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Abstract.

Considering the continuous development of gob side entry driving technology, the influence of roof fracture on coal

pillar is difficult to be accurately predicted. In order to explore the fracture structure characteristics of the overlying multi thick
hard rock strata and its influence on coal pillars, the stress analysis tests of coal pillars under different roof fracture positions
were designed. Different fracture positions of immediate roof and high-level thick hard rock were simulated by different
corresponding positions of goaf, coal pillar edge line and rotary fixture line. According to four experimental design schemes, the
strain distribution of coal mine goaf under different roof fracture combination positions was obtained. By analyzing the results of
digital speckle pattern experiment, the distribution range and form of stress above coal pillar and low level thick hard rock are
obtained, which provides theoretical basis for studying the whole process of coal pillar fracture.
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1. Introduction

With the rapid development of economic construction,
after decades of mining, a large number of coal mines have
reached the end of mining. Due to the long-term mining, the
coal resources are decreasing, and the resource mining is
gradually transferred to the deeper ground.(Oge 2018, Xie
et al. 2019, Milisavljevic et al. 2016) There is a large
number of published studies (e.g., Waclawik et al. 2017,
Wang et al. 2018, Wang et al. 2020a, b.) that describe that
with the increase of mining depth, the large deformation of
surrounding rock, rock burst, and coal and gas outburst
caused by concentrated stress above coal pillars were
becoming ever more hazardous. Previous research has
established that the coal seam in the lower part of the mine
is mined by means of roadway coal mining method, which
results in a large number of cracks and subsidence areas in
the upper part of the goaf. Roadway coal mining method is
also called short column coal mining method. Within the
section, every 10 to 30 meters, a horizontal and vertical
crossroad is dug to cut the coal seam into many square,
rectangular or diamond-shaped coal pillars with a length
and width of 30 to 10 meters. Then the coal pillars are
retrieved, and the roof of the mining area is left to collapse
on its own. This method of coal mining is characterized by
digging numerous lanes to form coal pillars, and then back
mining the pillars. Gob-side entry driving with narrow coal
pillars has been widely employed in China over the past
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several decades due to the particular stress environment and
high resource recovery rate (Li et al. 2019). Coal pillars are
reserved between two panels for separating the gob and
maintaining the stability of the gob-side entry (Wattimena et
al. 2013). Due to the influence of the overlying strata in the
goaf on the stability of the surrounding rock of gob-side
entry, there are still some tough problems, such as the high
ground pressure, large deformation of the roadway
surrounding rock, the unreasonable support technology
(Song et al. 2016, Yang et al. 2017, Wang et al. 2018,
Batugin et al. 2021). Many scholars have studied the
fracture form of overlying rock in roadway driving along
goaf. (Bai et al. 2015, Lee et al. 2020) The deformation law
of gob side entry was studied, and its mechanical properties
were analyzed. It was pointed out that there are “large and
small structures” in the surrounding rock of gob side entry
driving in fully mechanized top coal caving face, and the
sustainability of large structure stability depends on the
stability of small structure. Therefore, the mechanical
model of large structure of overlying rock mass of roadway
driving along goaf is established. Please er al. (2013)
studied the problem of understanding how a coal mine roof
collapses after secondary cutting of the supporting pillars to
create small supporting snooks. Das ef al. (2017) evaluated
the influence of rock dip angle and coal seam dip angle on
the stability of surrounding rock through the study of
numerical simulation parameters. Han et al. (2008) used
three-dimensional numerical simulation to study the
influence of fault fracture zone on tunnel stability.

Some researchers have also carried out relevant
researches and explorations on coal pillar (Jaiswal and
Shrivastva 2008, Bertuzzi et al. 2016, Mathey and Van der
Merwe 2016, Frith and Reed 2019). Based on a double-
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yield model for the gob materials and calibrated parameters,
Jawed and Sinha (2018) studied the relationship between
coal pillar width and the stability of roadway surrounding
rock. Using the concept of constraint core and the three-
dimensional stress distribution on the coal pillar, Das et al.
(2019) deduced the strength calculation formulas of square,
rectangular and super long coal pillars. Kumar ef al. (2019)
proposed a new method for simulating stress response of
coal pillars using FLAC3D software. Gonza lez-Nicieza et
al. (2006) and Esterhuizen ef al. (2011) developed an
equation for estimating the pillar strength and selecting a
safety factor. On the basis of the stress and displacement
monitoring system, Esterhuizen ef al. (2010) studied the
relationship between roof fracture angle and gob side entry
retaining stability. Coggan et al. (2012) studied the
influence of roof lithology on roadway stability. On the
basis of numerical simulation, Takashi ef al. (2020) studied
the relationship between pillar size and abutment pressure
peak.

In addition, scholars also have done lots of works in
aspects of theory research and materials fracture
characteristics, etc (Kahraman et al 2008, Vlahou and
Worster 2015, Aliha and Bahmani 2017, Saadati et al. 2018,
Bahmani et al. 2019, Kirmaci and Erkayaoglu 2020). These
valuable works can provide some references for future
study of rock fracture. Overall, lots of advanced techniques
(i.e., SEM, and AE), theories and numerical methods are
used to research the rock fracture characteristics under
three-point bending loading condition, which shows the
significance and necessity of obtaining the rock fracture
characteristics.

The movement and failure mode of overburden
determines the variation law of ground pressure, so it is
necessary to study the lateral failure form and location of
overburden. Different fracture position has influence on the
fracture angle, stress and load distribution of coal pillar
roof. In this paper, the whole process of stress state of coal
pillar in different parts of high and low thickness hard rock
fracture is studied by digital speckle method, and the
influence of different roof fracture position on roof fracture
angle and coal pillar is obtained.

2. Theoretical basis
2.1 Structural mechanics

There are four possible situations of the side breaking of
the basic roof: breaking outside the roadway filling body;
breaking above the filling body; breaking above the
roadway; breaking above the solid coal. In order to study
the main forms of roof breaking under the condition of thick
immediate roof. The cantilever beam structural mechanical
model is established when the basic roof is not broken (Fig.
1).

In the mechanical model, the force on the high-level
thick and hard rock is divided into two stages. In the first
stage, the supporting force on the high-level thick and hard
rock is simplified as the concentrated load before the
fracture of low-rise thick hard rock. In the second stage, the
force on the high-level thick and hard rock is simplified as
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Fig. 1 Mechanical model of roof without fracture
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Fig. 2 Structural model of overlying strata of coal pillar
in gob side entry

the uniform load in a certain range after the fracture of low-
rise thick hard rock. From statics:

M= fAyodA (1)

M is the bending moment and y is the distance from
the calculated point to the neutral axis. By introducing
Hooke's law into the above formula, we could further
obtain:

E El
M= —fAyzade =— ()
p p

where ¢ is uniaxial stress, E is modulus of elasticity, &
is longitudinal linear strain,pis curvature. From the material

mechanics, we could learn the rectangular section
coefficient I of low thick hard rock and introduction of
compensation coefficient y , thus get:
_ xo.bh® 3)
u= T e

2.2 Theory of thin plates

As shown in Fig. 2, during the mining process, the
overlying strata will gradually form collapse zone, fracture
zone and bending subsidence zone. In the mining area and
both sides of the coal pillar, there will be the original rock
stress area, the stress increase area, the stress decrease area
and the stress stable area. The occurrence of concentrated
stress will cause the failure and instability of the reserved
coal pillar. This paper was mainly analyzed the influence of
different positions of roof fracture on the force generated.

In the definition of elasticity, the plate is called a thin
plate if the thickness of a plate is far less than the minimum
size of the middle plane. The stress of the roof is simplified
as a thin plate model and solved by Marcus algorithm.
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Fig. 3 Mechanical model of low stand thick hard rock

Compared with thick plate, thin plate theory is more
conducive to the application of practical engineering
problems.

There are three assumptions of thin plate bending

* Normal strain € perpendicular to the middle plane «,.
It could be ignored. Take &, = 0. From the equation Z—(: =
0, we get: w = w(x,y).

* Stress component T,,, T,, and o, is much smaller
than the other three components, and the deformation
caused by them could be ignored.

* There is no displacement parallel to the middle plane
of the thin plate.

According to the stress analysis of overlying strata, the
rectangular coordinate system as shown in Fig. 3 is
established. The force acting on the upper part of high-level
thick and hard rock is simplified as g, and the transverse
load g on the vertical median plane is q; = qcosa,
longitudinal load q parallel to the median plane g, =
gsina. a is the fault subsidence angle of high-level thick
hard rock. The width of the roof along the coal seam strike
is a, the length along the coal seam dip is b, and the
supporting force of the overlying strata to the roofis F.

Let the total deflection of low position thick and hard
rock layer be w, the deflection produced by q; is w4, the
deflection produced by q, is w,, the deflection produced
by F is ws;.

The deflection differential equation of thin plate is as
follows:

q(x y) — fy) @)

The elastic surface differential equation of thin plate
under transverse load and longitudinal load is as follows:

Vo =

%w z 9?

w
DV(j =(qt + hf’xﬁ + hUyW + Zthym (5)

where D = is the bending strength of the sheet,Vis

ES
12(1-?)
the Laplace operator; w is the deflection of thin plate, g,
is the normal load concentration, and hoy, hoy,, hty,, is
the internal force of thin surface.

The differential equation of w is obtained:

0%w, 0%w, 02w,
D|7a‘}2 =q; + ho, Ix + ho, 3y7 + Zthym (6)

02w
Where qt = qe1 + G2 T Gz > dip = hoy 6x2¢ +
“ )
hay 3y + 2h1y,, axdy

For the working face which has formed goaf and
periodic weighting, the boundary conditions of roof are
three fixed supports and one long simple support. The
boundary conditions are as follows:

dw
(@m0 =0,(3) =0

2

(@)xea = 0,(5—2) = 0
W)x=a =V (73) =
ox )
(@)y-0=0,(5,) =0
w
@)y =0,(3,) =0

Take the following double trigonometric series to obtain
the solution of double trigonometric series:

,mux ., nwy
W= Z ZAmn sin? —sm 5 (8)

where m and n are positive integers, all boundary
conditions could be satisfied if the boundary conditions are
brought in. The formula is introduced into the differential
equation:

m* Zmn

g =m'D Z Z( a2b2

m=1n= (9)
3 4)A ,mux . nmy
mn Sin? , sin? 5

According to the expansion formula of Fourier series,
the formula is as follows:

,mnx . nmwy
—st f q, sin? —sm 5 (10)

By introducing the above formula and comparing the
coefficients, it is concluded that:

ach . ,MAX . ,NT
f N qlsszsmz—y

b
mn 2m2n2 3n* (11)
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In this model, the hydrauhc cylinder is used to simulate
the fracture process and location of high-level thick hard
rock. Considering that the stress applied by high-level thick
and hard rock is uniform load, which q; is a constant, the
above formula could be rewritten as follows:

, MY
f fqlsm sm dedy

¢ mmx b , NIy
=q1f0 sin dej; sin Tdy (12)
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By introducing Eq. (5), the expression of deflection is
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obtained:

qab sin2mm sin 2 nmw cos a
@1 = 2m2n2 3n* z Z sin® sm (13)
4Dmnrr6( a4 220z T p2 <) m=1n=1

3. Mechanical model of lateral fracture of hard rock
strata overlying coal pillars along goaf

After gob side entry excavation, the coal pillar not only
moves to the side of the roadway affected by the roadway
excavation, but also bulges out to the gob side coal wall
under the influence of the lateral abutment pressure of the
upper face. Both sides of the coal pillar have plastic
deformation and failure. Taking the coal pillar within the
height range of the roadway as the research object, the
upper boundary of the coal pillar is the top coal, and the
lower boundary is the roadway floor. Assuming that there is
an elastic zone in the middle of coal pillar, the mechanical
model of coal pillar side could be established as shown in
the Fig. 4. The peak stress of roadway side in limit
equilibrium zone of coal pillar is o, the peak stress of
goaf side is 0,,. According to the mechanical model of
coal pillar side, the calculation model is established by
taking coal pillar roadway side and goaf side as research
objects.

According to the analysis of the edge stress of the side
pillar of the roadway, the edge stress of the side pillar in the
goaf is analyzed. One side is the solid coal in the coal pillar,
and the other side is the top coal and caving coal body in
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Fig. 4 Mechanical model of coal body at the edge of
section pillar
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Fig. 5 Mechanical model of coal body at the side edge of
goaf with section coal pillar

the goaf side. The stress state of coal body edge is studied
by the limit equilibrium, and the model is simplified and
solved. The internal stress o, and width x, of plastic
zone at the edge of goaf is derived. The mechanical model
and coordinate system are established as shown in the Fig.
5.

The equilibrium equation for solving the interfacial
stress in the plastic zone is:

do, Ot
y xy

= X=0

ax "oy T

do, Ot (14)
y xy

e Y=0

dy ax +

Ty = —(co + o, tan (po)

The failure of coal body is caused by shear, and the
failure satisfies Mohr-Coulomb criterion. At the limit
strength of coal pillar, the boundary condition could be
obtained:

do, do
E—a—tan<p0+}’—0 (15)
Suppose 0y = f(x)g(y) + A. It could be obtained by

substitution.

f'(x) 9'(x)
tan @y = +Y
f@ T g
The two sides of the equation are only functions of X

or Y, so the two sides of the equation are equal to the same
constant B.

(16)

f'(x) ~
1760 tangpy, =B (17)
g
70) +Y =B (18)

The solution could be obtained:

Bx
f(x) = Byetano (19)
giy) = Bze(B_Y)y

It could be obtained from the above formula:

Bx
0, = ByeB"Yetanwo 4+ 4
_Bx (20
Ty = — [(Boe(B_Y)yem"‘Po + A) tan ¢, + C]

where A and B, are undetermined constants, and B, =
B,B,

Taking the whole plastic zone as the separation body, we
could get the characteristic that the resultant force of X
direction in the limit equilibrium zone is 0.

1
hmﬂay|x=x - zf Tyy dx =0 (21)
0
Find the derivative of A and solve the problem:
2tan @g C
o | = Ce hmB P _ 0 (22)
Yix=xp tan ¢,
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Let x = xp,y = y/2 in equation (20), and compared
with the above formula, we could get:

__ G \

tan ¢, |
2

g = 2@ %o (23)
hmB
(B-Y) 2tan? po—YhyB
C =Bye 2 '™ =Bge 2B )
where C = o , it could be deduced that:

" tan g

24

C hmByo—2tan? gq
gl 75
tan ¢,
According to the conditions, the stress at any point in
the limit equilibrium region is:

I R BYo—2tan? ®o,2tan Qoo}‘_'_(ztan2 P )
oy = ( 0 ) 27 o 25 )
tan @,

Co hmBYo—2tan? g,  2tan @, _'_(thm2 Po ) (25)

tan @,

4. Results
4.1 Experimental materials

Coal samples and hard rock plates were collected from
3-1 coal seam, Bayan Gaole coal mine in Ordos City, Inner
Mongolia Autonomous Region, the physical parameters of
coal samples and hard rock plates are shown in the Table.1.
In order to simulate the real mining process, before the
experiment, tunnel excavation shall be carried out first for
large coal samples. On account of the difficulty of
rectangular tunnel excavation, the circular tunnel
excavation is adopted in this mining. The diamond bit is
used to drill and simulate the excavation and unloading of
the tunnel. The high-strength electric drill is used to drill the
face. The speed should be slow to prevent the mechanical
damage of the coal samples. The location and size of the
opening and the actual samples is shown in Fig. 6.

The coal sample processing equipment includes rock
cutting machine, coring machine, radial drilling machine,
grinding machine, etc. The processing steps of coal and
rock samples include:

» Use a cutting machine to process the sample into a
cube of about 150 mm x 150 mm X 150 mm;

* Fix the coal rock sample on the coring machine
platform and drill through hole with diameter of 20*imm
with diamond bit;

 Grind the six ends of the coal pillar test piece on the
grinder. After grinding, the non-parallelism of any two ends
of the test piece shall not be greater than 0.05 mm, and the
axial deviation shall not be greater than 0.25 °;

e When using high-strength electric drill to drill the
working face, the speed shall be slow to prevent the
mechanical damage of coal sample. Coal samples after
processing as shown in Fig. 7.

According to the different fracture positions of the high-
level and low-level thick and hard rocks, there are four

Table 1 The physical parameters of coal samples and hard
rock plates

Bulk Elastic Angle of . . ,
apparent dul . 1 Cohesion  Poisson's
density modulus  interna (MPa) ratio
(kg'm) (GPa)  friction (°)

spgc(i)frien 1299.15 2.845 18.52 13.894 0.281
H";rl‘itre‘fk 236698 6536 39.42 13577 0208
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Fig.6 Specific excavation position and physical drawing
of large coal sample

Fig.7 Coal samples after processing

Fig. 8 Test diagram of four schemes (ABCD represents
scheme I, IL, 111, IV)
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schemes, as shown in Fig. 8. Scheme I: both the high-level
and low-level thick and hard rock strata are fractured near
the goaf side. Scheme II: the high-level thick and hard rock
strata are fractured above the coal pillar and the low-level
thick and hard rock strata are fractured near the goaf side.
Scheme III: the high-level thick and hard rock strata are
fractured near the goaf side and the low-level thick and hard
rock strata are fractured above the coal pillar. Scheme IV:
the high-level thick and hard rock strata and the lower thick
and hard strata are all fractured above the coal pillar. In
order to obtain more accurate test results, two samples are
taken from each scheme for test.

4.2 Experimental setup

A testing machine and a non-contact whole field strain
measuring system are used in the experiment. The loading
system is an electro-hydraulic servo system controlled by
computer with an accuracy of 1%. Matchid-3dhr, a non-
contact full field strain measurement system of Institute of
Physical and Chemical Technology of Chinese Academy of
Sciences, is used to obtain the whole field strain data during
the test, as shown in Fig. 9, including camera, lighting
equipment and host. During the loading process, more than
1000 photos were taken, which covered the whole loading
process.

During the preparation of test, the optical axis of CCD
was perpendicular to the specimen surface and the light
source kept stable for obtaining the images with steady gray
values (Aliha et al. 2013, Jeong et al. 2016).

4.3 Experimental method

The test is divided into two steps, including static
loading and lateral roof breaking. The specific operation of
each step is as follows:

1) Add static load: Place the rotatable loading fixture on
the operation platform. Put the jack in the clamping groove
(the nozzle is outward), the jack is connected with the hand-
held pressure pump, and fixed with flexible materials
around to prevent the equipment dumping. The prepared
square coal sample is placed on the upper part of the fixture.
The parallel loading steel plate is placed on the top of the
sample, and loaded by the pressure testing machine.

2) Side broken roof: After the coal sample is loaded,
pressurize it at a constant speed through the jack. Record
the pressure value of the dial in time. Through the rotation
of the steel plate, the coal sample is pressurized, forcing the
side hanging roof to break. Record the fracture position and
relevant monitoring data.

4.4 2D DIC Theory

The non-contact whole field deformation measurement
system mainly adopts 2D DIC method. Combined with
industrial close-range shooting technology, the industrial
camera is used to collect real-time digital images of various
deformation stages of objects. The digital image correlation
algorithm is used to match deformation points on the
surface of objects, and the coordinates of matching points
are reconstructed.

Fig. 9 Non-contact whole field strain measurement system
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Fig. 10 Schematic of subset before and after deformation
(a) Reference image and (b) Deformed image

2D DIC obtains the displacement of pixels by tracking the
change of gray distribution of digital image. In order to
avoid the same gray distribution in the image, the random
distribution of speckle is usually taken as the shooting
object, and charge coupled device (CCD) camera is used to
record the reference image of the former state and the
deformation image of the latter state.

Fig. 10 shows the distribution before and after the
deformation, where Oxy is the coordinate system. In order
to calculate the displacement of point P(xg,Yy), as shown
in Fig. 10(a), select a reference subset of circle or rectangle
(shown by red rectangle box) within a certain range around
point P(xo,¥0), Q(x;¥;) is any point in the reference
subset, i and jrepresent column coordinates and row
coordinates of point @ in the subset respectively. As shown
in Fig. 10(b), after the graph is deformed, Q(x; ;)
becomes Q'(x;’,y;"). The target subset centred on the point
P'(xo',¥0") could be described by the first order shape
function.

X' =x; +u+udx +u,dy (26)

yi' =y +v+vdx +v,dy 27)

where u and v are the displacements of P(xy,V,) in x
and y directions respectively; uy, u,, vy, Vyare the first-
order differential of displacement; Ax and Ay are the
coordinate differences between any point Q(x;,y;) and the
central point P(x,,V,) in the reference subset respectively.
For the sub-pixel points in the target subset, a specific
interpolation algorithm is used to get the gray value. The
similarity between the reference subset and the variant
subset could be evaluated by the correlation criterion. The
target subset with the highest similarity to the reference
subset could be found in the deformation graph, that is, the
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P’ point corresponding to the point P could be found, so
as to determine the displacement u and v of the point P.
At present, the sub-pixel displacement calculation accuracy
of 2D DIC could reach 0.01 pixel. In this study, the open-
source 2D DIC application program Ncorr (Blaber et al.
2015) is used to calculate the displacement of speckle.

The purpose of this study is to analyze the influence of

Fig.13 Scheme 3 strain nephogram

different roof fracture positions on roof fracture angle and
coal pillar. Therefore, the position and form of different
forces are produced by controlling the broken position of
roof strata. At the same time, the yield and pressure
redistributions of coal pillar are considered. In the
experimental results, we could intuitively understand the
strain distribution and change process. By observing the
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Fig. 15 Mechanical model of lateral structure of overlying hard rock strata in gob side entry

distribution of different colors in the diagram (Figs. 11-14),
the strain size at different positions could be determined. In
the stress nephogram, the stress magnitude is represented by
the color. As the color changes from red to blue color, the
stress value changes from positive to negative values. The
corresponding values are specified in the picture.

Comparison scheme 1 and scheme 2: the low level thick
hard rock layer is fractured at the edge of coal pillar, and the
high level thick hard rock layer is fractured at different
positions. In the early stage of scheme II, the coal pillar of
scheme II is different from that of scheme 1. The stress
concentration in the goaf area near the coal pillar appears
quickly, which is shown as red yellow bright strip. The
strain zone does not distribute vertically, but inclines to the
coal pillar and its position migrates to the coal pillar. At the
same time, the phenomenon of strain increase appears
above the coal pillar, which shows that the pressure of the
overlying roof is also borne above the coal pillar. During
the test, scheme 2 also shows that the coal pillar bears more
pressure from the overlying roof. When the goaf roof
collapses, the pressure exerted on the lower strata in scheme
11 is also greater.

Comparison scheme 1 and scheme 3: the high level

thick hard rock layer is located near the goaf side, and the
fracture position of the low level thick hard rock layer is
different. In the early stage of the experiment, the roof dip
angle is large, the strain concentration area is transferred to
the top of the coal pillar. The Red Spot appears at the
position of the prefabricated crack, and the low-level thick
hard rock layer finally breaks here. The stress of coal pillar
and goaf edge is relatively uniform, and there is no obvious
strain concentration area. In scheme 1, with the experiment,
the stress begins to concentrate on the side of the goaf, and
the plastic zone also concentrates on the side of the goaf
near the coal pillar. The high-level strata begin to become
thick and hard in one side. There is no strain increase above
the coal pillar, and the stress is uniform and stable.

Comparison scheme 2 and scheme 4: the high position
thick hard rock layer breaks above the coal pillar, and the
low position thick hard rock layer fracture position is
different. Both of them have the phenomenon of stress
concentration above the coal pillar. The strain area is not
vertical distribution, but inclined to one side of the goaf,
The stress concentration at the edge of the goaf. When the
roof of goaf collapses, the pressure exerted by them on the
lower strata is greater.
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Comparison scheme 3 and scheme 4: the low level thick
hard rock layer breaks above the coal pillar, and the high
level thick hard rock layer breaks at different positions. In
scheme 4, the stress concentration appears above the coal
pillar, and the strain area is not vertically distributed, but
inclines to one side of the goaf. At the same time, the
phenomenon of stress concentration also appears at the edge
of the goaf. With the increase of dip angle of high-level
thick hard rock stratum, the side of coal pillar close to goaf
is still under the pressure of roof. When the roof of goaf
collapses, the pressure on the lower strata is greater.

It is known from the above that the coal pillar should be

depressurized according to scheme 3. The high level thick
hard rock is easy to fracture in roadway, and the rotary
block formed after fracture is long, which has a strong
control effect on low level thick and hard rock. The low
position thick hard rock could not resist the rotation
subsidence of the roof, and could only passively bear the
severe pressure caused by the subsidence of the high-level
thick and hard rock during the compression process. The
occurrence position of low position thick hard rock stratum,
that is, the height of low position thick hard rock layer, has
an important influence on the weighting strength of stope.
The height of the low position thick hard rock layer
corresponds to the thickness of the direct roof rock layer.
The thicker direct roof strata collapse and fall behind could
fully fill the goaf, leaving less movement space for the fault
block, and the weighting strength is relatively gentle.
According to the mechanical model shown in Fig. 15., the
rotation subsidence S, of key block B at different
positions X.
o, is used to represent the compressive stress at different
horizontal distances from the base point of the fault, the
compressive deformation Ah, of the low stand thick and
hard rock could be written as:

Ah _Uth+0xh1
xT E E,

(28)

Among them, h; and h,, are the thickness of
immediate roof and coal seam respectively; E and E;
represent the elastic modulus of coal pillar and direct roof
respectively.

The low position thick and hard rock could not prevent
the given deformation of the high position thick and hard
rock layer, and the immediate roof could not control the
rotation of the low level thick and hard rock layer.
Therefore, there is S, = 4h,, and the compressive stress
oy on the coal pillar could be obtained as follows.

[hm - (kc - 1)h1]x

(%"+g—i)LB cos ¢

T = (29)

In the case of scheme 3, the ultimate strength of coal
pillar is o, which means that the coal pillar is damaged,
and the maximum load borne by coal pillar shall not be
greater than its strength limit.

_ [hm - (kc - 1)h1]x <

= (hfm+g—1)LBcos¢ -

% (30)

5. Conclusions

Through four different fracture location schemes, the
whole process of stress state of coal pillar in different parts
of high and low thickness hard rock fracture is analyzed.
The influence of different roof fracture position on coal

pillar is obtained. The main conclusions are as follows :

* When the fracture position of the low level thick hard
rock is the same the high level thick hard rock fracture
position is above the coal pillar, the stress concentration
phenomenon above the coal pillar is obvious. The strain
area is not vertical distribution, but inclines to both sides.
When the roof of goaf collapses, the pressure on the lower
strata is greater.

* When the fracture position of high-level hard rock is
close to the side of goaf, the influence of fracture position
of low level thick hard rock on coal pillar is obvious. When
the low level thick and hard rock fracture is on the edge of
the goaf, the stress begins to concentrate to one side of the
goaf, and the plastic area also concentrates on the side near
the coal pillar. When the low level thick hard rock fracture
is above the coal pillar, the stress on the coal pillar and the
edge of the goaf is relatively uniform, and there is no
obvious strain concentration area. The dip angle of high-
level thick hard rock began to increase. There is no strain
increase above the coal pillar. Moreover, the stress is
uniform and stable.

* When the fracture position of high level thick hard
rock is above the coal pillar, the influence of the fracture
position of low level thick hard rock on coal pillar is weak.
The results show that the stress concentration above the
coal pillar and the strain area are not vertical distribution. It
is inclined to one side of the goaf, and the stress
concentration occurs at the edge of the goaf. When the roof
of goaf collapses, the pressure exerted by them on the lower
strata is greater.

* The mechanical model of coal body at the side of goaf
and side of roadway of coal pillar is established. The edge
stress of coal pillar is deduced. The calculation model of
ultimate strength of coal pillar under different broken
position state of roof is solved, and the instability criterion
of coal pillar is obtained.

* The cracks in the coal samples were increased and
enlarged during the fabrication of the experimental
specimens, and the effect of these cracks on the coal
samples was difficult to control. The method of theory to
realize the fracture location of the roof in engineering
experiments needs further study. The future research
direction should optimize the roof fracture model and
further determine the roof fracture criterion.
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