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Abstract: This paper introduces a case study on the failure mechanism and support design of a
roadway tunnel in the fault fracture zone of the 106 mining area in the Yuandian no.2 coal mine.
Based on the on-site geological conditions (in-situ stress test, borehole television imaging, and
lithological analysis), the failure mechanism of the roadway tunnel in the fault fracture zone was
studied. The test results showed that the high tectonic stress, fractured rock, and poor lithology are
the primary reasons for the roadway instability. According to the support principles of grouting
reinforcement, pre-reinforced support, and rational support range, a new type of combined support
technology was proposed, including advanced grouting, grouting bolts, and grouting anchor cables.
A 100 m roadway section was selected for field testing using the new support scheme, and detailed
deformation monitoring was performed. Monitoring results showed that the roadway deformation
under the new support was significantly reduced. During the roadway excavation process, no roof
collapse phenomenon occurred, and the safety of roadway excavation was ensured. This successful
case provides an important reference for similar roadway projects in the fault fracture zone.

Keywords: fault fracture zone; failure mechanism; support technology; advanced grouting

1. Introduction

The stability of roadway surrounding rock has always been a key issue in under-
ground engineering [1–5]. During the roadway excavation process, many geologically
unfavourable conditions can be encountered, including fault fracture zones [6,7]. Com-
monly used excavation methods mainly include the mining method, new Austrian method,
excavation machine, and shield method. Due to working environment and support cost
constraints, the new Austrian method is commonly used in underground excavation. That
is, the theory of rock mass mechanics is applied, based on the self-supporting capacity of
surrounding rock, and supporting methods such as bolts and shotcrete are used to support
and control surrounding rock deformation. When the roadway passes through the fault
fracture zone, geological issues such as water inrush and roof collapse may occur due to
the low strength and poor stability of the rock mass [8,9]. During the use of the roadway,
large deformation of surrounding rocks may occur, causing the instability and damage of
the supporting structure. In order to ensure the stability of the roadway surrounding rock
in the fault fracture zone, it is necessary to study its failure mechanism, and then propose a
reasonable support design [10–12].

Recently, numerous studies have been performed on the failure mechanisms of road-
way tunnel in the fault fracture zone [13–15]. Piotr et al. [16] analysed the influence of
small throw fault on the convergence of the roadway and the degree of cracking around
the roadway. Wang et al. [17] established a three-dimensional numerical model of a tunnel
through a fault fracture zone, and results showed that the fault fracture zone reduced
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surrounding rock stability. Qian et al. [18] and Qian et al. [19] analysed the failure charac-
teristics and influencing factors of the large deformation in tunnel surrounding rock with
a depth of 800 m. Das et al. [20] studied the influence of different fault dip and friction
angles on the stability of underground coal mines. However, most of these studies are
based on theoretical studies, and do not combine the specific geological conditions on-site.
Due to the complex and changeable engineering geological conditions, the roadways in
the fault fracture zone have different failure mechanisms. The complicated geotechnical
environment and mechanical properties of surrounding rocks are the main reasons for
roadway failure [21–23].

The research on the failure mechanism of the roadway is to ensure the rationality of
the support design. Many support technologies have been proposed by experts and schol-
ars. Wang, Zhang, Wei, Zhang, and Guo [13] proposed the whole-section anchor-grouting
reinforcement technology. Qian et al. [24] proposed and implemented ground surface
pre-grouting reinforcement technology. Liu et al. [25] proposed the combination support
technology of “Bolt-mesh-spurting + prestressed hollow grouting anchor”. According to
the summary, there are generally the following types of support technology for roadways
in the fault fracture zone: (1) U-steel support combined with bolts and cables [26,27]. This
technology is only suitable for roadways passing through a small fault fracture zone with
simple geological conditions. (2) U-steel support combined with grouting bolts and grout-
ing anchor cables [28]. This technology is the most commonly used support technology
of roadway in the fault fracture zone, but it is not suitable for the fault fracture zone with
poor geological conditions. (3) Ground surface pre-grouting reinforcement technology [24].
This technology is suitable for the fault fracture zone with poor geological conditions.
However, the high support costs and high construction technology requirements are its
determination. In order to prevent roof collapse accidents, advanced grouting technology
is necessary [29,30]. Aiming at the fault fracture zone with poor geological conditions, a
new roadway support technology should be proposed.

This contribution examines the 106 mining area of the Yuandian no.2 coal mine to
study the instability mechanism and support design of an underground roadway through
a fractured fault zone in tectonically deformed sedimentary rock. Considering the roof
collapse soon after roadway excavation, a new type of combined support technology,
including advance grouting, grouting bolts, and grouting anchor cables, was proposed
based on the roadway failure mechanism. With the new support scheme, the safety hazard
of roof collapse after roadway excavation can be effectively solved, and the long-term
stability of roadway was ensured. The results provide a reference for the support design of
roadway engineering in similar geologic conditions.

2. Geologic and Engineering Backgrounds

The 106 mining area of the Yuandian no.2 coal mine is located in the north-eastern
part of the mine field, with an east–west width of 1900~2700 m, a north–south length of
1800~2500 m, and an area of 4.74 km2. The 106 mining area has a NE-trending uniclinal
structure with a NW-dip. The dip angle of the formation varies from 4◦ to 33◦ and is
generally between 7◦ and 26◦. The two layers containing the coal seam are the 10-coal
and 11-coal layers. In the area, 115 faults were detected, all of which were NW-trending
normal faults. There are 5 faults with an offset of more than 100 m, 5 faults with an offset
of 40~100 m, 32 faults with an offset of 10~40 m, 18 faults with an offset of 5~10 m, and 55
faults with an offset of 0~5 m. LWF54 is the main fault experienced by the test roadway in
the manuscript.

The north auxiliary blind inclined shaft, north transportation blind inclined shaft,
and north air return blind inclined shaft compose the primary roadway in the 106 mining
area (Figure 1). The trend of the roadway is N47◦, and the horizontal spacing between
the individual roadways is 35 m. The height of the roadway floor is between −553.3
and −710 m, and the construction level is about 20 m above the 10-coal roof. The 106
dark mining well in the 106 mining area runs from the 10-coal roof sandstone layer to



Energies 2021, 14, 3767 3 of 19

51-coal, mainly exposing aluminium mudstone, 82-coal, 81-coal, 72-coal, and the interlayer
sandstone and mudstone. A comprehensive stratigraphic column of the mining area is
shown in Figure 2. The lithology of the fault fracture zone is mixed, mainly mudstone,
siltstone, and a small amount of sandstone, with local carbonaceous mudstone or coal.
Unit water inflow and permeability coefficient of rock mass were obtained through the
pumping test: q = 0.0035 L/s.m, K = 0.0298 m/day, and the results showed that the water
richness was weak.
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Figure 2. Stratigraphic columns of the 106 mining area.

The cross-section of the blind inclined shaft in the 106 mining area is a semi-circular
arch with straight walls (Figure 3). The height of the straight wall and semi-circular arch is
1.5 and 2.5 m respectively, whereas the width of the roadway is 5 m. The initial roadway
support structure was composed of anchor mesh and cable combined with a shotcrete
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support. The anchors have a diameter of 22 mm and a length of 2.6 m. The distance between
the anchors along the roadway axis and the radial direction are both 0.8 m. The anchor
cable has a diameter of 17.8 mm and a length of 6.2 m, and is composed of 8 prestressed
steel wires with a diameter of 7 mm. The distance between the anchors along the roadway
axis and the radial direction is 2.0 and 2.4 m. The thickness of sprayed concrete (C20) is
100 mm (Figure 3).
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Figure 3. Initial supporting design of the roadway.

With this roadway support structure adopted, the anchor cable and bolt support
were destroyed. As shown in Figure 4, the roof fracture and floor heave were clearly
observed during the excavation process. Figure 5 shows the displacement curve of deep
surrounding rock in the roof at different tested depths. At some zones, the displacement of
deep surrounding rock in the roof was extremely large, and the maximum value reaches
128 mm. The damage of the roadway surrounding rock may be caused by the weak
and broken nature of the fault fracture zone, which contains disordered layering, and
numerous fractures. As time passed, the anchor cables were loose, which caused the anchor
cable support to fail [31]. Moreover, the stress on the fault fracture zone was complicated,
which allowed for easy deformation of the roadway after excavation, and thus seriously
endangered roadway safety. The field monitoring results showed that the initial support
design cannot meet the roadway support requirements in the fault fracture zone.
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3. Failure Mechanism Analyses
3.1. In-Situ Stress Test

The geological structure in the fault fracture zone is complex, resulting in a compli-
cated distribution of in-situ stress. Determining the in-situ stress in the fault fracture zone
is important for stability control of the roadway surrounding rock [32–34].

According to the actual engineering geological conditions in the 106 mining area,
three tested points were selected for the in-situ stress test. DYL-16 hollow inclusion triaxial
ground strain gauges were adopted to measure in-situ stress using the stress-relieving
method. The drilling location and technical characteristics of the in-situ stress tested point
in the mining area are shown in Figure 1 and Table 1, respectively.
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Table 1. Technical characteristics of the in-situ stress-tested point in the 106 mining area.

Tested Point
Number

Point
Depth (m) Tested Point Position

Drilling

Hole Depth (m) Azimuth (◦) Inclination (◦)

1# 511 The north transportation blind inclined shaft 8.0 128 5
2# 553 The north auxiliary blind inclined shaft 8.3 145 5
3# 559 The north air return blind inclined shaft 8.3 133 5

Figure 6 shows the typical stress relief curves at tested point 1. The stress relief
curve shows good regularity, indicating that the working state of the strain gauge at the
measuring point is normal. When the release distance does not reach the location of the
strain gauge, the strain value is small, when the release distance is close to the location of
the strain gauge, the strain value changes greatly, and when the release distance exceeds
the location of the strain gauge, the strain value gradually stabilises. After the in-situ
stress was measured, rock samples were collected, and the elastic modulus and Poisson’s
ratio of the rock samples were measured (Table 2). By processing the measured data, the
magnitude and direction of the in-situ stress components and principal stress of the tested
point were calculated, which are summarised in Table 3.
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Table 2. Summary of rock mechanics parameters.

Core Group Elastic Modulus (GPa) Poisson’s Ratio

1# 27.90 0.25
2# 28.53 0.23
3# 28.64 0.23

The maximum principal stress at the No. 1 in-situ stress-tested point (burial depth
511 m) is 20.04 MPa, with an azimuth angle of 81.36◦, whereas the minimum principal
stress is 10.31 MPa with an azimuth angle of 278.32◦, and the lateral pressure coefficient is
1.56. The maximum principal stress at the No. 2 in-situ stress-tested point (burial depth
553 m) is 20.25 MPa, with an azimuth angle of 88.25◦, while the minimum principal stress
is 11.00 MPa with an azimuth angle of 276.66◦, and the lateral pressure coefficient is 1.46.
The maximum principal stress of the No. 3 in-situ stress-tested point (burial depth 559 m)
is 21.76 MPa, with an azimuth angle of 85.13◦, whereas the minimum principal stress is
11.48 MPa with an azimuth angle of 274.85◦, and the lateral pressure coefficient is 1.55.
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Table 3. In-situ stress test results.

Tested Point
Number Tested Point Position

Point Depth
(m)

Principal Stress
Vertical Stress

(MPa)Principal
Stress

Size
(MPa)

Azimuth
(◦)

Inclination
(◦)

1# The north transportation
blind inclined shaft

511
σ1 20.04 81.36 9.36

12.77σ2 11.22 88.71 83.29
σ3 10.31 278.32 8.93

2# The north auxiliary blind
inclined shaft

553
σ1 20.25 88.25 6.73

13.82σ2 13.36 8.71 83.29
σ3 11.00 276.66 7.34

3# The north air return blind
inclined shaft

559
σ1 21.76 85.13 8.25

13.97σ2 13.48 29.63 77.01
σ3 11.48 274.85 7.55

As shown in Table 3, the maximum principal stress azimuth varies between 81.36◦and
88.25◦ (northeast–southwest), and the minimum principal stress azimuth varies between
274.85◦ and 278.32◦ (northwest–south). The maximum principal stress inclination angle
varies between 6.73◦ and 9.36◦, and the minimum principal stress inclination angle varies
between 7.34◦ and 8.93◦, indicating that the maximum principal stress and the minimum
principal stress are horizontal stresses. The maximum principal stress is 1.84~1.94 times
that of the minimum principal stress, and the horizontal stress has strong directivity.

3.2. Borehole Television Imaging

A borehole television imager was used to observe the fractures of the roadway roof in
the fault fracture zone. According to the development of fractures, the surrounding rock
was divided into completed surrounding rock, fractured surrounding rock, and broken
surrounding rock. Two boreholes were arranged in the roof of the roadway, with a diameter
of 28 mm and a depth of 8.0 m. The observation results are shown in Figure 7.
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Figure 7. Fractures of surrounding rocks from borehole television imager.

The observation showed that the surrounding rock of the roadway is relatively broken,
and there is basically no complete surrounding rock. In the range of 2.5 m, the surrounding
rock of the roadway was seriously broken, and the anchoring effect of the bolt was seriously
affected. In the range of 3~6 m, many groups of horizontal fissures were found in the
surrounding rock. A wide range of delamination occurred in the range of 6.5~7.0 m, which
was the main cause of roof collapse.

3.3. Lithological Analysis

The fault fracture zone contains a mixed lithology composed of mudstone, partially
interbedded with carbonaceous mudstone or coal, with significant extrusion and wrinkling.
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During roadway excavation, the surrounding rock undergoes softening and swelling to
water, which further decreases the strength of the surrounding rock. To determine the
mineralogical composition of the mudstone, X-ray diffraction analysis was used, and
the results are shown in Figure 8. This mineral composition test uses the D8Advance
powder crystal X-ray diffractometer produced by the German Bruker Company (Karlsruhe,
Germany). In terms of software, the international powder diffraction database (PDF),
the powder crystal inorganic crystal structure database (ICSD), and the corresponding
analysis software are configured. As shown in Figure 8, the mudstone was composed of a
large amount of kaolinite, montmorillonite, and mixed layers of illite and montmorillonite.
Among them, kaolinite has water absorption when it is dry, and has plasticity after moisture.
The montmorillonite and mixed layer of illite and montmorillonite absorb water and
expand rapidly, becoming paste-like. When the rock mass reacts with water physically and
chemically, the properties of the rock mass change dramatically, and its volume expands
over time, resulting in huge expansion pressure and large deformation. The volume
expansion after hydration can exceed 50%.
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Figure 8. Mudstone mineral composition X-diffraction pattern.

Scanning electron microscopy (SEM) was used to observe the microscopic morphology
and composition of the mudstone, as shown in Figure 9. The scanning electron microscopy
used the QuantaTM 250 environmental scanning electron microscope produced by FEI
Company (Hillsboro, OR, USA) to obtain the micro-morphological features under 2000
times magnification. Results show that intergranular fissures are more developed, and
the rock has good water conductance. The expanded pores in the mudstone increase
the porosity and the hydrolysis effect of the rock mass. The three-dimensional grid-like
holes and the random accumulation between the particles reflect the good permeability
of the mudstone and the development of the space channel. Whether it is kaolinite or
montmorillonite, uneven expansion occurs after exposure to water, resulting in a large
amount of pores. The appearance of these pores destroys the original internal structural
system of the rock, which in turn promotes softening and disintegration.
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3.4. Failure Mechanism of Roadway in the Fault Fracture Zone

Research results showed that the internal reasons for the failure of the roadway in
the fault fracture zone were the high tectonic stress, broken surrounding rock, and poor
lithology [35]. The ineffective support design was the external cause:

i. The horizontal stress in the fault fracture zone is the main stress of the in-situ stress
field, which is almost perpendicular to the axial direction of the roadway. The high
tectonic stress caused a stress concentration in the surrounding rock of the roadway,
which caused the roof and floor of the roadway to fail first.

ii. After the surrounding rock of the roadway was damaged, the fractures propagated
and communicated with each other, and eventually formed a broken surrounding
rock zone. The fractures caused by the crack propagation make the surrounding
rock more broken. The broken surrounding rock loses its self-supporting ability,
which caused the crack to expand to the deep surrounding rock, which further
increases the damage range.

iii. Mudstone is the main component of the surrounding rock, which contains a large
number of kaolinite, montmorillonite, and mixed layers of illite and montmoril-
lonite. The mudstone expands rapidly after water is absorbed, which promotes the
phenomenon of softening and disintegration, further reducing the rock strength.

iv. The borehole television imaging results showed that the surrounding rock is
severely broken within 2.5 m, which affected the anchoring effect of the bolt. Large
areas of delaminated and broken surrounding rocks can still be found beyond the
6.5 m depth of the surrounding rocks, exceeding the support range of the anchor
cable. The support failure of the bolt and anchor cable caused large deformation of
the roadway, which is also the main cause of the roof collapse.

4. Support Design
4.1. Roadway Support Design Principles

The original support only uses bolts and cables, which is not suitable for the support
of roadways in the fractured area. Due to the unreasonable initial support design and lack
of specificity, the roadway seriously deformed. During the roadway excavation process,



Energies 2021, 14, 3767 11 of 19

a roof collapse accident occurred. Designing targeted support for this special geological
condition is necessary. A new type of combined support technology is needed to ensure
the stability of the roadway. According to the failure mechanism analysis, the following
factors should be considered:

i. Grouting reinforcement: Field test results showed that broken surrounding rocks
and poor lithology are the main causes of roadway damage. The best way to solve
this problem is to use grouting reinforcement technology. Grouting reinforcement
is mainly used to inject grout into the fractures through the grouting pressure, fill
the fractures through the solidification of the grout, and cement the broken rock
masses together to improve the bearing capacity of the rock mass itself, thereby
achieving the purpose of surrounding rock reinforcement.

ii. Pre-reinforced support: Field test results showed that the roof collapses with the
roadway excavation due to the poor self-stabilizing capacity. Therefore, advanced
grouting is used to support the uncovered roof. Advanced grouting is carried out
on the broken surrounding rock in front of the excavation face so that the broken
roof in the grouting section is cemented, preventing the surrounding rock from
collapsing after excavation. Grouting also ensures the integrity of the roof after
excavation, providing the supporting points for the subsequent grouting bolts and
grouting cable anchors.

iii. Rational support range: Field test results showed that the damage depth of the
surrounding rock is large, and large-scale delamination and broken rock masses
can still be observed at 6.5 m. The length of the anchor cable of the initial support
design is only 6.2 m, which is less than the damage depth of the surrounding rock,
making the support useless. Therefore, the new support range should be greater
than the damage depth of the roadway.

4.2. Roadway Support Design

Based on the support principles, a new type of combined support technology is
proposed. The new support includes advanced grouting, grouting bolts, and grouting
cable anchors. The unexposed broken roof is supported by advanced grouting to strengthen
the self-supporting capacity of the surrounding rock. Grouting bolts and grouting cable
anchors are used to maintain the long-term stability of the roadway. The specific steps are
as follows:

i. Advanced grouting support parameters: Advanced grouting support design is
shown in Figures 10 and 11. There are five grouting holes in the cross-section,
including three grouting holes in the roof and two grouting holes in the ribs. The
grouting hole is 0.3 m away from the roadway contour. The spacing between the
grouting holes along the roadway axis is 1.5 m. The grouting holes have a diameter
of 94 mm and a length of 12 m. The grouting holes are lifted upward by 10◦ in
the vertical direction and inclined by 15◦ in the horizontal direction. The grouting
pipes have a diameter of 73 mm and a length of 12 m. Multiple rows of 8 mm
diameter grouting holes are drilled vertically along the wall of the grouting pipes.
The anchorage length of each grouting pipe must be larger than 2 m.

ii. U-shaped steel sheds support parameters: The U-shaped steel model used in this
study is U29. As shown in Figure 10, the distance between U-shaped steel sheds
along the roadway is 0.8 m. The overlap length of any two U-shaped steels is 0.5 m.
The size of the steel back plate is 800 × 1200 × 80 mm.

iii. Grouting bolts’ parameters: Grouting bolts’ support is shown in Figure 12. There
are fourteen grouting bolts in the roadway cross-section, including seven grouting
bolts in the roof, four grouting bolts in the ribs, and three grouting bolts in the floor.
The grouting bolts have a diameter of 25 mm and a length of 2.5 m. The distance
between the grouting bolts in the roof and ribs along the roadway axis and the
radial direction is 1.0 and 1.6 m, respectively. The distance between the grouting
bolts in the floor along the roadway axis and the radial direction is 1.5 and 1.6 m,
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respectively. The anchorage length of each grouting bolt must be larger than 1.0 m.
The primary concrete support is applied as soon as the grouting bolts pavement is
finished.
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iv Grouting cable anchors’ parameters: Grouting cable anchors’ support is shown
in Figure 12. As shown in Figure 12, there are five grouting cable anchors in the
roadway cross-section, including three grouting cable anchors in the roof and two
grouting bolts in the ribs. The grouting cable anchors have a diameter of 35 mm and
a length of 7.0 m. The distance between the grouting cable anchors in the roof and
ribs along the roadway axis and the radial direction is 2.0 and 1.6 m, respectively.
The anchorage length of each grouting cable anchor must be larger than 1.0 m.
The secondary concrete support is applied as soon as the grouting cable anchors
pavement is finished.

v Grouting parameters: The grout material is composed of PO. 42.5 ordinary silicate
cement and cement additive. The ratio of water/cement is 1:1.5. The cement
additive is used with a dosage of 5% cement weight. The grouting pressure of
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iv Grouting cable anchors’ parameters: Grouting cable anchors’ support is shown
in Figure 12. As shown in Figure 12, there are five grouting cable anchors in the
roadway cross-section, including three grouting cable anchors in the roof and two
grouting bolts in the ribs. The grouting cable anchors have a diameter of 35 mm and
a length of 7.0 m. The distance between the grouting cable anchors in the roof and
ribs along the roadway axis and the radial direction is 2.0 and 1.6 m, respectively.
The anchorage length of each grouting cable anchor must be larger than 1.0 m.
The secondary concrete support is applied as soon as the grouting cable anchors
pavement is finished.

v Grouting parameters: The grout material is composed of PO. 42.5 ordinary silicate
cement and cement additive. The ratio of water/cement is 1:1.5. The cement
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additive is used with a dosage of 5% cement weight. The grouting pressure of
advanced grouting, grouting bolt, and anchor cable is 8~10, 2~3, and 4~6 MPa,
respectively.

After the advanced grouting support, roadway excavating is carried out. During the
excavation process, support is performed by grouting bolts and grouting anchor cables.
When the roadway is excavated to a distance of 10 m away from the grouting section,
advanced grouting in the second stage is performed, and the cycle is sequentially performed
until the roadway passes through the fault fracture zone. The choice of advanced grouting
in the second stage at a distance of 10 m from the grouting section is to allow sufficient
time for the cement solidification of the advanced grouting. The continuity and safety of
the roadway excavation process can be guaranteed.

5. On-Site Monitoring

In order to monitor the effect of the new support design, a 100 m tested roadway of
the north auxiliary blind inclined shaft in the fault fracture zone was selected. Taking the
initial construction position as the starting point, observation sections was arranged to
monitor surface displacement and deep displacement, as shown in Figure 1.

Multi-rod displacement meters were placed on the roof and the two ribs of the road-
way, as shown in Figure 13. Before installation, a 30 mm mounting hole was drilled in
the roof, and the borehole fixing device was sequentially sent to the predetermined po-
sition. After the reading device was fixed at the hole, the wire rope of each tested point
was tightened, and the measuring ring was pushed on the borehole measuring device to
the 100 mm position. Then, the wire rope and measuring ring were fixed with screws.
After installation, the initial reading of each tested point can be read, and the difference
between the measured value and the initial reading is the displacement value, which must
be accurate to 0.2 mm. Convergence meters were placed on the roadway to monitor the
surface displacement.
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As shown in Figure 13, points B and C are the vertical data marks of the roof and
floor of the roadway, and points D and E are the horizontal data marks of the two ribs
of the roadway. Point A is the midpoint of BC and DE. The decrease of BC means the
deformation of the roof and floor. The decrease of DE means the contraction of the two
ribs. Measurements by a convergence meter are required to be accurate to 0.2 mm.

Figure 14 show the displacement curves of the deep surrounding rock in the monitored
section. Figure 14a shows that the relative displacement within 6 m of the surrounding rock
of the roadway roof is less than 30 mm during the observation period, and Figure 14b,c
show that the relative displacement within 6 m of the surrounding rock of the roadway
gang is less than 40 mm. After 40 days, displacement of the roadway surrounding rock
began to converge, indicating that the overall strength of the roadway surrounding rock
after grouting was improved, and the roadway surrounding rock was effectively controlled.
The support method can effectively maintain roadway stability.

Energies 2021, 14, x FOR PEER REVIEW 16 of 20 
 

 

rock began to converge, indicating that the overall strength of the roadway surrounding 
rock after grouting was improved, and the roadway surrounding rock was effectively 
controlled. The support method can effectively maintain roadway stability. 

 
(a) Deep displacement curve of the roof 

 
(b) Deep displacement curve of left rib  

Figure 14. Cont.



Energies 2021, 14, 3767 16 of 19Energies 2021, 14, x FOR PEER REVIEW 17 of 20 
 

 

 
(c) Deep displacement curve of right rib 

Figure 14. Displacement curve of the deep surrounding rock in the section roadway. 

The curve of the displacement observation of the surrounding rock surface is shown 
in Figure 15. 

 

Figure 15. Surface displacement curves. 

The deformation from the two ribs at the monitored section is 75 mm, and the defor-
mation from the roof–floor is 161 mm. After 40 days of roadway construction, roadway 
deformation began to converge. Roadway deformation after support is obviously re-
duced, and deformation speed is effectively controlled, making the roadway much safer 
overall. During the monitoring period, there is no obvious deformation of the surround-
ing rock of the roadway after adopting the new support design, indicating that the new 
support design can control the deformation and ensure the long-term stability of the road-
way. The effectiveness of the new support design can be visually observed in Figure 16. 

Figure 14. Displacement curve of the deep surrounding rock in the section roadway.

The curve of the displacement observation of the surrounding rock surface is shown
in Figure 15.

Energies 2021, 14, x FOR PEER REVIEW 17 of 20 
 

 

 
(c) Deep displacement curve of right rib 

Figure 14. Displacement curve of the deep surrounding rock in the section roadway. 

The curve of the displacement observation of the surrounding rock surface is shown 
in Figure 15. 

 

Figure 15. Surface displacement curves. 

The deformation from the two ribs at the monitored section is 75 mm, and the defor-
mation from the roof–floor is 161 mm. After 40 days of roadway construction, roadway 
deformation began to converge. Roadway deformation after support is obviously re-
duced, and deformation speed is effectively controlled, making the roadway much safer 
overall. During the monitoring period, there is no obvious deformation of the surround-
ing rock of the roadway after adopting the new support design, indicating that the new 
support design can control the deformation and ensure the long-term stability of the road-
way. The effectiveness of the new support design can be visually observed in Figure 16. 

Figure 15. Surface displacement curves.

The deformation from the two ribs at the monitored section is 75 mm, and the defor-
mation from the roof–floor is 161 mm. After 40 days of roadway construction, roadway
deformation began to converge. Roadway deformation after support is obviously reduced,
and deformation speed is effectively controlled, making the roadway much safer overall.
During the monitoring period, there is no obvious deformation of the surrounding rock
of the roadway after adopting the new support design, indicating that the new support
design can control the deformation and ensure the long-term stability of the roadway. The
effectiveness of the new support design can be visually observed in Figure 16.
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6. Conclusions

Taking the blind inclined shaft in the north wing of the 106 mining area of the Yuandian
no.2 coal mine as an example, roadway support technology in the fault fracture zone is
studied. The buried slope of the mining area is about 600 m deep and passes through
the LWF54 fault. The initial roadway support structure was composed of anchor mesh
and cable combined with a spray support. With this roadway support structure adopted,
the roof collapse and the surrounding rock deformation were clearly observed during
the excavation process. The initial support design cannot meet the roadway support
requirements in the fault fracture zone. Based on the on-site geological conditions (in-situ
stress test, borehole television imaging, lithology analysis), the failure mechanism of the
roadway tunnel in the fault fracture zone was studied. A new type of combined support
technique was proposed and monitored in the test roadway:

i. Field investigations and tests showed that the tectonic stress state in the fault frac-
ture zone was complex. The horizontal stress was about 1.55 times the vertical
stress, and the angle between the main roadway axis and the main horizontal stress
was 84.4◦. The surrounding rock was severely broken within 2.5 m, and large-scale
delamination can still be found beyond the 6.5 m depth of the surrounding rocks.
Mudstone is the main component of the surrounding rock, which contained a large
number of kaolinite, montmorillonite, and mixed layers of illite and montmoril-
lonite. The internal causes for the failure of the roadway in the fault fracture zone
were the high tectonic stress, broken surrounding rock, and poor lithology, and the
external cause was the unreasonable support design.

ii. According to the support principles of grouting reinforcement, pre-reinforced
support, and reasonable support range, a new type of combined support technology
was proposed, which included advanced grouting, grouting bolts, and grouting
anchor cables. The unexposed broken roof is supported by advanced grouting to
strengthen the self-supporting capacity of the surrounding rock. U-shaped steel
support is used to support the roadway immediately after excavation to limit the
deformation and collapse of surrounding rock. Grouting bolts and grouting cable
anchors are used to maintain the long-term stability of the roadway. By using
the new combined support technology, the broken surrounding rock in the fault
fracture area is cemented into a complete rock mass, and the support capacity of
the whole support system is improved.

iii. On-site industrial tests were carried out on a 100 m tested roadway. Test results
show that the new support scheme is more effective than the initial support scheme,
and the deformation of the roadway surrounding rock is significantly reduced
under the new support scheme. With the new support technology, the safety hazard
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of roof collapse after roadway excavation can be effectively solved, and the long-
term stability of the roadway was ensured. The results provide a reference for the
support design of roadway engineering in similar geologic conditions.
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