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Abstract: This study aims to alleviate the serious deformation of surrounding rock (SR) in an
extremely soft and fragile fully mechanized caving face roadway (ESFFMCEFR, the 8# coal seam,
Huaibei mining area) under a conventional support. Laboratory tests of roadway SR were conducted.
The results show that in this coal seam, the extremely soft and fragile coal body has a high clay
mineral content, so it is of low strength and breaks and softens easily. With reference to the mechanical
tests on coal and rock mass around the coal seam and the monitoring results of roadway deformation,
the roadway deformation is mainly caused by the development of fractures in the roadway SR,
the separation of the support body and SR and the loose supporting structure. Considering the
engineering environment and deformation characteristics of SR in the ESFFMCEFR (the 8# coal seam,
Huaibei mining area), this study proposed a synergistic support system of “lowering, drilling,
anchoring, grouting and flatting (LDAGEF)” for the ESFFMCER based on the synergistic mechanism
of support and SR under the basic principles of synergetics. Specifically, the synergistic support
system of “LDAGEF” includes the following measures: floor breaking and side lowering, bolt advance
support, anchor cable support, advance water injection and grouting and flat-roof U-shaped steel
shed support. Furthermore, this synergistic support system was applied on the ESFFMCEFR in the
8# coal seam of Xinhu and Guobei coal mines, Huaibei mining area. The on-site application results
reveal that when the synergistic support system is adopted, the maximum subsidence values in the
above roadway roofs are 117 mm and 121 mm and the maximum displacement values of the two
sides are 66 mm and 74 mm, respectively, which proves an excellent support effect. The synergistic
support system, which can effectively control the serious deformation of the SR in ESFFMCFRs and
ensure long-term stability and safety of the roadways, is suitable for the support of ESFFMCFRs and
is of great guiding significance for roadways of the same type.

Keywords: extremely soft and fragile; fully mechanized caving face roadway; rock mass
characteristics; synergistic support system; surrounding rock stability

1. Introduction

To reduce the difficulty in excavation and improve production efficiency, mining
roadways with a short service life are generally arranged in low-strength coal strata and
mostly adopt rectangular sections [1]. Under the conventional anchorage support, tensile
stress distribution areas appear on the surface of roadways with rectangular sections as a
result of the shape of roadway sections, the morphological characteristics of anchorage body
and the secondary stress distribution during excavation [2]. Meanwhile, the anchorage
system has a limited effect on the shoulder angle of the roadway. The roadway roof and the
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anchorage bodies at the two sides are independent of each other, failing to achieve roof-side
synergy [3]. In addition, affected by the geological condition of mining, the two sides and
roof of the extremely soft and fragile fully mechanized caving face roadway (ESFFMCFR)
are composed of extremely soft and fragile coal bodies. An increasing mining depth leads
to a high ground stress. Under such a special geological condition, it is difficult to maintain
a rectangular section, and the conventional anchor support systems for roadways often fail.
Thus, steel sections is required for maintenance and frequent renovation. Roof accidents
occur at a rising frequency [4]. The support of the ESFFMCFR requires much effort, which
seriously affects the recovery efficiency in fully mechanized caving faces.

An et al. [5] studied the failure mechanism of ESFFMCFR with high ground stress;
they thought that an “inverted trapezoid”-shaped plastic zone was formed in its roof
coal, and stressed the importance of a cable-stayed anchor cable support. Xu et al. [6]
believed that the root causes of the serious deformation of the ESFFMCEFR lay in the
weak roof supporting structure, weak synergistic control of the roof and sides as well
as high tensile stress in the middle of the roof. Wang et al. [7] studied the stress and
deformation characteristics of surrounding rock (SR) in a fully mechanized caving face
roadway (FMCFR) under different influencing factors, obtained the relationships between
SR stress distribution and influencing factors, and considered that the preload of anchor
bolts and cables should form a compressive stress area where they are connected and
superimposed with each other. Through similar simulation tests, Wang et al. [8] found
that the support of an arch-shaped integral anchor structure in roadways could effectively
control the serious deformation of roadway SR. By means of discontinuous deformation
analysis, Ma et al. [9] analyzed the deformation and failure characteristics of straight-wall
semi-circular arch roadways in large-dip-angle soft and broken thick coal seams under
different support conditions. By analyzing the mechanism of bolt support, Cao et al. [10]
put forward a one-time permanent support for a high pre-stressed and strong support
system to control serious SR deformation in complex and difficult roadways of the coal
mine. In summary, studies on roadway support in soft and broken thick coal seams have
mainly focused on the control technologies for roadway SR, such as anchor bolts and
cables, bolt mesh shotcrete and U-shaped steel shed support. However, for the ESFFMCEFR,
the above support measures of anchor bolts (cables) and U-shaped steel sheds with an
increased density or strength not only fail to effectively support roadways, but also waste a
lot of materials.

To sum up, current conventional roadway support technologies have certain limita-
tions, failing to effectively control the deformation and failure of SR in ESFFMCFRs. The
support technology for ESFFMCFRs requires further research [11-22]. This study took an
ESFFMCER as the research object. First, the hydraulic characteristics of extremely soft and
fragile coal were studied by laboratory tests. With the aid of mechanical tests of coal and
rock mass and on-site monitoring results, the failure mechanism and support measures
for SR of the ESFFMCFR were explored. On this basis, a synergistic support system of
“LDAGEF” for ESFFMCEFR was established through technical measures of floor breaking
and side lowering of the roadway, bolt advance support, anchor cable support, advance
water injection and grouting and flat roof U-shaped steel shed support. Finally, it was
successfully applied to the ESFFMCEFR in Guobei Coal Mine and Xinhu Coal Mine to ensure
the long-term stability and safety of the SR and the support structure. The research results
can provide a new insight into support design for ESFFMCFRs.

2. Engineering Background
2.1. Engineering Profile

The 8# coal seam is the main mining coal seam of Luling (LL) Coal Mine, Zhuxi-
anzhuang (ZXZ) Coal Mine, Qingdong (QD) Coal Mine, Guobei (GB) Coal Mine, Yuanyi
(YY) Coal Mine, Tongting (TT) Coal Mine, Zouzhuang (ZZ) Coal Mine and Xinhu (XH)
Coal Mine in Huaibei mining area. On the whole, it is of a wide and gentle monoclinic
structure, with a stratigraphic dip of 255-285° and a dip angle of 14-25° (20° on average).
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Coal in the 8# coal seam, which belongs to semi-bright to bright briquette, has the following
features: black, powdered, locally broken blocks, glass luster and developed endogenous
fractures. The seam is 8.2-10.2 m thick (8.2 m on average), locally containing 1-2 layers of
gangue. The gangue, which is 0-1.1 m thick in total, is mainly composed of siltstone and
also locally comprises mudstone. The 8# coal seam is extremely soft and fragile, with low
strength. The roadway for recovering the coal seam is arranged along the floor, the floor
plate is unsupported. In the past, the excavation of the FMCFR in the 8# coal seam adopted
a U-shaped steel shed support. However, the two sides of the roadway are of low strength,
so the legs of the U-shaped steel sheds cannot take root, resulting in a poor passive support
effect of the steel sheds and serious deformation of the roadway floor at the two sides.
Moreover, the coal body of the roadway roof is extremely soft and fragile, so the U-shaped
steel sheds cannot effectively support the roof, leading to serious air leakage, roof caving
and overall serious roadway deformation (Figure 1). These problems not only bring great
difficulty to roof management, but also induce hazards of spontaneous combustion of gas
and coal. Roadways are often repaired after excavation, leaving much hidden danger. In
addition, coal in front of the ESFFMCEFR in thick seams experiences serious rib spalling,
which affects the normal excavation. Resultantly, under the U-shaped steel shed support,
the ESFFMCEFR in the 8# coal seam is excavated at an average monthly amount of merely
50-60 m, which seriously restricts the safe and efficient production of coal mines.
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Figure 1. Deformation of SR in the ESFFMCFR.

2.2. Laboratory Tests

To better reveal the physicochemical and mechanical properties of extremely soft and
fragile thick coal seams, cores were drilled around the excavated roadways of the 8# coal
seam in the LL, QD, GB and XH coal mines, respectively. Coal and rock blocks at the head
in the corresponding coal seam were collected for laboratory tests.

2.2.1. X-ray Diffraction Analysis

Deformation of SR in the ESFFMCER is dominated by coal deformation. The raw coal
samples from the excavated roadways of the 8# coal seam in the LL, QD, GB and XH coal
mines were selected for X-ray diffraction tests. Their mineral compositions and contents
were analyzed (Figure 2). The mineral composition contents are shown in Table 1.
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Figure 2. X-ray diffraction spectrum of the coal seam in the ESFFMCFR.

Table 1. Mineral compositions.

Molecular Formula COj (Substrate) SiO, Al,O3 CaO S Others
Content 74.7% 12.04% 947%  0.961%  0.676% 2.153%

For the ESFFMCEFR in the 8# coal seam, the main associated mineral is kaolinite
(content about 10%). As a clay mineral with weak water resistance, kaolinite expands and
collapses easily when encountering water, characterized by notable collapsibility. Hence,
the coal body is extremely soft and fragile, which makes the FMCEFR in thick coal seams
more prone to deformation, failure and instability.

2.2.2. Strength Experiments for Coal and Rock Mass

An ESFFMCER is generally excavated along the floor, and the roof and two sides
share an identical coal structure. Therefore, the mudstone layers of the excavated roadway
roof and floor and the 8# coal seam in the LL, QD, GB and XH coal mines were sampled
on-site. There were 50 coal seam, roof, and floor coal rock samples each. The physical and
mechanical properties of coal and rock mass with different lithologies were tested. The
testing principle is as follows:

(1) The uniaxial compression deformation experiment of coal rock shows that there is
no lateral pressure applied to the specimen, and it is only subjected to axial load. Therefore,
the deformation and failure of the specimen exhibit diverse forms of failure. The calculation

formula is as follows:
CTA

where o is the uniaxial compressive strength of coal rock, MPa; P is the failure load of the

coal rock specimen, N; and A is the area perpendicular to the loading direction, mm?.
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(2) The tensile strength of coal rock mass is generally measured indirectly using the
Brazilian splitting test method. The calculation formula is as follows:

2P

nDH @

0 =
where 07 is the uniaxial tensile strength of coal rock, MPa; P is the failure load of the coal
rock specimen, N; and D and H represent the diameter and thickness of the splitting surface
of the specimen, mm.

(3) Coal rock shear strength test. The calculation formula is as follows:

g =
T =

pNa=s LT

(cosa + fsina) } 3)

(sina — f cosa)

where P is the shear load of the coal rock specimen, N; A is the shear area of the coal rock
specimen, mm?; f is the friction coefficient between the specimen and the upper and lower
plate pressing plates; « is the angle between the shear plane of the coal rock specimen and
the horizontal plane, °; o is the normal stress, MPa; and 7 is the shear stress, MPa.

According to Formula (3), the normal stress and shear stress can be substituted into
Equation (4) to obtain the cohesive force and internal friction angle.

T=c+otang 4)

where c is the cohesive force of the coal rock specimen, MPa; ¢ is the internal friction angle
of the coal rock specimen, in degrees.
The experimental process is shown in Figure 3, and the results are shown in Table 2.

(©)

Figure 3. Mechanical experiments of coal and rock mass. (a) Uniaxial compression test (after

experiment). (b) Shear test (after experiment). (c) Brazilian splitting test (after experiment).
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Table 2. Physical and mechanical parameters of different rocks.
Poisson’s Compressive Tensile ion/M Internal Friction Elastic
Sample Ratio Strength/MPa  Strength/MPa Cohesion/MPa Angle/° Modulus/GPa
Average value of the 8# coal seam 0.319 2.23 0.45 0.21 22 2.02
Average value of roof mudstone 0.266 2242 2.06 2.00 28 22.14
Average value of floor mudstone 0.267 17.29 1.30 1.94 30 22.35

The 8# coal seam has a rather low compressive strength, tensile strength and cohesion.

Resultantly, the ESFFMCER in thick seams is prone to deformation, failure and instability.
In contrast, the roadway roof and floor strata are of a higher compressive strength than the
8# coal seam. Moreover, the results of the Brazilian splitting experiment show that in the
initial loading and fracturing process of the mudstone samples from the roadway roof and
floor, the samples are first fractured along the radial cross section, resulting in a sudden
drop in load. However, the fractures are not penetrated at this moment, so the mudstone
still has some bearing capacity. Such a characteristic is meaningful for analyzing the control
of SR of the ESFFMCEFR in thick seams.

2.3. Cause Analysis on Roadway Instability

Through on-site investigation and laboratory tests, the causes of instability in the

ESFFMCER were preliminarily analyzed and summarized. According to Figure 4, the main
causes of the deformation and failure are as follows:

@

@

®)

@)

The SR is of low strength. According to the strength tests on coal and rock mass,
the 8# coal seam corresponds to a uniaxial compressive strength of about 2.23 MPa,
with its tensile strength being around 0.45 MPa. Consequently, it breaks easily under
high-stress conditions, which is unconducive to the stability of the FMCFR.

The bearing capacity of coal is not fully utilized. According to the previous de-
formation monitoring tests on the ESFFMCEFR, the average vertical and horizontal
convergence values are 729 mm and 547 mm, respectively, with the average variation
rates being 19.8 mm/d and 17.9 mm/d, respectively. This suggests that the present
ESFFMCEFR can hardly utilize its own bearing capacity of SR.

The original support fails to seal the roadway surface, and the coal body at the head
and on the roadway surface breaks and falls easily. Since the SR of the ESFFMCFR
softens easily and is seriously fragmented, coal at the head and on the roadway surface
often breaks and falls, affecting the normal roadway excavation and support, even
causing roadway instability. As a result, the roadway needs to be repaired frequently.
The original support strength is insufficient. At present, the support of U-shaped steel
sheds and anchor bolts is used for the ESFFMCFR. However, such support fails to
maximize the bearing capacity of coal and cannot be applied to the ESFFMCEFR in the
long term. Moreover, it has the following defects: high roadway maintenance cost,
great workload in repairment and proneness of roadway instability.

Plastic
zone ' ' \‘
Do NN N__

| | Leakage and | | Deformation | | Failure of the 1
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| spalling of coal instability of | | and failure of | ' supporting |
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Figure 4. Structure diagram of SR in the ESFFMCEFR.
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3. Synergistic Support System of “LDAGF”
3.1. Principle of the Synergistic Support System

Synergy refers to the process or ability of multiple different resources or individuals
to achieve a goal in a coordinated manner [23]. With respect to the safety of roadway SR
in coal mines, a synergistic support aims to achieve the best control effect of SR stability
at the minimum support cost. Therefore, based on the engineering response and support
mechanism of roadway SR, and guided by the basic principle and methods of synergetics,
the synergistic support of roadway SR in coal mines can explore the synergistic effect
and evolution mechanism of a support-SR system in the stability control of roadway
SR. In this process, the deformation control of roadway SR is the key. With the aid of a
reasonable design and optimization of the support system, the interaction between roadway
support and SR can be realized; the mechanical properties of the support and SR are fully
utilized so that the overall support effect of the support system is superior to the sum
of different support modes at the macro level, that is, the synergistic support effect of
“1+1 > 2" is achieved, thereby avoiding the instability of roadway SR and the failure of
the supporting structure. The basic function of a roadway support system is to maintain
long-term stability of the roadway SR. In this system, roadway SR, as the main body of
support, exists objectively. In terms of its function, the essence of roadway synergistic
support is “mobilizing the bearing capacity of SR” and “assisting SR in playing the bearing
role”. Apparently, SR is both the source and the major bearer of load, and its mechanical
behaviors inevitably affect the stability of the whole system [24,25]. Therefore, maximizing
the self-bearing capacity of SR is the basic principle of roadway support in coal mines. For
an ESFFMCEFR, “mobilizing the bearing capacity of SR” can be realized by improving the
performance of shallow SR, hence giving full play to the bearing capacity of SR. “Assisting
SR in playing the bearing role” requires assistance from the supporting structure; that is, a
reliable control of SR stability can be realized through the joint action of the supporting
structure and the SR.

On this basis, a synergistic support system of “LDAGF” was proposed considering
the reasons for the roadway instability (Figure 5). This system can fundamentally solve
the problems of serious deformation and failure, difficult support, long support time and
slow excavation of the ESFFMCEFR in thick seams. The technical measures adopted include
floor breaking and side lowering of roadway, bolt advance support, anchor cable support,
advance water injection and grouting and flat-roof U-shaped steel shed support. These
measures improve the SR environment, fully utilize the deformation characteristics of SR
and its own bearing capacity, and maintain the stability of the roadway. More specifically,
these measures involve the following:

(1) “L”—floor breaking and side lowering: According to the dip angle of the coal seam,
reasonable floor breaking and side lowering is carried out to ensure that the shed legs
at the two sides take root firmly and improve the lithologic strength at the roadway
sides.

(2) “D”—Dbolt advance support: Advance roof protection by self-drilling bolts for grout-
ing is conducted along the roof of the shed beam. Then, the roof is grouted for
solidification and the prevention of air leakage and roof caving.

(8) “A”—anchor cable support: To improve the strength of the roadway support and
enhance the stability of the flat-roof U-shaped steel shed support, anchor cables are
used instead of bolts. The roof and sides are strengthened with long anchor cables
and short cables, respectively.

(4) “G”—advance water injection and grouting: To enhance the plasticity of the coal
body, the coal body at the head undergoes advance water injection while the roof is
solidified by advance grouting before shed establishment with the aid of advance
self-drilling bolts for grouting.

(5) “F’—flat-roof U-shaped steel shed support: Flat-roof U-shaped steel sheds can provide
high-strength rigid support because they boast good mechanical properties and high
tensile and compressive strength. In addition, a flat roof is conducive to supporting
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the advance support of roadway during working face recovery, hence improving the
recovery efficiency.

A
System Synergistic support system of “LDAGF”
\ 4 [
A [ |
Mobilize the bearing Assist the bearing
capacity of SR capacity of SR
Structure |
Structure of the Forms of the
v composite SR composite support
T —] | — |
‘CL” “G” “D” “A” “F”
Content |_|_|
Floor Advance Bolt grouting Anchor Flat roof U-shaped
breaking and water support in cable
- . L steel shed support
y [side lowering injection advance support

Figure 5. Basic components of the synergistic support system of “LDAGF”.

3.2. Characteristics of the Synergistic Support System of “"LDAGF”

According to Figure 6, the synergistic support system is featured by the complementary

advantages between the support forms (anchor cables, flat-roof U-shaped steel sheds and
advance bolt grouting) and the SR improvement methods (floor breaking and side lowering
and advance water injection for the coal body). The synergistic support system was applied
to the ESFFMCEFR in the LL, ZXZ, QD, GB, YY, TT, ZZ and XH coal mines in Huaibei mining
area. Based on the effects of its support measures and the results of on-site industrial tests
and mine pressure observation, the following three characteristics of the synergistic support
system are summarized:

)

@

®G)

The bearing capacities of different support forms are complementary: Before roadway
excavation, advance bolt grouting can effectively ensure the integrity of roadway
roof SR with a simple construction process. The installation of flat-roof U-shaped
steel sheds and anchor cables soon after roadway excavation not only provides large
support resistance but also utilizes the anchor cables so that the SR deformation slowly
acts on the steel sheds. Moreover, it can make up for the low resistance of conventional
anchor mesh shotcrete support, and realize the complementarity of various support
forms in bearing capacity, so as to achieve the best support effect.

The synergistic support system and the SR are integrated to play a bearing role: Before
roadway excavation, advance water injection and grouting can enhance the plasticity
of the coal body while advance grouting can solidify the roof and improve the integrity
of the roadway and the head. Compared with anchor bolts, anchor cables can anchor
into deep and stable rock strata, transfer the additional load from the shallow SR to
the deep SR and make the SR a three-way compression-bearing body by applying a
large preload. On this basis, anchor cables are adopted to fix the flat-roof U-shaped
steel sheds. Hence, the synergistic support system can realize an omni-directional
overall bearing of deep and shallow SR both before and after excavation.

The one-time permanent support of SR is realized: It can avoid repeated renovation of
roadways and realize one-time permanent support. Underground monitoring reveals
that the ESFFMCEFR supported by the synergistic support system can fully mobilize
the bearing capacity of SR and realize ventilation and transportation for a long time
without regular renovation, thus saving the roadway support cost to a certain extent
and yielding remarkable economic benefits.
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Figure 6. Schematic diagram of the synergistic support system of “LDAGEF”.

4. Engineering Application
4.1. Design for the Construction of the Synergistic Support System of “LDAGF”

According to the synergistic support system, its construction process in the ESFFMCFR
is as follows: “L”—floor breaking and side lowering—“D”—bolt advance support—"G”"—
advance water injection and grouting—“F”—flat-roof U-shaped steel shed support—“A”"—
anchor cable support. First, according to the dip angle of the coal seam in the extremely
soft and fragile fully mechanized caving face, the floor breaking and side lowering begins.
After the roadway positions are determined, self-drilling screw steel bolts for grouting are
arranged along the roof of the shed beam for advance roof protection. Afterwards, the
bolts undergo advance grouting to solidify the roof. Meanwhile, advance water injection
is performed on the coal at the head to enhance the coal’s plasticity. After the advance
support is completed, during slurry solidification, the flat-roof U-shaped steel sheds are
used to support the ESFFMCER in thick seams. Then, the roadway roof, sides and flat-roof
U-shaped steel shed legs are reinforced by anchor cables to enhance stability.

The synergistic support system of “LDAGF” for the ESFFMCEFR in thick seams is
shown in Figure 7. Its specific design is as follows:

(1) “L”—floor breaking and side lowering

Roof anchor cables

N Coal seam

77777 Grouting for |
| reinforcement |

Anchor cables at sides ,’

U-shaped steel sheds

" Floor breaking and side
lowering of the roadway

I

Figure 7. Synergistic support system of “LDAGEF”.
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According to the dip angle of the coal seam, the floor breaking and side lowering
construction is performed. The lower side is lowered by 200 mm so that most of the higher
side is located in the floor strata of the coal seam, hence improving the SR environment
of the roadway sides. Meanwhile, floor breaking and side lowering into the floor strata
can ensure that the flat-roof U-shaped steel shed legs at the two sides take root firmly and
improve the lithologic strength of the roadway sides (Figure 8).

Coal seam

Figure 8. Schematic diagram of floor breaking and side lowering of the roadway.

(2) “D”—Dbolt advance support

The advance support of the ESFFMCEFR is achieved by self-drilling screw steel bolts
for grouting, which are arranged according to the section contours. The bolt spacing is
about 200 mm (the spacing can be adjusted according to the distance between the coal seam
and gangue). The bolts are arranged at a 3-5° angle with the roadway construction slope
to ensure that the bolts are on the same plane. The anchor bolts are 4800 mm long, but the
overlapping length of each group of bolts is £1.0 m. Over-excavation is prohibited (the
circulating footage distance is controlled according to the length of the anchor bolts and
overlapping distance). The layout of the advance self-drilling screw steel anchor bolts for
grouting is shown in Figure 9.

(3) “G”—advance water injection and grouting in the roadway

An electric grouting pump is adopted. Then, 3-5 advance self-drilling screw steel
anchor bolts can be grouted at the same time by installing a diverter at the outlet hole of the
electric grouting pump. When the grouting pressure meets the requirement, the grouting
pipeline is closed; the holes are changed to continue grouting. The layout of the grouting
pipeline is shown in Figure 10a.
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Figure 9. Layout of advance bolts in the roadway. (a) Roadway section. (b) Roadway cross section.

To enhance the coal’s plasticity, the coal body at the head is injected with water
in advance. According to previous experience and the results of numerical simulation
optimization, two holes are injected with water in each cycle. The other parameters are as
follows: the hole spacing is 3 m (arranged separately according to the axis of roadway cross
section), the holes are about 1.7 m away from the roof and the drilling depth is 10 m with an
elevation angle of 3-5° with the roadway direction. The holes are sealed with hole-sealers,
and the water injection pressure is 0.5 MPa. The arrangement of the water injection holes
is based on the infiltration range of water in the coal body. The water injection holes are
arranged according to Figure 10b,c.

(4) “F’—flat-roof U-shaped steel shed support in the roadway

The flat roof U-shaped steel shed support adopts 36U-shaped steel retractable three-
core arch supports, each with three sections (one for the roof beam and two for the U-legs).
The overlapping part is fixed with three pairs of limit cables; the overlapping length is
500 mm, the nut tightening force is 300 N-m, the shed spacing is 700 m and the leg socket
depth is 200 mm. The flat-roof U-shaped steel sheds are arranged according to Figure 11.
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(5) “A”—anchor cable support in the roadway

The roof anchor cables are arranged in the “333” mode; the specifications are as follows:
YMS®21.8/6200 mm (8.2 m and 10 m for standby); row spacing 1200 x 700 mm. The
middle roof and anchor cables at the right side are equipped with anchor plates; the anchor
cables at the left side are equipped with lock beams (one beam and one cable for two sheds),
which are arranged at intervals. Since anchor cables that are 8200 mm and 10,000 mm long
are provided on-site, the cables can be adjusted according to the variation in coal thickness
to ensure that the anchor cables take root in the hard roof with a depth of £1.5 m.

The sides adopt YMS®21.8/4100 mm anchor cables for support with a row spacing of
1200 x 700 mm. They are arranged 300 mm and 1500 mm away from the floor, respectively.
The anchor cables are arranged in the “323” mode. When the anchor cables are 1500 mm
from the floor, shoulder anchor cables are used with trays. When they are 300 mm away
from the floor, they are used with lock beams (one beam and two cables for four sheds).
The lock beams closely follow the front probe beam; three rolls of resin anchoring agent are
used for each anchor cable. Resin anchoring agents MSZ-2950 and MSZ-2550 are employed
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for the rock mass and coal body, respectively. The preload of the rock mass is £100 kN
(29 MPa); that of the coal body is £60 kN (17.4 MPa). The layout of the anchor cable
support is shown in Figure 11.

4.2. Support Test of the FMCFR in the 8# Coal Seam of XH Coal Mine

After the excavation of the 815 working face transportation roadway in the 8# coal
seam of XH Coal Mine, industrial tests were carried out to apply the synergistic support
system of “LDAGF” on a 300 m long section of ESFFMCFR. Monitoring devices were
installed during the industrial tests to collect data. The on-site test adopted an anchor rod
dynamometer and a tunnel surface convergence instrument. Then, the support effect for
the 815 working face transportation roadway was evaluated and analyzed.

(1) Analysis of the Monitored Data on the Mine Pressure

Monitored data on the mine pressure of the transportation roadway in XH Coal Mine
mainly include the stress of anchor cables and the displacement of the roadway surface.

The stress of cables was monitored by an online cable hydraulic pillow. The stress
variation in the cables monitored by the pillow after the application of the synergistic
support system is shown in Figure 12. In the monitoring period, roadway mining distur-
bance occurs, so the stress of the anchor cables decreases to a certain extent and then rises.
Overall, the stress of the anchor cables gradually rises and then stabilizes, reaching its
maximum value of 135 kN. This indicates that the anchor cables in the synergistic support
system of “LDAGF” can mobilize the bearing capacity of SR well and lead to stable stress
on the cables.
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Figure 12. Curve of force on and variation in anchor cables over time.

The displacement curves of the roof, floor and two sides of the 815 working face
transportation roadway in XH Coal Mine are shown in Figure 13. During the monitoring
period, the deformation of roadway SR varies significantly within 25 days after excavation,
and tends to stabilize on the 35th day. Before the roadway stabilizes, the displacement value
of the roof and floor is 117 mm, with the average displacement speed being 3.34 mm/d.
These two parameters of the two sides are 66 mm and 1.89 mm/d, respectively. During the
whole monitoring period, the synergistic support system can greatly mobilize the bearing
capacity of the SR and effectively control SR deformation.
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Figure 13. Displacement curves of roof, floor and two sides of the 815 transport roadway in XH
Coal Mine.

(2) Evaluation on the Support Effect

According to the above data, the synergistic support system of “LDAGF” can effec-
tively control the serious deformation of the ESFFMCER. Moreover, the synergistic action
of different supporting structures can lead to appropriate stress on the anchor cables and
realize the expected effect. The synergistic support system can fully mobilize the overall
bearing capacity of the SR and effectively resist roadway deformation.

4.3. Support Test on the FMCFR in the 8# Coal Seam of GB Coal Mine

After the excavation of the 842 air roadway (the 84 mining area, the 8# coal seam,
GB Coal Mine), industrial tests were performed to apply the synergistic support system
on a 500 m long section of ESFFMCER. During the industrial tests, monitoring devices
were installed to collect data. Subsequently, the support effect of the 842 air roadway was
evaluated and analyzed.

(1) Analysis on the Monitored Data of the Mine Pressure

Mainly roadway surface displacement data were monitored for the mine pressure
of the 842 air roadway in GB Coal Mine. The displacement variations in the roof, floor
and two sides of the 842 air roadway in GB Coal Mine are presented in Figure 14. During
the monitoring period, the deformation of roadway SR varies notably within 25 days
after excavation, yet tends to stabilize on the 30th day. Before the roadway stabilizes, the
displacement value of roof and floor is 121 mm, with its average displacement speed being
4.03 mm/d; those two parameters of the two sides are 74 mm and 2.47 mm/d, respectively.
In the whole monitoring period, the deformation of SR in ESFFMCER can be effectively
controlled through the synergistic support system of “LDAGEF”.

(2) Evaluation on the Support Effect

The supporting structures boast complementary advantages. Hence, the bearing
capacity of the synergistic support system can effectively resist the severe deformation of
the SR and fully mobilize its bearing capacity. Nevertheless, both the roof and floor anchor
cables of the roadway can realize the expected effect and achieve the one-time permanent
support of the roadway.
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5. Conclusions

(1) The roof and two sides consist of extremely soft and fragile coal bodies. Therefore, in
the SR of the FMCEFR, fractures are developed and the support requires a high capacity.
Conventional support systems can hardly control SR deformation. The extremely soft
and fragile SR in the FMCFR and the mutual independence between the support and
the SR are the primary reasons for the roadway instability.

(2) This study is based on the synergistic mechanism of support and SR as well as the
basic principles of synergetics. By enhancing the properties of roadway SR, improving
the SR environment and promoting the support strength, the roadway can achieve
an omni-directional overall bearing of deep and shallow SR both before and after
excavation. Meanwhile, the generation and development of micro-cracks in the head
and roadway SR are inhibited, and the spatially mutual support of the roadway and
SR is enhanced. Finally, a synergistic support system of “LDAGF” for the ESFFMCFR
is proposed.

(8) On-site applications have shown that the synergistic support system for the ESFFM-
CEFR can overcome the defects of a loose supporting structure and serious SR defor-
mation in conventional support, improve the distribution law of stress of the head
and plastic zone in the ESFFMCER, effectively prevent the development of tangential
fractures, and considerably improve the integrity and bearing capacity of roadway
SR. This synergistic support system boasts an excellent roadway support effect and is
of great guiding significance for similar roadways.
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