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During the pore-forming stage of floor heave treatment, the phenomenon of gravel sediment accumulation in the bottom hole often occurs,
which causes great difficulties in the normal installation of the anchor cable. Based on this observation, a new anchor cable installation
method was proposed, which involves installing a drill bit at the front end of the anchor cable to assist its drilling. With the help of an anchor
cable drilling test bench, the influence of the bit, motion parameters, and hole environment on the performance of anchor cable drilling was
studied. Through the co-simulation of the discrete element method (i.e., multibody dynamics (DEM-MBD)), the drilling process of the bit anchor
cable was simulated, and the dynamic characteristics of the bit anchor cable drilling in the bottom hole gravel sediment were analysed. The
results show that installing a drill bit in front of the anchor cable can greatly reduce the drilling resistance and hamper torque during anchor
cable drilling. When the rotational direction of the bit anchor cable is consistent with the spiral direction of the anchor cable, the bit anchor
cable can exhibit better drilling performance. The drilling resistance and hindering torque of the bit anchor cable are the largest when drilling
in soaked particles, followed by drilling in dry particles, and the smallest occurs when drilling in moist particles. The research results can
provide reference for the parameter setting of anchor cable auxiliary installation equipment.
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Highlights

* A method of bit anchor cable installation applied to gravel environment in hole was proposed.

*  The experiment proved the feasibility of drilling the gravels in the hole with bit anchor cable.

*  The clockwise rotation was beneficial to drilling of bit anchor cable.

*  Rotational speed, moist particle, large particle diameter and regular shape gravel played an active role in bit anchor cable

drilling.

O INTRODUCTION

The stability control of soft rock roadways has always
been a technical problem in coal mine production
and construction, especially with floor heave in the
nonlinear large deformation control of soft rock
roadways [1] to [3]. Floor heave will reduce the
section size, hinder normal transportation, impede
ventilation, and easily cause safety accidents in the
roadway. Floor heave seriously restricts the safety and
efficiency of coal mining [4] to [6].

As shown in Fig. 1, the main method used to
solve the problem of roadway floor heave involves
using an anchor cable to directly control the floor to
maximize the radial stress of the floor rock mass [7]
to [9]. However, due to the complexity and uncertainty
of the floor rock mass, the phenomenon of hole wall
instability often appears in the pore-forming stage,
resulting in the accumulation of gravel sediments
in the bottom hole. This sediment accumulation
will greatly hinder the normal installation of anchor
cables. At present, the main solution to this problem

is the manual installation of anchor cables, which
manually control the installation path of the anchor
cable so that it can be installed close to the bottom
of the borehole. However, the front end of the anchor
cable is blunt, giving it a large installation resistance
and low installation efficiency. In order to improve the
installation efficiency of the anchor cable in the hole,
auxiliary installation equipment of anchor cable was
designed, as shown in Fig. 4, and a new installation
method for anchor cables in the hole by installing a
drill bit at the front end of the cable was proposed.
Using numerical calculation, Lin et al. [10]
comparatively analysed the variation characteristics
of anchor cable structure displacement under static
conditions. Li and Li [11] proposed a new pressure-
type anchor cable with a precast anchor head. Tao et
al. [12] established the nonlinear thermomechanical
coupling analysis model of the finite element structure
of constant resistance by using ANSYS software. Shi
et al. [13] and [14] predicted the law of the anchoring
force loss through the established coupling calculation
model. Yang et al. [15] studied the variation of anchor
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cable tension by monitoring the tensile behaviour of
the selected anchor cable. Wang et al. [16] studied
the mechanical properties of the anchor cable under
the tension-torsion coupling effect by using the
established three-dimensional computational model.
Through the established seabed model, Sun et al. [17]
explored the relationship between the normal seabed
friction coefficient and the anchor cable tension. At
present, most of the research performed on anchor
cables focuses on their properties and applications.
There are relatively few studies on the installation of
anchor cables in gravel sediments in bottom holes.
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In 1971, Cundall first proposed an analysis
method for discrete particles based on molecular
dynamics theory [18] to [20]; the method then
gradually developed into the discrete element method
(DEM) [21] to [23]. The DEM method can construct
the particle environment of a discrete material and
can analyse the motion law of the particle under an
external force [24] to [26]. However, the existing DEM
software is weak in the mechanical analysis of the
geometry in particles. This problem can be solved with
the discrete element method and multi-body dynamic
method (DEM-MBD) co-simulation. The DEM-MBD
co-simulation is presently widely used in particle
dynamics analysis [27], particle breakage experiment
[28], and mechanical property analysis [29].

b)

To explore the dynamic characteristics of drilling
an anchor cable in the gravel sediments of bottom
holes, an anchor cable drilling experiment was carried
out with and without a drill bit by using the designed
anchor cable drilling test bed. The gravel drilling
experiments were performed using different motion
parameters, hole diameters, particle humidity, and
particle types to obtain the dynamic characteristics
of bit anchor cable drilling under various conditions.
Additionally, DEM-MBD co-simulation was used to
simulate the drilling process of the bit anchor cable in
the gravel sediments of a bottom hole, and the motion
law of the gravel particles in the hole was obtained
by drilling the bit anchor cable under different motion
parameters.

The present research solves the difficulty of
anchor cable installation caused by the accumulation
of gravel in the hole. The anchor cable auxiliary
installation equipment can solve the problems of the
low efficiency and high cost of manual installation
of anchor cable. The effect of the bit anchor cable on
the motion of discrete particles is revealed by DEM-
MBBD. It is proved that the drilling process of the bit
anchor cable is also a process in which the stable
structure of gravel is constantly broken and rebuilt.
The favourable factors of bit anchor cable installation
in the environment of gravel accumulation in the hole
have been determined: bit anchor cable clockwise
rotation, low forward speed, high rotational speed,
moist gravel particles, particle diameter 10 mm to 13
mm and regular particle shape.

1 SIMULATION MODELS AND TEST
1.1 Simulation Model

The Hertz-Mindlin (no-slip) contact model is the
most commonly used model in discrete element
simulation. This model has the benefits of high
accuracy and high computational efficiency. DEM-
MBD is a common method for simulating the motion

The reaction force of the particle
group on the geometry

»
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Fig. 2. Simulation mode; a) Hertz-Mindlin (no-slip) contact model, and b) DEM-MBD co-simulation model
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of geometry in discrete particles [27] and [29]. The
schematic diagram of DEM is shown in Fig. 2a. The
co-simulation diagram of DEM-MBD is shown in
Fig. 2b. The contact forces between particles include
the normal contact force, tangential contact force and
friction force. The dynamic system of normal contact
force and tangential contact force is a spring-damping
system. In DEM, it is assumed that the gravel pieces
have the same diameter and will not be damaged or
deformed under the action of external forces. In MBD,
it is assumed that the anchor cable is a rigid body. The
anchor cable will not bend and change its motion state
under the action of external forces.

In Fig. 2 P; is the discrete particle with radius
R;; P; is the discrete particle with radius Rj; F; is the
tangential contact force, [N]; £, is the normal contact
force, [N]; K is the tangential elastic coefficient; K, is
the normal elastic coefficient; ¢, is tangential damping
coefficient; ¢, is the normal damping coefficient; x is
the friction coefficient; J, is the overlap width of the
particles, [m]; J, is the overlap length of the particles,
[m].

When gravel sediments accumulate at the bottom
of the hole, the most common solution is manual
installation. The installation path of the anchor cable
is manually controlled so that the anchor cable can be
installed near the bottom of the borehole. However,
manual installation has its shortcomings because the
front end of the anchor cable is blunt, the installation
resistance of the anchor cable is large, the installation
efficiency is low, and the technique is labour-intensive.
Based on these disadvantages, a new anchor cable

The second

installation method was proposed, in which a drill bit
was installed at the front end of the anchor cable so
that the bit could assist the anchor cable drilling. The
constructed simulation model of the bit anchor cable
drilling into the bottom hole gravels is shown in Fig.
3.

Forward

Rotational speed v

speed n

Fig. 3. Simulation model of drilling bottom hole gravel
with a bit anchor cable

Table 1. The parameters of DEM [27]

pg G noous u

[kg/m3] [GPa] S R

Gravel 2700 029 11 Gravel - Gravel 0.62 0.74 0.2
Anchor Gravel —

cable 7801 029 8.02 Anchor cable 0.42 049 0.25

The clamping driveline

Synchronous
belt wheel

The rotary system

Anchor cable

gear

The second
pneumatic motor

Fig. 4. Anchor cable auxiliary installation equipment

Study on the Dynamic Characteristics of Bit Anchor Cable Drilling in the Gravel Sediments of a Soft Rock Bottom Hole 5



Strojniski vestnik - Journal of Mechanical Engineering 69(2023)1-2, 3-16

= LTS

i pu o)
. _4 e

Current transducer f DHDAS system
. {

: B |/
Signal acquisition instrument " J
y

A\

|4l LN

Gravel
cylinder

Lead-screw

Pressure
sensor
% .

80 mm

120 mm 160 mm 240 mm

Fig. 5. Anchor cable drilling test bed

In Table 1 p is the density, o is Poisson’s ratio, G
is the shear modulus, 7 is the coefficient of restitution,
ug is the coefficient of static friction, and uy is the
coefficient of rolling friction.

1.2 Test Bed

In order to improve the installation efficiency of
the anchor cable in the hole, auxiliary installation
equipment for the anchor cable was designed, as
shown in Fig. 4; a new installation method of an anchor
cable in a hole by installing a drill bit at the front end
of anchor cable was proposed. The core system of the
auxiliary installation device is the clamping driveline
and the rotary system. The clamping of the anchor
cable was realized using a cylinder, and the rotary
drilling of the anchor cable was realized with two
pneumatic motors.

According to the movement characteristics of the
anchor cable when drilling in the gravel sediments of
the bottom hole, the main structure of the anchor cable
drilling test bed is shown in Fig. 5. The lead screw
was driven by Motor 1 to rotate, thereby causing
the vertical movement of Motor 2 and the anchor
cable. The anchor cable clamp was driven by Motor
2 to rotate the anchor cable. Motor 1 and Motor 2

cooperated with each other so that the anchor cable
could be drilled in the gravel in the bottom hole.

There were five kinds of gravel cylinders in total,
and the diameters of the holes were 80 mm, 120 mm,
160 mm, 200 mm and 240 mm. The sensor signals
of the current transducer and pressure sensor were
input into the DHDAS dynamic signal acquisition
and analysis system through a signal acquisition
instrument. The sampling frequency of the system
was 1000 Hz.

2 EXPERIMENT AND SIMULATION

Because the drilling depth and hindering torque of the
anchor cable could not be measured directly through
the experiment, the original data collected needed
to be processed again. The current of Motor 2 could
be collected through the current transducer, and the
torque of Motor 2 could be obtained through Eq. (1).
The torque of Motor 2 was also the total torque of the
anchor cable. The drilling depth of the anchor cable
could be obtained from Eq. (2), and the obstruction
effect of gravel particles on the anchor cable could be
obtained from Eq. (3).

_9550R _ 9.55\3UI _
n

T 08¢, (M

where T is the motor torque, [N-m]; P; is the power,
[W]; n is the rotational speed of Motor 2, [rpm]; U
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is the voltage, [V]; [ is the current, [A]; cose is the
power factor.
n
h=Pt, —,
2°1 60
where 7 is the drilling depth of the anchor cable, [m];
P, is the screw pitch of the lead screw, [m], and ¢# is
the running time of Motor 1, [s].

@

I'=T -1, 3

where T is the Motor 2 torque when the drill bit just
touches the particle, [N-m].

2.1 Feasibility Study on Gravel Sediments Drilling with Bit
Anchor Cable

To explore the influence of a drill bit installed on the
front end of an anchor cable on drilling the gravel
sediment in a bottom hole, gravel drilling experiments

Counterclockwise rotation of anchor cable without bit
Clockwise rotation of anchor cable without bit
Clockwise rotation of bit anchor cable

2500

2000

Drilling resistance F [N]
S &
S S

500 A

0.3 0.4 0.5 0.6

a) Drilling depth / [m]

b)

of an anchor cable with and without a drill bit were
performed. The forward speed of the anchor cable was
0.01 m/s and the rotational speed was 60 rpm. The
hole diameter of the gravel cylinder was 160 mm, and
the diameters of the gravel sediments were 3 mm to 6
mm. The experimental results are shown in Fig. 6.

Fig. 6 shows that installing a drill bit at the front
end of the anchor cable can greatly reduce the braking
effect of gravel particles on anchor cable drilling. Fig.
6a shows that at the same drilling depth, the drilling
resistance of the anchor cable without a drill bit is
the largest when it rotates counter-clockwise, and the
drilling resistance of the anchor cable with a drill bit is
the smallest when it rotates clockwise.

Fig. 6b shows that when the drilling depth is less
than 0.2 m, the hindering torque by counter-clockwise
rotation of the anchor cable without a bit is the largest,
the clockwise rotation of the anchor cable without a
bit is the second largest, and the clockwise rotation of

Counterclockwise rotation of anchor cable without bit
504 Clockwise rotation of anchor cable without bit
Clockwise rotation of bjt anchor cable
~E 40 +
&
~
)
2.304
-
8
2
‘5 204
(5]
=]
g
jan)
10
0 T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Drilling depth / [m]

Fig. 6. Comparison diagram of anchor cable drilling; a) drilling resistance, and b) hindering torque

Pull out the
anchor cable
when
h=0.18m

Fig. 7. Drilling process during clockwise rotation of anchor cable without bit
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the anchor cable with a bit is the smallest. However,
when the drilling depth was greater than 0.2 m, the
hindering torque by the clockwise rotation of the
anchor cable without a bit increased rapidly. When
the drilling depth was 0.21 m, the hindering torque
reached 24 N-m. When the drilling depth was 0.25 m,
the hindering torque reached the maximum value of
46 N-m, and Motor 2 stopped rotating directly under
this torque.

The drilling process of clockwise rotation of the
anchor cable without a bit is shown in Fig. 7. Because
the anchor cable has a specific spiral structure, when
the rotational direction of the anchor cable was
consistent with the spiral structure direction of the
anchor cable, the spiral structure of the anchor cable
would be untied under the action of an external force,
which would cause a rapid increase in the hindering
torque.

According to the results, when the anchor cable
without a bit rotated clockwise to drill the gravel
sediments in the bottom hole, the spiral structure of
the anchor cable was damaged, which led to a rapid
increase in the hindering torque. Although the anchor
cable without a bit could complete the gravel drilling
in the bottom hole by rotating counter-clockwise, the
resistance of the anchor cable drilling was significant
in the process. After the bit was installed at the front
end of the anchor cable, the drilling resistance and
hindering torque could be greatly reduced. Therefore,
the follow-up study focused on the dynamic
characteristics of bit anchor cable gravel drilling.

Clockwise rotation, n = 120 rpm
= = == Counterclockwise rotation, # = 120 rpm
Clockwise rotation, n = 180 rpm
= = = = Counterclockwise rotation, # = 180 rpm
Clockwise rotation, n = 240 rpm

1400 A

1200 A

1000

= = = = Counterclockwise rotation, n = 240 rpm
Clockwise rotation, 7 = 300 rpm

- = = = Counterclockwise rotation, # =300 rpm

Drilling resistance F [N]

800 4
600
400
200
0 _—'—r T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
a) Drilling depth / [m]

2.2 Influence of the Motion Parameters on the Dynamic
Characteristics of Bit Anchor Cable Drilling

The process of drilling the gravel sediment in the
bottom hole with the bit anchor cable primarily used
two movements: the forward movement in the vertical
direction and the rotary movement around the anchor
cable. Because the anchor cable has a specific spiral
structure, exploring the influence of the rotational
direction and rotational speed on its drilling dynamic
characteristics is vital.

2.2.1 Rotational Direction

To explore the influence of the rotational direction on
the drilling dynamic characteristics of the bit anchor
cable, drilling experiments were carried out under
different rotational directions. The inner diameter of
the gravel cylinder used in the experiment was 160
mm, the diameters of the gravel sediments were 3 mm
to 6 mm, and the forward speed of the bit anchor cable
was 0.02 m/s.

Because gravel particles have a certain fluidity,
the drilling resistance and hindering torque during
bit anchor cable drilling have a certain fluctuation.
To facilitate a comparative analysis of the drilling
resistance and hindering torque in different rotational
directions, Savitzky—Golay smoothing was performed
on the curves. Experimental curves after processing
are shown in Fig. 8. Fig. 9 shows the average values
of the drilling resistance and hindering torque in
different rotation directions at drilling depths of 0.5 m
to 0.55 m.

Figs. 8 and 9 show that with increasing drilling
depth, the drilling resistance and hindering torque of
the bit anchor cable during clockwise and counter-

'
351 Clockwise rotation, 7 = 120 rpm H .
Counterclockwise rotation, n =120 rpm ’: H
304 Clockwise rotation, n = 180 rpm ! :' ,
E = === Counterclockwise rotation, # = 180 rpm ]
Z 25 —— Clockwise rotation, # = 240 rpm '-' Y
: - === Counterclockwise rotation, n =240 rpm ! ;":'
° Clockwise rotation, n =300 rpm i
2204 -=-=- Counterclockwise rotation, 7 =300 rpm e
g {If
on
8
Bt
)
=)
g
T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
b) Drilling depth 4 [m]

Fig. 8. The drilling curve of bit anchor cable; a) drilling resistance diagram, and b) hindering torque diagram
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clockwise rotation increased gradually. At the same
rotational speed, clockwise rotation was less hindered
by particles. The drilling resistance during clockwise
rotation of the bit anchor cable was much less than
that of counter-clockwise rotation. When the drilling
depth was 0.5 m to 0.55 m, the drilling resistance
under clockwise rotational speeds of 120 rpm, 180
rpm, 240 rpm and 300 rpm was 36.5 %, 52 %, 43.6
% and 34.9 % lower than that of counter-clockwise
rotation, respectively. This phenomenon was caused
by the spiral structure of the anchor cable.

300 I Drilling resistance of clockwise rotation 2
[ Hindering torque of clockwise rotation

B Drilling resistance of Counterclockwise rotation
27 Hindering torque of Counterclockwise rotation

10
4004

T
=)

Hindering torque 7 [N-m]

300

200

Drilling resistance F [N]

100

-0

120

180 240 300
Rotational speed » [rpm]

Fig. 9. Average value of drilling resistance and hindering torque at
0.5mto0.55m

To explore the influence of the anchor cable
spiral structure on gravel particle movement during bit
anchor cable drilling, the simulation model in Fig. 3
was numerically simulated by using DEM-MBD co-
simulation. When the forward speed was 0.02 m/s,
the bit anchor cable rotated clockwise at 120 rpm, 240

600 4 Clockwise rotation, 7 = 120 rpm I
~— - = Counterclockwise rotation, » = 120 rpm I'
Clockwise rotation, » = 240 rpm
Z — - = Counterclockwise rotation, » = 240 rpm ‘/ i
= Clockwise rotation, #» = 360 rpm A
° — - = Counterclockwise rotation, 7 = 360 rpm Su |
8400 1 h
g
S
(2}
7]
9]
Y
g
= 200
=]
a
0 T T T T T T
0.0 0.1 02 0.3 0.4 0.5
a) Drilling depth 4 [m]

b)

rpm and 360 rpm and counter-clockwise at 120 rpm,
240 rpm and 360 rpm to simulate the drilling of gravel
sediments in a bottom hole. The drilling resistance
curves after Savitzky-Golay smoothing are shown in
Fig. 10a. When the bit anchor cable was drilled at a
forward speed of 0.02 m/s and a rotational speed
of 240 rpm, the comparison of drilling resistance
between the simulation and experiment is shown in
Fig. 10b, and the comparison of the fitting slope is
shown in Table 2.

Table 2. The fitted slope of drilling resistance

Condition Rotational direction Slope Ky/K,
Experiment Clockwise rotation K, = 2221 19
Simulation Clockwise rotation K>, =267.3
Experiment  Counter-clockwise rotation K, = 310.1 16
Simulation Counter-clockwise rotation K, = 491.3

It can be seen that although the simulation drilling
resistance was generally larger than the experimental
drilling resistance, the changing trend of drilling
resistance was the same under different drilling
depths, different rotational directions, and different
rotational speeds. Therefore, the variation rule of
drilling resistance in the process of bit anchor cable
drilling was adequately explained through DEM-
MBD co-simulation.

Fig. 11 is a motion vector diagram of gravel
particles around the anchor cable under different
rotational directions when the drilling depth reached
0.4 m. It can be clearly seen that when the rotational
direction of the anchor cable was clockwise, the
rotation of the anchor cable would give an oblique
upward thrust to the surrounding particles. When the

1
- = - Simulation,counterclockwise, n = 240 rpm !
400 '

Experiment, counterclockwise, #» =240 rpm
— - - Simulation,clockwise, n = 240 rpm f
Experiment,clockwise, n = 240 rpm [

3004 S

200 4

Drilling resistance F [N]

100

0 -
0.0 0.1 0.2 0.3 0.4 0.5
Drilling depth / [m]

Fig. 10. Drilling resistance simulation curve; a) different rotational directions and rotational speeds,
and b) Comparison of simulation and experiment
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rotational direction of the anchor cable was counter-
clockwise, the rotation of the anchor cable would
give an oblique downward thrust to the surrounding
particles.

When the anchor cable gave the gravel particles
an oblique upward thrust, the anchor cable was
subjected to the oblique downward reaction force of
the gravel particles, so the drilling resistance of the
bit anchor cable was reduced. When the anchor cable
gave the gravel particles an oblique downward thrust,
the anchor cable was subjected to the oblique upward
reaction force of the gravel particles, so the drilling
resistance of the bit anchor cable was increased.

From the above results, it can be seen that
clockwise rotation of the bit anchor cable could
greatly reduce the drilling resistance and hindering
torque during drilling compared to counter-clockwise
rotation of the bit anchor cable. Therefore, in the
following experiments, the rotational direction of the
bit anchor cable was clockwise.

2.2.2 Rotational Speed

Fig. 8 shows that with increasing drilling depth, the
drilling resistance and hindering torque of the bit
anchor cable increased slowly at first and then rapidly.

10

The drilling resistance and hindering torque of the
bit anchor cable were inversely proportional to the
rotational speed. It can be seen from Fig. 9 that the
average drilling resistance and the average hindering
torque of the bit anchor cable at the clockwise
rotational speed of 300 rpm were 62.7 % and 43.1 %
lower than those at the clockwise rotational speed of
120 rpm.

Figs. 1la and c¢ show that with increasing
rotational speed, the number and velocity of particles
moving upward gradually increased so that the
downward thrust of particles to the anchor cable spiral
structure gradually increased. Therefore, the drilling
resistance of the bit anchor cable in Fig. 8a gradually
decreased with increasing rotational speed.

When the bit anchor cable was drilled to the
bottom hole at a forward speed of 0.02 m/s, the
velocity vector of gravel sediment was shown in Fig.
12. With the increase in the rotational speed of the bit
anchor cable, the particle movement of the gravel in
the bottom hole became increasingly intense. When
the rotational speed reached 240 rpm and 360 rpm,
the particles with velocities greater than 0.024 m/s
presented an obvious spiral distribution, and their
rotational direction was consistent with the rotational
direction of the bit anchor cable.
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Fig. 12. Velocity vector diagram of gravel in the bottom hole at different rotational speeds;
a)n=0rpm, b)n =120 rom, ¢) n = 240 rpm, and d) n = 360 rpm

Therefore, when the bit anchor cable rotated
in the gravel sediments of the bottom hole, the bit
anchor cable could stir the gravels, and the faster the
rotational speed was, the more obvious the stirring
effect. The stirring effect of the bit anchor cable on
gravel particles can reduce the drilling resistance in
the process of bit anchor cable drilling and allow for
uniform mixing of the anchoring agent in the gravel
sediments of the bottom hole in the later stage.

2.3 Influence of Particle Moisture on the Dynamic
Characteristics of Bit Anchor Cable Drilling

2.3.1 Moist Particles

In the actual installation process of the anchor cable,
the gravel in the hole was not completely dry, so to

24009 Dry particle, n =120 rpm .
==+ Moist particle, n = 120 rpm !
— | = Dry particle, n= 180 rpm i
EZOOO —-=+ Moist particle, n = 180 rpm !
59 Dry particle, 7 =240 rpm ,'
8 1600 4 Moist particle, 7 = 240 rpm i
g —— Dry particle, » =300 rpm ,' ]
A =-=- Moist particle, n = 300 rpm ii
= 1200+ 1!
on !l
g i
=) L
= i i
A 800 i
400 4
0 T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
a) Drilling depth /4 [m]

make the experimental environment closer to the
real working conditions, drilling experiments were
carried out on gravel particles with different moisture
contents. The forward speed of the bit anchor cable
was 0.025 m/s, and the gravel state was 3 mm to 6
mm particle after 12 h immersion. After Savitzky-
Golay smoothing, the drilling resistance and hindering
torque of the bit anchor cable when drilling in moist
gravel particles were found, and the values are shown
in Fig. 13.

Fig. 13 shows that, at the same rotational speed,
the drilling resistance and hindering torque of the bit
anchor cable when drilling in moist gravel particles
were smaller than the values obtained when drilling in
dry gravel particles. The reason for this phenomenon
was related to the water molecules on the surface of the
gravel particles. When the gravel particles were moist,

Fig. 13. Dynamic characteristic curve of moist gravel drilling; a) drilling resistance; b) hindering torque
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a large number of water molecules were attached to
the surface of the gravel particles, and then water film
formed on the surface of the gravel particles, which
reduced their surface friction coefficient. Thus, the
drilling resistance and hindering torque of the bit
anchor cable were reduced.

Fig. 13b shows that the hindering torque of the
bit anchor cable drilling at 120 rpm in moist gravel
particles was lower than that of drilling at 300
rpm in dry gravel particles. Therefore, in practical
work, we can reduce the difficulty of bit anchor
cable installation by improving the humidity of the
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gravel sediment, and the effect is more obvious than
increasing the rotational speed of the bit anchor cable.

2.3.2 Soaked Particles

To further explore the influence of particle humidity
on the dynamic characteristics of bit anchor cable
drilling, gravel drilling was carried out on gravel
particles completely soaked in water. Fig. 14 shows
the drilling experiment diagram of soaked particles.
The diameters of the gravel particles were between 6
mm to 9 mm, and the forward speed of the bit anchor
cable was 0.025 m/s. The drilling resistance and
hindering torque of the bit anchor cable are shown in
Fig. 15.

Fig. 15 shows that when the rotational speed was
the same, the drilling resistance and hindering torque
of the bit anchor cable when drilling in soaked particles
were greater than those values found when drilling
in dry gravel particles. When the particle diameters
were 6 mm to 9 mm, the drilling resistance of the bit
anchor cable when drilling in soaked particles at 300
rpm was higher than the drilling resistance obtained
when drilling in dry particles at 120 rpm, which is
substantially different from the trend found when
drilling in moist gravel particles.

The reason for the above phenomenon relates to
the amount of water in the hole. When there was less
water in the hole, the friction coefficient between the
gravel particles could be reduced by water attaching
to the surface of the particles, and then the drilling
resistance and hindering torque of the bit anchor
cable could be reduced. However, when there was too
much water in the hole, the excessive water hindered
the movement of gravel particles and increased the
drilling resistance and hindering torque of the bit
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Fig. 15. Dynamic characteristic curve of soaked particle drilling; a) drilling resistance; b) hindering torque
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anchor cable. Therefore, excessive water in the hole
should be avoided during bit anchor cable drilling;
otherwise, the drilling resistance and hindering torque
of the bit anchor cable will be significantly increased.

Fig. 15 shows that when the bit anchor cable
was drilled in the soaked particles at a rotational
speed of 300 rpm and the drilling depth reached 0.5
m, the drilling resistance and hindering torque of the
bit anchor cable increased significantly. The drilling
resistance was 446 % and the hindering torque was
400 % of 0.4 m. When the bit anchor cable was
drilled, the stable structure of the gravel particles was
constantly rebuilt and broken. Drilling depths of 0.4 m
to 0.6 m fully reflected the process. When the drilling
depth was 0.4 m to 0.5 m, the stability of the whole
particle begins to reorganize, and when the drilling
depth reached 0.5 m, the whole particle reached a
stable state. 0.5 m to 0.6 m was a process in which the
stable state of particles was gradually broken. In this
process, the sound of friction between bit anchor cable
and gravel was very obvious.

2.4 Influence of Particle Type on the Dynamic
Characteristics of Bit Anchor Cable Drilling

2.4.1 Particle Diameter

Due to the different rock strata, the types of gravel
sediment in different areas are also quite different. As
shown in Fig. 16, different types of gravel particles in
different areas were collected, with gravel diameters
of 3 mm to 6 mm, 6 mm to 9 mm, and 10 mm to
13 mm. Then, the bit anchor cable was used to drill
different types of gravel particles at a forward speed
0f 0.025 m/s. The influence of the particle diameter on
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the drilling resistance and hindering torque of the bit
anchor cable is shown in Fig. 17. The diameter of the
gravel cylinder was 160 mm.

Particle diameter
10 to 13 mm

Particle diameter
6 to 9 mm

Particle diameter
3 to 6 mm

Fig. 16. Gravel particles of different diameters

Fig. 17 shows that at the same rotational speed,
with increasing gravel diameter, the drilling resistance
and hindering torque of the bit anchor cable gradually
decreased, and when the gravel diameter changed
from 3 mm to 6 mm to 6 mm to 9 mm, the reduction
in the drilling resistance and hindering torque of the
bit anchor cable was much higher than that when the
gravel diameter changed from 6 mm to 9 mm to 10
mm to 13 mm. The relationship between the diameter
of gravel particles and the drilling resistance and
hindering torque of the bit anchor cable was not a
simple linear inverse ratio. Therefore, in real-world
scenarios, when the diameter of the gravel in the
hole is small, it is necessary to further improve the
rotational speed of the bit anchor cable to ensure the
same drilling efficiency.

2.4.2 Particle Shape

The gravel sediment in the bottom hole is not only
different in diameter but also in shape. To explore
the influence of particle shape on the dynamic
characteristics of bit anchor cable drilling, drilling

Fig. 17. Dynamic characteristic curve of the bit anchor cable drilling under different particle diameters;
a) drilling resistance, and b) hindering torque
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experiments were carried out on the particles in Fig.
18 at a forward speed of 0.025 m/s. The experimental
results following Savitzky-Golay smoothing are
shown in Fig. 19.

Regular particle with
diameter of 6 to 9 mm

Irregular pz;rticle with
diameter of 6 to 9 mm

Fig. 18. Gravel particles of different shapes

Fig. 19 shows that under the same rotational
speed, the drilling resistance and hindering torque of
the bit anchor cable when drilling in regular gravels
were less than those when drilling in irregular gravels.
When the shape of the particle was more regular,
the rolling friction coefficient of the particle was
smaller. In the same external environment, its motion
state was easier to change, and it was easier to roll.
Therefore, when the bit anchor cable was drilling in
regular particles, the number of particles with rolling
friction between the particles and the bit anchor cable
was greater, and the number of particles with sliding
friction was lower. As a result, drilling in regular
particles was less difficult than drilling in irregular
particles.

At the same time, the influence of the particle
shape on the drilling resistance and hindering torque
of the bit anchor cable decreased gradually with
increasing rotational speed. Therefore, when the
particle shape in the hole is irregular, the influence
of particle shape on bit anchor cable drilling can be
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reduced by increasing the rotational speed of the bit
anchor cable.

3 CONCLUSIONS

In view of the difficulty of anchor cable installation
caused by the accumulation of gravel sediment in
the bottom hole, the auxiliary installation equipment
for an anchor cable was designed. Moreover, a new
anchor cable installation method was proposed, which
works by installing a drill bit in front of the anchor
cable so that the drill bit could assist anchor-cable
drilling. The feasibility of this method was explored
with an anchor cable drilling test bed. At the same
time, the drilling process of the bit anchor cable in
the gravel sediments in a bottom hole was simulated
by DEM-MBD co-simulation. The main conclusions
were as follows:

1. When the anchor cable was drilled clockwise
without the bit, the drilling depth was only
0.25 m. When the bit was installed in front of
the anchor cable, the drilling depth was 0.6 m.
Installing a bit in front of the anchor cable could
significantly reduce the drilling resistance and
hindering torque during anchor cable drilling.
Clockwise drilling of the bit anchor cable was
more beneficial to anchor cable installation than
counter-clockwise drilling. The drilling resistance
and hindering torque of the bit anchor cable were
inversely proportional to its rotational speed.
The stirring effect of bit anchor cable drilling
on gravel particles provides the possibility of
uniform mixing of the anchor agent in the gravel
sediments in a bottom hole.
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Fig. 19. Dynamic characteristic curve of bit anchor cable drilling under different particle shapes;
a) drilling resistance, and b) hindering torque
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2. The drilling resistance and hindering torque of
the bit anchor cable were the largest when drilling
in soaked particles, followed by drilling in dry
particles, and the smallest when drilling in moist
particles. Therefore, during the installation of the
bit anchor cable, the gravel should be kept moist
as much as possible, but excessive water in the
hole should be avoided. When the stable structure
of gravel particles was broken or re-established,
the drilling resistance and hindering torque of bit
anchor cable could change greatly. When the bit
anchor cable was drilled at 300 rpm in the soaked
particles, the drilling resistance and hindering
torque at 0.5 m were 446 % and 400 % of those at
0.4 m, respectively.

3. The drilling resistance and hindering torque of
the bit anchor cable were inversely proportional
to the diameter of the gravel particles. In the
experiment, the best drilling effect was achieved
when the diameter of gravel particle was 10 mm
to 13 mm. Compared with drilling in irregular
gravels, drilling in regular gravels could make
the bit anchor cable have less drilling resistance
and hindering torque. The influence of particle
shape on bit anchor cable drilling decreased with
increasing rotational speed. Therefore, when the
gravel diameter is small and the shape is irregular,
it is necessary to further improve the rotational
speed of the bit anchor cable to ensure the same
installation efficiency.
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