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Analysis of fractured soft rock 
characteristics in fault rupture 
zones and laneway shoring
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Fault rupture is a common phenomenon in geotechnical engineering. To prevent rupture, laneway 
shoring is performed, prior to which, convergence deformation, failure criteria, and fracture 
development in soft rocks in the fault rupture zone are carefully analyzed. Then, a supporting structure 
corresponding to the actual situation of the soft rock in the rupture zone is created. Herein, the water-
rich laneway shoring through the fault rupture zone of the Hongqingliang coal mine located in the 
Inner Mongolia Autonomous Region is taken as the research object. Then, the fracture development 
and characteristics of argillaceous siltstones and laneway shoring cross-fault rupture zone are studied. 
Site inspection, indoor and field tests, theoretical analysis, numerical simulation, and field monitoring 
were used for systematic fracture analysis. Results indicated that laneway shoring through the fault 
fracture zone in the Hongqingliang coal mine could help prevent disasters. This method was extended 
to laneway supports built through the fault rupture zones in mines in other areas of China.

The area surrounding a fractured rock mass is complex and has the property of being between solid and fluid, 
which is a common type of special carrier in many geological engineering applications. Underground engineer-
ing disasters are caused  by1–3 fractured rock formations resulting from changes in the original stress field and 
redistribution of rock stress, which affect the stress distribution in the rock formation. Internal pore pressure and 
complex hydrogeological conditions primarily cause such fractures. Therefore, the intercoupling effect between 
displacement and deformation characteristics of fractured rock formations, fluid percolation, and rock stresses 
must be thoroughly investigated.

More than 90% of China’s coal resources have come from underground coal mining since the use of coal 
as an energy source, China has proved that 53% of the total coal reserves buried depth of more than 1000  m4, 
decades of shallow mining resources are gradually tending to depletion of the three-dimensional construction 
and expansion of the city, green development of the urgent need for China’s resource development is constantly 
going to the deep part of the earth. China’s coal bedrock lithology is relatively soft, often sandstone, mudstone, 
shale cross-deposited within the formation, especially in the deeper form of rock water endowment is more 
complex, soft rock in the groundwater humidity, seepage media under the role of mechanical properties and dry 
tens of  times5, soft rock internal clay mineral composition in contact with water will be produced at the same 
time as the softening of the pore water pressure to change the fissure, soft surface of the original state of stress. 
During the excavation of mine roadways, chambers, and coal mining, the surrounding rock in the construction 
section often changes from the initial stable three-way stress state to the two-way stress state, and the cracks 
and structural surfaces that exist in the rock body develop rapidly during this stress change process, resulting 
in the further development of the structural surfaces of the engineering rock body, and the development of a 
large number of new cracks around the construction  section6, which ultimately leads to the surrounding rock 
to undergo significant plastic deformation, collapse, and rheological phenomena, and poses a serious threat to 
the production of roadways and the safety of the construction personnel. Therefore, the study of deformation 
and damage law of crushed soft rock and creep characteristics of unloading perimeter pressure process under 
the influence of seepage of crushed soft rock. It has practical engineering significance in guiding the relevant 
support design, disaster early warning as well as ensuring the construction safety and improving the construction 
efficiency in the construction of water-rich ultra-deep mines with crushed perimeter rock and fissure-developed 
soft-rock geology, and is of great scientific significance to the development of geotechnical engineering, mining 
engineering and other  disciplines6.
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In 1921, A. A.  Griffith7 proposed the criterion for crack propagation based on the deformation energy of a 
cracked glass, explaining the reason for the large difference in its theoretical and actual strength and creating the 
premise for fracture mechanics. Zhang et al.8, and Wang et al.9 revealed that the properties of fractured rocks, 
such as maximum compressive strength, maximum strain, and elastic modulus, decreased with an increase in 
the fracture length; the rock experienced tensile shear compound-type damage under uniaxial test. Lee et al.10, 
and Ai et al.11 studied the influence of the material type on the form of crack sprouting and expansion. Uniaxial 
compression tests were performed on different materials to analyze crack formation, which revealed the cracks 
as the cause of damage to the rock masses.  Zhang12, and Wang et al.13 tested single and double fracture speci-
mens of the same type of rock material, α high-strength gypsum, in different states of the geometric structure 
by uniaxial compression to effectively analyze the energy transfer characteristics and conducted experiments 
on the fracture opening characteristics and law of regenerative crack development and damage characteristics. 
 Zhang14 and Yang et al.15 tested both single non-straight fractures and straight fractures in red sandstone using 
uniaxial compression and analyzed the velocity field and evolution of the rock samples.  Li16, and Li et al.17 
reported that the disturbed area of the laneway is gradually impacted as the roadway excavation reaches the 
initial mining line and the original stress field of the rock mass is impacted by the laneway excavation, leading 
to stress redistribution in the surrounding rock. Lu et al.18, and Mondal et al.19 applied uniaxial compression on 
3D fractured rock samples with spatial characteristics and showed that the stress required for fracture sprouting 
is inversely proportional to the magnitude of the fracture dip or positively proportional to the fracture depth. 
 Li20 used midasGTS to build a 3D model during laneway excavation to simulate and analyze karst caves and 
fault planes in different directions and further analyze the changes in the fault plane stability. Cao et al.21 studied 
crack expansion by performing uniaxial compression tests on specimens with two and three cracks and classi-
fied these fracture types into seven categories.  Liu22, and Yao et al.23 conducted laboratory-based uniaxial and 
triaxial compression tests to study the experimental specimens of cement mortar with different angle cracks, 
and the mechanical parameters, deformation parameters, creep properties, and failure criteria were analyzed 
based on experimental results.  Gao24, and Zhou et al.25 studied the single fracture, entropy change, and “Bu” font 
fracture in different angles of experimental specimens with different types of rocks as experimental objects.  Mo26 
obtained normal stress–strain curves by conducting fracture experiments on coarse sandstone, granite, and fine 
sandstone. Then, the coincidence and surface roughness between fractures on the rock surface were studied via 
simulation based on the fracture surface correlation length and three-dimensional surface roughness. Hamza 
et al.27 By studying the creep behavior of muddy siltstone under axial and three-way stresses and comparing the 
time-dependent nature of intact and fractured rock samples, which may represent two general limiting conditions 
(pre-destruction and post-destruction) of the rock mass. Jiang et al.28, and Yang et al.29 proposed a laneway sup-
port scheme that combined anchor-cable network support and U-shaped steel shed to mitigate the issues related 
to laneway support encountered during excavation and achieved promising results. Yuan et al.30 used the roof 
pressure monitoring subsystem and the cross-crossing method to monitor the roof, anchor rod (rope) condition, 
and surface displacement of the laneway. Study of the deformation of the surrounding rock, mainly during and 
after coal face allows further analysis of the reliability and optimization of the laneway support scheme.

Thus, the convergence deformation, failure criteria, and fracture development of soft rocks in fault rupture 
zones must be analyzed. This will guide relevant support designs, provide disaster warnings, ensure construction 
safety, and improve construction efficiency of the soft rock geological construction of laneway shoring supports 
built through the fault rupture zones.

Basic characteristics of fractured soft rocks in fault rupture zones
Basic physical properties of the fractured soft rocks
In the laboratory tests on the rock samples from the water-rich laneway shoring through the fault rupture zone of 
the Hongqingliang coal mine in the Inner Mongolia Autonomous Region, a rock hole-detecting instrument was 
used to observe the rock layers inside the fault rupture zone. Results revealed major causes of fracture to be the 
low hardness, high water content, and fracture development in hazardous surrounding rocks, as shown in Fig. 1.

The physical properties of fractured soft rocks were analyzed and studied by conducting tests on the weight, 
water content, disintegration resistance, and weak cementation properties of rocks.

Figure 2 shows the results obtained using the rock disintegration resistance test. After first and second disinte-
grations, the disintegration resistance indexes of the specimens were 79.85–89.90%; 70.65–83.16%, respectively. 
Additionally, some errors are inevitable in the experimental process; regardless, the specimen has a high prob-
ability of disintegration and deformation when the soft rock is softened upon exposure to water.

The rock samples can be easily softened after they are exposed to water during the disintegration resistance 
test. The inorganic salt composition and microstructure of the rock samples were tested. Then, the mineral com-
position of silica, orthoclase, albite, and clay contained in the rock samples taken from the field was systematically 
analyzed by X-ray diffraction (XRD). The mineral composition of the clay mainly includes montmorillonite and 
kaolinite. Figure 3 and Table 1 show the XRD test results and mineral composition (in percentage), respectively.

XRD analysis results showed that montmorillonite and kaolinite accounted for approximately 32.70% of 
the total composition of the sample, whereas silica, orthoclase, and albite accounted for approximately 67.30%. 
Thus, the composition and composition ratio of the sample is similar to those of the argillaceous siltstone. 
Experimental results show that the weight of the rock sample measured in the field is approximately 22.85 kN/
m3, the natural moisture content is 9.92–11.36%, and the disintegration index of the sample is 70.65–83.16% after 
two disintegrations. Moreover, the measured disintegration index is slightly low than the experimental results, 
and the rock sample has a high probability of disintegration and crushing and deformation. Scanning electron 
microscopy (SEM) reveals that the rock sample surface is granular with flaky joints and the rock sample has the 
characteristics of argillaceous siltstone.
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Figure 1.  Borehole peep image showing the surrounding rocks.

Figure 2.  Disintegration resistance test results.

Figure 3.  XRD test results.
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Mechanical properties of the fractured soft rocks
The argillaceous siltstone obtained from the site was processed based on the provisions in the Standard for Test 
Methods of Engineering Rock  Masses31. The cylindrical core of the rock sample was obtained using a core drill-
ing machine with a 25-mm radius. For the experiment, approximately 110-mm-long core was cut using a stone 
cutter. Then, both ends of the cylindrical core specimen were planished by a double-sided grinding machine to 
obtain a cylinder with a height of 100 mm and planished ends (Fig. 4).

The processed specimens were screened for cracks and defects. Then, specimens with low phase veloc-
ity in ultrasonic testing were eliminated. Specimens with intact appearance and consistent phase velocity 
(2.64–2.76 km/s) were selected for mechanical testing.

Uniaxial compression test on the fractured soft rocks
Uniaxial compression test was performed on the argillaceous siltstone specimens using a TAW-2000 rock testing 
machine with a loading rate of 0.05 MPa/s. The loading ended when the specimens were destroyed. Radial and 
axial strains were measured using an extensometer, and the average modulus of elasticity and average Poisson’s 
ratio of the specimens were obtained according to the Standard for Test Methods of Engineering Rock  Masses31.

Figure 5 shows the total stress–strain curve for the uniaxial compression test of the specimen. The first object 
is subjected to an axial force of 8 MPa on the longitudinal axis; and ε1 and ε3 are the axial and radial strains, 
respectively. The second test object is subjected to an axial force of 16 MPa on the longitudinal axis; ε1 and ε3 are 
the axial and radial strains, respectively. Table 2 shows the results of the uniaxial compression test conducted on 
the samples: σc is the peak strength, εc is the peak strain, E is the modulus of elasticity, and μ is the Poisson’s ratio.

Tensile shear strength test of the fractured soft rocks

(1) Tensile strength was obtained using the Brazilian disc splitting test, and the axial load was measured using 
the TAW-2000 rock testing machine. The loading process followed the specifications and test standards. 
The test results are shown in Table 3.

(2) The field quarry argillaceous siltstone was processed into 50 × 50 × 50  mm3 square specimens, and the 
WDW-600E (60 tons) electronic universal testing machine was used to test the shear strength of the test 
pieces. The loading rate, 0.8 mm/min, was controlled by displacement. Table 4 below shows the results of 
the shear test, and Fig. 6 shows the fitting of shear and positive stresses.

Triaxial compression test on the fractured soft rocks
The range of confining pressures, 14.789–16.598 MPa, determined by the triaxial compressor during the test was 
based on the study of the burial depth of the fault rupture zone in the surrounding rock laneway. The confining 

Table 1.  Mineral composition (%) of rock samples.

Sample number: YS2018-012

Instrument 
name: X-ray 
diffractometer Place of origin: Erdos, Inner Mongolia

Silica Kaolinite Montmorillonite Orthoclase Albite

Mineral content (%) 39.1 22.5 10.2 19.8 8.4

Figure 4.  Specimen fabrication and processing.
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Figure 5.  Total stress–strain curve for the uniaxial compression of the argillaceous siltstone.

Figure 6.  Shear stress–positive stress fitting relationship curve.

Table 2.  Uniaxial compression test results for argillaceous siltstone.

Specimen 
number

Peak intensity 
σc/MPa

Average value/
MPa

Peak strain 
εc/ ×  10−3 σb–σa/MPa

εvb–εva/
(×  10−3)

εhb–εha/
(×  10−3)

Elastic 
modulus E/
GPa

Average 
value/GPa

Poisson 
ratio μ Average value

D-1 23.65

22.92

6.373 8.073 1.838 0.553 4.39

4.30

0.30

0.37D-2 23.09 7.508 7.996 1.789 0.751 4.47 0.42

D-3 22.01 6.535 8.035 1.982 0.754 4.05 0.38

Table 3.  Results of the Brazilian disc splitting test for argillaceous siltstone.

Specimen number Diameter D/mm Thickness h/mm
Thickness-to-diameter 
ratio Maximum load P/N Tensile strength σt/MPa Average value

B-1 49.96 48.27 0.97 8553.04 2.26

2.24B-2 49.15 48.78 0.99 8668.02 2.31

B-3 50.77 49.11 0.97 8451.21 2.16
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pressures (σ3) of 9, 12, 15, and 18 MPa were considered for the test objects, and the loading rate, 0.01 MPa/s, was 
controlled by stress. Figure 7 shows the stress–displacement curves of the conventional triaxial compression test 
for argillaceous siltstone. Table 5 shows the experimental results for different confining pressures.

Strain–stress curves, as shown in Fig. 8.
Figure 8 shows that the rock samples shrink during the early stage of compression and gradually increase 

in volume at a later stage. The specimen first reaches the bulk strain compression limit and then the maximum 
strength in the range of values determined by the triaxial compressor. Then, the bulk strain becomes negative 
and radial expansion damage occurs.

The shear strength envelope of the argillaceous siltstone is created from the maximum compressive strength 
obtained from the test under each confining pressure condition according to the Mohr–Coulomb yield criterion 
(Fig. 9). Therein, the internal friction angle φ and cohesion c of the argillaceous siltstone can be obtained as 
29.59° and 5.42 MPa, respectively.

Penetration test
HPTAS high-pressure triaxial soft rock rheometer was used for the penetration test. The equipment consists of 
a loading frame, pressure chamber, axial pressure control system, and two independent groups of external high 
hydraulic pumps. The equipment axial can provide a maximum axial pressure of 125 MPa through mechanical 
transmission. The external high-pressure pump group through the compression cylinder liquid can indepen-
dently provide a maximum radial confining pressure of 32 MPa; penetration water pressure is applied to the upper 
and lower end surfaces of the specimen. The test can choose stress control or volume control. The test system can 
realize linear data acquisition, index acquisition, and logarithmic acquisition and custom function relationship 
interval. Real-time relation curves between monitoring parameters during the loading process can be obtained.

Table 4.  Results of shear test for argillaceous siltstone.

Specimen number

Specimen specifications/mm

Shear area/mm2
Internal friction 
angle φ/(°) Average value/(°) Cohesion c/MPa

Average value/
MPaLength Width Height

J-1 50.5 50.2 50.3 2525.06 29.74

25.88

2.172

1.907J-2 49.7 49.3 50.4 2484.72 26.83 1.786

J-3 49.9 50.1 50.6 2535.06 21.07 1.763

Figure 7.  Stress–displacement curve for the conventional triaxial compression test on argillaceous siltstone.

Table 5.  Results of conventional triaxial experiments on argillaceous siltstone.

Confining pressure
σ3/MPa Diameter/mm Height/mm Mass/g

Wave velocity
vp/km·s−1

Peak deviatoric stress
σ1–σ3/MPa Peak strain ε1/% Peak strain ε3/%

9 50.1 99.8 414.50 2.74 36.01 0.880 0.279

12 49.9 100.3 421.50 2.58 43.29 0.604 0.359

15 49.9 99.9 425.50 2.69 47.22 0.483 0.378

18 50.0 100.1 424.50 2.52 54.53 0.514 0.294
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In the penetration test, the confining pressure σ3, was 18 MPa and the axial force was 0.3 kN; the experimental 
data were recorded every 60 s. The penetration pressure difference and penetration time are shown in Table 6, 
and the penetration test time and the volume of water penetrated into the specimen at the corresponding time 
are shown in Fig. 10. The penetration volume–time relationship curve and the penetration test results are shown 
in Table 7.

Mechanical test results show that the average uniaxial compressive strength of argillaceous siltstone is 
22.92 MPa, the average uniaxial modulus of elasticity is 4.30 GPa, and the average Poisson’s ratio is 0.37. Moreo-
ver, the average tensile strength of argillaceous siltstone is 2.24 MPa, the average internal friction angle of argil-
laceous siltstone obtained from the shear strength test is 25.88°, and the average cohesive force is 1.907 MPa. The 
geometry of the shear strength envelope of weakly cemented chondrites based on the Mohr–Coulomb criterion 
was deduced. The internal friction angle φ was 29.59°, and the cohesive force c was 5.42 MPa. The average 

Figure 8.  Stress–strain curve for the triaxial compression test on argillaceous siltstone.

Figure 9.  Shear strength envelope of argillaceous siltstone.
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hydrostatic permeability coefficient under the conditions of a confining pressure of 18 MPa and an axial force 
of 0.03 kN was about 5.645 ×  10−8 cm/s.

Study on the supporting technology of laneway shoring in the fault rupture zone
Overview of the Hongqingliang coal mine fault
Geological survey of the Hongqingliang coal mine revealed more than 50 rupture zones in the centralized road-
way; more than 30 rupture zones were below 5 m, 18 rupture zones were above 5 m, and the length of individual 
rupture zones was more than 10 m. The 3D seismic survey equipment was used to survey the mine area, which 
revealed that the 3–1 gathered the main laneway through several fault rupture zones, while the DF14 fault was 
gathering the main laneway through where 3–1 is located. This fault is a normal fault (the fault direction is 
northwest, the dip angle is 60°–72°, and there is a 17 m elevation difference). The 3D seismic profile of the DF14 
fault is shown in Fig. 11.

With the development of the working face, the DF14 fault was found at about 1228 m of the excavation site 
in the 3–1 gathering main laneway, and the coal seam floor comprised fine sandstone, siltstone, and mudstone. 
Under the joint action of confining pressure, the roof rock (mainly siltstone and sandstone and some conglomer-
ate) was deformed and the roof rock of the working face fractured and collapsed, with a large amount of water 
at the top gushing out, as shown in Fig. 12.

Expert argument and analysis revealed that the rock in the rupture zone is hydrophilic, and the rock rupture 
zone, where the DF14 fault is located, has a large displacement misalignment. Moreover, the rock in the area is 
easily muddied or disintegrated after water absorption and expansion, developing into a fracture zone. Laneway 

Table 6.  Permeability test scheme of argillaceous siltstone.

Specimen number Diameter/mm Height/mm Axial force/KN
Confining pressure/
MPa

0–4 h 4–8 h 8–12 h

Osmotic pressure/MPa Osmotic pressure/MPa Osmotic pressure/MPa

SI 49.85 99.88 0.3 18 2 2 2

SII 49.27 99.46 0.3 18 2 4 4

SIII 49.36 103.73 0.3 18 2 4 6
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Figure 10.  Back volume–time curve of the permeability test.

Table 7.  Penetration test results of argillaceous siltstone.

Parameter indicators SI-2 SII-2 SIII-2 SII-4 SIII-4 SIII-6

Penetration time t/ ×  103 s 3.6 10.8 3.6 10.8 3.6 10.8 18 25.2 18 25.2 32.4 39.6

Δt/ ×  103 s 7.2 7.2 7.2 7.2 7.2 7.2

Infiltration volume V/mm3 122 347 132 276 86 224 842 1205 864 1149 1865 2447

ΔV/mm3 125 144 138 363 285 582

ΔP/MPa 2 2 2 4 4 6

H/mm 99.88 99.46 103.73 99.46 103.73 103.73

A/mm2 1950.74 1940.58 1912.58 1940.58 1912.58 1912.58

Penetration coefficient K/(×  10−8 cm/s) 4.44 5.12 5.19 6.46 5.36 7.30

Average value 5.645 ×  10−8 cm/s
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excavation changes the stress field of the original rock, leading to the redistribution of the surrounding rock 
stress and causing roof fall disaster.

Numerical modeling of laneway shoring in fault rupture zones
The laneway shoring model was built using MidasGTS software for finite element analysis. Moreover, the model 
assumptions and analysis were performed based on the following aspects:

(1) The surrounding rock is an elastic viscoplastic body with homogeneity.
(2) The ratio of effective lateral pressure to effective vertical pressure is 0.54 for layered rocks when pressurized 

under semi-infinite conditions; the stress relief coefficient of the surrounding rock is 0.5.
(3) The natural stress field of the surrounding rock does not include the stresses resulting from geological 

formations and objects that cannot expand and contract freely due to temperature changes.

The length of the 3–1 gathering main laneway fault is more than 5 m, which is considered the standard as 
per the existing research results. The unique nature of the rock mass in the laneway within 3 times to 5 times the 
length of the benchmark fault is the key research object. Thus, the rock mass is impacted when the excavation 
depth is 15 m. Then, the MidasGTS software is used to establish a model width that is twice that of the excavation 
depth, i.e., 30 m. Moreover, the X-direction constraint is applied in the section direction; the burial depth of the 
laneway is set to 850 m; and the longitudinal model height is taken to be 60 m, with a vertical load of 14.85 MPa 
applied on it and a Z-direction constraint at the bottom. The model is 60 m along the laneway direction, with a 
Y-direction constraint. Thus, the model’s size is 60 × 30 × 60  m3. Considering these parameters, a model of the 
laneway-fault rupture zone is established; the specific parameters of the rupture zone are set in the model as 
follows: width = 2.5 m, orientation = SW45°, and angle between the rupture zone surface and horizontal sur-
face = 60°; The strength of the rock mass within the fracture zone is determined by referring to the experimental 
data parameters in the first part of the article. The model of the laneway-fault rupture zone is shown in Fig. 13.

Fault rupture zone laneway shoring model parameter setting
In the rock mass material containing solid elements, the creep principal structure model is input into the 
MidasGTS creep window for calculation. The support structure of anchor rods and anchor cables is a line unit, 
implanted truss, and linear elastic principal structure model. Shotcrete is a slab unit, linear elastic principal 
structure, and the model is shown in Fig. 14. According to the results of previous numerical simulation analysis 
of laneway shoring, it is considered that the deformation of the roof center, pseudo sutural foveae, and the middle 
and upper part of the straight wall is relatively large, so the structural form of support in the laneway is divided 

Figure 11.  DF14 fault reflected on the seismic time profile.

Figure 12.  Collapse of site roofing.
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into symmetrical uniform support and asymmetrical non-uniform support. In the numerical simulation, the 
mechanical parameters of the soft rock layer rock body in the model are obtained by the rock mechanics test in 
the first part, and the mechanical parameters of the fault broken rock body are obtained by using the same test 
method. The mechanical parameters of various supporting structures are referred to the relevant  literature32–34, 
and at the same time, the mechanical parameters of the supporting structures are optimized by combining with 
the site survey information. The model parameters are shown in Tables 8 and 9.

Analysis of the numerical simulation and field monitoring results of the laneway
Analysis of the plastic characteristics of surrounding rocks by numerical simulation
Figure 15a shows the plastic zone distribution model before the excavation of laneway shoring, Fig. 15b shows 
the plastic zone distribution model when the laneway shoring through the fault rupture zone, and Fig. 15c shows 
the plastic zone distribution model after the laneway shoring is completely penetrated.

Figure 13.  Laneway–fault rupture zone model.

Figure 14.  Calculation model of the support structure.

Table 8.  Numerical simulation of mechanical parameters of rock mass.

Name of rock 
formation

Natural 
density/(KN/
m3) Poisson ratio µ

Elasticity 
modulus E/MPa

Shear modulus 
G/MPa

Volume 
modulus K/
MPa

Cohesion c/
MPa

Frictional angle 
φ/°

Tensile strength 
σt/MPa

Penetration 
coefficient K/
cm/s

Soft rock layer 22.8 0.370 4300 1570 2300 5.42 29.59 2.24 5.645 ×  10−8

Fractured rock 
mass with faults 19.3 0.397 1400 500 800 2.72 24.84 0.73 1.406 ×  10−7

Table 9.  Numerical simulation of the mechanical parameters of the support structure.

Materials Elasticity modulus E/GPa Poisson ratio μ Mass/kN  m−3 Thickness/diameter D/mm Length L/m

Anchor rods 35 0.25 78.5 20 2.0/2.5

Anchor cable 30 0.28 70 17.8 7.5

C30 spray mixing 20 0.29 24 150 –
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The maximum plastic zone was advanced in the first stage of excavation of the laneway shoring along with the 
excavation section. By monitoring the plastic strain condition of the fracture surface during excavation, 0.018% 
has been accumulated at the beginning of monitoring. In the excavation process, the first contact with the fault 
rupture zone is the bottom plate of the laneway. During this time, the plastic zone of the bottom plate is the 
largest and then the maximum plastic zone gradually reaches the lateral wall and the roof plate. The maximum 
plastic zone is always gathered at the intersection of the fault rupture zone and the laneway and does not change 
its position as the excavation depth increases (before contacting the new fault). After the laneway is fully through 
the fault rupture zone and the laneway support is carried out simultaneously, the plastic strain of the fracture 
surface increases from 0.131 to 0.219%. After 28 days of laneway support, the plastic strain of the fracture surface 
stabilizes at 0.238%. The specific relationship is shown in Fig. 16.

Analysis of strain characteristics of surrounding rock by numerical simulation
The displacement curve of the laneway excavated until it intersects the fault rupture zone is shown in Fig. 17a. 
The displacement nephogram when the laneway completely through the fault rupture zone is shown in Fig. 17b. 
The model displacement nephogram after the laneway is penetrated shown in Fig. 17c.

Figure 15.  Distribution of the plasticity characteristics of surrounding rocks in the over-fault rupture zone.
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Figure 18 shows the convergence deformation versus time curves for each major part of the section at the 
intersection of the laneway shoring and the fracture zone.

Figure 18 shows that the top and bottom plate displacement and both sides displacement of the monitored 
section significantly increase when the working face advances to the fault contact position and then tends to 
stabilize. This stage is the model excavation to the fault rupture zone position; the fault rupture zone rock is 
weak, so it produces a larger rate of deformation. After going through the post-fault zone for a specific period 
of time, laneway deformation tends to stabilize. From the specific values, the bottom plate of the monitoring 
section has accumulated about 3 cm of deformation when the bottom plate of the laneway excavation section 
intersects with the fault rupture zone. Due to the impact of the dip angle of the fault, the top plate sinkage and 
the contraction of the two sides of the monitoring section are small; the monitoring section rapidly contracts 
when the section is opened through the fault rupture zone. After through the fault, the deformation of the bottom 
plate tends to stabilize after 18 days at 12.8 cm, the deformation of the two sides tends to stabilize after 32 days 
at 21.7 cm, and the deformation of the top plate tends to stabilize after 35 days at 15.2 cm. This indicates that the 
extrusion deformation of the two sides is the main form of deformation of the laneway surrounding rock, and 
the deformations of the top and the bottom plate are relatively secondary deformation.

On-site monitoring
To better regulate the stability of the laneway support and the parameters of the support structure when the 
laneway is through the fault rupture zone, the stability of the laneway in the field must be monitored for changes 
in the convergence deformation of the surrounding rock under the influence of the fault rupture zone.

The surface convergence deformation of the surrounding rock (top plate, bottom plate, and both sides) was 
evaluated based on the stability of the laneway surrounding rock. The digital convergence meter was used for 
monitoring, as shown in Fig. 19a. Four monitoring points, A, B, C and D, were set up in the cross section of the 
laneway shoring envelope; the specific location of the monitoring points is shown in Fig. 19b. Station 1 is located 
in front of the rupture zone, 12.9 m away from the left side of the left turn laneway. Station 2 is located in the 
center of the rupture zone, 20.0 m away from the left side of the left turn laneway. Station 3 is located at the back 
of the rupture zone, 31.3 m away from the left side of the left turn laneway (Fig. 19c).

Monitoring results analysis
According to the monitoring design plan, the surface convergence deformation of the surrounding rock was 
observed at three stations. Among these, station 1 was only tested for the amount of convergence of the two sides 
because the overrun grouting and the bottom plate first encountered the fault rupture zone and could not be hard-
ened in time. After the bottom plate was completely hardened, fixing bolts were added to monitor the changes 
in the bottom plate of measuring station 2 and measuring station 3. The monitoring site is shown in Fig. 20.

Figure 21 shows the surface convergence deformation and deformation rate of the surrounding rock at the 
three stations. The monitoring results show that within 15 days of the test, the surface convergence deformation 
of the surrounding rock rapidly changes. This shows that the top plate of the surrounding rock is sinking and 
the convergence deformation of the two sides is rapidly increasing; the corresponding deformation rate is also 
at a relatively high level, whereas the deformation rate decreases and becomes zero after 20 days of monitoring. 
Thus, the laneway has good stability, which indicates that the structure plays an effective supporting role. The 
convergence deformation of the first station after 64 days is 17.38 cm; the deformation is 16.02 cm after 15 days, 
accounting for 92.17% of the total deformation during the monitoring period. The convergence deformation of 

Figure 16.  Plastic strain at the fracture surface at the intersection of the laneway and the fault rupture zone 
versus construction time.
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the two sides at the second station is 9.64 cm after 42 days, and the top plate deformation is 9.06 cm. Deformation 
after 15 days is 8.59 and 8.54 cm, accounting for 89.1% and 94.3% of the total deformation during the monitoring 
period. At the third station, convergence deformation of the two sides after 46 days is 16.51 cm, and the top plate 

Figure 17.  Laneway shoring–rupture zone displacement nephogram.RETRACTED A
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deformation is 7.43 cm; the deformation after 15 days is 15.51 cm and 6.92 cm, accounting for 93.9% and 93.1% 
of the total deformation during the monitoring period. Moreover, the above results show that the surrounding 
rock deformation mainly occurred within the first 15 days of the monitoring period and the final deformation 
is less than 20 cm, indicating that the support structure has effectively resisted the pressure of the surrounding 
rock in the laneway shoring of the rupture zone. Notably, due to the complexity of the construction, especially 
the bottom plate could not be reinforced and hardened in time, which delayed the bottom plate deformation 
measurement. However, the follow-up monitoring results show that after 45–60 days of laneway support, the 
surface convergence deformation of the surrounding rock is considerably stable. The joint support has played 
an effective role in resisting the deformation of the surrounding rock.

Conclusions

(1) Herein, the rock layers inside the fault rupture zone were observed using a rock hole detecting instrument 
and a rock disintegration resistance test and XRD was conducted on the rock masses taken from the fault 
rupture zone of the laneway shoring at the site. Results revealed that the tested rock masses belonged to 
argillaceous siltstone. The rock masses were these processed into required experimental specimens, and 
the experimental data, such as compressive strength, elastic modulus, and Poisson’s ratio, were obtained 
by uniaxial compression test. Tensile strength, internal friction angle, and cohesion were obtained by the 
tensile shear strength test. Internal friction angle and cohesion were obtained by triaxial compression test. 
Hydrostatic permeability coefficient was obtained by permeability test.

(2) The characteristics of the DF14 fault in the 3–1 gathering main laneway of the Hongqingliang coal mine 
were determined by on-site research and 3D seismic survey equipment. The fault is normal (the fault direc-
tion is northwest, the dip angle is 60°–72°, and there is a 17 m elevation difference). Excavation of this fault 
can cause roofing disaster, mainly because the rock of this fault is easy to mud or disintegrate upon contact 
with water, and the surrounding rock will have stress redistribution during the excavation of the laneway.

(3) The MidasGTS software was used to establish a laneway shoring model for finite element analysis, and the 
plastic and strain characteristics of the surrounding rock were obtained. Results showed that the plastic 
deformation increased as the plastic zone advanced, but the maximum plastic zone always gathered at the 
intersection of the fault rupture zone and the laneway. Moreover, the plastic deformation continued to 
increase as the rupture zone completely penetrated and the laneway was supported, until it stabilized at 
0.238%. The laneway did not touch the rupture zone at the beginning of the excavation, and the surround-
ing rock convergence deformation did not change substantially; however, as the surrounding rock touched 
the rupture zone, the displacement increased rapidly and gradually stabilized when the laneway through 
the rupture zone.

(4) To monitor and evaluate the stability of the laneway surrounding rock, the digital convergence meter was 
used. Three different positions of the measuring stations were set; each monitoring station was monitored 
for the convergence deformation of the top plate, top plate, and two sides. The deformation of the top plate 
and two sides were mainly concentrated in the first half of the month; thus, the laneway support controlled 
and reduced the convergence deformation of the surrounding rock. Furthermore, due to the particular-
ity of the bottom plate construction, the deformation was already in a stable state when the bottom plate 
deformation was monitored.

Figure 18.  Convergence deformation of rock surface at the intersection of laneway shoring and fracture zone 
versus time.
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Figure 19.  Fault rupture zone identified during surrounding rock monitoring.RETRACTED A
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Figure 20.  Field monitoring.

Figure 21.  Deformation and deformation rate of each monitoring station.
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