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Abstract: Downhole vibrations caused by rock breaking when drilling through pebbled sandstone
formations negatively affect the rate of penetration (ROP) and the safety of downhole tools. Therefore,
it is of great significance to study the cutting characteristics of pebbled sandstone and find a method
of reducing the drilling vibrations of pebbled sandstone formations. Based on the DEM (discrete
element method), a simulation model of pebbled sandstone considering the random filling of high-
strength gravels was established by using the random polygon distribution method. The influence of
gravel content on the strength parameters and the breaking state of the pebbled sandstone samples
was analyzed. Additionally, a DEM model of PDC cutting rocks loaded by a spring–mass system
was established, and the Stribeck effect of contact friction between the PDC cutter and the rock was
analyzed. The periodic vibration and the stick–slip phenomenon of the cutting system during the
drilling process were presented by this model. The model was employed to simulate and explore the
influence of composite impact load on stick–slip vibration during PDC cutting of pebbled sandstone.
The simulation results showed that the composite impact load had a more obvious effect on mitigating
the vibration of PDC cutting of pebbled sandstone under the condition of a higher horizontal impact
amplitude coefficient (qh = 40%). Based on the simulation results, a composite impactor with a large
impact angle α = 70◦ was selected to conduct the field tests in the pebbled sandstone formation of
Well T1. The results showed that, compared to conventional drilling, the average WOB (weight on bit)
of the section drilled with the composite impactor decreased by 57.13%, the standard deviation of the
WOB decreased by 57.29%, and the average ROP increased by 98.31%. The employing of composite
impactors in pebbled sandstone formations can significantly reduce drilling vibration, improve ROP,
and protect bits and downhole instruments.

Keywords: discrete element method; pebbled sandstone; impact drilling; composite impactor;
PDC cutter

1. Introduction

Increasing drilling rate of penetration (ROP) is the primary way to save drilling in-
vestment and increase the benefit of oil and gas resource development. However, with
long-term, large-scale exploration and development of oil and gas resources, the engineer-
ing environment of newly discovered oil fields is very unfriendly to drilling, which makes
it increasingly difficult to increase the ROP [1]. For example, more and more gravel-bearing
formations are being drilled, but the economic and time costs of drilling operations in
these formations are generally higher due to highly heterogeneous rocks and strong and
abrasive gravel particles. Drilling into formations bearing high-strength gravel particles
is easy to cause severe vibrations of the bit, including stick–slip and bit bouncing, which
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then lead to serious damage, fracture, or even collapse of the bit cutters. The working time
of a bit is very short, and the trip time will significantly increase. Besides, when drilling
into these formations, it is common to weaken the drilling parameters to reduce downhole
vibrations, which further restricts ROP improvement. Therefore, it is crucial to study the
characteristics and performance of cutting highly heterogeneous gravel-bearing rocks to
improve ROP and reduce drilling risks related to vibrations.

Polycrystalline Diamond Compact (PDC) bits have been used in rotary drilling since
about the 1900s and have become the most commonly used type of bits in oil and gas
drilling [2]. In China and the United States, more than 85% of the drilled footage in
recent years used PDC bits. PDC cutters are in direct contact with formation rocks during
drilling, and the study of PDC rock-breaking characteristics has the most direct guiding
role in realizing efficient rock breaking. Aiming at the problem of PDC bit rock breaking,
researchers have carried out a lot of theoretical and numerical simulation research. In
the early research, the relation between the load state of a PDC bit and the rock-breaking
volume was examined, aiming to predict the ROP and the wear of the bit [3–7]. Warren and
Sinor [8] (1989) proposed a drag-bit performance model to predict the removed volume
of rock penetrated by the designed layout of bit cutters. The model predictions compared
well to laboratory drilling tests for four radically different bit designs when used on four
different rocks. The relationship model between bit force and ROP is widely adopted as
the bit boundary conditions in the process of drill-string mechanical modeling [9,10]. With
the development of computer technology and the demand for rock-breaking enhancement
of PDC bits, numerical simulation has become one of the important ways to analyze the
rock-breaking performance of the bit. In the beginning, rock-breaking simulations of tools
were not included in the cutting behavior, and the focuses were on the process of the
tools when invading a rock under a static load. Chiaia [11] (2001) built a lattice model to
discuss the process of indentation of brittle and quasi-brittle materials and pointed out that
increasing the size of the indenters improves the local fracture mechanisms. The number
of indenters also has a significant effect on the rock-breaking process and the generation
of cracks in the rock. Simultaneous loading of multiple indenters with an appropriate
line spacing seems to provide a possibility of forming larger rock chips, controlling the
direction of subsurface cracks, and consuming a minimum total specific energy [12]. Later,
the rock-breaking behavior of PDC cutters was studied by using the finite element method
(FEM) and discrete element method (DEM). The effects of rock type and material model
on PDC cutting force and cutting depth were studied to verify the simulation method and
obtain reliable modeling parameters [13–16]. Jaime [17,18] (2011) employed LS-DYNA
to simulate the rock-cutting process of PDC cutters; introduced the modeling method,
material model selection, and parameter modification process in detail; and analyzed the
sensitivity of rock-breaking behavior to loading parameters and material parameters. In
addition, the effects of cutter velocity, friction coefficient, and rake angle on rock cutting
were investigated to explore the rock-breaking mechanism of the bit and to optimize the bit
design [19]. These simulations demonstrated the importance of the explicit finite element
model for simulating the rock cutting and fragmentation process.

With the development of bit machining and design technology, the techniques of
percussion drilling and non-plane cutter bit are widely used at present, and corresponding
numerical simulation methods have been explored. In addition, the temperature and
pressure of a wellbore have a significant influence on rock failure [20–22]. Therefore,
various factors, such as bottom hole pressure and temperature influencing rock-breaking
performance, are considered [23]. Guarin et al. [24] (1949) introduced the first case, in
the oil field history, of rotary drilling with an impact tool that accomplished extended
intervals of formation for sustained periods of time. Melamed et al. [25] summarized
several early percussion drilling tools. Subsequently, numerous studies and experiments
were conducted to explore impact drilling techniques. The effects of cutter geometry
parameters, cutting angle, impact load, and cutting speed on crack propagation, debris
formation, and damage evolution of rock were extensively studied [26,27]. Xiong et al. [28]
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(2021) investigated mixed tool cutting of granite with stinger PDC cutters and conventional
PDC cutters, and they pointed out that the hybrid PDC bits that combine conventional
and stinger PDC cutters have significant advantages in drilling hard, interbedded, and
highly abrasive rocks. Dong and Chen [29] (2018) conducted a 3D full-scale PDC bit model
to study the dynamic damage characteristics of anisotropic shale during impact rotary
drilling. The aim of these studies is to explore the mechanism of PDC cutting rock under an
axial impact load or a torque impact load and find realistic ways to improve the efficiency
of rock drilling [30]. In recent years, improving the rock-breaking efficiency of PDC bits and
reducing bit vibrations have been considered equally important in dealing with complex
downhole drilling conditions [31,32]. Additionally, a compound impact load is considered
to be an effective method to achieve this goal [33].

The heterogeneity of rock is one of the main causes of bit vibration and significantly
impacts the strength and fracture characteristics of rock [34]. Therefore, it is necessary
to consider the heterogeneity of rock when simulating rock cutting under a compound
impact load [34]. The possibility of simulating heterogeneous rock failure using the finite
element method (FEM) or the discrete element method (DEM) has been confirmed [35].
It is more convenient to establish a DEM heterogeneous model by changing the bond
strength between the contact particles [36]. However, in the aforementioned studies of
rock-breaking mechanisms, the investigation of gravel-bearing rock, which has stronger
heterogeneity caused by the huge strength difference between the matrix and the gravel
broken by a PDC cutter, under a compound impact load is still in the exploratory stage.
Furthermore, the simulation method using a constant boundary of bit loading or cutting
depth to characterize such cutters has obvious defects. The stick–slip phenomenon and
continuous cutting in the process of rock breaking cannot be simulated at the same time.

In this paper, a heterogeneous rock modeling method based on the discrete element
theory is proposed. In this method, a random polygonal aggregate is used to characterize
the gravel particles inside the rock. The fracture characteristics of a PDC cutting heteroge-
neous gravel-bearing rock under the action of a compound impact load are simulated and
studied. On this basis, field tests to reduce the rock-breaking vibration of gravel-bearing
formation with a composite impactor are carried out. The method and conclusions of this
paper provide theoretical basis and technical reference for ROP improvement and safe
drilling in gravel-bearing formations.

2. Simulation Method

The DEM was first introduced into rock mechanics by Cundall, and a particle assembly
program based on the DEM was proposed in 1979 [37]. It is based on the idea that the object
researched is composed of a certain number of arbitrary particles or particle clusters with
mass and volume in the particle assembly procedure. The particles are specified as disks
with unit thickness in the two-dimensional (2D) model, whereas the particles are assumed
to be spherical in the three-dimensional (3D) model. The particles interact with each other
through the prescribed contact model and follow Newton’s law and Hooke’s law. The
macro performance of the object is described by calculating the motion and stress state of
each particle. It has high operability in rock microstructure modeling. It is simpler and
more intuitive than the finite element method during the mechanical behavior simulation
of discontinuous rock mass. Additionally, it has been widely used to solve rock mechanics
problems [38], as shown in Figure 1.

Using a particle flow program is an essential method of solving practical problems
using the discrete element theory. It is assumed that particles (clusters) are rigid bodies with
a certain mass and interface, and each particle (cluster) can translate or rotate independently.
Additionally, the particles (clusters) are allowed to overlap with one another in a relatively
small area of the interface contact. There is a finite stiffness bonding at the contact, which
can bear a specific load. The bonding will be removed when the load reaches the bonding
strength. The interaction law between the particles (clusters) and between the particles
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(clusters) and the boundary is specified in the contact model, which is used to calculate the
relative motion and the load transfer between the particles (clusters) [39].
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Figure 1. The assembly modeling of rock pore, fracture, and rubble using the DEM.

The contact between particles in a 2D DEM model is represented in Figure 2. The
generated contact particles have a definite radius R, a centroid vector x, a translational
velocity

.
x, and an angular velocity relative to the centroidω. The position vector xc, the

normal vector
^
nc, the relative translational velocity

.
δ, and the relative angular velocity

.
θ of

the contact surface can be calculated using Equations (1)–(4), respectively:

xc = x(A) +
(

R(A) +
gc

2

)^
nc (1)

^
nc =

x(B) − x(A)

d
(2)

.
δ =

.
xc

(B) − .
xc

(A) (3)
.
θ =ω(B) −ω(A) (4)

where gc is the minimum gap length between the contact disks, with gc = d−
(

R(A) + R(B)
)

;

d is the center distance between two contact parts, with d = ‖x(B) − x(A)‖; and
.
xc is the

translational velocity at the contact, with
.
xc =

.
x +ω(xc−x).
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The normal unit vector of n × t surface is defined as
^
k =

^
nc ×

^
tc for convenient

calculation. Equations (5) and (6) can be obtained by decomposing the relative translational
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velocity
.
δ and the relative angular velocity

.
θ along

^
nc and

^
tc, respectively, as shown in

Figure 3.
.
δ =

.
δn +

.
δt (5)

.
θ =

.
θbk (6)

where
.
δn is the relative translational velocity of the contact along

^
nc, with

.
δn =

.
δn ·

^
nc;

.
δt

is the relative translational velocity of the contact along
^
tc, with

.
δt =

.
δ−

.
δn; and

.
θbk is the

angular velocity around
^
k at the contact.
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Assuming that the time step is ∆t, the relative displacement increment ∆δ and the rela-
tive rotation angle increment ∆θ of the contact can be expressed using Equations (7) and (8),
respectively:

∆δ = ∆δn
^
nc + ∆δt

^
tc (7)

∆θ = ∆θb =
.
θbk∆t (8)

where ∆δn is the displacement increment along the coordinate axis
^
nc, with ∆δn =

.
δn∆t,

and ∆δt is the displacement increment along the coordinate axis
^
tc, with ∆δt =

.
δt∆t.

The contact kinematics law obtained from Equations (1)–(8) is the basis for judging the
contact state and calculating the load transfer. It is assumed that the contact components
contact each other and activate the contact model, when the traverse contact gap, gs ≤ 0, is
based on the reference contact distance of gr, as shown in Figure 4. The contact in the model
can be regarded as a combination of linear contact (the contacts only transfer compression,
but not tension and torque) and adhesive contact (the contacts are rigid connection) when
the failure of cemented materials (such as rock) are calculated.
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The linear contact model and the parallel-bond model are shown in Figure 5 [40]. The
parallel-bond force and torque calculation formula is expressed in Equation (9): Fc = Fl + Fd +

¯
F

Mc =
¯
M

(9)

where Fc and Mc are the contact force and contact torque, respectively; Fl is the linear

contact force; Fd is the dashpot force;
¯
F is the parallel-bond force; and

¯
M is the parallel-

bond moment.
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According to the definition of the parallel-bond model, the parallel-bond stress σ
(tensile stress if σ > 0) is calculated based on Equation (10). The bond will be broken

when σ > σc, and σc is defined as the bond strength. In this case,
¯
F = 0,

¯
M = 0, and the

parallel-bond contact model changes to the linear contact model.

σ =
Fn

A
+ β
‖

¯
Mb‖R

I
(10)

Here, Fn is the normal parallel-bond force; A is bonding cross-sectional area, with
A = 2Rt, t = 1, and R = min(R(A), R(B)) in the 2D model; β is the contribution coefficient

of torque to contact stress, with β ∈ [0, 1];
¯
Mb is the parallel-bond moment; and I is the

moment of inertia, with I = 2
3 tR3.

3. Modeling of Pebbled Sandstone
3.1. Modeling Steps

The inhomogeneity of pebbled sandstone is mainly manifested in the material inhomo-
geneity between the sandstone matrix and the filled gravel. The matrix area and the gravel
area are separated by generating a stochastic regular polygon closed boundary. These
polygons are set as the gravel material and are surrounded by sandstone material. The
modeling process is shown in Figure 6, which includes the following steps:

(1) Establish the polygon-generating area according to the size of the rock and generate

points p(i)0

(
x(i)0 , y(i)0

)
randomly in this area.

(2) Take a random radius r(i) within the set granularity range (rmin, rmax) to generate a

circle Θ(i) with p(i)0 as the center and r(i) as the radius.
(3) Judge whether Θ(i) intersects with the circumscribed circle Θ(j)(j = 1, 2, · · · , i− 1) of

all the polygons generated, and return to Step 1 in the case of intersection.
(4) Take point p(1)1

(
x(1)1 , y(1)1

)
on the circle to generate an arbitrary regular n(i) polygon

with circle Θ(i) as the circumscribed circle and p(i)1 as the vertex. The included angle
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between the line between point p(i)0 and point p(i)1 and the x-axis square is a random
angle α(i).

(5) Calculate the sum of the areas of all polygons currently generated and the volume

ratio of the rock sample, P(i)
g =

i
∑

j=1
Ap

(j)

A × 100%, to characterize the gravel content. If

P(i)
g ≥ Pset, the cycle ends, where Ap is the polygon area, A is the rock model area,

and Pset is the gravel content.
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Figure 6. Generation process of pebbled sandstone samples.

In the modeling program, the coordinates of the polygon center point
(

x(i)0 , y(i)0

)
, the

radius r(i) of the circumscribed circle, the polygon rotation angle α(i), and the number n(i)

of polygon sides can be adjusted by establishing different random distribution models to
choose the distribution law of the generated random numbers.

3.2. Comparison and Validation

In the process of rock-breaking simulation using the particle flow code, the mechanical
properties of particles and bonds are characterized by micro-mechanical parameters. The
micro-mechanical parameters adopted in the simulation are not directly related to the
macro-mechanical parameters of the natural rock, but they can be determined by the
simulation tests. The simulation tests adopt the trial-and-error method to compare the
results of the simulated macro-mechanical parameters of the rock obtained from each
test with the actual rock sample until the error is acceptable. At this time, the adopted
micro-mechanical parameters are the DEM modeling parameters of the actual rock sample.
In the calibration process of the micro-mechanical parameters of the discrete element rock
model, the filling gravel of the rock samples refers to the test data of the actual rock samples
in the Tabei area, and the material parameters of the pebbled sandstone matrix refer to
the pure sandstone rock samples [41]. The macro-mechanical parameters of the rocks are
shown in Table 1. The micro-mechanical parameters of the DEM rock models are calibrated
using the UCS (uniaxial compression strength) simulation tests, and the results are shown
in Table 2.
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Table 1. Comparison of mechanical parameters between the rock samples and the DEM rock model.

Rock Samples Compressive
Strength/MPa

Elastic
Modulus/GPa Poisson’s Ratio

Sandstone 33.10 8.25 0.33
Sandstone model 32.97 8.24 0.32

Gravel 203.45 70.47 0.177
Gravel model 206.95 70.41 0.177

Table 2. Material parameters of the DEM pebbled sandstone models.

Rock Composition Rock Matrix Gravel

Particle density/(kg/cm3) 2000 2650
Effective modulus/GPa 4.33 33.82

Normal-to-shear stiffness ratio 1.50 1.58
Bonding effective modulus/GPa 4.33 33.82

Bond normal-to-shear stiffness ratio 1.50 1.58
Tensile strength/MPa 9.98 67.20

Cohesion/MPa 11.96 78.33
Friction angle/◦ 32 25

Friction coefficient 0.65 0.65

In order to obtain the mechanical properties of gravelly sandstone with different gravel
content, the uniaxial compression and crushing process of pebbled sandstone with 5–45%
Pg is simulated. The physical model is established by using the stochastic regular polygon
filling method. Some rock samples after particle filling are shown in Figure 7. The light
parts in the figure are pure sandstone material, and the dark parts are filled gravel material.
The rock sample used in the simulation is a standard core column of 50 mm × 100 mm in
size. The minimum radius of the modeled particles is 0.3 mm, and the maximum particle
size is 0.5 mm. A total of 8753 particles are generated.
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The uniaxial compression stress–strain curves of the rock samples with different
gravel contents are shown in Figure 8a, and the change curves of the macro-mechanical
parameters are shown in Figure 8b. The simulation results show that the elastic modulus
of pure sandstone is the lowest. With an increase in gravel content in the rock models,
the elastic modulus of the rock samples increases linearly, while the peak strength of the
rock samples decreases slowly at first and then increases gradually. The UCS test results
conducted on the pebbled sandstone model established in this paper show that the gravel
content in the rock increases from 0 to 40%, the elastic modulus of the rock increases by
87.86%, and the peak strength of the rock increases by 12.41%, indicating that a rise in the
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gravel content has a greater impact on the elastic modulus of the rock samples compared to
the peak strength.
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Figure 8. Simulated UCS tests results of DEM pebbled sandstone samples, (a) strain–stress plot and
(b) trend analysis of rock Elastic Modulus and peak strength.

The fracture characteristics of the simulated rock samples are shown in Figure 9. The
gray part and the black part in the figure represent the split rock fragments; the blue part
represents the gravels; and the broken red lines indicate the crack distribution. These
characteristics are in good agreement with the experimental results and the numerical
simulation results of previous researchers [34,42]. The figure shows that the distribution of
gravel has a significant impact on the formation and propagation of cracks. Cracks pass
through gravel, bypass gravel, and cut off after encountering gravel. In addition, the elastic
modulus of the rock is greatly increased due to gravel packing, which leads to an increase
in rock brittleness. The number of cracks in the final wreck tends to increase.
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Figure 9. Failure results of the DEM rock samples after the simulated UCS tests.

4. Simulation of PDC Cutting Pebbled Sandstone
4.1. Loading Model of PDC Cutter

The rotary table or top drive transmits torque to the bit through the drill pipe and drill
collar while drilling. At the same time, part of the gravity of the drill collar also acts on the
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bit so that the bit can cut and break rocks. In the previous modeling process of rock breaking
using PDC single-tooth cutting, the cutting speed of the PDC cutter is set to be uniform,
and the cutting depth of the cutter in the cutting process is fixed. However, for PDC bits,
the penetration of the cutter in the process of rock breaking is mainly controlled by the
vertical load acting on them. In the process of movement, due to the great slenderness ratio
of the drill string, the torsional stiffness of the cutter on the cutting plane becomes smaller,
and the cutting speed is not fixed, which will cause fluctuations and stick–slip.

The force state of the PDC bit and the cutter during drilling is shown in Figure 10.
When the drill bit rotation angle ∆Φ is small enough, the movement of the cutter can be
approximately regarded as a linear movement. In the rock-breaking process, it receives
the support force Fn from the rock, the force Fwob of weight on the bit, the friction force
Ff, and the cutting-resistance forces Fcx and Fcy of the rock to the cutter. Ft refers to the
thrust formed by the top drive torque transmitted to the bit along the drill string when
the top drive rotates. Under the action of Ft, the cutter breaks the rock at the speed of
vcx and vcy. In the process of rock cutting, because torsional vibration always exists, the
speed of the cutter is not uniform. Therefore, the spring–mass unit is considered in the
model to simulate the process of the loading torque on the bit by the top drive through the
drill string.

Processes 2023, 11, 671 11 of 20 
 

 

uniform, and the cutting depth of the cutter in the cutting process is fixed. However, for 
PDC bits, the penetration of the cutter in the process of rock breaking is mainly controlled 
by the vertical load acting on them. In the process of movement, due to the great slender-
ness ratio of the drill string, the torsional stiffness of the cutter on the cutting plane be-
comes smaller, and the cutting speed is not fixed, which will cause fluctuations and stick–
slip. 

The force state of the PDC bit and the cutter during drilling is shown in Figure 10. 
When the drill bit rotation angle ΔФ is small enough, the movement of the cutter can be 
approximately regarded as a linear movement. In the rock-breaking process, it receives 
the support force Fn from the rock, the force Fwob of weight on the bit, the friction force Ff, 
and the cutting-resistance forces Fcx and Fcy of the rock to the cutter. Ft refers to the thrust 
formed by the top drive torque transmitted to the bit along the drill string when the top 
drive rotates. Under the action of Ft, the cutter breaks the rock at the speed of vcx and vcy. 
In the process of rock cutting, because torsional vibration always exists, the speed of the 
cutter is not uniform. Therefore, the spring–mass unit is considered in the model to simu-
late the process of the loading torque on the bit by the top drive through the drill string. 

 
Figure 10. Schematic of the load state of the PDC bit and the cutter during drilling. 

Based on the above analysis, a rock cutting model is established in this paper. In Fig-
ure 10, xkp and xkb, respectively, represent the initial length of the simulated spring; vt rep-
resents the system driving speed; vm represents the movement speed of the mass unit; vcy 
and vcx represent the vertical speed and the horizontal speed of the cutter, respectively; 
and Meq represents the mass unit. This model can simulate the vibration of the cutter, es-
pecially the formation and development of stick–slip vibration, and is used to study the 
vibration suppression method and its impact on the cutter. Since stick–slip vibration is the 
main reason for the damage to drill components, the control model is simplified, ignoring 
the elasticity and damping in the vertical direction. In order to facilitate the comparison 
test, the proportional coefficient is defined. The expression form is shown in Equation (11), 
and the model parameters are shown in Table 3. 

Table 3. Parameter values used for spring-mass-damping system 

Parameters Value Parameters Value 
vt (m·s−1) 1 khb (N·m−1) 1 × 109 
xmax (m) 0.16 chp (N·m·s−1) 5 × 104 
xkp (m) 10 α 0.005 
xkb (m) 10 β 0.01 
Fwob (N) 200 γ 0.001 

 

Figure 10. Schematic of the load state of the PDC bit and the cutter during drilling.

Based on the above analysis, a rock cutting model is established in this paper. In
Figure 10, xkp and xkb, respectively, represent the initial length of the simulated spring; vt
represents the system driving speed; vm represents the movement speed of the mass unit;
vcy and vcx represent the vertical speed and the horizontal speed of the cutter, respectively;
and Meq represents the mass unit. This model can simulate the vibration of the cutter,
especially the formation and development of stick–slip vibration, and is used to study the
vibration suppression method and its impact on the cutter. Since stick–slip vibration is the
main reason for the damage to drill components, the control model is simplified, ignoring
the elasticity and damping in the vertical direction. In order to facilitate the comparison
test, the proportional coefficient is defined. The expression form is shown in Equation (11),
and the model parameters are shown in Table 3.

Table 3. Parameter values used for spring-mass-damping system.

Parameters Value Parameters Value

vt (m·s−1) 1 khb (N·m−1) 1 × 109

xmax (m) 0.16 chp (N·m·s−1) 5 × 104

xkp (m) 10 α 0.005
xkb (m) 10 β 0.01

Fwob (N) 200 γ 0.001
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
α =

mpdc
Meq

β =
khp
khb

γ =
chp
chb

(11)

Here, α, β, and γ are the dimensionless proportional coefficients; mpdc is the mass of
the PDC cutter, in kg; Meq is the mass of the mass element, in kg; khp and khb represent the
elastic coefficients of the first and second spring damping systems, respectively, in N·m−1;
and chp and chb represent the damping coefficients of the first- and second-stage spring
damping systems, respectively, in N·s·m−1.

In addition, the effect of Stribeck is considered in the friction calculation, that is, in the
process of low-speed movement, the friction coefficient decreases with an increase in the
relative speed between the contact surfaces [43,44]. The friction model expression is shown
in Equation (12):

µ = µd + (µs − µd)e
−( |∆v|

Vr )
2

(12)

where the friction coefficient between the research objects is µ; the static friction coefficient
is µs, and for the contact between the rock and the cutter, µs = 0.82 [9]; the dynamic friction
coefficient is µd, where µd = µs·Vs, Vs is the proportional coefficient, and in this paper,
Vs = 0.7; ∆v is the relative velocity between the contact objects, in m·s−1; and Vr represents
the characteristic parameter, with Vr = 0.2 m·s−1.

4.2. Physical Model

As shown in Figure 11, a 2D DEM rock cutting model is established, and the PDC
cutter is modeled by particle clusters. The density of the cutter is 3200 kg/m3, the diameter
is 16 mm, the thickness is 8 mm, and the cutting angle is 15◦. The length of the rock sample
is 200 mm, and the height is 40 mm. For the convenience of calculation, the initial cutting
depth is set as 1 mm, and the maximum cutting displacement of the cutter is 160 mm. The
verification process of the model has been elaborated in previous studies [45].
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Figure 11. The PDC cutter and rock sample geometry.

In order to study the rock-breaking performance and vibration characteristics of the
cutter when the vertical impact and torsional impact act on the cutter at the same time, the
impact loads are set in both the horizontal and vertical directions of the cutter, as shown in
Figure 12. Assuming that the impact load changes in a sinusoidal form, the vertical load
of the cutter is Fy = f y(t), and the horizontal load is Fx = f y(t). It is also assumed that the
impact frequency and phase of the horizontal impact load and the vertical impact load are
the same. Since different loading angles have obvious influences on rock failure [46], the
proportional coefficient qv of the axial impact amplitude and Fwob and the proportional
coefficient qh of the torsional impact amplitude and Fwob are defined, respectively. See
Equation (13) for the expression.{

Fx = Ft +
qh·Fwob

2 [1 + sin(2π · f · t)]
Fy = Fwob +

qv·Fwob
2 [1 + sin(2π · f · t)]

(13)
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where Fx and Fy are, respectively, the horizontal thrust and vertical compression on the
cutter, in N; Ft is the thrust of the mass unit to the cutter, in N; qh and qv are proportional
coefficients, in %; f is the impact load frequency, in Hz; and t is the action time of the impact
load, in s.
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4.3. Numerical Simulation

The rock-cutting simulations are carried out on a pebbled sandstone with 40% gravel
content, the Fwob is set to 2 kN, the driving speed is set to 1 m/s, and the impact frequency
is assumed to be 200 Hz. The pebbled sandstone cutting is calculated under different
impact amplitude proportional coefficients qh and qv. All parameters of the test set are
summarized in Table 4. The impact load parameters are specified with regard to the
performance parameters of the multi-dimensional impactor.

Table 4. Parameters of the simulated test set.

Case qh/% qv/%

T-1 0 0
T-2 20 40
T-3 40 20
T-4 40 40

The comparison of the cutting and crushing states of the rock under static and impact
loads is shown in Figure 13, where the broken red lines indicate the cracks and the colored
blocks indicate the rock-crushing blocks. The broken state figure shows that multiple cracks
extending to the interior of the rock are generated when the rock is cut under the impact
load. The formation of such cracks is helpful for subsequent cutters to break the rock
continually. Different from homogeneous rocks, more gravel is stripped as a whole during
the cutting process of pebbled sandstone, as outlined in Figure 13. In particular, the case of
T-2 has the largest number of stripped gravels. After the vertical impact amplitude and the
horizontal impact amplitude are increased simultaneously, the largest number of cracks
extending to the interior of the rock are generated in the case of T-4.

The velocity and force signal simulation results of each component of the cutter loading
model are shown in Figure 14. When the cutter breaks the pebbled sandstone, the velocity
fluctuation range is significant, and there are data points of vm = 0 and vcx = 0 in each
simulation case. That is, the cutter has stick–slip vibration in varying degrees during rock
breaking. The stick–slip vibration of drag bits has been widely investigated in theoretical
calculations and field tests [47]. The results from the simulated tests in this study are in
agreement with Richard et al. [48] (2007) and Germay et al. [49] (2009). In the field, this
phenomenon is reflected in the torsional vibration of the drill string caused by top drive’s
startup [50]. However, in the range of the simulation parameters, the case of T-4, with
the highest amplitude of composite impact load, has the lowest stick–slip degree, and the
fluctuation of the driving thrust on the mass unit is relatively minimal.
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The boxplot and standard deviation analysis of the horizontal and vertical velocities of
the PDC cutter are shown in Figure 15. The fluctuation in the cutting velocity and force on
the cutter tends to increase at first and then decrease. Increasing the amplitude of the vertical
impact load alone may lead to an intensification of the cutting vibration. The analytical
results of the case of T-4 show that, within the range of the simulation parameters, increasing
the amplitude of impact load in the horizontal and vertical directions to qh = qv = 40% at
the same time can effectively alleviate the fluctuation in the cutter velocities. At this point,
the peak value of each parameter is relatively small, so it can be presumed that the cutting
vibration and stick–slip are effectively suppressed in this case. According to the rock-
breaking specific energy and average cutting depth illustrated in Figure 16, compared to
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increasing the vertical impact amplitude, a reduction in cutting stick–slip and rock-breaking
MSE (mechanical specific energy) can be achieved by increasing the horizontal impact
amplitude, and the cutting depth is also significantly increased.
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5. Field Test of Composite Impactor
5.1. Structure Introduction

The structure diagram of the composite impactor is shown in Figure 17. The main
components of this impactor are the upper sub, pulse nozzle, shell, load transmission
rod, and lower sub. A periodic fluid pulsation is generated when the drilling fluid flow
in the Helmholtz cavity I and II of the impactor [51,52]. The fluid pulsation acts on the
upper end-face of the load transmission rod to form the composite impact. The composite
impactor is connected to the bit while drilling, which can simultaneously exert axial impact
and torsional impact on the bit.
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mission rod; 5—lower sub; I, and II—Helmholtz cavity.

The impact amplitude of the composite impactor can be tuned by selecting Helmholtz
cavities and nozzles of different sizes. The distribution ratio of the axial impact component
and the torsional impact component can be modified by changing the spiral angle of the
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upper end-face of the load transmission rod, as shown in Figure 18. At present, there are
three types of load transmission rod with helix angles of 10◦, 50◦, and 70◦. According to the
conclusions obtained from the simulation study in Section 4, a composite impactor with a
large torsional impact component and an impact angle α = 70◦ was selected for the field
test in order to reduce the axial vibration and stick–slip of the bit when drilling encounters
the gravel layer, and the detailed performance parameters of the impactor are shown in
Table 5.
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Table 5. Key parameters of the composite impactor.

Parameters Value

Diameter/mm 245
Spiral angle α/◦ 70

Number of spiral faces 5
Pressure/MPa 2
Axial load/kN 24

Torsional load/N·m 3479

5.2. Field Drilling Test

A field test was carried out in shallow formations in Well T1 to verify the vibration
control effect of the impactor. The Well T1 is a straight well, and the test drilling layer
is a shallow pebbled sandstone formation. The formation restricts the enhancement of
drilling parameters and has a negative effect on the use of downhole tools. Therefore, this
application aims to reduce the severe vibration of the bit, restrain the severe fluctuation of
bit weight and torque, and maintain the stability of the bit and the drill string.

Before the test section, the well section 1© was drilled to 2850 m using a conventional
double-stabilizer BHA. Due to the severe drill string vibrations caused by the pebbled
sandstone, a turbodrill was selected to continue drilling to 3207 m of section 2©. The ROP
(rate of penetration) remained at a low level while drilling the well section 1© and section 2©.
Therefore, in order to verify the damping capacity of the composite impactor and protect
the downhole instruments, the drilling test of the composite impactor was carried out in
this well section. The test well section 3©was 3207–3569 m, the total footage of the impactor
was 362 m, and the pure drilling time of logging was 103.12 h. The recorded WOB signal
and ROP are shown in Figure 19.

The test results are shown in Table 6, and the standard deviation is used to evaluate
the fluctuation amplitude of the bit vibration. The data evaluation demonstrates that the
volatility of the WOB in the test section of the composite impactor is similar to that of the
section drilled with the turbine, both with lower vibration than the section drilled with
a conventional drill string assembly. Compared to the conventional drilling section, the
average WOB of the well section drilled by composite impactor is reduced by 57.13%, the
standard deviation of the WOB is reduced by 57.29%, and the average ROP is increased by
98.31% and 56% compared to the conventional and turbine drilled sections, respectively.
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These results show that the composite impactor that can simultaneously generate axial and
torsional impacts has the ability to suppress drilling vibration and improve ROP.
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Table 6. Comparison of field test results of different drilling methods.

Drilling Method Conventional Turbine Drill Composite Impactor

Test section/m 2612–2850 2850–3207 3207–3569
WOB/kN 115.27 49.95 49.42

Standard deviation of WOB/kN 22.97 11.21 9.81
ROP/(m/h) 1.77 2.25 3.51

ROP enhancement rate/% / 27.12 98.31

6. Conclusions

This paper proposes a heterogeneous rock modeling method based on the discrete
element theory and presents a rock-breaking model for a single PDC cutter. Using the
proposed methods, the mechanisms and characteristics of cutting a heterogeneous gravel-
bearing rock under a compound impact load are simulated and studied. Finally, field
tests of the composite impactor in a gravel-bearing formation are carried out. The main
conclusions for this paper are as follows:

The random regular polygon filling method is a simple and feasible modeling method
for heterogeneous rocks, which can simulate and analyze the crack growth, crushing
state, and strength characteristics of heterogeneous rocks, such as gravel-bearing and hole-
bearing rocks, by changing the distribution law of polygon, the geometric size, and the
filling material parameters. The results show that the peak strength of the rock samples
decreases slowly at first and then increases with an increase in the gravel content in the
rock model. Compared to the peak strength, the increase in gravel content has a greater
impact on the elastic modulus of the rock samples.

In the cutting process with a compound impact load, a higher horizontal impact
amplitude coefficient (qh = 40%) has a more obvious effect on alleviating the vibration
induced by the PDC cutting gravel-bearing rock. The field tests show that the composite
impactor can remarkably reduce the vibration level in the gravel-bearing formation. The
average WOB is reduced by 57.13%, the standard deviation of the WOB is reduced by
57.29%, and the average ROP is increased by 98.31%, compared to a conventional double-
stabilizer BHA.

Improving the rock-breaking efficiency and the working life of PDC bits has always
been the goal pursued by drilling engineering researchers. Optimizing the amplitude–
frequency characteristics and the component ratio of the combined impact load plays a
critical role in improving the ROP and suppressing bit vibration. In the future, the develop-
ment of higher-performance composite impact tools and bits will be an important research



Processes 2023, 11, 671 17 of 19

direction to further improve drilling efficiency. For example, tools that automatically adjust
the impact parameters will allow rapid adaptive drilling in different formations. Further-
more, with the mutual exchange and integration of multi-disciplines, it will become an
important direction to carry out research on transformative rock-breaking methods when
mechanical rock-breaking methods gradually reach their limit.
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