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Abstract A study of the deformation of the surrounding rock and coal pillars near a fault under the influence of mining is

conducted on a physical model for the design of coal pillars to support and maintain the roofs of adjacent fault roadways.

This research is based on the 15101 mining face in the Baiyangling Coal Mine, Shanxi, China, and uses simulation tests

similar to digital speckle test technology to analyse the displacement, strain and vertical stress fields of surrounding rocks

near faults to determine the influence of the coal pillar width. The results are as follows. The surrounding rock of the

roadway roof fails to form a balance hinge for the massive rock mass. The vertical displacement, vertical strain and other

deformation of the surrounding rock near the fault increase steeply as the coal pillar width decreases. The steep increase in

deformation corresponds to a coal pillar width of 10 m. When the coal pillar width is 7.5 m, the pressure on the

surrounding rock near the footwall of the fault suddenly increases, while the pressure on the hanging wall near the fault

increases by only 0.35 MPa. The stress of the rock mass of the hanging wall is not completely shielded by the fault, and

part of the load disturbance is still transmitted to the hanging wall via friction. The width of the fault coal pillars at the

15101 working face is determined to be 7.5 m, and the monitoring data verify the rationality of the fault coal pillars.
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1 Introduction

Coal mining often encounters geological environments

with complex structures and faults. When the working face

boundary is a fault, to greatly improve the mining pro-

duction, the coal pillars left between the mining roadways

and the faults are often small, and sometimes, no coal

pillars are left. Fault cutting disrupts the integrity of the

rock strata and has a significant impact on the distribution

of mining-induced pressure. The influence of disturbance

stress is likely to cause fault activation, coal pillar or

roadway failure near the fault, surrounding rock deforma-

tion, and roof falls, and it can even impact rock burst

accidents. The study of the deformation characteristics of

faults and coal pillars during the mining process has

important value for maintaining and control of the roof and

the design of coal pillars (Jiang et al. 2014).

At present, scholars have performed fruitful research on

mining-induced pressure in surrounding rocks near faults

and the deformation and failure of fault roadways. Islam

and Shinjo (2009) used numerical simulation methods to

establish the relation between the location of a haulage

roadway and the fault position and noted that deviatoric

stress is the main reason for block failure in the sur-

rounding rock. Chen et al. (2012) analysed the character-

istics of monitored microseismic signals in surrounding

rocks when the mining face passed through a fault and

found that low-energy shock is a manifestation of the

energy accumulation trend of strong earthquakes. They
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also evaluated the possibility of rock burst near the fault. Ji

et al. (2012) analysed the influence of mining disturbance

on the stress environment of the fault by proposing the

dynamic Coulomb failure stress model. Li et al. (2014)

established a fault-coal pillar mechanical model and

obtained a roof instability criterion. Wang et al. (2016) and

Wang et al. (2019) used abrupt stress and abrupt dis-

placement information to determine whether a fault was

activated and designed a new anchor support method.

Wang et al. (2017) used tomography to study the sliding

mechanism of a fault during underground mining and

found that the time interval between two fault slips has a

positive correlation with the energy released therein. Piotr

et al. (2017) took the occurrence of fault roadway failure

and supporting deformation as the research object to

numerically analyse the influence law of faults affecting

the deformation of roadway surrounding rock via dozens of

rock mass parameters. The research showed that the

influence of faults on the surrounding rock of the roadway

is four times greater than that on the unaffected sur-

rounding rock, on average. Sainoki and Mitri (2017)

studied the failure law of the intersection of deep geolog-

ical faults and steeply inclined orebodies and revealed that

the influence of the mining direction on fault activation

decreases significantly as the fault dip angle decreases. Das

et al. (2018) simulated several cases of mining roadway

instability caused by faults in India and proposed that fault

dips and friction angles are the main factors affecting the

strength of coal pillars and the stability of roadways. Yang

et al. (2019) used the Universal Discrete Element Code

(UDEC) to simulate the deformation process of surround-

ing rock under different fracture positions and analyse the

stability of the surrounding rock structure during non-coal

pillar mining with roadway formed automatically

(RFANM). Zhang et al. (2018) studied the weakening

action of faults on the mechanical properties of surround-

ing rocks and adopted high-strength combined support

measures to suppress the occurrence of large deformations

in fault roadways. Lu et al. (2019) took the high-shear

stress area on the triggered fault plane as the research

object and established the correlation between microseis-

mic source parameters and fault slips, providing a basis for

fault slip-induced shock pressure early warning and control

in coal mines. Yin et al. (2019) used FLAC3D to simulate

the fault activation process and proposed that the maximum

displacement of the hanging wall and footwall of the fault

is related to the roof water-conducting fractured zone and

the floor damage zone. Kumar et al. (2019) used field

research and indoor numerical modelling and revealed that

the modulus of elasticity and the thicknesses of the

immediate roof can be used as important parameters in

determining the warning value of the roof sagging and that

the variation in the size of the left-out ribs and goaf span

also influence the warning value.

The research outcomes above mainly focused on aspects

such as the stress state of the fault, the supporting method

of the roadway near the fault, and the law of rock burst

induced by fault activation. The monitoring and research

objects were mostly faults, faults and roadways, faults and

coal pillars, or faults and roofs. Furthermore, when mining

in the vicinity of a fault, the faults, coal pillars, and road-

ways in the surrounding rock near the fault are interde-

pendent, and the stability of these structures jointly controls

the stability of the surrounding rock near the fault. Deter-

mining the impact of mining activities on the stress,

deformation, and failure of these structures and the stress

and deformation characteristics of the surrounding rocks

near the fault will reveal the mechanism of fault activation

under mining conditions. More research on these topics is

needed.

Therefore, this paper takes the geological conditions of

the Baiyangling Coal Mine as the example and conducts

similar simulation tests. The use of digital speckle testing

technology in conjunction with a surrounding rock pressure

acquisition system can achieve the high-speed synchronous

acquisition of model data under non-contact conditions.

The test system can reproduce the deformation and failure

of the surrounding rocks of faults, coal pillars and nearby

roadways under mining conditions, effectively avoiding the

simulation errors caused by the use of too many assump-

tions in a numerical simulation. At the same time, it is

difficult to comprehensively and synchronously collect

data related to faults, coal pillars and surrounding roadway

rocks during actual engineering monitoring, but this situ-

ation is avoided. Using digital speckle technology and the

non-contact collection of surface deformation data form

similar test models avoids interference with the model

deformation process and improves the accuracy of the test

simulation. The results of the study provide scientific

guidance for the mining production of ore bodies near

faults.

2 Load transmission characteristics of mining
under a normal fault footwall

When the working surface of a normal fault footwall is

mined, the hinge structure after the main roof fault block in

the goaf will move, as shown in Fig. 1.

Here, hc is the thickness of the main roof, m; hz is the

thickness of the rock layer of the immediate roof, m; m is

the thickness of the coal seam; T is the contact stress of the

fault block, MN/m; L is the length of the main roof rota-

tional fault block in the goaf that is transferred to the main

roof fault block above the coal pillar, m; q is the total load
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of the overlying load layer and the current layer on the unit

area of the main roof fault block above a coal pillar during

mining, MPa; Q’ is the load transmitted to the fault block

of the main roof above the fault coal pillar by the main roof

rotating fault block in the goaf, MN/m; B is the width of the

coal pillar, m; D is the width of the mining roadway near

the fault plane, m; and a is the inclination angle of the fault.

According to the mechanical equilibrium analysis of

hinged rock block formation, during mining under normal

faults, large fault plane tilt angles can cause main roof fault

blocks to form articulations on the fault planes, and the

horizontal pressure and vertical load on the main roof of

the goaf can be transmitted to the hanging wall (Pan et al.

1998). At the same time, the conditions of rock block

formations must be judged by the width of the fault zone

and the strength of the rock strata of the hanging wall and

footwall of the fault zone. If the width of the fault zone is

large or the strength of the rock strata of the main roof is

low, the rotation of small rock blocks in the fault zone and

the easily damaged main roof rock mass will greatly reduce

the probability of forming a mechanical equilibrium

structure. The formation of a hinged point of a stable fault

block is simultaneously controlled by three conditions: a

large fault dip (45� - 52�), a hard main roof fault block,

and a thin fault zone (Dai and Jiang 2016). According to

Voussoir beam theory, regardless of whether the load in the

goaf is transmitted to the hanging wall, the load strengths

of the coal pillars can be calculated by Eqs. (1) and (2),

respectively (Qian et al. 1994).

The goaf transfers the load to the hanging wall:

qd ¼
3ð1�KÞqL

2
þ czhzðhzc tana

2
þ hdc tanaþBþDÞþ cdhdðhdc tana

2
þBþDÞ

B

þ cH

where, qd is the upper load strength, MPa; K is the fault

pressure transfer coefficient; cz is the bulk density of the

rock strata of the immediate roof, kN/m3; hz is the thick-

ness of the rock strata of the immediate roof, m; hd is the

thickness of the roof coal, m; c is the average bulk density

of the overlying load layer and the current layer on the unit

area of the main roof fault block above a coal pillar during

mining, kN/m 3; and H is the total thickness of the over-

lying load layer and the current layer on the unit area of the

main roof fault block above a coal pillar during mining, m.

The goaf does not transfer the load to the hanging wall:

qd ¼
3qL

2
þ czhzðBþD�hdc tana� hzc tana

2
Þþ cdhdðBþD� hdc tana

2
Þ

B
þ cH

When the footwall mining meets the conditions neces-

sary for rock block hinge formation, part of the load will be

transferred to the fault hanging wall through the articulated

point, and Eq. (1) can be used to calculate the load strength

of a coal pillar. When the footwall mining does not meet

the conditions necessary for rock block hinge formation,

the rock blocks above the coal pillar cannot form a self-

balanced support point, and the main roof fault block will

slip along the fault plane under the load. At this time, the

load cannot be transmitted through the fault plane to the

hanging wall, and the load on the coal pillar is the sum of

the loads of the whole main roof block structure and the

immediate roof, which can be calculated via Eq. (2). In this

case, to achieve a higher mining recovery, the width (B) of

the coal pillar is designed to be narrower. The load on the

coal pillar cannot be relieved or transferred, which causes

either slow failure or rock fracture in the mining roadway.

Therefore, leaving coal pillars of reasonable size is par-

ticularly important. In the 15101 working face of a mining

area of the Baiyangling Coal Mine, Shanxi, the coal seam

was truncated by the F3 normal fault at a 60� inclination.

The direct and main roofs are mainly mudstones, and hard

main roof fault blocks and balanced hinges are less likely

to form. According to the foregoing analysis, the pressure

on the coal pillar between the goaf and the fault will

increase under the condition that the main roof load cannot

be transmitted. Based on the actual situation of the working

face determined in subsequent research, a similar test

model is established. Pressure sensors and speckle tests are

used to collect the stress and deformation information of

the fault plane, surrounding rocks and coal pillars near the

fault, analyse the fault activation and surrounding rock

instability law, and determine the optimal coal pillar width.

3 Similar model test design

3.1 Similar test prototype

The 15101 working face in the mining area of the

Baiyangling Coal Mine has a mining depth of 500 m and

an average coal thickness of 4 m. The inclination of the

coal seam is approximately 0�, and the coal seam structure

is simple and in an essentially stable state. The main roof is

6-m-thick fine-grained sandstone, and the immediate roof

is 16-m-thick sandy mudstone, as shown in Table 1. The

Fig. 1 Block structure of normal fault footwall mining (Dai and Jiang

2016)
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physical and mechanical parameters of the rocks and coal

seams are shown in Table 2. A normal fault with an

inclination angle of 60� cuts the coal seam, and the fault

throw is 0.4 m. To maximize the mining rate, a minimum

coal pillar width needs to be preset to ensure the safe

development of mining activities near the fault plane. The

mining roadway design of the 15101 working face is

approximately rectangular, with a width of 5.5 m, a height

of 4.0 m, and a sectional area of 20.9 m2.

3.2 Physical aspects of the similar test model

3.2.1 Similar test simulation scheme

Considering the actual situation of the working face, for a

coal seam under a normal fault at an inclination angle of

60�, the failure and instability characteristics of the fault,

coal pillar and surrounding rock of the mining roadway are

simulated for the values of coal pillar width B of 20 m,

15 m, 10 m, 5 m, and 0 m. This test uses a 2D similar

simulation test stand. The length of the model frame is 2 m,

and the width is 0.24 m. The height can be freely adjusted

according to the size of the model. The template for layered

paving is 2 m in length and 0.1 m in height. The two ends

are fixed with clips. A transparent tempered glass plate

with a length of 2 m, a width of 1.5 m and a thickness of

5 mm is used to restrain the loose sand loaded on the upper

part of the model. The model frame is suitable for various

similar model tests and is simple and convenient to

assemble and disassemble.

3.2.2 Determination of proportional similarity

The model is based on geometric similarity, strength sim-

ilarity, and physical process similarity to actual engineer-

ing. Quartz sand is used as an aggregate in the similar

model, and caulking gypsum and dolomitic lime are used

as cementing materials. The boundaries between layers of

rock strata and other weak surfaces are created by mica

sheets. The similarity ratio of the similar model selected for

each rock stratum are as follows: the geometric similarity

ratio, displacement ratio: Cl = Cd = 50, similarity ratios of

the bulk density, Poisson’s ratio, strain and internal friction

angle of the coal seam and various rock strata: Cc = Cl-

= Ce = C/ = 1, and similarity ratio of the compressive

strengths of the coal seam and various rock strata: Cp-

= CR = 500. After many trials of matching ratios of sim-

ilar materials in the initial stage of the test, the material

matching ratios that satisfy the test are determined. See

Table 3 for details.

The water-cement ratio is 1:1. According to the geo-

metric parameters and the physical and mechanical indexes

of the original rock combined with the selected geometric

similarity ratio and strength similarity ratio, the amounts of

various materials used in each rock stratum in the model

and the thickness of the model layers are calculated (Singh

and Singh 1999). The composition parameters of the

specific model are shown in Table 4.

3.2.3 Monitoring method of the similar model test

The testing device adopts a YJZA-32 intelligent digital

stress acquisition instrument and digital speckle system to

collect the force and deformation information of the test

model. The accuracy of the resistance measurement

method using the YJZA-32 intelligent digital stress

acquisition instrument is ± 0.1% of the measurement

value, the acquisition rate is 1 s per point, and the sensi-

tivity coefficient is 0.001 - 999.999. The acquisition

instrument is used in synchronous matching mode with

multiple button-type pressure sensors. Each button-type

pressure sensor has a diameter of 28 mm and a thickness of

10 mm.

Deformation information collection technology based

on the optical principle has the advantage of non-contact

continuous monitoring (Singh et al. 1997). The digital

speckle acquisition system is mainly composed of a

charge-coupled device (CCD) camera, stents and a com-

puter processing system. The digital speckle correlation

method (DSCM) can compare and process the high-defi-

nition target image information collected by the CCD with

the initial image information and then calculate the

Table 1 Coal roof and floor conditions

Roof or floor

name

Lithology Thickness

(m)

Characteristics

Main roof Fine-grained

sandstone

6 Grey and thickly bedded. The lower particle size is finer, representing both siltstone and

fine sandstone

Immediate roof Sandy mudstone 16 Grey to grey-black and thickly bedded

Immediate floor Mudstone 9 Grey to black. The upper part is massive mudstone, and the lower part is flaggy mudstone

Main floor Fine-grained

sandstone

5 Grey to off-white, medium-grained sandstone. The particle size of the upper area is finer

siltstone
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displacement and strain field of the target image. DSCM

obtains the observation surface deformation process by

tracking and identifying the trajectory of the digital speckle

points on the surface of the test piece during the loading

process. As shown in Fig. 2, the first picture captured by

DSCM is taken as the reference image I0, and a series of

images In captured in the subsequent loading yields the

deformed image. If point A in the reference image I0 is

taken as the analysis object, then the target image at a

corresponding time in the series of deformed images can be

extracted, and the point B characteristic speckle pattern

matching the point A characteristic speckle pattern can be

determined. The difference in deformation between points

A and B is the deformation value at point A. The matching

degree of f and g is characterized by the correlation func-

tion C, and C indicates the best match when it takes the

maximum value, see Eq. (3) for details (Ma et al. 2002;

Pan et al. 1998).

C ¼
P

½f ðx; yÞ � f �½gðx0; y0Þ � g�
� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½f ðx; yÞ � f �2

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½gðx0; y0Þ � g�2

q

In the formula, f (x, y) and gðx0; y0Þ are the grey-scale

function of a small area, and f andg are the average values

of f (x, y) and gðx0; y0Þ, respectively.

Table 2 Mechanical properties of the coal strata

Lithology Elastic

modulus

E (GPa)

Poisson’s

ratio

l

Density q
(103

kg/m3)

Cohesion

(MPa)

Internal friction angle u
(8)

Tensile

strength

RL (MPa)

Compressive

strength

RC (MPa)

Fine-grained

sandstone

1.65 0.23 2.48 2.64 41.47 1.16 26.96

Mudstone 1.12 0.22 2.28 1.27 42 0.79 17.0

Coal seam 0.54 0.21 1.75 0.85 37.5 0.36 7.2

Sandy mudstone 1.27 0.23 2.35 1.62 38.6 0.95 21.7

Fine-grained

sandstone

1.66 0.23 2.51 2.56 40 1.31 33.62

Table 3 Proportion of similar materials for coal and rock

Roof and floor name Lithology Quartz sand: Lime: Gypsum

Main roof Fine-grained sandstone 6:0.7:0.3

Immediate roof Sandy mudstone 7:0.7:0.3

Coal seam Coal 10:0.7:0.3

Immediate floor Mudstone 8:0.7:0.3

Main floor Fine-grained sandstone 6:0.7:0.3

Table 4 The thicknesses, strength indexes and model material ratios of the similar model of the rock strata used for testing

Position Original rock

thickness (m)

Model

thickness

(cm)

Original rock

compressive strength

(MPa)

Model

compressive

strength

(MPa)

Quantity of

quartz sand

(kg)

Quantity of

lime (kg)

Quantity of

gypsum (kg)

Quantity of

water (kg)

Main roof 6 12 29.96 0.06 103 11.9 5.1 15

Immediate

roof

16 32 21.7 0.04 280 28 12 35

Coal seam 4 8 7.2 0.0144 73 5.1 1.9 9

Immediate

floor

9 18 17.0 0.035 155.6 13.6 5.8 20

Main floor 5 10 33.62 0.066 85.7 10.1 4.2 12.5
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The resolution of the CCD camera is 1630 pix-

els 9 1224 pixels. The surface of the model needs to be

manually sprayed with a speckle field. The CCD orienta-

tion is corrected to capture the entire area of the end face of

the specimen, and the frequency of the image acquisition is

8 frames/s. The method of synchronously placing a ruler on

the surface of the model is used to calibrate the pixels and

the size. The calibration resolution of the speckle is

0.15 mm/pixel. After calibration, the model and speckle

acquisition equipment cannot be moved.

The pressure sensor layout along the fault, rock strata,

and coal in the similar material model is shown in Fig. 3.

According to the similarity ratio, the monitoring point

positions are described according to the actual project size.

Specifically, T4, T5, T6, T7, and T3 are located at hori-

zontal distances from the fault of - 1 m (hanging wall),

0 m (footwall), 2 m, 4 m and 6 m; T3, T4, T5, T6 and T7

are at the same level as the roof; T1 and T2 are at the same

level as the floor, with T1 in the hanging wall and T2

vertically below T3; T8 is located in the immediate roof of

the footwall, 8 m from the main roof; and T9 is located in

the main roof of the footwall, 3 m from the immediate roof.

Subsequent correlation analysis will convert the model

indexes into actual engineering indexes for similarity ratio-

based analysis.

3.3 Test process

3.3.1 Model-making process

The model-making process is shown in Fig. 4. According

to the model material ratios in Table 4, for each rock

stratum, the quartz sand, lime, and gypsum are weighed

and mixed uniformly. The corresponding proportion of

water is added, and the slurry is stirred for 3 to 4 min until

homogenous. First, the 2D similar model framework is set

up as a template step by step, the similar material corre-

sponding to the rock stratum is added, and compaction is

performed layer by layer. While creating the model, the

position of the fault and the corresponding pressure sensor

are calibrated to a preset layer. Mica sheets are embedded

into a 5 mm gap reserved for the simulated fault, and the

corresponding pressure sensor is embedded at the designed

position.

The model form is removed after 2 days, and the area of

the artificial speckle field is 5 times the mining height. The

speckle field is 80 cm high and 60 cm wide. The speckle

points are fixed with a pin so that the speckles do not

overlap and can deform independently (Ma et al. 2002).

The loading of this test model is performed via the packing

static loading of quartz sand. According to the actual burial

depth, the height of the quartz sand is 52 cm. Six templates

Fig. 2 Schematic of the test structure

Fig. 3 Size of the similar model and pressure sensor arrangement Fig. 4 Similar model production process
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are added behind the model. A transparent tempered glass

plate is placed in front of the model. The lowest end of the

glass plate is flush with the roof of the coal seam. At the

roof layer of the strata, a template and fixtures are used to

fix the tempered glass plate. The fixtures are used to

directly clamp the two edges of the model frame to prevent

the tempered glass plate from falling off and the quartz

sand heaped on the roof from leaking.

3.3.2 Information collection process

First, the pressure box wire is connected to a YJZA-32

intelligent digital strain gauge. The device is turned on to

adjust the initial pressure box strain indicator to 0. Then,

the strain gauge is connected to the computer to record the

pressure change subjected by the pressure box, which is

processed by the strain gauge and transmitted to the com-

puter for data collection.

In the digital speckle system, the camera is connected to

the crate and placed 1.5 m from the model. Because the

area of the artificial speckle field is large, the height of the

triangular frame is adjusted to keep the camera perpen-

dicular to the speckle field. The vertical height of the

camera is 68 cm, as shown in Fig. 5. The aperture of the

camera is adjusted until the speckle field is clearly dis-

played on the computer screen.

4 Analysis of the test results

4.1 Displacement field characteristics

of the surrounding rock during mining

After processing the collected digital speckle images by

MATLAB software, the vertical displacement field of the

surrounding rock near the fault is obtained, considering the

different coal pillar widths, as shown in Fig. 6. As shown

in Fig. 6a, the model exhibits no obvious displacement, and

the surrounding rock is in the initial state at this time. As

shown in Fig. 6b, when the coal pillar width is 20 m, the

surrounding rock near the fault experiences a maximum

vertical displacement of 0.5 cm. The isoline areas between

0.25 - 0.5 cm are scattered and are mainly distributed in

the footwall of the fault. As shown in Fig. 6c, when the

coal pillar width is 15 m, the maximum vertical displace-

ment of the surrounding rock near the fault increases to

1.5 cm, and the local displacement of the coal pillar is only

0.5 cm. The isoline areas between 0.5 and 1.5 cm are

concentrated and distributed near the fault. As shown in

Fig. 6d, when the coal pillar width is 10 m, the maximum

vertical displacement of the coal pillars between the faults

reaches approximately 25 cm. The 50 cm displacement

value of the mining roadway forms a closed isoline area.

The immediate roof has a vertical displacement of 50 cm,

and it starts to collapse near the side of the goaf, but the

displacement of the main roof changes only slightly. As

shown in Fig. 6e, when the coal pillar is 5 m, the isoline

area with a vertical displacement of more than 50 cm is

distributed on the side of the free face of the coal pillar. In

this case, the roadways begin to exhibit rib spalling, and the

coals of the coal pillars outburst near the free surface. At

this time, the maximum displacement of the surrounding

rock of the mining roadway is 200 cm, and the immediate

roof of the corresponding position has collapsed. The sur-

rounding rock of the mining roadway has also collapsed.

The displacement of the overlying main roof of the road-

way also reaches a displacement of 50 cm, and undergoes

tension cracking failure, but the rock mass of the hanging

wall on the structural surface does not exhibit significant

displacement. As shown in Fig. 6f, when no coal pillars are

Fig. 5 Stress and deformation collection
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left, the immediate roof of the roadway exhibits general

demolition failure. The main roof slips along the fault

plane, and an isoline distribution area of 25 cm occurs in

the local area of the immediate roof, which is the main roof

of the coal seam hanging wall. Local rock mass shedding

also occurs. These findings suggest that under the condition

in which the footwall does not form a balanced articulation,

during the sliding process of the roof caving, part of the

load disturbance effect is still transmitted to the hanging

wall through the friction along the fault, causing the

hanging wall to displace and partially collapse.

The relationship between the width of the coal pillar and

the maximum vertical displacement of the surrounding

rock near the fault is drawn, as shown in Fig. 7. When the

width B of the coal pillar is 10 m\B\ 20 m, the vertical

displacement of the surrounding rock near the fault

Fig. 6 Vertical displacement of the surrounding rocks near faults with different pillar widths
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increases slightly as the width of the coal pillar narrows,

but it is basically in a stable state. When the width of the

coal pillar is less than 10 m, the slope of the vertical dis-

placement curve increases significantly as the width of the

coal pillar narrows. The narrower coal pillar bears a higher

surrounding rock pressure and undergoes considerable

compression. Excessive deformation of the coal pillar

further induces the vertical displacement of the surround-

ing rock near the fault. When the width of the coal pillar is

5 m, the maximum vertical displacement reaches 200 cm,

and the surrounding rock of the roadway collapses.

4.2 The strain field characteristics in the fault plane

and the surrounding rocks near coal pillars

By using the digital speckle system to monitor the defor-

mation of the surrounding rock of the roadway, the change

in the vertical strain field in the surrounding rock of the

roadway is obtained, as shown in Fig. 8. The state of the

surrounding rock near the fault before mining is shown in

Fig. 8a. The maximum vertical strain in the vertical

direction does not exceed 3 9 10–4, the strain distribution

is irregular, and the model is in a stable initial state. As

shown in Fig. 8b, when the coal pillar width is 20 m, the

surrounding rock around the fault sporadically exhibits

areas of 2 9 10–3 strain concentration, and the maximum

strain among the hanging wall and footwall positions of the

immediate roof fault is 8 9 10–3, which indicates that the

mining at this time has a slight influence on the sur-

rounding rock near the fault. As shown in Fig. 8c, when the

coal pillar width is 15 m, the maximum tensile strain near

the fault is 12 9 10–3, and the compressive strain is

8 9 10–3. Tensile and compressive strain concentrations

have a tendency to appear in pairs. The other strain con-

centration areas of ± 2 9 10–3 show a sporadic distribu-

tion in the coal pillar, and most are compressive strains

( - 2 9 10–3). Therefore, although the roof surrounding

rock does not form stable articulation, the friction between

the main roof relying on the rock mass before the roof

collapsed in the goaf area still transmits part of the hori-

zontal extrusion pressure to the rock mass around the fault,

resulting in a compressive strain area. After the roof falls,

most of the strain areas that were originally compressive

are converted into tensile strain areas. As shown in Fig. 8d,

when the coal pillar width is 10 m, the roof of the coalFig. 7 Relationship between the coal pillar width and maximum

vertical displacement

Fig. 8 Vertical strain of the surrounding rock at different coal pillar

widths
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seam in the footwall of the fault exhibits a strain concen-

tration zone. From the floor to the roof, tensile strain,

compressive strain, and tensile strain concentration areas

form. The corresponding maximum strain magnitudes are

0.025, -0.2 and 0.1. Therefore, the local surrounding rock

in the roof of the mining roadway in the fault footwall

forms a very large deformation area. At this time, no

stable articulation is formed to transfer the load to the

hanging wall of the fault. The fault shields the load transfer

from the footwall, and the hanging wall surrounding rock is

not considerably affected. A shear and tension crack zone

with a strain of 0.05 perpendicular to the fault zone forms

inside the coal pillar, indicating that the coal pillar near the

fault plane is no longer constrained by the parent rock, and

the coal pillar tends to be pressure-fed under the action of

excessively high pressure. As shown in Fig. 8e, when the

coal pillar width is 5 m, the large strain concentration area

in the surrounding rock of the roof is replaced by a

nonuniformly distributed deformation area with a strain

of ± 1. When the blocky rock mass is not articulated, the

position of the corresponding surrounding rock of the roof

collapses. Sufficient support strength must be provided in

real coal resource mining so that the surrounding rock

between the fault floor and the roof of the mining roadway

remains stable. To further analyse the fault shielding and

load transfer law, we continue to observe the strain field of

the surrounding rock near the fault without coal pillars, as

shown in Fig. 8f. Plastic zones with strains of ± 0.5–± 1

appear in pairs in the hanging wall and footwall of the

fault, and the distribution of these zones is relatively dis-

ordered. When the model collapses, under the support of

the collapsed rock mass, the roof of the upper fault does not

collapse, so that the surrounding rock exhibits a stable area.

If mining is needed to reach the fault plane, it is necessary

to make full use of the supporting effect of the collapsed

rock body while also utilizing the strong support effect, but

the support timing needs further research.

The relationship between the coal pillar width and the

maximum vertical strain in the vertical direction of the

surrounding rock near the fault is drawn, as shown in

Fig. 9. When the coal pillar width is between 10 and 20 m,

as the coal pillar width becomes narrower, the maximum

vertical strain curve changes gently. The steep increase in

the curve starts when the width of the coal pillar is 10 m.

Additionally, the slope of the increasing maximum vertical

strain is large when the width of the leaving coal pillar is

5 m, and the disturbance of each mining step may cause

instability in the surrounding rock, coal pillar and mining

roadway. When no coal pillar is left, the surrounding rock

exhibits fault activation instability without sufficient

support.

Synthesizing the above analysis results, when the width

of the coal pillar is larger than 10 m, the surrounding rocks

near the fault and the surrounding rocks of the mining

roadway are in a stable stage. When the width of the coal

pillar is less than 10 m, the surrounding rock of the road-

way enters an unstable stage. When the width of the coal

pillar is less than 5 m, if the coal pillar and the roof are not

sufficiently supported, the roof will collapse, the coal pillar

will undergo coal outburst, the fault will slip, and the

surrounding rocks and mining roadways near the fault will

be unstable. Considering comprehensive factors such as

support, it is too conservative to directly choose a coal

pillar width of 10 m. It is also necessary to determine the

most reasonable coal pillar width between 5 and 10 m

through vertical stress (stress) analysis.

4.3 Stress characteristics of the surrounding rock

near the fault

Displacement and strain monitoring is used to optimize the

coal pillar width. The stress sensors can achieve syn-

chronous and continuous data collection during the model

mining process. The optimal coal pillar width can be

determined by further analysis of the stress. The monitor-

ing point location in the model is converted into the actual

position according to the geometric similarity ratio, as

shown in Fig. 10.

4.3.1 Analysis of the change in the surrounding rock stress

in the roadway roof

According to the data measured by the pressure sensor, the

corresponding relation between the stress change incre-

ment and the width of the coal pillar at different positions

of the roof is obtained, as shown in Fig. 11. Compared with

the initial stress state of the model, when the width of the

Fig. 9 Relationship between the coal pillar width and maximum

vertical strain

A physical model study of surrounding rock failure near a fault under the influence of footwall... 635

123



coal pillar is no less than 17 m, and the stress of the coal

pillar is basically unchanged. When the width of the coal

pillar is 10 m, the stress at T4 remains basically unchan-

ged, and the fault acts to shield the stress. When the coal

pillar width is 10 m, the stress at T5 located near the fault

in the footwall is reduced by 1.5 MPa, and the stress

increment that is generated at the hanging wall positions of

T6 and T7 is 0.25 MPa. Thus, the main roof collapses, and

the pressure of the surrounding rock starts to transfer to the

coal pillar. The rock mass near the fault plane is divided,

and the surrounding rock pressure cannot be transmitted.

The vertical surrounding rock pressure at T5 begins to

decrease. When the width of the coal pillar is between 5

and 10 m, the stress at the roof on the left side of the fault

hanging wall T4 is increased by only 0.05 MPa. The stress

at T5 begins to decrease abruptly when the width of the

coal pillar is 9 m, and at the same time, roof positions T6

and T7 begin to exhibit increasing pressure when the width

of the coal pillar is 9 m. The pressure increases suddenly

when the coal pillar width is 7.5 m, and the maximum

increase is achieved when the coal pillar width is 5 m. The

maximum values are 2.5 MPa and 1.8 MPa, respectively.

Due to the stress concentration phenomenon caused by the

slipping of the roof surrounding rock along the fault plane,

plastic failure and instability of the roof of the roadway at

T6 and T7 occur. When B is 5 m, the collapse of the sur-

rounding rock causes the corresponding pressure sensor to

loosen and fall off.

4.3.2 Analysis of the change in the surrounding rock stress

near the fault

Stress sensors T2, T3 and T7 are positioned near the fault.

The relationship between the stress increment and the coal

pillar width is shown in Fig. 12. When the width of the coal

pillar is larger than 20 m, the stress increments at T2, T3,

and T7 are basically zero. When the width of the coal pillar

is between 10 and 20 m, the rates of increase in the stress

of T3, T2, and T7 increase in turn, but the maximum stress

increment at this stage is less than 0.75 MPa. When the

width of the coal pillar is between 5 and 10 m, the rate of

increase in the stress at T2 is accelerated, and the stress

begins to increase suddenly when the width of the coal

pillar is 7.5 m. When the width of the coal pillar is 5 m, the

stress increments of T2, T3, and T7 reach the maximum

values, which are 3.5 MPa, 3.1 MPa, and 2.5 MPa,

respectively, and plastic failure begins at the bottom of the

coal pillar.

Fig. 10 Monitoring point locations in the model

Fig. 11 Stress at various points in the roadway roof as a function of

the coal pillar width

Fig. 12 Stress at various points of coal pillars as a function of the

coal pillar width
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4.3.3 Analysis of the stress change at the fault plane

Pressure sensors T1, T5, T8, and T9 collect stress data at

the fault plane. The relationship between the stress incre-

ment and the coal pillar width is shown in Fig. 13. The

stress at T1 gradually increases, and the stress increases

slowly when the width of the coal pillar is less than 10 m.

When the width of the coal pillar is 5 m, the stress reaches

a maximum value of 0.64 MPa. The stress at monitoring

points T5, T8, and T9 gradually decreases, and the rate of

stress reduction accelerates at a coal pillar width of 17 m.

When the measuring point of the T9 pressure sensor is at a

coal pillar width of 7.5 m, the stress decreases to a mini-

mum value of 3.8 MPa. When the coal pillar width is 6 m,

the stress decreases to a minimum of 5.9 MPa at T8. This

finding is basically consistent with the surrounding rock

pressures at T5, T6, and T7 in the hanging wall of the fault.

When the coal pillar width is 5 m, the stress decreases to a

minimum of 7.7 MPa at T5. The decrease in stress at the

T5, T8, and T9 measuring points is due to the excessively

narrow coal pillar, which causes the footwall surrounding

rock to tend to collapse and form cracks. The T9 pressure

sensor located in the main roof is loosened and falls off

first, then T8 in the immediate roof falls off, and finally, T5

at the roof of the roadway falls off. Therefore, the narrower

the coal pillar widths, the lower the clockwise-rotating

tension cracks form in the surrounding wall rock, which

may cause the surrounding rock of the roof to overturn and

the roof on the right side of the fault and the right working

slope of the roadway to deform plastically and become

unstable overall.

Based on the above analysis, the initial and sudden

increase in the vertical displacement and the vertical strain

curve of the surrounding rock corresponds to a coal pillar

width of 10 m, while the sudden change in the stress of the

surrounding rock near the fault corresponds to a coal pillar

width of 7.5 m. Considering the support action of the

roadway, the roadway is designed 7.5 m from the fault

plane.

5 Engineering practice

As shown in Fig. 14, working face 101 of the Baiyangling

Coal Mine is buried at a depth of 400 m, with an average

thickness of 4 m. The roof and floor are mudstone or sandy

mudstone. The haulage roadway of the mining face

working is adjacent to the normal fault F3 and is located in

the coal seam of the footwall. The section of the roadway is

designed to be rectangular. The width of the roadway is

5.5 m, the height is 3.8 m, and the sectional area is 20.9

m2. Coal seam mining is carried out in the hanging wall of

the normal fault. The roadway is 7.5 m from the fault

plane. The roadway is supported by anchor nets and anchor

cables. The pre-tightening force of the anchor is at least

200 KN, and the tensile force of the anchor cable is at least

100 kN. The roof adopts metal anchors. The specifications

of the anchors are u = 20 mm and l = 2300 mm, with row

and column spacings of 800 mm and 800 mm. The speci-

fications of the anchor cables are u = 17.82 mm and

l = 9000 mm, with row and column spacings of 1600 mm

and 800 mm, and a single hydraulic prop with an initial

support force of at least 90 kN is used. The roadway on the

side of the mining coal wall is supported by fibre-rein-

forced polymer (FRP) anchors and plastic steel mesh. The

specifications of the anchors are u = 20 mm and

l = 2000 mm, with row and column spacings of 1600 mm

and 800 mm. The roadway is supported by another group

of anchor nets, and the specifications of the metal anchors

of the anchor nets are u = 20 mm and l = 2300 mm, with

row and column spacings of 800 mm and 800 mm. The

Fig. 13 Stress at various points along the fault plane as a function of

the coal pillar width Fig. 14 Design drawing of the roadway section support, mm
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related deformation of the roadway was monitored after the

excavation, as shown in Fig. 14.

Figure 15a and b show the curve of the roof sagging of

the mining roadway and the curve of the falling rate of the

roof, respectively. Figure 15c and d show curves of the

deformation amount and deformation rate of the working

slope in the coal pillar of the fault. On-site monitoring

shows that the maximum amount of subsidence of the roof

is 48 mm and that the roof becomes stable after excavation

for 55 days. The maximum deformation of the coal pillar is

22 mm, and the coal pillar stabilizes after 60 days of

excavation. During the process of coal mining, the sur-

rounding rock deformation is small, and the stability is

good. A 7.5 m coal pillar width is left, and the above-

mentioned support measures are used to effectively control

the deformation and failure of the surrounding rock of the

mining roadway.

6 Conclusions

(1) The vertical displacement of the surrounding rock

near the fault increases with the narrowing of the

coal pillar width. When the coal pillar width is less

than 10 m, the vertical displacement increases

suddenly. When the width of the coal pillar reaches

5 m, the vertical displacement of the coal pillar

reaches 50 cm, the roadway exhibits rib spalling, the

coal bodies in the coal pillars outburst, and the

immediate roof collapses

(2) The vertical strain of the surrounding rock near the

fault increases with the narrowing of the coal pillar

width. When the coal pillar width is less than 10 m,

the vertical strain of the coal pillar increases

suddenly. When the width of the coal pillar is 5 m,

the surrounding rock of the roof has a nonuniformly

distributed plastic zone, and the equilibrium hinge of

the massive rock mass cannot be formed.

(3) When the width of the coal pillar is 7.5 m, the

pressure of the surrounding rock near the footwall of

the fault increases suddenly, but the stress at the

location of the fault hanging wall pressure sensor T4

slightly increases by 0.35 MPa. When the footwall

does not form an equilibrium hinge, part of the load

disturbance is still transmitted to the hanging wall

through the friction along the fault during the sliding

of the roof caving, which causes the hanging wall to

displace and partially collapse. When the width of

the coal pillar is 5 m, the steep stress gradient of the

lower plate near T5 suddenly decreases until it is

Fig. 15 Deformation monitoring of the roadway
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pulled and cracked; however, due to the collapse of

the overlying rock strata, the stresses at the positions

of the roof plates where T6 and T7 are located cause

the pressure to increase suddenly, resulting in failure

and instability.

(4) The 101 working face of the Baiyangling Coal Mine

includes a roadway 7.5 m from the fault plane. On-

site monitoring suggests that the maximum subsi-

dence of the roof is 48 mm and that the roof

becomes stable after 55 days of excavation. The

maximum amount of coal pillar deformation

observed is 22 mm, and the coal pillar becomes

stable after 60 days of excavation. During the

process of coal mining, the surrounding rock defor-

mation is small, and the stability is good. A 7.5 m

coal pillar width is left, and the abovementioned

support measures are used to effectively control the

deformation and failure of the surrounding rock of

the mining roadway.
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