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In view of the variation law of water level in water injection drill between dou-
ble-system layers of hard rock strata in Datong mining zone, the failure process
and mechanism of boreholes during propulsion are analyzed by the numerical sim-
ulation and the test measurement in this paper. After the coal seam is fully mined, it
can be divided into the advanced deformation zone, the bending deformation zone
and the compaction stable zone. Borehole damage intensifies from top to bottom.
The junction of siltstone and sandy mudstone is a high-risk position. The results
are verified by the water level measurement and the borehole peeping.
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Introduction

With the application and development of shale gas, coal, oil and gas extraction and
underground coal gasification technology at home and abroad, the deformation of vertical bore-
hole and the gas leakage have brought great threats to the safety production [1, 2]. According to
related statistics, the damage of ground drilling caused by coal mining occurred in China, and
the United States, resulting in great economic losses [3, 4]. Because the boreholes are mostly
located above the working face, which are prone to various forms of deformation failure such
as shear, tilt, stratification and compression under the influence of mining [5, 6]. Therefore, it is
of great significance to carry out the in-depth study on deformation process and characteristics
of boreholes under the influence of mining [7, 8].

At present, lots of the problems in the vertical drilling failure have been done by
scholars at home and abroad [9, 10]. Peng et al. [11] studied the high-risk damage section of
ground drilling, and studied the damage mechanism through numerical simulation. Whittles et
al. [12] analyzed the failure form of borehole by studying the failure law of gas extraction bore-
hole during coal seam mining, and proposed the S-shaped model of shear deformation. Sun et
al. [13] analyzed the law of inter-layer shear slip and squeezing deformation of overlying strata,
and put forward the design basis of engineering protection measurement for drilling.

The aforementioned research results reveal the influencing factors and failure modes
of borehole, but seldom analyze the failure process, failure modes and the location of vertical
drilling in the mining process [14]. Therefore, on the basis of the relevant researches, this paper
explores the variation law of water level in water injection drill between double-system layers
of hard rock strata in Datong mining zone, and analyzes the damage process, damage form and
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damage location of the borehole during the advancement process, which are verified by test
measurement and borehole peeping.

Mining conditions

The Datong mine is located about 20 km southwest of Datong city, northeast of Datong
coalfield, 10.36 km wide from north to south of the mine field, 14.29 km from east to west, and
covering an area of 85.12 km?. The Datong coal field is a dual-series coal seam area. There are
Jurassic and Carboniferous dual-series coal seams in the mining area. This paper takes 8309
working face as the research background. The drilling histogram of 8309 working face is shown
in fig. 1. The coal seam thickness of 8309 working face is 10.8~18.00 m, and the inclined length
is 2843 m. Drill hole 1 is arranged in the middle of the mined-out area. Drill hole 2 is located
about 27 m southeast of drill hole 1.

Model establishment and numerical simulation
Establishment of numerical model

With the improvement of computational simulation technology, numerical simulation
technology has been widely employed in rock mechanics and engineering practice. The FLAC3-D
is professional software to simulate different geological materials to reach the strength limit or
yield limit [15, 16]. The mechanical behaviour of failure or plastic flow occurs at the time. It is
used to analyse the progressive failure and instability, especially the deformation failure. In order
to study the drilling failure process in Datong mining area, this paper uses FLAC3-D to carry out
the numerical simulation, and the numerical model size is designed as 900 m x 400 m % 330 m,
with a total of 124632 units. There are 100 m coal pillars left and right in the direction of the coal
seam, and 100 m coal pillars in the front and back, and a hole with a diameter of 0.2 m at 400 m.
With reference to the rock strata in fig. 1, the model diagram is shown in fig. 2.

The boundary of the numerical model is horizontally constrained by the front, back,
left, and right boundary in the displacement constraint model. The initial horizontal displace-
ment of the boundary is zero, the horizontal and vertical initial displacements of the bottom
boundary are zero, and the top boundary is a free boundary, with 8 MPa load applied on the top
boundary. The constitutive model of coal seam adopts elastic-plastic mechanical model, and its
failure criterion adopts the Mohr-Coulomb criterion and the tensile stress criterion. With refer-
ence to the rock mechanics test, the mechanical parameters of coal and rock mass in the 8309
working face is obtained in tab. 1.

Table 1. Mechanical parameters of coal and rock mass

. . Bulk Shear . Tensile Injcer_nal

LLrirlay Density, p modulus, K | modulus, G Coieten, ¢ strength, o, ilrllgcltéoz
Unit [kgm] [GPa] [GPa] [MPa] [MPa] [°]
Medium grain sandstone 2534 11.5 9.2 9.8 4.9 35
Fine sandstone 2595 14.3 12 12.8 5.2 28
Siltstone 2604 194 15.3 15.32 43 34
Gravel coarse sandstone 2527 14.6 10.07 8.88 5.73 44
Mudstone 2547 10.92 8.5 4.3 3.3 31
Coarse-grained sandstone 2540 7.68 6.23 13.091 4.053 38
Sandy Mudstone 2470 11.41 8.39 8.3 4.7 33
Coal 1426 5.4 4.0 0.89 0.46 26
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Stratum Lithology Columnar o. Thickness Burial depth Key strata location
[m] [m]
Siltstone 1 3.4 3427
Fine-grained 2| 64 346.1
Siltstone 3 8.2 354.3
Coals 14 4| 29 357.2
Siltstone 5 8.6 365.8
Sandy mudstone 6 6.5 3723
Medium-graine 7 43 376.6
Mudstone 8 42 380.8
Coarse-grained 9 3.6 384.4
Medium-graine 10, 34 387.8
Mudstone 11 9.1 396.9
Fine-grained 12| 1.6 398.5
Mudstone 13| 2.0 400.5
Jurassic Fine-grained 14| 43 404.8
Mudstone 15/ 173 422.1
Fine-grained 16| 53 4274
Siltstone 17| 277 455.1

Fine-grained 18| 2.6 457.7  |Far-field key strata
Siltstone 19, 11.7 469.4
Sandy mudstone 200 73 476.7
Fine-grained 21 3.0 479.7
Sandy mudstone 221 20 481.7
Coarse-grained 23| 6.4 488.1
Coarse sandstone 24| 4.6 492.7
Coarse-grained 25| 32 495.9
Coarse sandstone ; ; 26| 2.8 498.7
Coarse-grained i = :; 27| 55 504.2

Coarse sandstone SERERE 28| 12.7 5169  |Near-field key strata
Coarse-grained 29| 58 522.7
Coarse sandstone — 300 7.0 529.7
Mudstone T 31| 52 534.9
Sandy mudstone 32| 3.6 538.5
Coarse-grained 33 6.2 544.7
Sandy mudstone 34| 4.1 548.8
Medium-graine 35 24 551.2
Coarse-grained 36| 24 553.6
Permian Sandy mudstone 37 59 559.5
Coarse-grained 38| 3.1 562.6
Mudstone 39 6.7 569.3
Sandy mudstone 40| 1.9 5712
Coarse-grained 41 53 576.5
Sandy mudstone 42| 1.6 578.1
Coals 3-5 43 14 592.1

Carboniferous

Sandy mudstone 44| 88 600.9

Figure 1. The drilling histogram of 8309 working face
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Figure 2. Numerical simulation model diagram
Analysis of drilling failure process

In order to determine the destruction process of the borehole accurately, the changes
of the horizontal and vertical displacements of the borehole in different periods are analyzed
by the numerical simulation. The size and distribution of horizontal displacement of the bore-
hole is studied, and the size and distribution characteristics of the horizontal displacement of
the borehole are obtained. With the advancement of the 8309 working face, the upper part of
the drilling hole is slightly inclined, when the drilling hole is pushed through the working face.
The inclination is about 0~0.063 m. When the working face advances through the borehole,
the borehole begins to move violently and shift horizontally. The shifted surface is between
the coarse-grained sandstone and the sandy mudstone, just at the junction of the soft and hard
rock layers, besides, the displacement increases with the advancement of 8309 working face,
the displacement range is 0.27~0.56 m, and the displacement decreases as the height increases.

The vertical displacement of the borehole during the advancement process are also
obtained. When the working face has not advanced through the borehole, the vertical displace-
ment of the borehole is zero. The lateral displacement gradually increases. When the working
face advances 40~100 m through the borehole, the borehole has obvious vertical displacement
fluctuations. The gravel coarse sandstone (13 m thickness) at 74.7 m and the siltstone (11 m
thickness) at 123 m are separated, and the separation is about 3.2~7 m. There is obvious separa-
tion and displacement at the junction of hard and soft rock layers, and obvious separation layers
appear below thick hard rock layers.

Analysis of the characteristics of borehole failure zone

As the working face advances, the drilling failure pattern changes with the drilling po-
sition, and the drilling position during the advancement of the working face is shown in fig. 3.
According to the change of the failure mode, the area that affects the borehole is divided into
the advanced deformation area, the bending deformation area, and the compaction deformation
area. The horizontal displacement of the borehole occurs in the advanced deformation zone. At
this time, it is mainly affected by mining stress. The displacement increases with the advance-
ment distance, as shown in fig. 4(a). When the borehole is advanced to the bending-deformation
zone, the vertical distance starts to increase, but the vertical displacement between the layers
is different, and the lower displacement is much larger than the upper displacement. The de-
lamination displacement inclines to the mined-out area, and the rock layer in the same layer is
broken; besides, the borehole is compressed between the layers, as shown in fig. 4(b). When the
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Figure 3. Schematic diagram of the drilling position during the advancement
of the working face

horizontal displacement continues to increase, the layer-to-layer separation occurs, as shown in
fig. 4(c). When the borehole enters the compaction deformation zone, the borehole failure tends
to be stable, and the horizontal and vertical deformations are basically stable.
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Figure 4. Schematic diagram of drilling failure types; (a) borehole deformation,
(b) drilling necking deformation, and (c) borehole destabilization

The borehole is dominated by the inter-layer compression deformation and the in-
ter-layer compression deformation. When the borehole enters the bending deformation zone
and the compaction deformation zone, the lower collapse zone begins to collapse, and the
borehole breaks into a sinking disordered extrusion. The vertical and horizontal displacements
fluctuate violently. The horizontal displacement is the dominant factor, and the vertical dis-
placement decreases with the increasing height. The bending deformation zone is dominated by
the small horizontal displacement deformation. As the drilling process progresses, the collapse
zone fills completely and tends to be stable. The borehole deforms sharply in the bending de-
formation zone, and the degree of deformation reaches the maximum value in the compaction
deformation zone. The variation characteristics of the three belts are obviously different.

Test verification
Water level changes in the drill hole of water injection

The water level monitoring device is installed on the 1# drill hole. As shown in fig. 5, the
1# drill hole is located in the middle position, which is in the front of the 8309 working surface,
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and the initial water level moni-
toring probe is located 57.62 m
below the water level in the drill
hole of water injection.

At first, the water level is at
the slow descending stage. When
the 8309 working face is between
232.6~136.6 m away from the 1#
water level monitoring hole, the
(@ x5 water level in the drilling hole
Figure 5. The monitoring device for water level; (a) handhold descends at a rate of 0.1~0.2 m
water level monitor and (b) pressure sensor per day. At this time, the borehole
passes through the upper part of the advanced deformation area, and receives less stress in the
direction of the mined-out area, causing the drop of the water level.

Next, the water level enters the slow ascent stage. Within the range of 132.1 m from
the drilling face of the 8309 working face to 5.5 m, the drilling water level increases at a rate of
0.02~0.93 m per day. The borehole continues to be close to the mined-out area. As the distance
decreases, the borehole enters the advanced deformation zone. Near the bending-off deforma-
tion zone, the borehole is subjected to the increased squeezing force between the rock layers.

At last, the water level reaches the sudden drop stage. In the range of 5.5 m to 85.9 m
over the borehole of the 8309 working face, the water level of the borehole drops rapidly. Within
the range of 5.5~62.5 m, the borehole water level drops at a rate of 1.5~4.2 m per day, and within
the range of 62.5~72.5 m, the borehole water level drops to 18.48~25.7 m per day. At this time,
the borehole enters the bending and deformation zone, and the direction and size of the horizontal
and vertical deformation changes drastically, resulting in the delamination. A large number of
crisscross pore wall cracks appear in the borehole, and the displacement exceeds the borehole
diameter.

Borehole view

Drilling and peeping into the No. 2 borehole, as shown in fig. 6, the borehole has
been tilted and necked at the boundary between the sandy mudstone and siltstone at a distance
of 40 m from the working face, and 123 m from the coal seam. The hole is in the advanced
deformation zone, and is caused by mining stress in the direction of the gob. As the working
face advances, the mutual shearing action of sandy mudstone and siltstone leads to increased
borehole misalignment under the influence of mining stress.

Figure 6. Peep view of drilling damage; (a) borehole deformation, (b) drilling necking
deformation, and (c) borehole destabilization
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At this time, the horizontal borehole misalignment is obvious. When the working
face is advanced to 100 m through the borehole, the shearing effect between the rock layers
is intensified. Because the lower rock layer enters the collapse zone, the thick hard siltstone is
hinged to the top, resulting in severe horizontal shear and delamination at the junction of the
two rock layers above the coal layer. The location of ground drilling damage is prone to appear
at the junction of soft and hard rock formations and special locations should be protected for
this special period.

Conclusions

In the present work, the analysis results of drilling failure process by numerical simu-
lation show that the area affecting the borehole is divided into the advanced deformation area,
the bending deformation area, and the compaction deformation area. Besides, the horizontal
displacement of the borehole occurs in the advanced deformation zone, the borehole deforms
sharply in the bending deformation zone, and the degree of deformation reaches the maximum
value in the compaction deformation zone. Due to the changes of the water level and peep view
in the drill hole of water injection in site test, the mutual shearing action of sandy mudstone
and siltstone leads to increased borehole misalignment under the influence of mining stress, the
internal-hole dislocation and separation failure are the key factors in the fracture zone, and the
location of ground drilling damage is prone to appear at the junction of the soft and hard rock
formations.
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