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Abstract The trajectory of the actual gas drainage
drilling often deviates from the design in the process
of gas control drilling construction, resulting in the
deviation of the drilling. The deviation may produce
blind areas of gas drainage and induces potential
safety hazards. In the present study, we use theoreti-
cal analyses and numerical simulations to study the
deviation principles of gas drainage borehole in three-
soft outburst coal seam. The following conclusions
are drawn from our new data: Considering mechani-
cal bending, geometric bending, and other factors that
affect the drilling deviation, the deviation mechanism
during the drilling process of the drilling rig has been
analyzed and we have obtained a mechanical model
of the gas drainage drilling rig under the conditions
of vertical upward, horizontal and different inclina-
tion angles. We have detected the drilling pressure
and the weight of the drill pipe as the main influenc-
ing parameters of the drilling deviation, providing a
theoretical basis for the main influencing parameters
of the deviation in the drilling process. In FLAC3d
numerical simulation experiment, the displacement
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around the borehole is limited and the borehole area
remains relatively stable and basically unchanged.
The overall stress distribution shows a layered struc-
ture that largely corresponds to the distribution of the
rock sequence. The areas of stress concentration are
mainly located in an area of a rock sequence (interlay-
ered mudstone and limestone)) with differing proper-
ties, the coal seam area, and the drilling hole location,
and the drilling hole is prone to deflection in these
areas. The drilling trajectory is mainly influenced by
geological factors, equipment factors, and human fac-
tors. We propose the combination of a drilling control
method and an inclination control method for control-
ling the influence of machine equipment and human
factors in the actual field application. The inclination
angle of the borehole deviation is controlled within a
certain range to achieve a reduction of the borehole
deviation of gas as a suitable reference value in the
engineering application.

Keywords Gas drainage in three-soft coal seam -
Deflection mechanism - Mechanical model - Drilling
trajectory - Numerical simulation - Engineering
practice

1 Introduction
In 2019, Chinese coal production accounted for about

47.4% of the global coal production, indicating the
important strategic position of coal for the economic
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development of China. Gas is the main cause of vari-
ous accidents during the mining process. Insufficient
control of the gas may cause coal and gas outburst
accidents, causing serious damage to underground
facilities, endangering the lives of underground staff,
and thus affecting the safe and efficient mining of the
coal mines (Xiong et al. 2021a, b).

Gas pre-drainage technology is one of the main
effective means to prevent coal and gas outburst.
The consistency of the gas drainage borehole and the
design borehole is the precondition to ensure safe and
efficient gas drainage. However, borehole deviation is
ubiquitous in actual engineering applications, result-
ing in an uneven distribution of the coal seam bore-
holes, dense boreholes in some areas, and string hole
phenomenon may occur during drilling. Some areas
are blind areas of drilling, and the gas stock is still
high after extraction, which may cause safety hazards
in the mining process (Shen et al. 2020). Three-soft
coal seam is a coal seam with soft roof, soft floor, and
soft coal. Joints and fissures are developed in these
coal strata, the strength is low, and its shape is eas-
ily affected by external forces (Yang and Zhang 2020;
Kong et al. 2021). In areas of three-soft coal seam
drilling, drilling deviation is specifically prominent.
Therefore, studying and understanding the principles
of the borehole deviation and controlling the extent
of the deviation can effectively reduce the described
deficiencies, so that the actual drilling trajectory and
the design drilling trajectory are combined to improve
the efficiency of gas extraction.

To achieve an efficient gas drainage, it is neces-
sary to clarify the stress distribution, the permeabil-
ity distribution around the borehole, and the effec-
tive influence radius of gas drainage. Several studies
have focused on these objectives. Some scientists
have used the Kozeny-Carman equation to establish
the gas—solid coupling mathematical model of coal
and rock, obtained the stress distribution principles
on both sides of the borehole by simulation analysis,
clarified the effective influence radius of the borehole,
and documented the applicability of the gas extrac-
tion and multi-physics coupling model in coal mines
(Tang et al. 2019). After detecting the distribution
characteristics of coal seam permeability, the set-up
of the gas drainage boreholes in protected coal seam
during protective layer mining has been optimized by
numerical simulations and field applications. Practice
and experience have shown a significant increase of
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the amount and concentration of gas drainage after
optimizing drilling arrangement (Cheng et al. 2020).
Subsequently, the three-dimensional deformation
characteristics of the borehole have been studied
experimentally by borehole stability dynamic moni-
toring device to achieve the dynamic monitoring
of the borehole stability in gas drainage (Zhao et al.
2020). To refine the evolution of the rock perme-
ability, based on the characteristics of permeability
zoning, the layout parameters of drainage boreholes
have been quantitatively analyzed by numerical
simulations, which effectively reduced the workload
of the drainage boreholes in the protective layer and
protective layer working face (Fan et al. 2021a, b).
Moreover, with progress of the drilling equipment,
directional drilling has the advantages of a control-
lable trajectory and wide coverage area. Therefore,
its use range has been gradually increased. Numeri-
cal simulation analysis can provide a suitable solution
to the problematic gas concentration overrun in upper
corner of goaf and return airway (Shang et al. 2021).
Measurement while drilling is a rock mass charac-
terization method that can be used to obtain drilling
parameters. By subjecting the data to multiple linear
regression, a holistic visualization method is derived
that relates the drilling parameters to rock mass clas-
sification and rock support requirements (Jeroen et al.
2020). Using the energy balance method and the drill-
ing process monitoring system to conduct orthogonal
tests on granite, the sensitivity of each drilling param-
eter to drilling efficiency is obtained. Base on the
gained data a reasonable selection of drilling parame-
ters can be realized (Li et al. 2020). Horizontal direc-
tional drilling technology can significantly improve
gas drainage efficiency. Based on the mechanical
properties of coal, a linear elastic drilling model has
been constrained to analyze the drilling stability and
to realize the prediction of drilling stability (Hawkes,
2007). Based on drilling stability analysis, combined
with the hole wall mud pressure model, the linear
elastic drilling model provides a basis for extending
the scope of technical application (Yan et al. 2018).
Based on the coal seam gas occurrence and flow the-
ory, and the gas radial flow differential equation, the
coal seam gas flow equation is obtained by inversion,
the borehole stress is analyzed, and the stress dis-
tribution diagram is acquired impact (Song and Xie
2011). To clarify the relationship between the number
of boreholes and the extraction time, the evolution of
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the influence radius around the borehole in the ani-
sotropic coal seam has been simulated, the elliptical
influence range of the borehole in the anisotropic coal
seam has been proposed, and the influence radius
of the borehole and the extraction time has been
obtained relationship. Application of this method can
effectively reduce the drilling costs and will increase
the coal mining output (Yue et al. 2019). To ana-
lyze the principles of the stress redistribution under
the influence of circular roadway, numerical simula-
tions on the stability of gas drainage boreholes in the
stress redistribution area have been conducted. The
model of the vertical intersection of the circular road-
way and the gas drainage borehole has been estab-
lished, and the internal friction angle and the cohe-
sion have been identified as the factors that affect the
stress distribution around the borehole (Zhang et al.
2015). For soft coal along the bed, the traditional
drilling technology has been optimized based on the
movement process of the coal body during the drill-
ing process, and the parameters, such as drilling tool
power and torque, have been adjusted. The method
can effectively improve in the engineering applica-
tion the drilling efficiency in the soft outburst coal
seam, ensuring the full coverage of gas drainage in
the working face (Cao 2021). Horizontal long drilling
on the roof is an important method of gas drainage.
Through the Discrete Element Method (DEM) and
the establishment of a mathematical model the accu-
rate positioning of the gas conduction fracture zone
has been achieved, thereby effectively reducing the
gas concentration in the goaf (Fan et al. 2021a, b). To
determine the stress in the coal body along the hole
depth during the coal seam drilling process, a three-
dimensional numerical simulation model of dynamic
coal breaking by the drill bit has been established,
and the coal body drilling process under different
coal body stress conditions has been studied. The fit-
ting relationship between the drilling parameters and
the stress in the coal body has been obtained, provid-
ing a data basis for drilling in high-stress coal seams
(Zheng et al. 2021). For the selection of the drainage
radius, numerical simulation software has been used
for the analysis. Based on the modelling a close cor-
respondence between the drainage influence radius
and the drainage period has been obtained. The find-
ings provided the base for good results in the engi-
neering applications (Xu et al. 2016). Fu et al. (2017)
divided the deflection trajectories into four categories

according to the position of the drilling offset holes.
They analyzed the extraction effects and characteris-
tics of the various types of drilling holes to provide
a basis for the optimal set-up of high-level drilling.
Aiming at the problem of drilling deflection in gas
drainage along the coal seam, theoretical analysis,
numerical simulation, and field test can be conducted
to study and analyze the deflection factors and condi-
tions of the drilling along the coal seam (Liu 2020).
At the same time, an analytic hierarchy process
(AHP) model can also be established based on geo-
logical factors, technical factors, and human effects.
The impact of each influencing factor is analyzed in
the model, and it has been concluded that the main
controlling factor that affects borehole deflection is
soft and hard inter-layers (Sun et al. 2021).
Parameters, such as gas borehole stress distribu-
tion, permeability distribution, and drainage radius,
have been investigated in several previous studies and
based on the data, some effective methods and meas-
ures for controlling borehole deflection have been
proposed. However, the deflection principles were
poorly defined by the previous studies, inhibiting a
qualitative and quantitative analysis of the deflection
principles. In the actual construction process, it can
still only rely on experience and cannot be applied on
a large scale. Specifically in the three-soft coal seam,
coal seam, roof, and floor cracks are developed, the
coal and rock mass structure are soft, and the com-
pressive strength is low. During the drilling process,
the shape of the coal seam is very easily disturbed
by external forces, resulting in the deflection of the
drilling hole and thus preventing the precise drilling
into the target area to achieve efficient gas drainage.
Therefore, we have obtained the principles of the
deflection angle of the gas drainage boreholes in line
with the actual three-soft coal seams through theoreti-
cal analysis and numerical simulations, and consider-
ing the characteristics of the three-soft strata. Then,
through the quantitative calculation of the deflection
angle of the function, the main factors affecting the
drilling trajectory are obtained. The angle can be cor-
rected in advance and in time prior to the construction
and during the drilling process to improve its effect
of the actual application, and to avoid serious deflec-
tion of the designed gas drainage boreholes, and the
occurrence of blind areas of gas drainage. Our study
will provide a basis for borehole drilling in mines
with a comparable problematic geological situation.
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2 Mechanism Analysis of Borehole Deviation
2.1 Mechanism Analysis

The main factors causing the deviation of gas drain-
age boreholes in the construction process of on-site
gas drainage boreholes can be subdivided into three
aspects: The influence of geological factors, construc-
tion technical factors, and human activities on the
working face of the gas drainage drilling site. The
change of the geological conditions is a continuous
weak modification, mainly reflected in the strata and
the thickness of the change. Technical factors, even if
mature technologies are applied to field practice, will
cause certain deviations, and some technologies may
induce inevitable technical deviations. These influ-
encing factors accumulate and affect the trajectory
of gas drainage boreholes, resulting in the deviation
of the gas drainage boreholes. Finally, human fac-
tors cause rather subjective changes. The experience
and ability of member of the construction team of
site construction is uneven and the understanding of
the equipment may be improper. These uncertainties
may easily cause the trajectory deviation of gas drain-
age borehole, which reduces the efficiency of the gas
drainage borehole.

Although the causes of borehole deviation can be
summarized from the influencing factors, the drill
pipe runs through the entire construction process,
which is necessary for the theoretical analysis of
the bending of the drill pipe. Therefore, mainly the
mechanics, geometry, and other factors affect the
analysis of the bending.

2.1.1 Mechanical Factor

The bending deformation of the force of the drilling
tool system occurs during the construction of the gas
drainage drilling rig. The resultant force in the ver-
tical direction of the drill pipe of the gas drainage
drilling rig in the drilling process can be decomposed
into three main forces, i.e., the gravity of the drill
pipe weight, the axial force acting on the drill pipe
by the propulsion pressure of the gas drainage drill-
ing rig, and the force acting on the drill bit by the
reverse force. The drill pipe will shift in the direction
of the resultant force if the three forces are not bal-
anced. Since the surface of the broken rock is uneven,
bumpy, or tooth-like and the rock hardness of the
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broken rock surface is variable, the blade of the drill
bit has a certain angle, which causes an unstable verti-
cal reaction force on the drill bit and the reverse force
will change. The drill pipe in the gas drainage bore-
hole can be regarded as a slender and elastic rod. In
case of an unstable force, it will produce a small ver-
tical deviation, resulting in the shift of the position of
the central axis of the drill pipe and the axial pressure
acting line provided by the drill rig, resulting in the
deviation of the vertical direction of the drill pipe (Yu
2020). The lateral force of the drill pipe is the contact
force between the drill bit and the rock at the bottom
of the hole diameter and the friction force between
the drill pipe and the rock at the hole wall. Like the
vertical force, the unbalanced lateral force will cause
the lateral deviation of the drill pipe, resulting in the
lateral force of the drill pipe and the slight displace-
ment of the drill pipe in the lateral direction. Tor-
sion force in the drilling process of anchor drill is the
torque of thrust pressure acting on drill pipe and rock
reverse acting on drill bit. If the torsional force of the
drill pipe is unbalanced, when the rock cut by the drill
bit is an irregular rock, the reverse torque of the drill
bit is different from the torque transmitted to the drill
pipe by the main engine. As the two equal reverse
torques are different, the drill pipe will be subject to
changing torque force, so that the drill pipe is rotated
in the process of rotation, affecting the speed of the
drill pipe. However, due to the torsional resistance
of the drill pipe, the torsional force has only a minor
effect on the deviation of the drill pipe.

2.1.2 Geometry

In the drilling process of gas drainage drilling rig
construction, the geometric deviation is mainly
caused by the measurement error of opening angle
and the performance of drilling rig equipment. In
the drilling process of drilling rig, there are mainly
on-site construction personnel to determine the
opening angle by adjusting the inclination angle of
the equipment. However, in the measurement pro-
cess, due to human subjective factors will cause the
deviation of the opening angle, and the accuracy of
the instrument has certain limitations, will cause
the deviation of the opening angle of the gas drain-
age drilling rig, resulting in the deviation of the gas
drainage drilling hole.
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2.1.3 Other Factors

During the drilling process of the gas drainage drill-
ing rig, the generated cuttings cannot be discharged
from the drilling in time. When the cuttings continue
to accumulate and block the gap between the drill pipe
and the drilling, the rotary resistance of the drill pipe
will increase, the drilling speed will be reduced, and the
drill pipe will deviate due to the radial force.

2.2 Construction of Mechanical Model
2.2.1 Horizontal Drilling Conditions

The drill pipe force model of gas drainage drilling rig
during horizontal drilling is shown in Fig. 1. Fy is the
thrust of the drilling machine. M is the rotation torque.
a is the dip angle of the rock surface. Fy is the resist-
ance of rock to the edge tooth of the bit. F, is the rota-
tional resistance. N is the support force. M, is rock face
rotary resistance moment of bit side teeth. M, is drill-
ing tool system bending moment. The radius of the drill
pipe is R and the length of the drill pipe is L, (Yang,
2017; Liu et al 2021).

Figure 1 shows that the drill pipe in the yoz plane is
forced on the Z axis F,; = Fscosa—Nsina. The bend-
ing moment of the drill pipe is M,. According to the
formula of deflection and bending moment correspond-
ing to material mechanics, the displacement and rota-
tion angle of the drill pipe on the yoz surface are:

(F,cosa—Nsina )L} M,L2
3EI 2EI

Az =

ey

Fig. 1 Horizontal drilling
condition

(a) Force model of horizontal drilling drill pipe

0 - (Fscosa—Nsinc)c)Lf N M,L,

2
yor 2EI EI @

Fg: the resistance of rock to the edge tooth of the bit,
(N), a: the dip angle of the rock surface, N: the sup-
port force, (N), Ly: the length of the drill pipe, (m),
M,: drilling tool system bending moment, (N M), EI:
anti-bending coefficient

M, = (Ncosa + Fsina)R 3)
ZF=0;FT—Ncosa—Fsina=0 4)
F.=f-N 3)

R; the radius of the drill pipe, (m), F;: the thrust of
the drilling machine, (N), F: the resultant force in the
x direction (N), f: coefficient of friction, By substitut-
ing (Eq. 3), (Eq. 4) and (5) into (Eq. 1) and (Eq. 2)
respectively, we obtain the equations:

L3(fcosa - sina) RIZ
Az:( A4 +—2 | x F; (6)

3EI(fsina +cosa) 2EI

; L*(fcosa - sina) RL, F
= +—Z ) x
yoz 2EI(f sina + cosa) = 2EI T )

Axial pressure is defined as:
Fy=Fr ®)

Fg: axial pressure provided by drilling rig.
We obtain the equations:

(b) Force Diagram of Horizontal Drilling Pipe
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Lz(fcosa - sina) RL%
Az = - +— | XF,; 9)
3EI(fsina +cosa) 2EI

) L%(fcosa - sina) RL, F
= + 2 ) x
yor 2EI(fsina +cosa) 2EI d (10)

The rotating resistance of the drill pipe is defined
as:

M
F,=—

=% (a

F,: the rotating resistance of drill pipe, M,: rock face
rotary resistance moment of bit side teeth, (N M).

The rotary resistance of the drill bit caused by
rock properties can be ignored, and the relation-
ship between axial pressure F; of drill rig and rotary
resistance moment M is expressed as:

M, = kFy (12)

k: proportional coefficient between axial pressure pro-
vided by drilling rig and rotary resistance; i: index,
i>0.

According to the formula of material mechanical
deflection and rotation angle, it becomes evident that
the displacement and rotation angle of the bit on xoy
surface caused by Fz are obtained from the equations:

kFidL?
Ax = 3REIZ (13)
kFidL "
Oxoy = SREI (14)

2.2.2 Vertical upward drilling condition

The force model of the vertical upward drill pipe and
the force diagram are shown in Fig. 2. F is the pro-
pulsive force, nW, the weight of drill pipe, W, the
weight of moving parts, M is rotation torque, and the
direction of the torque is consistent with the rotation
direction of the drill bit. N is the support force, F the
sliding resistance, F, the rotational resistance, and
the direction is opposite to the direction of rotational
torque M.

Figure 2 illustrates that the drill pipe is on the yoz
surface, and the force is Fy = F,cosa + Nsina along
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“fl
l]“’:

(b) Force diagram of vertical
upward drilling pipe

(a) Force model of vertical
upward drill pipe

Fig. 2 Vertical upward drilling condition

the y axis. The bending moment on the yoz plane is
M,.

According to the corresponding deflection and
bending moment of material mechanics, the dis-
placement and rotation angle of drill pipe on yoz
plane is:

(F,cosa + Nsina)L?  M,L2
+

Ay = 15

y 3EI 2EI (1>
F.cosa + Nsina)L?  M,L

9 o = ( S ) Z + 2~7 (16)
y 2FEI EI

M, = (Ncosa — Fsina)R (17)

ZF=0FT—W1 —nW,—Ncosa + Fsina=0
(18)
F,=f-N (19)

Fg: the sliding resistance, N: the support force, M,:
the drilling tool system bending moment, (N M),
Fy: propulsive force, nW,: the weight of the drill
pipe, W;: the weight of moving parts, M: the rotation
torque, F,: rotational resistance, M: the direction is
opposite to the direction of rotational torque.

By substituting (Eqgs. 17-18), and (Eq. 19) into
(Eq. 15) and (Eq. 16), respectively, we obtain:
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L3(fcosa + sina) ~ RLZ kFidl?
= z —Z F.—nW, — = z 26
y <3E1(f sina — cos a) * 2EI x (Fr=nW, = W) Ax 3REI (26)
(20
i 772
; L3(fcosa +sina) ~ RL, Fo W — W 0. = kAL, 27
— ——) - — XO!
yor 2EI(f sina — cos a) Y Em ) (Fr oW, = W)) ¥ 2REI

2D
Due to axial pressure, we can define:
F,=F;—nW, -W, (22)
and we get the following equations:
A L3(fcosa + sina) ~ RL. -
= +—= | x
y 3EI(fsina —cosa) 2EI d (23)

L%(fcosa + sina) RL
Oy, = | == +—Z2 | xF
yoz < 2EI(fsina —cosa)  EI d (24)

The rotating resistance of the drill pipe is defined
as:

Ml
F,=—1

=% (25)

According to the formula of deflection and rota-
tion angle of material mechanics, and (Eq. 25) and
(Eq. 12), we conclude that the displacement and rota-
tion angle of drill bit caused by F, on xoy surface are:

Fig. 3 Drilling conditions
at any angle

(a) Force model of drill pipe
with arbitrary angle

2.2.3 Drilling conditions at any angle

The schematic diagram and stress diagram of the
drill pipe under arbitrary angle drilling condition are
shown in Fig. 3. F is the propulsive force, nW, the
weight of the drill pipe, W, the weight of moving
parts, M the rotation torque, and the direction of the
torque is consistent with the rotation direction of the
drill bit. N is the support force, F the sliding resist-
ance, F, rotational resistance, and the direction is
opposite to the direction of rotational torque M.

f is the angle between the drill pipe and the shaft in
Fig. 3, hence, the angle of the inclination drilling the
body. On the y’oz’ plane, the stress of the drill pipe
along 7’ direction is Fg at L, and —(W; + nW,)cosp
at %Z The bending moment of the drilling tool system
is M,.

According to the corresponding deflection and
bending moment of material mechanics, the displace-
ment and rotation angle of the drill pipe in the drill
pipe drilling face is calculated from the equations:

(b) Force diagram of drill pipe
with arbitrary angle

@ Springer
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3
3 L
F,L3 — (W, +nW2) cosﬂ<7> ) ML

Ad 28)
3EI 2EI
3 L\’
o FL3 — (W, +nW2)cosﬁ(7) L,
Yo = 2EI EI
(29)
M, =FR (30)

B the angle between the drill pipe and the shaft, F:
propulsive force, nW,: the weight of the drill pipe,
W;: the weight of moving parts, M: the rotation
torque, V: the support force, F: the sliding resistance,
F,: rotational resistance, M: the direction is opposite
to the direction of rotational torque.

The stress along the drill pipe direction is defined
as:

D F=0Fp — (W, +nW,)cosa =N =0 31)

Fo=f-N (32)

By substituting (Eq. 30), (Eq. 31), and (Eq. 32)
into (Eq. 28) and (Eq. 29), respectively, we obtain:

kFidL?
= z (38)
3REI
) kF'dL? 39)
Yoy T IREI

2.2.4 Conclusion Analysis of Mechanical Model

Based on the above mathematical relationships of
drill pipe drilling deviation under different drilling
conditions, it is evident from the offset equations
(Eq. 9), (Eq. 13), (Eq. 23), (Eq. 26), and (Eq. 38)
that the magnitude of offset is proportional to the
coaxial force F,; during drilling. The equations for
the migration angle (Eq. 10), (Eq. 16), (Eq. 21),
(Eq. 27), and (Eq. 39) document that the magnitude
of the migration angle during drilling is also pro-
portional to the coaxial pressure F;. In addition, the
equations for the offset and the offset angle along
vy’ and surface y'oz’ (Eq. 36) and (Eq. 37) under
any angle drilling conditions indicate that the main
term of the deviation relationship is proportional to
the axial thrust F;, and the additional term of the
two equations is the deviation caused by the weight

L fRL (W, + nW,) cos pL?
Ay = (12 Y o _ Z 33
y <3EI + 55 X (Fy — (W, + nW,) cos f) SAET (33)
_(fL}? fRL} (W, 4+ nW,)cos pL,>
9y/07/ = < SEI + - X (Fp — (W, +nW,)cos f) — SEI (34)

Due to axial pressure, it follows:
F;=F; — (W, +nW,)cosp 35)

and get the following equations:

L} fRL? (W, + nW,) cos BL?
Ay = + X Fd —
3EI  2EI 24E]
(36)
L}? L? W, + nW. L2
09, = (Lo + IBLL) o, - a2 Vo) coSPL,
~ 2EI  EI 8EI
(37)

The displacement and rotation angle of drill bit on
x’oy’ plane caused by F, are:
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of the drill pipe. According these findings, the
deviation of the drilling can be reduced by control-
ling the process of the drilling rig.

3 Numerical Simulation of Drilling Trajectory
3.1 Numerical Modeling

Implementing the geological data provided by
the mine and the lithologic histogram of the area,
we established a numerical model. The model is
mainly affected by the self-weight stress. The dis-
placement boundary conditions are as follows:
At the bottom of the model, the Z axis direction
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constraint is applied on the Z=0 plane, the Y axis
direction constraint on the front and rear sides of the
model, and the X axis direction constraint on the left
and right sides of the model. Stress boundary condi-
tions: The model is mainly affected by the self-weight
stress of the buried depth of 330 m. Therefore, a ver-
tical downward load of 13 MPa is applied in the mod-
eling. The model dimension is 200 m*100 m*50 m,
and the constitutive model is a Mohr—Coulomb elas-
tic—plastic material model. According to the engi-
neering ground stress data, the roadway excavation is
conducted after the ground stress reaches equilibrium
(Xiong et al. 2021a, b). The numerical simulation
model is shown in Fig. 4.

The rock mass is a complex and diffuse system
and represents a heterogeneous anisotropic body. As
major fracture system occurs in the rock mass, it is
very difficult to accurately determine the mechanical

properties of the rocks. The parameters used in the
modeling are summarized in Table 1.

3.2 Analysis Of The Simulation Results

According to the x—x stress distribution (Fig. 5), the
maximum stress is 2.3 MPa and the minimum stress
is 1.28 MPa (Fig. 5a). The stress distribution gener-
ally shows a left and right symmetrical state, and the
stress distribution exhibits a marked layered structure.
The stress value of limestone—mudstone associations
and coal seams is larger. In the early stage of drill-
ing, a marked stress concentration area appears at the
hole opening position, which is mainly concentrated
around the borehole (Yao 2016). In Fig. 5b, the maxi-
mum stress is 2.36 MPa and the minimum stress is
1.73 MPa. The stress distribution is generally concen-
trated around the borehole, and the stress distribution

Fig. 4 Numerical Simula-

FLAC3D 5.00 |veute

tion Model ©2012 Itasca Consulting Group, Inc.

Zone
Plane: on
Colorby: Group ~ Any
mudstone 2
I mudstone 1
mudstone 2
limestone 1
limestone 2
coal seam
Sandstone
sandy mudstone 1
B soudy mudstone 2

Table 1 Rock mechanics parameters used in the modeling

Rock type Density Elastic modulus Compressive cohesion internal friction ~ poisson’s ratio
/(glem®) /10* MPa strength /MPa /MPa angle /°
sandstone 2.62 1.11 49.45 2.23 35.05 0.26
sandy mudstone 2.74 1.48 37.76 2.19 33.89 0.21
coal seam 1.97 0.89 19.5 2.07 32.05 0.25
sandy mudstone 2.74 1.48 37.76 2.19 33.89 0.21
limestone 3.94 1.86 89.5 435 38.05 0.28
mudstone 2.94 1.17 55.5 2.37 34.05 0.25
limestone 3.94 1.86 89.5 435 38.05 0.28
mudstone 2.94 1.17 55.5 2.37 34.05 0.25
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Fig. 5 Stress distribution
nephogram in x—x direction
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shows a marked layered structure. However, in the
soft and hard interbeds of limestone and mudstone,
the stress between the two boreholes and the sur-
rounding area is obviously large, and it is mainly
concentrated to the area around the borehole. An
obvious stress concentration area occurs in the open-
ing position of the borehole, and the stress concen-
tration degree increases, mainly concentrated around
the borehole. The maximum and minimum stresses
are 2.35 andl.75 MPa, respectively in Fig. S5c, and
the stress distribution still shows a striking stratifica-
tion. The stress of limestone and mudstone soft—hard
interlayering and coal seam is larger (than that of
sandstone?). An obvious stress concentration area is
developed at the opening position of the borehole,
which is mainly concentrated around the borehole.
The stress concentration area continuously expands
and is mainly distributed outside the borehole on both
sides. The area between the boreholes is small. The
soft-hard interlayers between limestone and mudstone
and the coal seam area represent strata with increased
stress. Maximum and minimum stress in Fig. 5d are
2.3 MPa and 1.28 MPa, respectively, and the stress
distribution illustrated still an overall marked layered
structure. A striking stress concentration occurs at
the drilling hole position and the extent of stress con-
centration area continuously expands with increasing
drilling depth. The limestone and mudstone soft—hard
interbedding and coal seam area are the strata with
the largest stress. The maximum and minimum
stresses in Fig. Se are 2.45 and 0.8 MPa, respectively,
and the stress distribution shows is still layered. At
the beginning of the drilling, stress concentration is
focused at the drilling hole position, and the extent of
stress concentration continues to expand with increas-
ing drilling depth. Stress concentration in the lime-
stone and mudstone soft-hard interlayering and coal
seam areas are relatively enhanced. Maximum and
the minimum stress in Fig. 5f are 2.23 and 0.2 MPa,
respectively. The stress distribution shows an overall
conspicuous layering and stress concentration at the
borehole opening position. The interlayered limestone
and mudstone soft-hard association and coal seam
area are rock strata with increased stress.

According to the diagrams, the stress distribution
shows an overall stratified distribution, which is basi-
cally corresponding to distribution of the rock types.
The maximum average stress is 2.3 MPa, and the
minimum average stress is 1.2 MPa. With the increase

of the drilling angle, the stress distribution shows an
increase at first followed by a decrease. The stress of
limestone and mudstone soft-hard interbed and coal
seam is larger. Furthermore, the stress is enhanced
in a restricted region around the drilling area and the
area of stress concentration increases gradually with
increasing depth. Regarding the problem of borehole
deviation, it is therefore necessary to mainly consider
the problem of localized stress concentration that is
caused by too dense drilling in the initial construc-
tion, which easily affects the deviation of the drilling
trajectory. An offset of the drilling trajectory at the
beginning will cause serious deviation that is difficult
to be corrected during the later drilling trajectory. In
addition, the sudden increase or decrease of stress in
the soft-hard layers of the limestone and mudstone
association, especially at the contact surface, is a
main cause for the deviation of the borehole, and in
the rock stratum of the same medium, the stress with-
out mutation is difficult to cause deviation.

According to the z—z direction stress distribu-
tion nephogram (Fig. 5), in Fig. 6a, the maximum
stress is 7.5 MPa, the minimum stress is 6.4 MPa,
the stress distribution presents left and right symme-
try, the stress distribution also shows obvious layered
state, with the increase of drilling depth, the stress
decreases gradually. In Fig. 6b, the minimum stress
is 7.4 MPa, the maximum stress is 6.4 MPa, in addi-
tion to the drilling hole area, the overall stress dis-
tribution is relatively uniform, the overall showing a
clear layered state, with the increase of drilling depth,
the stress gradually decreases, the smaller stress area
mainly appears in the area around the inner wall of
the drilling hole, the obvious stress concentration area
appears in the drilling hole position, the stress value
is large. In Fig. 6¢, the maximum stress is 7.5 MPa,
and the minimum stress is 6.3 MPa. Except in the
drilling hole area, the stress distribution is generally
relatively uniform, showing a clear layered state as a
whole. With the increase of drilling depth, the stress
gradually decreases. The smaller stress area mainly
occurs in the area around the inner wall of the bore-
hole, and there is an obvious stress concentration area
in the drilling hole position. The stress value is large,
and the stress range expands upward. In Fig. 6d, the
maximum stress is 7.4 MPa, the minimum stress
is 6.3 MPa, in addition to the drilling hole area, the
overall stress distribution is relatively uniform, show-
ing a clear layered state as a whole, with the increase
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«Fig. 6 z—z stress distribution nephogram

of drilling depth, the stress gradually decreases, the
smaller stress area mainly appears in the area around
the inner wall of the drilling hole, the obvious stress
concentration area appears in the drilling hole posi-
tion, the stress value is large, and the stress range
extends upward to both sides in Fig. 6e, the maximum
stress is 7.2 MPa, the minimum stress is 6.2 MPa, in
addition to the drilling hole area, the stress distribu-
tion is generally uniform, showing a clear layered
state as a whole, with the increase of drilling depth,
the stress gradually decreases, the smaller stress area
mainly appears in the area around the inner wall of
the drilling hole, the obvious stress concentration area
appears in the drilling hole position, the stress value
is large. In Fig. 6f, the maximum stress is 7.6 MPa,
and the minimum stress is 5.9 MPa. In addition to
the drilling hole area, the stress distribution is gen-
erally uniform, showing a clear layered state as a
whole. With the increase of drilling depth, the stress
decreases gradually. The smaller stress area mainly
appears in the surrounding area of the inner wall of
the drilling hole, and the obvious stress concentration
area appears at the location of the drilling hole, and
the stress value is large.

According to the summary of the above figure,
the stress distribution generally presents the charac-
teristics of stratified distribution, which is basically
corresponding to the distribution of rock strata. The
average maximum stress is 7.4 MPa, and the aver-
age minimum stress is 6.2 MPa, showing that the
maximum stress and minimum stress have no obvi-
ous change. The inner wall and vicinity of the form-
ing borehole are the main small stress areas. Stress
concentration occurs at the opening position, and the
area of stress concentration area gradually increases
to both sides of the higher level. Therefore, in view of
the problem of borehole deviation, it can be consid-
ered that the influence of natural stress in the vertical
direction on the borehole is small, and the borehole
deviation in the vertical direction is related to the
interaction with the rock stratum. Especially in the
position of the contact surface, the sudden increase or
decrease of the stress is the main reason for the bore-
hole deviation. However, in the rock stratum of the
same medium, there is no sudden change of the stress,
which is not easy to cause the borehole deviation.

According to the x—x direction displacement distri-
bution (Fig. 7), in the Fig. 7a, it can be seen that the
left side of the borehole with 90 degrees of inclina-
tion has a displacement in the positive direction of the
horizontal direction, and the right side of the borehole
has a displacement in the negative direction of the
horizontal direction, but the right side of the borehole
is larger than the left side, and the overall displace-
ment of the borehole is in the positive direction of the
horizontal direction. In Fig. 7b, it can be seen that the
horizontal displacement occurs around the borehole
with the inclination of 75 degrees, and the displace-
ment on the right side of the borehole is larger than
that on the left side. The displacement increases with
the increase of the depth of the borehole, and the dis-
placement in the area of the opening position changes
in the horizontal direction. In Fig. 7c, it can be seen
that the displacement occurs in the positive direction
to the horizontal direction around the borehole with
a dip angle of 60 degrees, and the displacement on
the right side of the borehole is larger than that on the
left side, and the displacement is larger in the lime-
stone—mudstone interaction layer and on the left side
of the coal seam, and the displacement changes most
in the positive direction to the horizontal direction in
the area position area. In Fig. 7d, it can be seen that
the displacement occurs in the positive direction of
the horizontal direction around the borehole with
a dip angle of 45 degrees, and the displacement is
larger in the coal seam, and the displacement changes
in the area of the opening position to the horizontal
direction. In Fig. 7e, it can be seen that the displace-
ment around the borehole with inclination angle of
30 degrees in the positive direction of the horizontal
direction changes most in the positive direction of the
horizontal direction of the displacement in the open-
ing position area. In Fig. 7f, it can be seen that the
displacement occurs in the positive direction to the
horizontal direction around the borehole with incli-
nation angle of 60 degrees, and the displacement is
large in the coal seam, and the displacement changes
most in the positive direction to the horizontal direc-
tion in the opening position area.

According to the summary of the above figure,
the displacement distribution generally presents
a positive displacement in the horizontal direc-
tion. Large displacement occurs in the interaction
layer of limestone and mudstone and in the posi-
tive direction of coal seam to horizontal direction.
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«Fig. 7 x—x displacement distribution nephogram

The displacement at the opening position changes
greatly in the horizontal direction.

According to the z—z direction displacement dis-
tribution cloud diagram (Fig. 8), it is evident from
Fig. 8a that the displacement at the opening posi-
tion of the gas drainage borehole is larger. Figure 8b
shows that with increasing drilling depth the verti-
cal displacement is upward at first, and starts to
shift downward after passing through the mudstone
layer. The displacement at the opening position
changes largely. Figure 8c to f document an upward
displacement at the opening position. With increas-
ing drilling depth the vertical displacement is down-
ward under the action of the original stress.

3.2.1 Simulation Results Subsection

(1) According to the on-site situation, a numerical
similarity simulation calculation model is estab-
lished. The analysis shows that the displacement
around the borehole is limited and that the bore-
hole area is relatively stable and remains gener-
ally unchanged.

(2) The stress distribution reveals an overall layered
structure that basically corresponds to the dis-
tribution of the rock layers. The region of inter-
layered soft and hard rocks, the coal seam area,
and the position of the drilling hole represent the
areas with enhanced stress.

(3) The minimum and maximum principal stress
concentrations around the borehole appear in the
same position. The area with the largest principal
stress difference is consistent with the stress con-
centration position, which is mainly distributed at
the rock layer interface.

(4) The stress concentration area appears locally in
the borehole, which is mainly distributed in the
area of interlayered soft and hard rocks. The large
variation of the lithological strength causes major
stress concentration and the borehole is also most
prone to deflection in this area..

4 Declination Control Technology
And Engineering Practice

4.1 Declination Control Technology

Through the analysis of the factors that cause bore-
hole deviation in gas control, geological factors, tech-
nical factors, and human factors are distinguished as
the main influencing factors of borehole trajectory
deviation. Geological factors include rock anisotropy,
variable softness and hardness of the strata, and the
bedding angle of the strata. Technical factors com-
prise construction equipment installation, drilling
tool structure, and drilling tool weight. Human factors
are the drilling methods, drilling parameters, drilling
pressure selection, and selection of the drilling speed.
The controllable and uncontrollable factors will be
classified by these influencing factors. The control-
lable factors include the installation of the construc-
tion equipment, the structure of the drilling tools,
the weight of the drilling tools, as well as the drill-
ing methods, drilling parameters, drilling pressure
selection, and drilling speed selection among the
human factors. Through these controllable factors, we
can develop specific control measures to reduce gas
drainage borehole deviation, according to the actual
situation of the site. Uncontrollable factors mainly
comprise the geological factors such as rock anisot-
ropy, soft and hard strata, and strata bedding angle.
Although these factors are the main causes for devia-
tion, they are objective factors. Therefore, consider-
ing these factors, we mainly must understand the spe-
cific geological conditions through on-site coring and
must provide some reference information for the con-
struction personnel. The main control measures are
proposed for the technical and human factors.

4.1.1 Drilling Control Method

For the strata in the easily deflected hole section, the
drilling pressure and rotational speed should be rea-
sonably selected according to the drillability of lime-
stone rock and the hardness of other rock formations,
and the hole wall clearance should be minimized to
improve the stability of the drilling tool during drill-
ing. According to the abrasiveness, softness, hard-
ness, and fragmentation of the rock strata, the drilling
technical parameters and operation technology must
be sufficiently determined, and the footage velocity
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«Fig. 8 z—z displacement distribution nephogram

must be reasonably selected. A change of the rock
stratum will likely cause the bending of the borehole.
Once the soft rock stratum approaches the hard rock
stratum, the drilling pressure decreases, and the drill-
ing pressure of the gas drainage drilling rig drops to
two-thirds of the common drilling pressure. Once the
rock stratum changes from hard to soft, the drilling
pressure of the gas drainage drilling rig drops to one-
third of the common drilling pressure. If the drilling
stratum is soft, the feed pressure is different under dif-
ferent lithology conditions. The feed pressure can be
given to about 7 MPa for the soft stratum. In contrast,
the drilling pressure is controlled at 5-6 MPa for a
hard drilling stratum.

4.1.2 Inclination Control Method

In general, the original design of the borehole defines
the inclination angle of the borehole. If the inclina-
tion angle, determined by the original design, fails the
mining requirements, the inclination angle 6 should
be changed according to the inclination angle of the
original borehole, as shown in Fig. 9 (Peng et al.
2017). According to the function formula between the
change of deviation angle A value and borehole incli-
nation angle is y:-0.00378x2+0.38812x — 5.16353,
as a reference, the pre-deviation angle is calculated
in advance to reduce the deviation of gas drainage
borehole.

4.2 Engineering Validation

4.2.1 Drilling Construction Parameters

Through the described measures, the construction
inclinometer test was conducted on five drainage
boreholes, which were constructed by drilling two
groups. The specific test drilling construction param-
eters are summarized in Table 2.

4.2.2 Gas Drilling Construction Site

Figure 10 shows the drilling site for gas drainage.

4.2.3 Inclination Data And Analysis Of Field
Engineering Application

1. Borehole deviation of S-79-5-1: The construc-
tion hole depth of S-79-5-1 is 53.25 m, and the
inclinometer hole depth is 53.25 m. The con-
struction inclination is 26.8°, the downward devi-
ation is 0.77 m, and the downward deviation is
0.52°, as shown in Fig. 11.

2. Borehole deviation of S-79-6-1: The construc-
tion hole depth of S-79—-6-1 is 56.25 m, and the
inclinometer hole depth is 56.25 m. The con-
struction dip angle is 24.5°, the downward devia-
tion is 0.19 m, and the downward deviation is
0.22°, as shown in Fig. 12.

3. S-79-7-1 borehole deviation: S-79-7-1 borehole
construction 77.25m, inclinometer 77.25m. The
construction dip angle is 22°, the downward devi-
ation is 1.39m, and the downward deviation is
1.03°, as shown in Fig. 13.

4. S-36-7-1 borehole deviation: S-36-7-1 borehole
construction hole depth 90 m, inclinometer hole
depth 90 m. The construction dip angle is 18.1°,
the upward deviation is 1.6 m, and the upward
deviation is 1°, as shown in Fig. 14.

5. S-51-3-1 borehole deviation: S-51-3-1 borehole
construction 93 m, inclinometer 93 m. The con-
struction dip angle is 15.2°, the downward devia-
tion is 0.43 m, and the downward deviation is
0.27°, as shown in Fig. 15.

6. According to the above borehole inclinometer
data, we get five groups of borehole deviation, as
shown in Table 3.

According to the inclinometer data of the five groups
of boreholes, we obtain that the average deviation angle
of the gas drainage borehole is 0.6°, the minimum devi-
ation angle of the gas drainage borehole is 0.22°, and
the maximum deviation angle of the gas drainage bore-
hole is 1.03°. The deviation angle of the gas drainage
borehole is basically controlled within a certain range,
which can fulfill the requirements of the field construc-
tion and has a major significance for the engineering
application.
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Fig. 9 Inclination control method

Table 2 Construction parameters of test borehole

5 Conclusion

By analyzing the deviation mechanism of the drilling
rig during the drilling, three main factors are recog-
nized that affect the drilling deviation: Mechanical
bending, geometric bending, and other factors. The
force mathematical model of drill pipe under different
inclination conditions has been studied and the drill-
ing pressure and the drill pipe weight are detected as
the main influencing parameters of the drilling devia-
tion, providing a theoretical basis for the controlling
drilling deviation parameters.

According to the field situation, a numerical
simulation model has been established, which docu-
ments that the displacement around the borehole is
limited, the borehole area is relatively stable, and
the deformation is basically maintained. Based on
implications from the stress distribution nepho-
gram and the displacement distribution nephogram
we conclude that the larger stress and displacement

Number Design opening position Bearing® Dip angle® Adjust the angle of Construction
back inclination® hole depth
(m)
S-79-5-1 14,205 upper bottom drainage roadway 69 30 26.8 53.25
Up point-weighted 6 outward 47.15 m

S-79-6-1 69 27 24.5 56.25
S-79-7-1 Up point-weighted 6 in 82.85 m 69 24 22 77.25
S-36-7-1 69 19 18.1 90

S-51-3-1 14,205 upper bottom drainage roadway 69 15 15.2 93

Up point-weighted 6 in 37.85 m

Fig. 10 Construction
drawings of gas drainage
boreholes on site
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Table 3 Borehole deviation

Number Drilling depth (m) Up/Down (°)
S-79-5-1 53 0.52
S-79-6-1 56 0.22
S-79-7-1 77 1.03
S-36-7-1 90 1

S-51-3-1 93 0.27

areas are predominantly area with interlayering soft
and hard rock, coal seam areas, and borehole open-
ing position, corresponding to the main areas of
borehole deviation.

The drilling trajectory is mainly influenced by
geological factors, equipment factors, and human
factors. Through the control analysis of the impact
of three types of factors on the deviation of the gas
drainage borehole, the combination of the drilling
control method and the inclination control method
is used to monitor the influence of the equipment
factors and the human factors in the actual field
application. The inclination of the borehole is con-
trolled within a certain range to reduce the devia-
tion of gas drainage borehole.
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