qingyang mining area.
The spatial and temporal evolution law of rock deformation and damage of such roadways during
excavation were determined through field measurements. First, we tested the strength of the roof
slab surrounding rock in water-rich roadways with different water contents and concluded that
the primary and excavation-disturbing fissures of the coal-sedimentary rock body are the external
conditions for the occurrence of water-rock interaction in water-rich coal seam roadways. Moreover,
the rock mechanical damage phenomenon exhibited by clay minerals in contact with water is the
key factor leading to the destabilization of the water-rich roof slab’s surrounding rock. Second, a
technical approach for controlling the stability of the surrounding rock by adjusting the form of the
roadway section and optimizing the support parameters was proposed, and the distribution law of
the surrounding rock stress field and displacement field of each section was revealed via numerical
calculation. It is considered that adjustment of the stress and displacement control of the surrounding
rock of the roadway is more favorable for the straight wall circular arch section. Based on the results
of the sensitive orthogonal numerical simulation test, the technical parameters and scheme of the
roadway support optimization were proposed. Finally, the research results were applied in the field,
and the deformations of the top and bottom slab and the two ribs of the roadway after optimizing
the section and support parameters were calculated as 61% and 34% lower, respectively, than those
before optimization, indicating that the proposed approach can effectively control the deformation of
the water-rich roadway’s surrounding rock and achieve more economic and effective stability control
of this type of roadway. The research results provide new ideas and methods for controlling the
surrounding rock of water-rich soft rock roadways in the western mining areas of China, which has
broad application value and prospects.

Keywords: water-rich roadway; weakening of roof strength; control of surrounding rock stability;
roadway section form

1. Introduction

The water—rock response mechanism of coal mines is an important research topic in
the field of coal mining [1]. Water-rich roadways generally refer to a type of roadway that
contains water in the surrounding rock, and instability of the surrounding rock is easily
caused under the action of mine water. Such roadways are mostly distributed in Jurassic
coal seams in western China mining areas, and their roofs mainly constitute soft and water-
bearing rock layers. Among them, weak rock layers are generally coal-measure sedimentary
rock layers with an argillization tendency and exhibit engineering characteristics such
as nonlinear large deformation and significant rheology after encountering water [2,3].
From a microscopic point of view, changes in the external environment caused by the
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roadway during excavation and mining alter the migration state of the hydraulic field
of the surrounding rock, resulting in complex physical, chemical, and mechanical effects
which in turn change the microstructure and mechanical properties of the rock [4]. Hence,
engineering accidents are likely to occur, and it is extremely difficult to maintain the
surrounding rock stability of water-rich roadways, which is the primary scientific problem
to be solved urgently in such mines.

In order to solve the above problems, related scholars have carried out a series of
research and industrial tests on the water—rock interaction mechanism and stability con-
trol technology for water-rich coal measures roadways surrounding rock and achieved
a series of useful results. Generally, a rock sample that has been immersed in water
for a longer period of time possesses a higher water content, and consequently, its me-
chanical parameters—such as uniaxial compressive strength, elastic modulus, and tensile
strength—decrease more significantly compared to that of a sample that has not been
immersed in water [5-7]. Water intrusion into coal and rock increases the pore water
pressure, reduces the effective stress, weakens the elastic energy storage and release abil-
ity, and alters the stress state and microstructure of coal and rock [8,9]. Chen et al. [10]
found that the water-rock interaction was complicated by increasing the discreteness of
the rock surface height and the enhanced deviation and roughness of the reference sur-
face. Laska-Ripour et al. [11] studied the rock strength damage law by changing the water
content of test blocks and concluded that the uniaxial compressive strength of mud shale
decreases negatively exponentially with the increase of water content. Daraei et al. [12,13]
looked into the role of moisture content on the critical and breaking strains of rocks by
uniaxial compression tests, and the rocks used in the tests included eight types of sandstone,
conglomerate, mudstone, limestone, siltstone, schist, sillimanite, and amphibolite, and they
found that the critical strain increased after most of the rocks reached saturation, and as the
moisture content increased, the maximum value of rock-breaking strain became 2.14 times
the critical strain. Deng et al. [14-16] studied the damage caused by the interaction between
water and sandstone under dry and wet cycles and proposed the strength weakening law
of sandstone and its constitutive equation, which provided a theoretical basis for realistic
engineering problems. Li et al. [17] established the creep constitutive model of coal-rock
combination considering the influence of moisture content based on the Burgers creep
model. According to the experimental results of triaxial creep of rock, the relationship be-
tween the moisture content and the parameter of the Burgers creep model was derived, and
the correctness of the constitutive model in this study was verified. Under the same stress
state, with the increased of moisture content, the strain rate of the coal-rock combination
exhibited a nonlinear rapid increase in the constant velocity creep stage The limit creep
deformation, the instantaneous elastic deformation increased, and the viscosity coefficient
significantly decreased. Dong et al. [18] studied the moisture content variation of tuff in
water absorption tests, and the mechanical and failure characteristics of tuff under different
moisture contents were studied through uniaxial compression tests with a Micro-II acoustic
emission (AE) control acquisition system. The results showed that the moisture content
of tuff increases rapidly at the initial stage of water absorption tests and stabilizes after
180 h of immersion. According to the results of uniaxial compression tests, both uniaxial
compressive strength and elasticity modulus decreased with the increase in moisture con-
tent. The AE parameters analyses showed that when the moisture content increased, the
accumulated AE counts and energy gradually decreased, and the “quiet period” at the
initial stage of uniaxial compression tests lasted longer. At present, the maintenance of
water-rich coal measures roadways often adopts a combination of control techniques, and
many scholars have conducted considerable amounts of field research. Xu et al. [2] studied
the deformation law of muddied soft rock roadway under the action of water and proposed
the dynamic process control technology of muddied soft rock roadway. Li et al. [19,20]
revealed the destabilization mechanism of weakly bonded roof and proposed the long
anchor cable and short anchor cable roof control techniques. Zhang et al. [21,22] studied the
destabilization and collapse of the roadway due to weakly interbedded rock masses and
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revealed the mechanism of roof destabilization under the influence of dynamic pressure
via roof muddification and weakly interbedded layers. Tang et al. [23] simulated the floor
heave processes of a swelling rock tunnel under high humidity through simulation with
RFPA. Gonzalez-Nicieza et al. [24] investigated the influence of the depth and cross section
of the tunnel on the radial displacement via the convergence—confinement method.
Considering the engineering background of a water-rich roadway in a coal mine in the
Qingyang mining area in western China, this study proposed a scheme for controlling the
stability of the surrounding rock of the roof of the water-rich roadway by systematically
investigating the mechanical property damage law and strength-weakening mechanism of
the roof under water-rock interaction. Accordingly, the developed scheme was applied
in a coal mine. Through field measurements, the space-time evolution characteristics
of the deformation and failure of the surrounding rock of the water-rich roadway were
determined. The research results can provide reference for controlling the surrounding
rock of the mine and even the same type of roadway and thus have practical significance.

2. Engineering Background

The main mining area of a mine in Qingyang City is coal seam #3, which is a soft rock
coal seam of the Middle Jurassic Yan’an Group, with a simple coal seam structure, average
coal thickness of 3.1 m, and average burial depth of 409.50 m. As shown in Figure 1a,
the mining area in the south wing of the mine is divided into 1302 and 1304 integrated
mechanized coal mining workings—in which the 1302 transport road is a water-rich
roadway—dug along the top plate of coal seam #3, with a design length of 1725 m and net
width of 4600 mm. The roadway support is an “anchor network cable”, and the roadway
section is obliquely rectangular in shape, as depicted in Figure 1b; the top plate comprises
muddy sandstone and siltstone, and the siltstone is a water-bearing layer, as shown in
Figure 2. When the excavated working face advanced to 250 m, roofing accidents occurred
at 27 and 67 m of the lagging working face successively, and the interval between the
two accidents did not exceed 15 h. In addition, the scope of roofing was not less than
3 m (length) x 3 m (width) x 2.2 m (height), as shown in Figure 1c. The accidents prove
that the traditional support design concept and control measures fail to effectively explain
and guide the common problems in controlling the stability of the rock surrounding the
roof slab in the water-rich roadway of the mine. Thus, the mining succession and safe
recovery of this workface and the neighboring workfaces were threatened.
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Figure 1. Schematics of mining area roadway layout and roof fall: (a) mining area plan; (b) original
roadway support section; (c) diagram of roof fall accident.
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Lithology Thickness/m Geologic description
Sandy mudstone 09 Gray-black, fissures and joints developed
Fine sandstone 3.0 Light gray, sandy clay colloid
Siltstone 7.0 Gray, fissures are more developed, aquifer
Muddy sandstone 3.1 Dark gray, soft and fragile, easily weathered
3*Coal 3.1 Black, lumpy, bituminous
Sandy mudstone 245 Dark gray, lumpy, less slippery surface
Fine sandstone 3.55 Gray, medium-thick laminae
4*Coal 15 Black, powdery, dark coal dominant
Mudstone 1.0 Variegated color, clay structure, easily weathered
Sandy mudstone 6.5 Dark gray, blocky, fissure joints developed

Figure 2. Description of coal and rock seams.

3. Weakening Mechanism of Strength of Rock Surrounding Water-Rich Roadway
Top Slab

3.1. Specimen Preparation

The rock sample used for the test was taken from the muddy sandstone at the roof
of the 1302 haul road in the mine. It was sealed by wrapping with cling film to prevent
the specimen from weathering. According to the “Regulation for testing the physical and
mechanical properties of rock” (DZ/T 0276.18-2015 [25]), the rock was processed into standard
rectangular rock samples of dimensions 50 mm x 50 mm x 100 mm; the adjacent faces of the
rock samples were perpendicular to each other, as required, with a maximum deviation of not
more than 0.25°; the non-parallelism between the opposite faces was less than 0.1 mm. In total,
24 rectangular rock samples were processed. The finished samples were dried and weighed,
and the drying temperature and time were set to 105 °C and 24 h, respectively, as shown in
Figure 3. To reduce the influence of sample dispersion on the test pattern, the wave velocity
was measured using an acoustic wave detector (RSM-5Y6, SINOROCK, Wuhan, China), and
individuals with large deviations in sound velocity after drying were excluded.
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Figure 3. Pre-test treatment: (a) specimen weighing; (b) specimen drying; (c) nondestructive water
immersion device; (d) wave velocity test results; (e) variation in moisture content with immersion time.
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3.2. Test Equipment and Scheme

The test was divided into four groups—dry group, intermediate water content group 1,
intermediate water content group 2, and saturated group—with 5 specimens in each group
and 20 rock samples in total. The specific water content of the two intermediate groups
was determined according to the water absorption curves of the rock samples.

First, the dry rock samples were immersed in water using nondestructive water im-
mersion experimental equipment (Figure 3c, ANDWID) until the samples were completely
saturated. In the presoaking period, the rock sample was weighed every 0.5 h, and after
the water absorption slowed, it was weighed every 1 h until the mass of the rock sample
no longer increased. The saturated water content of the rock sample obtained was 2.1%.
The relationship between the water content of the rock sample and the soaking time is
presented in Figure 3e.

The formula for calculating the water content of rock samples is given by

we = M0 100% )
mo
where w; is the water content of the rock sample (%), mg is the mass of the dry rock
sample (g), and m; is the mass of the submerged rock sample (g).

By fitting the curves, it was found that the water content increased negatively and
exponentially with soaking time. The growth rate of the water content of rock samples
decreased gradually with increasing soaking time. When the soaking time was less than
48 h, the water content of the rock samples increased almost linearly with the soaking
time. After 48 h of soaking, the growth rate of the water content of rock samples began
to decrease, and it almost stabilized after 220 h. Thus, the trend of water content with
water immersion time can be divided into three stages: (I) rapid growth stage of water
content (048 h): in this stage, water molecules enter the rock interior of dried specimens
through micropores on the specimen surfaces, and the water content of the rock samples
increases from 0 to 1.7%; (II) slow growth stage of water content (48-220 h): in this stage,
the water content slowly increases from 1.7% to 2.05%, the water molecules gradually
diffuse to the interior of the rock, close to the saturation water content; (III) stabilization of
water content (>220 h): in this stage, the water content (2.10%) of the rock sample remained
almost constant for 130 h (220-350 h)—at this point, it is considered that the rock sample
has reached saturation.

To study the strength damage characteristics and acoustic emission (AE) characteristics
of muddy sandstone with different water contents, representative water contents of rock
samples were selected, and the water contents required for this test were determined to
be 0 (dry), 0.7%, 1.4%, and 2.1% (saturated) with reference to the typical water contents of
each stage in the literature [26,27].

An MTS electrohydraulic servo universal testing machine (Figure 4a, C64.106, MTS In-
dustrial Systems (China) Co., Ltd, Shanghai, China) was used for the uniaxial compression
test of the prepared water content rock samples. To reduce the size effect [28], a loading
rate of 0.10 mm/min was selected for loading, and the rock samples were loaded until
they were destroyed at to obtain the o-¢ curves of the rock samples with different water
contents. In the process of conducting uniaxial compression tests, AE data were collected in
real time using a PCI-2 AE system (PCI-2, Physical Acoustic Corporation, Mercer County;,
NJ, USA), in which six NANA-30 AE probes with operating frequencies of 125-750 kHz
were arranged on the surface of each specimen; the orientation of the probe arrangement is
depicted in Figure 4c. Small pieces of muddy sandstone cores were selected and ground
into powder for X-ray diffraction (XRD) experiments (D8 ADVANCE, Bruker, Germany) to
obtain the mineral composition of the rock samples.



Minerals 2022, 12, 1587

6 of 22

(a)

Figure 4. Test equipment and scheme: (a) MTS electrohydraulic servo testing machine; (b) uniaxial
compression test; (c) diagram of acoustic emission (AE) probe arrangement.

3.3. Test Results and Analysis
3.3.1. XRD Test Results

Two sets of muddy sandstone samples were prepared for XRD analysis, and the
corresponding results were compared and examined to obtain more representative test
results. The XRD patterns of the muddy sandstone are displayed in Figure 5, and the
percentages of each component are listed in Tables 1 and 2.

1 1 - Quartz 1 - Quartz
2 - Orthoclase 2 - Orthoclase
3 - Kaolinite 3 - Kaolinite
4 - Muscovite 4 - Muscovite
5 - Siderite 5 - Siderite
6 - Talc 6 - Talc
3 3 7 - Albite
s <
z z
5 5}
E . E
1
3 2 111 1 1
4 J2 azl2 Bleas Hamlal L4 1 Lo 4 3|2 4l 1 1 I
6 127 43| 27206n5 333319 ! 1 1
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(a) (b)

Figure 5. XRD patterns of muddy sandstone samples (a) 1 and (b) 2.

Table 1. Composition of rock components.

Mineral Composition Ratio/%

Sample Name
Quartz Orthoclase Siderite Sodium Feldspar Clay

1 52.5 14.4 1.3 - 31.8
2 50.3 11.5 0.9 5.7 31.6

Table 2. Composition of clay minerals.

Mineral Composition Ratio/%

Sample Name

Kaolinite White Mica Talc Oblique Chlorite
1 42.13 53.77 41 -
2 35.76 61.71 2.53 -

The test results show that the contents of each component of the muddy sandstone
include quartz, clay minerals, orthoclase, sodium feldspar, and rhodochrosite in descending
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order: quartz and clay minerals account for more than 81%, clay minerals account for 31.6%,
and kaolinite and muscovite account for 96% of the clay minerals. Quartz and orthoclase in the
top slab muddy sandstone component constitute the rock skeleton, and the cement consists of
clay minerals and rhodochrosite. The percentage of clay minerals in the cement was more
than 96%; therefore, the cementation type of the rock was judged to be mud cementation.

3.3.2. Strength Damage Characteristics of Muddy Sandstone with Varying Water Content

Figure 6a presents the o—¢ curves of typical specimens in each test group, indicating
the general characteristics of the four stages of change. The compressive density phase
becomes slower and longer with the increase in water content. The elastic phase is longer
before the peak of dry rock samples and those with water contents of 0.7%. No obvious
plastic yield phase is observed. The elastic phase becomes shorter with the increase in
water content of rock samples, the shear slip section near the peak stress is prolonged, and
the curve after the peak decreases linearly. The curves for the rock samples with water
contents of 1.4% and the saturated rock samples are stepped downward after the peak.
As the water content increased, the rock samples softened, dissolution holes and internal
damage increased, and plasticity was enhanced. It can be observed that the roof plate
deforms more under water-rich environmental conditions, that the bearing capacity is
weakened, and that it is difficult to control the rock surrounding the roadway.

100 105
w=0.0%
w=0.7%
w=1.4%
w=2.1%

B Peak stress

90+

801

754
1=100e 149
- =

R’=0.982

-3.93
60 1 604

Stress (MPa)

454
40

Peak stress (MPa)

304+
20 1

:

+ t +

0 4 8 12 16 20 24 28 0.0 1.1 22
Strain (107) Moisture content (%)

(a) (b)

Figure 6. Mechanical damage characteristics of muddy sandstone with varying moisture content:

(a) full stress—strain curves of muddy sandstone with different moisture contents; (b) peak stress
fitting relationship of muddy sandstone with different moisture contents.

Table 3 details the effective peak stresses of the three rock samples in each group.
With an increase in water content, the peak stress of rock samples gradually decreases,
and the strength damage of water-saturated rock samples is more than 80% compared to
dry rock samples.

Table 3. Peak stress of rock samples with different water content.

Moisture Content of Rock Sample/% Peak Stress/MPa Average Peak Stress/MPa
0 100.00, 95.73, 92.48 96.07
0.7 62.76, 56.62, 53.23 57.54
14 38.16, 35.17, 27.64 33.66
2.1 23.96,19.36, 14.43 19.25

The relationship between the peak stress and water content is presented in Figure 6b;
with the increase in water content, the peak stress of the rock sample decreases exponentially,
and the fitting relationship is given by

y = 100e” ™5 — 3.93; R? = 0.982 )
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where y is the peak stress (MPa), x is the moisture content (%), and R? is the fitted
correlation coefficient.

The modulus of elasticity results for the three rock samples are provided in Table 4;
the water content is negatively correlated with the modulus of elasticity, and the average
modulus of elasticity decreases from 7.34 to 2.69 GPa with the increase in water content,
which is 63%. Figure 7 displays the fitted relationship between the rock elastic modulus and
water content, which approximately conforms to the primary linear function relationship.
The fitted relationship is expressed as

y = —2257.58x + 7258.79; R* = 0.949 (3)

where y is the modulus of elasticity (Mpa), x is the moisture content (%), and R? is the
correlation coefficient of the fitting function.

Table 4. Modulus of elasticity of rock samples with different water contents.

Moisture Content of Rock Sample/%

Modulus of Elasticity/Gpa Average Modulus of Elasticity/Gpa

0
0.7
1.4
2.1

7.66,7.17,7.20 7.34
5.66, 5.06, 6.34 5.69
4.06, 3.58, 3.86 3.83
3.11, 2.89, 2.08 2.69

8000

®  Elastic modulus
Fitting curve

6000 +

4000 + =
y=—2257.58x+7258.9 n

R*=0.949

Elastic modulus (MPa)
m

2000 + -

0-—t t
0.0 1.1 22

Moisture content (%)

Figure 7. Fitting relationship of elastic modulus of muddy sandstone with different moisture contents.

3.3.3. Acoustic Emission Characteristics of Muddy Sandstone with Varying Water Content

The uniaxial compression process of rock samples can be divided into the fracture
compression, elastic stage, fracture stable development, fracture unstable development,
and post-peak destabilization stages, where the AE generated when damage or defects are
enlarged inside the rock samples has certain regularity, and each stage is divided based
on the magnitude and frequency of AE counts. The relationship between o and ¢, the AE
counts of typical rock samples in each group and the division of each stage are shown
in Figure 8.

The AE counts of the saturated rock samples decreased significantly compared to
those of the dry rock samples. The OA section is the fracture compression stage (I), in which
the primary pores and fractures of the rock samples are closed by compression. The volume
of the rock samples is compressed, the skeleton is compacted by adjustment, and the AE
mainly comes from the fracture closure and the friction of particles biting each other. The
AE count of the saturated rock sample at this stage is obviously reduced. The AB section is
the elastic stage (II); the rock sample produces recoverable deformation in this stage. The
AE count increases compared to the previous stage; the AE count is basically stable, and no
special high point is produced. The BC section is the fissure stable development stage (III);
the rock sample produces irrecoverable deformation from this stage and under the action
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of force causes the primary fissure to extend and connect. The CD section is the stage of
unstable fracture development (IV), which is the most intense stage of damage before the
destruction of the rock sample. After point D, in the post-peak destabilization stage (V), the
rock sample still has a certain bearing capacity and fracture expansion, and weak surface
damage will continue to occur in some relatively intact block structures.
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Figure 8. AE counts versus stress for specimens with different moisture contents: (a) dry specimens;
(b) 0.7% moisture content; (c) 1.4% moisture content; (d) 2.1% moisture content.

The stress thresholds of the specimens with different water contents at each stage are
shown in Figure 9.

<
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Figure 9. Stress thresholds for specimens with different moisture contents: (a) fracture closure
threshold; (b) fracture initial development threshold; (c) fracture damage threshold.

The water content significantly affected the stress thresholds at each stage, and the
fracture closure threshold, initial fracture development threshold, and fracture damage
threshold (corresponding to A, B, and C, respectively, in Figure 8) were approximately
quadratic functions of the water content. The relatively small dispersion of the fracture



Minerals 2022, 12, 1587

10 of 22

closure threshold indicates that the stresses were uniformly distributed within the speci-
mens, and the stresses required for fracture closure were almost the same. As the water
content increased from 0% to 0.7%, the fracture closure threshold reduced by 30% from
32.99 to 23.31 MPa. The reduction in the threshold increased gradually with the increase in
water content, and the threshold of the saturated rock sample reduced to 8.87 Mpa, which
is 27% of the threshold of dry rock sample. This indicates that the lubricating and softening
effects of water inside the specimen promote the transfer of stress in the specimen at the
initial stage of loading, which causes fracture closure to occur at a lower stress state. The
initial development threshold of fractures represents the end of the elastic stage of the
specimen and the beginning of the fracture stable development stage. With the increase in
water content, the initial development threshold of fracture decreased and the percentage
decrease increased gradually. The initial fracture development threshold decreased from
62.53 Mpa in dry rock samples to 12.83 Mpa in saturated rock samples, and the decrease
reached 79.5%. Additionally, the fracture damage threshold decreased by 81.4% from
82.99 Mpa in the dry condition to 15.43 Mpa in the saturated condition. In the interval
between the fracture damage threshold and the peak stress, the main stage for the formation
of large fractures and the destruction of the main load-bearing structure in the specimens,
new fractures are constantly formed, rapidly expanded, and connected on the weak side
of the structure. The fracture damage thresholds of the rock samples with different water
contents were 82.99, 53.14, 30.62, and 15.43 Mpa, respectively.

According to the engineering geological characteristics and test results of the
1302 transportation road, the muddy sandstone of the roadway roof mainly comprised
quartz and feldspar as skeleton particles and clay minerals as the main cementing material.
The intrinsic destabilization mechanism is as follows: the external environment changes
due to the disturbance of the roadway excavation so that the rock body originally in the
extrusion state to the interior of the roadway undergoes loose expansion and deformation
when it reaches its load-bearing limit, followed by damage. Then, numerous horizontal
and longitudinal fissures develop in the roof, and the roadway support elements are drilled
together with the basic top of the aquifer so that it is transformed from interlayer runoff to
vertical runoff. In the process of interaction with water, the large amount of swelling and
absorbent clay minerals contained in the muddy sandstone of the roof plate changed the
original physical and mechanical properties of the roof plate of the roadway, exhibiting an
increase in peak strain and a significant weakening of the peak strength and elastic modulus
while generating large swelling stress and large deformation, forming new fissures inside
the roof plate, resulting in a significant reductions in its strength and stiffness. Disintegra-
tion and destruction occurred with an increase in the water immersion time and water
content, the range of the loosening circle of the roadway enclosure rock was continuously
expanded, and the stability of the anchorage structure was significantly reduced. Therefore,
it is considered that the primary and excavation-disturbing fissures of the coal-sedimentary
rock body are the external conditions for water—rock interaction occurring in water-rich
coal seam roadways and that the rock mechanical damage phenomenon exhibited by
clay minerals in contact with water is the key factor leading to the destabilization of the
water-rich roof surrounding rock.

4. Stability Control Technology of Rock Surrounding Water-Rich Roadway Roof
4.1. Technical Ideas

Based on the weakening mechanism of the surrounding rock at the top of the water-
rich roadway and the characteristics of the surrounding rock deposit, the following control
ideas were considered:

(1) Roadway section shape optimization

The shape of the roadway section is closely related to the stability of the surrounding
rock and is of considerable significance to ensure that the shape of the roadway section is
optimized to give full play to the self-supporting capacity of the surrounding rock and to
improve the adaptability of the surrounding rock stress environment. Based on this, the
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idea of optimizing the shape of the roadway section was proposed, and the distribution
characteristics of the surrounding rock stress field and displacement fields of four typical
roadway section shapes—namely rectangle, trapezoid, slanted-top rectangle, and straight-
walled arc arch—were simulated and studied through numerical calculations to provide a
scientific basis for optimization of the support parameters.

(2) Support parameter optimization

Based on the optimization results of the roadway section form, active prestressing
reinforcement technology and an optimized technical solution to improve the anchorage
stability of the roadway roof slab surrounding rock were proposed through orthogonal nu-
merical simulation tests to improve the stress state and give full play to the self-supporting
capacity of the roadway’s surrounding rock.

4.2. Characteristics of Distribution of Stress Field and Displacement Field in Tunnel Surroundings
under Different Cross-Sectional Conditions

4.2.1. Numerical Model Establishment

Taking the water-rich roof return tunnel of this coal mine as the engineering back-
ground, FLAC3D (FLAC3D 5.0, DuPage County, IL, USA) was used to establish four types
of numerical calculation models for the roadway sections. The model size was designed
to be 20 times the radius of the roadway, i.e., 40 m wide and 32 m high, and the roadway
excavation location was the center of the model. Because the physical and mechanical
properties of rocks satisfy the characteristics of elastic—plastic materials and the damage
of rock masses is mainly based on shear and tensile damage, the parameters required
for the Mohr-Coulomb intrinsic relationship are fewer and easier to obtain. Accordingly,
the corresponding determination methods are closer to the engineering reality; hence,
the Mohr-Coulomb strength criterion was chosen as the material damage criterion in the
numerical model in this study [29]. The model lower boundary constrains the longitudinal
and lateral displacement and velocity; the left, right, front, and rear boundaries apply
horizontal constraints, the upper boundary is unconstrained, the model upper boundary
applies the vertical downward compensating load of equivalent mining depth, the average
rock layer capacity was considered as 25,000 N/m3, the lateral pressure coefficient was
1.3, and the model X and Y directions apply the maximum and minimum horizontal prin-
cipal stresses, respectively. The physical and mechanical parameters of each rock layer
are listed in Table 5.

Table 5. Numerical simulation of physical and mechanical parameters of coal seams.

. Bulk Shear . Internal Tensile

Rock Layer Density/kg-m~ Modulus/Gpa Modulus/Gpa Cohesion/Mpa Friction Angle/° Strength/Mpa
Sandy mudstone 2510 2.56 2.36 2.16 32 1.84
Fine sandstone 2673 16.04 1.71 6.3 25 5.75
Siltstone 2830 10.83 8.07 6.15 38 6.15
Muddy sandstone 2891 3.21 2.09 2.64 38 2.15
3# Coal 1380 1.05 0.38 1.2 20.7 0.35
Sandy mudstone 2540 5.12 4.37 2.45 38 2.01
Fine sandstone 2870 18.02 14.02 3.85 43 4.96
4#Coal 1492 1.27 0.46 0.32 15 0.64
Mudstone 2468 2.17 1.45 0.24 29 0.68
Sandy mudstone 2602 49 3.2 1.18 35 2.07

4.2.2. Characteristics of Stress Field Distribution in the Surrounding Rock

As shown in Figure 10, after excavation of the tunnel, a low-stress area formed near
the surrounding rock and was mainly distributed in the surrounding rock near the top
and bottom of the tunnel. In particular, the stress field of the surrounding rock in the
rectangular section was symmetrically distributed as an “X” shape, and the peak stress of
the surrounding rock was determined as 8.44 Mpa, 4.96 m away from the right gang, as
shown in Figure 10a. The slanted-top rectangular form of the tunnel section is currently
used in the mine, and the corresponding stress field of the surrounding rock presents
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asymmetrically distributed “X,” realizing the peak value of 8.12 Mpa at 2.18 m from the
right gang, as shown in Figure 10b. Meanwhile, the characteristics of the surrounding rock
stress distribution of the straight wall arc arch section are similar to those of the rectangular
section, with the peak stress of 7.97 Mpa, as shown in Figure 10c. The surrounding rock
stress of the trapezoidal section reached the peak value of 8.79 Mpa at 6.51 m from the right
gang, as shown in Figure 10d. The descending order of the peak stress of the surrounding
rock on both sides of the tunnel was trapezoidal, rectangular, slanted-top rectangular, and
straight-walled arc arch, and the peak stress range of the rib of the straight wall arc arch
section was only 1.64 m. The bottom corner of each section produces an evident stress
concentration, and the degree of stress concentration follows: trapezoidal, straight-walled
arc arch, rectangle, and slanted-top rectangle. According to the limit equilibrium zone
theory, the plastic zone of the surrounding rock in the form of a straight-wall arc arch
section is smaller, the two ribs of the roadway have sufficient bearing capacity to ensure
the stability of the top plate surrounding rock, and the section form is conducive to the safe
excavation succession of the working face. As shown in Figure 11, the distribution range of
the low-stress zone of the horizontal stress in the surrounding rock of the roadway is wide,
mainly concentrated in the coal seam and direct top, and directly affects the distribution
range of the low-stress zone in descending order of influence as: straight-walled arc arch,
oblique rectangle, trapezoid, and rectangle. Thus, the same vertical stress distribution
characteristics indicate that the straight wall circular arch section is more conducive to
maintaining the stability of the roadway envelope and strengthening water-rich roadway
roof envelope management.

(c) (d)

Figure 10. Vertical stress distribution characteristics of the surrounding rock in different channel

section forms: (a) rectangle; (b) slanted-top rectangle; (c) straight-walled circular arch; (d) trapezoid.
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(o) (d)

Figure 11. Horizontal stress distribution characteristics of surrounding rock in different channel

section forms: (a) rectangle; (b) slanted-top rectangle; (c) straight-walled circular arch; (d) trapezoid.

4.2.3. Distribution Characteristics of the Surrounding Rock Displacement Field

As shown in Figure 12, the distribution characteristics of the displacement field of the
surrounding rock in different roadway sections are basically the same, among which the
distribution range of the high displacement of the roof plate in the straight-walled circular
arch section is smaller than that of the other three sections. The displacement fields of the
roof plate in the rectangular section, oblique rectangular section, and trapezoidal section
exhibit an inverted U-type distribution, which is not conducive to the stability of the roof
plate. In each section, the top plate and right rib were arranged to extract the displacement
distribution characteristics of the top and right ribs, as shown in Figure 13.

Figure 13a reflects the displacement distribution of the top plate in different sections.
The overall performance is characterized by fast and large drop, particularly in the oblique
rectangular section. The peak displacement of the top plate was 135.7 mm, and it stabilized
at 3.2 m above the top plate with a drop of 103.8 mm. The displacement of the top plate
in each section is negatively correlated with the distance and is stabilized in the range
of 3.0-3.3 m. The initial displacement of the top plate in each section is in the order of
oblique rectangular section > rectangular section > trapezoidal section > straight-walled
circular arch section, and the displacements of the top plate of each section in the stable
area (3—-12 m) follow the order of rectangular section > trapezoidal section > straight-walled
circular arch section > oblique rectangular section. In general, the displacement of the top
plate of the straight-walled circular arch section was optimal in the range of 0-12 m.

As shown in Figure 13b, the displacement of the right rib’s surrounding rock in each
section is linearly negatively correlated with the distance; the displacement and distribution
characteristics of the rectangular section and straight-walled circular arc arch section are
the same, and the displacement of the right rib in each section tends to be stable in the
range of 8-10 m until 12 m, which is closely related to the distribution of the plastic zone
in the rib. After 12-14 m of the right rib, the surrounding rock stress is the original rock
stress; the initial displacement of the right rib of the roadway in descending order is
oblique rectangular section > trapezoidal section > rectangular section > straight-walled
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140

circular arch section, and in the whole monitoring range, the displacement of the right
rib of the straight-walled circular arch section is the minimum value. Therefore, it can

be concluded that the straight-walled circular arch section is the best section form for a
water-rich roadway in a mine.

(b)

(d)

Figure 12. Characteristics of displacement field distribution of surrounding rock in different channel
section forms: (a) rectangle; (b) slanted-top rectangle; (c) straight-walled circular arch; (d) trapezoid.
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Figure 13. Displacement evolution curves of surrounding rock in different roadway section forms:
(a) displacement evolution law of top slab; (b) displacement evolution law of right gang.

4.3. Water-Rich Roadway Support Parameter Sensitivity Orthogonal Test

Based on a previous study, this section presents research on the optimization of sup-
port parameters of water-rich roadways during excavation through orthogonal numerical
simulation tests, analyzes the influence of different support parameter conditions on the
deformation and damage of the surrounding rock of the roadway, and then proposes tech-
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nical support optimization solutions to improve the anchorage stability of the surrounding
rock at the roof of a water-rich roadway.

4.3.1. Numerical Model Establishment

According to the actual engineering geological conditions of working face 1302, a numerical
calculation model was established with the model size of length (x) x width (y) x height (z) of
357 m x 100 m x 32 m, and the length of the working surface was 210 m. A 35 m boundary
area was set on each side of the model to eliminate the boundary effect, as shown in Figure 14.
The Mohr—Coulomb intrinsic model was adopted and has the tendency of the working face
in the length direction and the strike direction in the width direction. The grid near the back
mining tunnel was encrypted. The lower boundary of the model constrains the longitudinal
and lateral displacement and velocity. The left, right, front, and rear boundaries of the model
impose horizontal constraints; the upper boundary is unconstrained. The vertical downward
compensation load of the equivalent mining depth is applied to the upper boundary of the
model. The average capacity of the rock layer is 25,000 N/m?>. The lateral pressure coefficient is
1.3; the physical and mechanical parameters of each rock layer are listed in Table 5.

NO. 1302 Tailentry
NO. 1302 Headentry
3* Coal

4* Coal

Siltstone
Mudstone

Muddy sandstone
Sandy mudstonel
Sandy mudstone2
Sandy mudstone3
Fine sandstonel

Fine sandstone2

Figure 14. Numerical calculation model.

4.3.2. Orthogonal Numerical Simulation Test Program

The support parameters in this test mainly included the anchor diameter, anchor
length, inter-row distance between anchors, anchor preload torque, and anchor cable
preload force. These parameters were employed in the orthogonal test, and four values
were considered for each. The variations of factors and levels are shown in Table 6.

Table 6. Experimental factor scheme of orthogonal numerical simulation.

Level A. Bolt B. Bolt C. Bolt Inter-Row D. Bolt Pre-Tightening E. Bolt
Diameter/mm Length/mm Spacing/mm X mm Torsion/N-m Pre-Tension/kN
1 18 2000 1200 x 1200 300 170
2 20 2200 1000 x 1000 400 200
3 22 2400 800 x 800 500 230
4 25 2600 600 x 600 600 260

In this study, the orthogonal test scheme Ly (4°) with five factors and four levels
was selected; the specific scheme is detailed in Table 7. Sixteen numerical calculation
models were established according to Table 7, and the support parameters of each model
were determined according to the corresponding test number; three ¢21.6 mm x 7300 mm
anchor cables were arranged in the top plate of each model group with an inter-row
distance of 1400 mm x 1600 mm. Therefore, the displacement of each model was taken as
the evaluation index, and the displacement of the roadway was considered as the sum of
the displacements of the top and bottom plates and the two gangs of the roadway.
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Table 7. Orthogonal numerical simulation test scheme.

Factor Result
Test Number Bolt Diam- Bolt Bolt Inter-Row Bolt Pre-Tightening Bolt Roadway Dis-
eter/mm Length/mm Spacing/mm X mm Torsion/N-m Pre-Tension/kN placement/mm
1 1(18) 1(2000) 1(1200 x 1200) 1(300) 1(170) 2614
2 1(18) 2(2200) 2(1000 x 1000) 2(400) 2(200) 2243
3 1(18) 3(2400) 3(800 x 800) 3(500) 3(230) 203.1
4 1(18) 4(2600) 4(600 x 600) 4(600) 4(260) 193
5 2(20) 1(2000) 2(1000 x 1000) 3(500) 4(260) 214.8
6 2(20) 2(2200) 1(1200 x 1200) 4(600) 3(230) 2222
7 2(20) 3(2400) 4(600 x 600) 1(300) 2(200) 210.1
8 2(20) 4(2600) 3(800 x 800) 2(400) 1(170) 209.9
9 3(22) 1(2000) 3(800 x 800) 4(600) 2(200) 202.5
10 3(22) 2(2200) 4(600 x 600) 3(500) 1(170) 205.5
11 3(22) 3(2400) 1(1200 x 1200) 2(400) 4(260) 217.1
12 3(22) 4(2600) 2(1000 x 1000) 1(300) 3(230) 215.5
13 4(24) 1(2000) 4(600 x 600) 2(400) 3(230) 198.8
14 4(24) 2(2200) 3(800 x 800) 1(300) 4(260) 203.9
15 4(24) 3(2400) 2(1000 x 1000) 4(600) 1(170) 2124
16 4(24) 4(2600) 1(1200 x 1200) 3(500) 2(200) 220.7
4.3.3. Analysis of Orthogonal Test Results
As shown in Table 8, from the orthogonal numerical simulation test results, the extreme
difference of factor C (inter-row distance between anchors) was the largest, followed by
factor D (anchor preload torque) and factor E (anchor cable preload force), and the extreme
difference of factor B (anchor rod length) was the smallest. Thus, the distance between the
anchor rows is the most sensitive to the deformation damage of the roadway’s surrounding
rock. The sensitivity of the anchor preload torque and anchor cable preload is in the middle,
and the influences of the anchor rod diameter and anchor rod length are relatively small.
Table 8. Results of visual analysis of approach volume.
Displacement/mm
Average Bolt Bolt Length/mm Bolt Inter-Row Bolt Pre-Tightening Bolt
Diameter/mm 8 Spacing/mm x mm Torsion/N-m Pre-Tension/kN
1 220.5 219.4 230.4 222.7 222.3
2 214.3 214.0 214.0 212.5 214.4
3 210.2 210.7 204.9 211.0 209.9
4 209.0 209.8 201.9 207.5 207.2
Range 11.5 9.6 28.5 15.2 15.1

As can be seen from Figure 15, the total amount of roadway deformation decreased
with the strengthening of each influencing factor, and the influence of the anchor diam-
eter and anchor length on the deformation of the roadway’s surrounding rock exhibited
similar trends; the difference between the two factors for levels 3 and 4 of the roadway’s
surrounding rock deformation is not large. With a decrease in the inter-row distance
between anchor rods, the reinforced area between anchor rods forms a whole support
structure, the deformation of the roadway’s surrounding rock decreases significantly, and
the inter-row distance decreases from 800 mm x 800 mm to 600 mm x 600 mm. When
the anchor cable preload force was 230 kN, the deformation of the roadway’s surrounding
rock was significantly improved compared to that of a force of 200 kN, but there is not
much change compared to that of a force of 260 kN. When the anchor preload torques were
400 N m and 500 N m, the differences in roadway deformation were very small, although
the deformation of the roadway’s surrounding rock was greatly improved when the anchor
preload torque was 600 N m; however, the requirements for the construction machinery
were high and not easy to meet. It is difficult to satisfy the high requirements of construc-
tion tools. Considering the sensitivity of all factors to the deformation of the roadway’s
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surrounding rock and the construction level and economic efficiency, the best roadway
support parameters were determined as follows: anchor rod type ¢22 mm x 2400 mm,
inter-row distance 800 mm x 800 mm, anchor preload torque 400 Nm, and anchor cable
preload force 230 kN.

240
—®— Bolt diameter
—0— Bolt length
—— Bolt inter-row spacing
2301 —O— Bolt pre-tightening torsion
Cable pre-tension
g
Eno+
=
o
=)
[
3
?% 210+
A
200 +
190 : : : :
1 4
Level

Figure 15. Sensitivity characteristics of each influencing factor in the deformation of roadway’s
surrounding rock under different horizontal conditions.

4.3.4. Technical Parameters for Support Optimization

The optimized technical parameters for the support of the water-rich roadway in the
mine were determined based on the results of the orthogonal numerical calculation tests.
Three high-strength anchor ropes of 1 x 7 strands ¢21.6 mm x 7300 mm with an inter-row
distance of 1400 mm x 1600 mm were arranged in each row of the roof, each of which
was equipped with a drum tray of 300 mm x 300 mm x 16 mm with a tension loss of
not less than 230 kN; the top slab was arranged with six rows of 22 mm x 2400 mm left-
handed rebar-less threaded steel anchors with an inter-row spacing of 800 mm x 800 mm
connected with a 912 mm x 4200 mm steel ladder and anchored using three MSK2350
resin coils; the gang section was arranged with three rows of 922 mm x 2400 mm left-
handed rebar-less threaded steel anchors with an inter-row spacing of 800 mm x 800 mm
connected with a ¢12 mm x 2200 mm steel ladder using one MSCK2335 and one MSK2350.
The anchors were preloaded with a torque of not less than 400 Nm, connected with
150 mm x 150 mm X 10 mm high-strength drum pallets, and sprayed with C20 concrete
with the thickness of 50 mm, 20 m behind the tunneling face. Specific support forms are
displayed in Figure 16.
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Figure 16. 1302 transport roadway support technical scheme: (a) roadway support section diagram

(b) roadway support floor plan.

5. Field Test
The field test was conducted in the 1302 haulage lane of the mine, and the optimized

support design was applied to the section of the 1302 haulage lane to be dug. The stability
control effect of the roof surrounding rock of the water-rich roadway was comprehen-
sively evaluated through the arrangement of the rock pressure monitoring station, which
includes monitoring of the working resistance of the anchor bolt (cable), deformation of the
roadway’s surrounding rock, and roof separation. The arrangement of the measurement

stations is shown in Figure 17.

‘ _______________________________
_______________________ PR

NO. 1302 |tailentry |

Y

NO. 1302| headentry r*‘_)r_n__ ~S0m- ___0511__ __9 ________ B

Figure 17. Layout of mine pressure monitoring stations.

The monitoring data of measurement stations I and III were selected for comparison
and analysis; measurement station I was at the junction section between the original support
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240

form and optimized support design, and the deformation and damage characteristics of
the roadway’s surrounding rock at this station were significantly different from those at
measurement station III, described as follows:

(1) As shown in Figure 18, during the 150 m advance of the excavation face, the relative
displacement of the top and bottom plates of measurement station I was 205 mm, and that
of the two ribs of the roadway was 70 mm, of which the deformation of the coal pillar
rib was relatively larger, and 28 mm more than that of the coal wall; the average rate of
relative displacement of the top and bottom plates was 11 mm/d, with a maximum rate of
42 mm/d, while that of the two ribs was 3.7 mm/d. The average rate of the relative shift of
the top and bottom plates was 11 mm/d, exhibiting the maximum rate of 42 mm/d; that of
the two helpers was 3.7 mm/d, with a maximum rate of 21 mm/d.

(2) As shown in Figure 19, during the 150 m advance of the excavation face, the relative
displacements of the top and bottom plates and the two helpers at measurement station
III were 79 and 46 mm, respectively, which are 61% and 34%, respectively, lower than
those at measurement station I. The average rates of the two relative displacements were
62% and 35% lower than those at measurement station I, respectively. The monitoring
results show that the roof of the roadway was effectively controlled compared with the
original support area, the integrity of the surrounding rock was high, and the active support
elements in the roadway were in good working condition.
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Figure 18. Spatial and temporal evolution characteristics of the deformation and damage of the
surrounding rock at station I; (a) the displacement of the roadway surface; (b) the deformation speed
of the roadway surface.

In comparison, station I is in the transition zone between the original support and
the optimized support, and the spatial and temporal evolution characteristics of the sur-
rounding rock deformation can reflect the deformation and damage of the original support.
Compared to station I, the deformation of the surrounding rock at station III has the
following advantages:

(1) The time for the deformation and stabilization of the surrounding rock is advanced;
specifically, the time for yielding and deformation failure of the roof and sidewalls is
delayed, and the degree and scope of the deformation and failure of the lag excavation face
are reduced.

(2) The scope, timing, duration, creep rate, and degree of creep of the surrounding
rock were significantly reduced compared with those of the original support.

(3) There are some commonalities with the deformation and damage characteristics
of the rocks surrounding station I; for example, the deformation and damage of the coal
pillar is always higher than that of the coal wall side, which is closely related to the bearing
performance of the coal pillar and solid coal and are affected by the advancement speed of
the excavation working face to a certain extent.
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Figure 19. Spatial and temporal evolution characteristics of the deformation and damage of the
surrounding rock at station III: (a) displacement of the roadway surface; (b) deformation speed of the
roadway surface.

6. Conclusions

A study was conducted on the mechanism of strength weakening of rock surrounding
a water-rich roadway roof slab; the mechanical property damage law of a muddy sandstone
roof slab was investigated under water—rock interaction considering surrounding rock stress
distribution characteristics and total displacement change, and the key technical parameters
for stability control of rock surrounding the water-rich roadway were determined. The
research results of this paper are summarized as follows:

(1) The main minerals of the top slab muddy sandstone included quartz (51.4%), clay
(31.7%), and orthoclase (13%); particularly, the main components of the clay minerals
were determined to be kaolinite and muscovite. With increasing water content from dry to
saturated, the average peak strength and elastic modulus of the muddy sandstone decreased
linearly by 80.0% from 96.07 to 19.25 MPa and by 63.4% from 7.34 to 2.69 GPa, respectively.

(2) Water content was found to be the key factor influencing the AE event count of
the muddy sandstone rock samples, exhibiting negative correlation. Correspondingly, the
stress thresholds at each stage of the rock samples with different water contents maintained
this trend and were approximately quadratic. The fracture closure threshold, fracture initial
development threshold, and fracture damage threshold of the saturated rock samples were
73%, 79.5%, and 81.4% lower than those of the dry rock samples, respectively, and the
weakening effect due to water was obvious.

(3) A technical idea of adjusting the roadway section and optimizing the support
parameters for controlling the surrounding rock was proposed. Based on this, a numerical
calculation study of the optimized roadway section form was conducted. The results
showed that the straight wall circular arch section is more favorable for the adaptation of
the surrounding rock under this geological condition. By conducting sensitivity orthogonal
tests on the parameters of the roadway support components, the support parameters of
the anchor rods and anchor cables in the roadway were determined, and an optimized
technical scheme for water-rich roadway support was realized.

(4) An industrial test was conducted, and the application results indicate that the
deformation of the top and bottom plates of the roadway and the two gangs after optimizing
the section and support parameters reduced by 61% and 34%, respectively, compared to
before optimization. The stability control effect of the roadway’s surrounding rock was
remarkable. The results show that the deformation and damage of the water-rich roadway
before and after the optimization of the support parameters were reduced by 61% and 34%,
respectively, and the stability of the roadway was controlled significantly.
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