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a b s t r a c t

Polycrystalline diamond compact (PDC) bit is one of the most widely used drill bits for improving the
rate of penetration in deep oil and gas well and geothermal well. However, the dynamic rock frag-
mentation mechanics characteristics of PDC bits are still unclearly. A coupled fragmentation mechanics
model of PDC cutter-rock interaction is established by combining the mixed fragmentation modes with
dynamic strength. The coupling influence laws of cutter angle, cutting depth, dynamic strength ratio,
breaking modes on the horizontal force coefficient (HFC), vertical force coefficient (VFC) and specific
energy are analyzed. The model of this paper can optimize cutter inclination angle, cutting depth and
minimum specific energy. With the increase of the cutter inclination angle, the dynamic VFC changes
into two modes. The definition of the dynamic modes depends on the dynamic strength ratio. As the
cutting angle increases, the cutting force increases. The cutting force increases nonlinearly with
increasing cutting depth. The specific energy of rock fragmentation increases nonlinearly with
increasing cutting depth. With the increase of dynamic strength, the specific energy of rock frag-
mentation increases nonlinearly. When the input-energy increases, the rate of penetration response is
divided into three stages. The results have important guiding significance for the PDC bit design and
drilling parameters optimization to increase the rate of penetration and the efficiency of exploration
and development.

© 2023 Southwest Petroleum University. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The high rock fragmentation efficiency of drill bit plays a crucial
role in improving the rate of penetration (ROP) and rock excavation
efficiency. Drill bit breaks rock in severe drill string vibration envi-
ronment. In the area of increasing ROP, the fragmentationmechanics
of the bit-rock interaction has always been a core hot issue [1e4]. The
crushing mechanics mechanism of the polycrystalline diamond
compact (PDC) bit cutter-rock interaction can provide meaningful
guidance for the optimize design of the bit and ROP [5e9].

The models of cutter-rock interaction include analytical models
and numerical models. On the one hand, the analytical model of
bit-rock interaction includes shear failure, tensile failure, and
intrusion failure. Merchant established a metal cutting model
considering the Mohr-Coulomb criterion, and extended it to the
field of rock cutting [10]. Evans established a conical cutter-rock
interaction model based on the tensile strength theory [11]. Nish-
imatsu considered the Mohr-Coulomb criterion to establish a cut-
ting model with non-uniform distribution of cutting force on the
shear plane [12]. Detournay and Atkinso established a cutting
model based on the Merchant model considering the influence of
fluid (D&A model) [13]. Detournay and Paul proposed a drag drill
bit response model based on drill bit experiments [14]. The model
was built on the Merchant model and considered weight on bit
(WOB), torque, rotary per minutes (RPM) and ROP. Che et al.
established an analytical model considering the tensile
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fragmentation to study chip formation and force responses [15,16].
On the other hand, some researcher focuses on the numerical
simulation cutting model. The cutter-rock interaction numerical
models mainly include finite element method (FEM) models,
discrete element method (DEM) models and finite-discrete
element method (FDEM) models. The formation process of rock
cuttings under the linear load of drag bit by the finite element
method was studied [17], the finite element model of cutter-rock
interaction can observe the stress distribution of cutting rock. Liu
et al. developed R-T2D model to simulate the fracture process of
heterogeneous brittle materials [18]. The simulation results
reproduce the rock intrusion and crushing process. The rock cutting
process was simulated by using DEM [19e21]. Cylindrical and
spherical elements are used in DEM algorithms, the crack growth
process can be clearly observed, but the mixed fragmentation
modes cannot be clearly observed. Conventional rotary drilling and
constant-speed dynamic drilling are studied. Wang et al. applied
the FEM to study the rock crushing problem under the combined
dynamic and static loading conditions of double intrusive cutter
[22]. Su and Li applied the particle flow method to simulate rock
cutting progress [23]. Jaime and Zhou considered the plasticity-
damage model to establish a rock cutting model [5,9]. Menezes
et al. applied FEM to simulate the failure process of rock crushing
[24]. Dong and Chen established a FEM impact intrusion crushing
model of single cutter [25]. The finite-discrete element modelling
of rock chipping and fragmentation process in mechanical cutting
was investigated [26]. Comparative analysis cutting characteristics
of stinger PDC cutter and conventional PDC cutter was studied [27].
For the above models, it is difficult to discuss the coupling effect of
composite fracture mode and dynamic strength on rock breaking.
Drill bit breaks rock in severe drill string vibration environment.
The impact of severe vibration load on dynamic rock breaking ef-
ficiency cannot be ignored.

However, the bit-rock interaction mechanics model is mainly
based on a single failure mode and a static strength theory, and
does not consider the mixed breaking mode of tension-
compression-shear, drill cutter shape-rock contact angle and high
strain rate effects. Therefore, it is necessary to research the rock
fragmentation mechanics model and dynamic characteristics

considering the mixed crushing mode and bit-rock dynamic
interaction strength.

2. Modelling of the PDC cutter-rock interaction

2.1. Basic assumptions of the model

The model makes the following basic assumptions (Fig. 1). (1) In
order to simplify the calculation, the three-dimensional cutting
model was converted into a two-dimensional cutting mechanical
model. (2) The powdery compacted area exists in the shallow and
deep cutting modes, while the blocky exists only in the deep cut-
ting model, which has both the powdery compaction area and the
blocky chip-forming area [28]. (3) The gray arc area is the tip
compaction zone (TCZ). The powder compaction zone is formed by
rock compression. The boundary of this zone is a uniaxial dynamic
stress distribution zone in any direction, and the stress value is
equal to the rock uniaxial dynamic compression strength. (4) The
compaction zone is the inducement for the initiation of rock
cracking into debris, so the initiation direction of the debris in the
compaction zone is along the direction of any free surface of the
rock. (5) The formation of cuttings is due to the dynamic tensile or
dynamic shear stress of the rock, and it spreads along the space
between the cuttings and the rock body, and the fracture is a mode-
I fracture. It is assumed that the tensile stress on the expansion path
plane is perpendicular to the expansion plane [29,30]. (6) The sum
of various forces in the compaction area and the chip forming area
is generally balanced. (7) The cuttings forming process requires
energy to follow the minimum energy method. Crack propagation
along the direction of minimum energy consumption. (8) The
frictional force between the cutting teeth and the rock is not
considered. (9) The rock-cutter interaction fragmentation process
follows the rock dynamic strength law. Rock strength will change
under dynamic load. Generally, the dynamic strength of rock is
obtained through Hopkinson compression bar test (SHPB). The
ratio of dynamic strength to static strength is the dynamic strength
factor of rock.

The modelling technical sketch is shown in Fig. 2. The basic
technical outline is to determine the basic parameters of the model,

Fig. 1. The schematic diagram of drilling dynamic system/PDC bit-rock system/cutter-rock interaction.
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including the cutter shape parameters, geometric angle parame-
ters, and rock mechanics parameters. When analyzing the specific
situation, it is also necessary to determine the cutting depth, cutter
inclination, static compressive strength, static tensile strength,
dynamic compressive strength factor, and dynamic tensile strength
factor of the target rock sample. The chip formation and compac-
tion transition angle can be corrected through the single-cutter
cutting test, so that the horizontal cutting force can be obtained,
and the vertical cutting force can be obtained according to the
contact friction angle between the cutter and the rock. Based on the
above, the specific energy of rock crushing can be analyzed and the
rock crushing effect under different parameters can be evaluated.

2.2. Establishment of model equations

A basic mechanical model is established and analyzed. The
cuttings are fractured at the bottom of the compaction zone, along
the horizontal direction (Fig. 3). The starting point of fracture starts
from point C. According to assumption (5), the fracture follows the
principle of Mode-I tensile fracture and minimum energy; ac-
cording to assumptions (3) and (8), the boundary of the compaction
area is a uniaxial stress distribution area in any direction, the stress
value is equal to the uniaxial dynamic compressive strength of the
rock sc ¼ sucd, The resultant force generated in the compaction

zone is FTCZ
��!

, Fc. is equal to the horizontal cutting force.

FTCZ
��!¼w

ð2l
0

n!,scrdq¼w
ð2l
0

n!,sucdrdq¼w
ð2l
0

�
cos q i

!þ sin q j
!�

,sucdrdq ¼ wsucdr
h
i
!
sin 2 l� j

!ðcos 2 l�1Þ
i

(1)

where sucd is the dynamic compressive strength, MPa; FTCZ
��!

is the
resultant force generated by the boundary of ABC, N; The resultant
force generated by point B is perpendicular to the arc; w is the
cutter width, mm; n! is the normal vector on ABC; l the half angle

of the TCZ, �; r is the radius of the TCZ, mm, i
!

and j
!

is the unit
vector in the horizontal and vertical directions, respectively. Ac-
cording to the geometric relationship, the following relationship is
obtained:

2lþg ¼ p

2
(2)

r¼ dTCZ
sin 2 l

(3)

where dTCZ is defined as the TCZ depth, mm. Substituting Eq. (2)
and Eq. (3) into Eq. (1) yields:

Fig. 2. Modelling technical sketch.
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FTCZ
��!¼wsucd

dTCZ
sin 2 l

h
i
!
sin

�p
2
�g

�
� j
!�

cos
�p
2
�g

�
�1

�i
(4)

According to the dTCZ , FTCZ
��!

can be solved. assuming that there is
a certain ratio relationship dTCZ with the cut depth d, since the
depth of cut can be measured, the compression area can also be
solved by obtaining the ratio relationship. According to the
assumption (5) that the tensile fracture expands along the CDE, the
tensile stress on the expansion path surface is perpendicular to the
expansion surface, and the dynamic tensile stress is equal every-

where st ¼ std, the resultant force Fpull
��!

on the tensile surface is as
follows:

Fpull
��!¼w

ð2a
0

N
!

,stdRdq¼w
ð2a
0

�
sin q i

!þ cos q j
!�

,stdRdq

¼ wstdR
h
j
!
sin 2 a� i

!ðcos 2 a�1Þ
i (5)

where std is the dynamic tensile strength, MPa; Fpull
��!

is the resultant
force generated by the CDE boundary, N; The resultant force

generated at point D is perpendicular to the arc; N
!

is the normal
vector on the CDE; a is the CDE half angle of the chip-forming
area,�; R is the CDE radius of the chip-forming area, mm. The
following relationship is obtained:

CE¼ d
sin a

(6)

R¼0:5� CE=sin a (7)

CE is the straight-line distance of CE, mm. Eq. (6) and Eq. (7) is
substituted into Eq. (5).

Fpull
��!¼wstd

d
2 sin a

h
j
!
sin 2 a� i

!ðcos 2 a�1Þ
i

Fpull ¼wstdd=sin a (8)

There is a moment at point E created by FN, that is in equilibrium
with Fpull and FTCZ .

Fpull � l1 � FTCZ � l2 ¼ 0 (9)

where l1 is the length of EG, mm; l2 is the length of EF, mm; the
expression is as follows:

l1 ¼0:5� d=sin a (10)

l2 ¼
d

sin a
sin

�p
4
�g

2
�a

�
þ dTCZ
cos g

sin
�p
4
�g

2

�
(11)

Eq. (4), Eq. (8), Eq. (10), Eq. (11) are substituted into Eq. (9), the
simplified form is as follows:

�
dTCZ
d

�2

þdTCZ
d

,
cos g sin

�
p
4 � g

2 � a
�

sin
�
p
4 � g

2

�
sin a

� P cos2 g

4 sin2�p
4 � g

2

�
sin2 a

¼0

(12)

where dTCZ
d is the ratio of the length of TCZ, P is the ratio of the tensile

strength to the compressive strength. The detailed expression
forms are as follows:

P¼ std
sucd

(13)

dTCZ
d

¼
�cos g sinðp4�g

2�aÞ
sinðp4�g

2Þsin a
þ

ffiffiffiffi
D

p

2
(14)

D¼
cos2 g

h
sin2�p

4 � g
2 � a

�þ P
i

sin2�p
4 � g

2

�
sin2 a

(15)

Substitute Eq. (15) into Eq. (14), the detailed expression forms
are as follows:

dTCZ
d

¼ cos g
2 sin

�
p
4 � g

2

� F (16)

Fig. 3. Schematic diagram of rock cutting and breaking into chips.
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F¼�sinðε�aÞ
sina

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sin2ðε�aÞ

sin2 a
þ P

sin2 a

s

¼cosε�sinεcotaþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
sin2

εþP
�
cot2 a�sin2εcotaþPþcos2 ε

r
(17)

ε¼p

4
� g

2
(18)

According to assumption (7) and the principle of minimum
energy, the initial angle is determined by the minimum chip for-
mation energy.

vðEcÞ
va

¼0 (19)

Ec ¼ Fc � L (20)

where L is the total length of cutter movement distance, mm.

Fc ¼sucdwd
�
dTCZ
d

�
(21)

Eq. (21) and Eq. (20) is substituted into Eq. (19).

v

va

�
dTCZ
d

�
¼0 (22)

According to Eq. (16), Eq. (17) and Eq. (22), Eq. (23) is obtained as
follows:

vF
va

¼0 (23)

4P
�
Pþ sin2

ε

�
cot2 a�4P sin 2 ε cot a�4P sin2

ε¼0 (24)

Solving Eq. (24) yields the following form:

a¼ arctan
2
�
P þ sin2

ε

�
sin 2 εþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sin2 2εþ 4

�
P þ sin2

ε

�
sin2

ε

r (25)

Eq. (13) and Eq. (18) is substituted into Eq. (25):

a¼ arctan
2
�

std
sucd

þ sin2�p
4 � g

2

��
sin gþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sin2 gþ 4 std

sucd
sin2�p

4 � g
2

�þ 4 sin4�p
4 � g

2

�q
(26)

Eq. (26) and Eq. (17) is substituted into Eq. (16):

Eq. (27) is substituted into Eq. (21):

dTCZ
d

¼ cos g

2
64� cos g

4 sin2
�p
4
� g
2

�
þ 4

std
sucd

þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
std
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þ 1

r

2 sin
�p
4
� g
2
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2
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�p
4
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2

�
�
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cos2 gþ 4
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sucd
sin2

�p
4
� g

2

�
þ 4 sin4

�p
4
� g
2

�r

4 sin2
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4
� g
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�
þ 4

std
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3
775 (27)

Fc ¼ sucdwD
sin

�p
2
� g

�
sin

�p
2
� g� u

�� m

m sin u

cosðgþ uÞ þ sin u

cosðgþ uÞ þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cos2ðgþ uÞ þ 4
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4
� gþ u

2

�
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4
� gþ u

2
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2
�
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4
� gþ u

2

�
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where u is the angle between the shear line and the horizontal
direction, �; The Fc is horizonal cutting force, N; The Fc can be
calculated based on the w, d, g, sucd, std. Fc and Ft have the rela-
tionship as follows:

Ft
Fc

¼ tanðgþ bÞ (30)

where b is the average friction angle of cutter-rock interaction, �; Ft
is vertical cutting force, N; Fc and Ft can be calculated by using Eq.
(28) and Eq. (30). The relationship of u and cutting depth is ob-
tained by the experiment date. The u is related to the dynamic
strain rate _ε.

uð _εÞ¼ a1D
n þ a2Dþ a3 (31)

b¼ arctan
�
Ft
Fc

�
� g (32)

where D is the cutting depth, mm; a1, a2 and a3 are the fitting
coefficients; the energy required for the unit crushing rock volume
is the rock crushing specific energy ESE, which is defined as follows:

ESE ¼
EI
VR

¼ FcS
DwS

¼ FcvcDt
DwvcDt

¼ Fc
Dw

(33)

where ESE is the rock crushing specific energy, J/cm3; EI is the input
energy of cutting rock, J; VR is the cutting volume, cm3; S is the
cutter movement distance, mm; Dt is the cutter movement time, s;
Response expression relationship between compressive strength
growth factor, tensile strength growth factor and strain rate is as
follows:

sucd
suc

¼


b1 _ε

1=ð1þncÞð _ε< _ε*Þ
b2 _ε

1=n ð _ε � _ε*Þ (34)

std
st

¼


b3 _ε

1=ð1þncÞð_ε< _ε*Þ
b4 _ε

1=n ð_ε � _ε*Þ (35)

b1, b2, b3 and b4 are the fitting coefficients; The strain rate gener-
ated by the dynamic load has a non-negligible effect on rock

breakage, and the dynamic cutter-rock interaction load generates
the strain rate as follows:

_εc ¼ 1:4,
vc
d
,

sin g

sinðgþ bÞ (36)

where _εc is the strain rate generated by the dynamic cutter-rock
interaction load, s�1; vc is cutter movement speed, mm/s,mm; g

is cutter inclination angle�.
The horizontal force characterization coefficient (HFC) is as

follows:

lh ¼
sin

�
p
2 � g

�
sin

�
p
2 � g� uð_εÞ�� m

m sin uð_εÞ
cos½gþuð _εÞ� þ sin uð _εÞ cos½gþuð_εÞ�þh

2
h
sin2ðp4�gþuð _εÞ

2 Þþ std
sucd

i
(37)

The vertical force characterization coefficient (VFC) is as follows:

lv ¼
sin

�
p
2 � g

�
sin

�
p
2 � g� uð _εÞ�� tanðgþ bÞm

m sin uð_εÞ
cos½gþuð_εÞ� þ sin uð _εÞ cos½gþuð_εÞ�þh

2
h
sin2ðp4�gþuð_εÞ

2 Þþ std
sucd

i
(38)

2.3. Basic input parameters

The main basic input parameters of this model and D&A model
[13] are show in Table 1.

3. Comprehensive comparative analysis and discussion

3.1. Relationship of cutter inclination angle-dynamic strength-
mechanical characterization coefficient

The relationship between the cutting force, cutter inclination
angle and the ratio of tensile strength to compressive strength
(RTC) is as shown in Fig. 4. With the increase of the cutter incli-
nation angle, the VFC changes in two modes. The first mode is that
when the RTC is P > 0.12, with the increase of the cutter inclination

m ¼ cosðgþ uÞ �

2
64� cosðgþ uÞ

4 sin2
�p
4
� gþ u

2

�
þ 4

std

sucd

þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
std

sucd
þ 1

r

2 sin
�p
4
� gþ u

2

�þ

1
2
cot

�p
4
� gþ u

2

�
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cos2ðgþ uÞ þ 4

std

sucd
sin2

�p
4
� gþ u

2

�
þ 4 sin4

�p
4
� gþ u

2

�r

4 sin2
�p
4
� gþ u

2

�
þ 4

std

sucd

3
775

(29)

h¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cos2½gþ uð_εÞ� þ 4

std
sucd

sin2


p

4
� gþ uð _εÞ

2

�
þ 4 sin4



p

4
� gþ uð _εÞ

2

�s
(39)
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angle, the VFC increases, and the increasing rate gradually slows
down. However, when the RTC is 0.06< P < 0.12, the VFC shows a
second mode. With the increase of the cutter inclination angle, the
VFC first slow growth, then fast growth, and the increasing rate
gradually increases with the increase of RTC slow down. The HFC
and the VHC have the same response law. Compared with the VFC,
the HFC has a smaller change amplitude. The rock cutting efficiency
is low in the stage of rapid growth, and the VFC and HFC are not
conducive to rock breaking.

The crushing model includes the compression-tensile mode of
this paper (Dynamic Dong model), the shear mode of Eetournay &
Atkinson (D&A model) [13], and the tensile mode of Evans [11]
(Fig. 5). The changing laws of the mechanical characterization co-
efficients of different models are obviously different. The cutting
mode of D&Amodel does not appear the “response slope reduction
stage”. The main reason is that the D&A model only produces an
ideal pure shear strength considering. However, in the actual cut-
ting process [1], when the cutter inclination angle is greater than a
certain angle, the rock-breaking effect is not produced. The pure
shear rock breaking of the cutter is a limitation of the D&A model
and similar models. With the increase of the inclination angle of the
cutter, the pure tensile mode of Evans increases rapidly, which is
not consistent with the actual rock breaking of the PDC cutter [11].
The dynamic strength and composite breaking mode considered in
this model are more in line with the actual rock fragmentation
situation.

3.2. Relationship of cutting depth-breaking mode-cutting force

The relationship of cutting force, breaking mode and cutting
depth is shown in Fig. 6. As the depth of cut increases, both the D&A
model and the Evans model do not consider dynamic strength and
composite fracture modes, and the cutting force of D&A model and
the Evans model increases linearly with the increase of the cutting
depth. The cutting force of this model increase nonlinearly. The
increasing relationship will be divided into three stages. In the first
stage, with the increase of cutting depth, cutting force increase, and
the increase amplitude is relatively slow. One of the main reasons is
that within this depth range, the rock breaking is a small-sized skin
ductile fracture. When the cutting depth increases, it enters the
second stage. With the increase of cutting depth, the cutting force
increase. The increase amplitude is faster than that of the first stage,
mainly because the broken depth is larger in this stage, which is
brittle mode. During the volume fragmentation stage, the size of
the rock caving also increases. In the third stage, with the increase
of the cutting depth, both the cutting force will increase. The in-
crease amplitude is very fast, which is larger than that in the first
stage and the second stage, mainly because the cutter has a large

Fig. 5. The relationship of cutter inclination angle-breaking modes-VFC.

Table 1
Main basic input parameters of the model.

Parameter type Parameter name Value

Cutter parameters Cutter thickness w (mm) 10
Cutter depth D (mm) 0.2e3.8
Cutter movement speed vc (mm/s) 10e30

Geometric angle
parameters

Contact friction angle b (�) 5e20
Cutter inclination angle g (�) 10e70
The angle between the shear line
and the horizontal direction u (�)

2e25

Rock mechanical
parameters

Cohesion c (MPa) 28e30
Internal friction angle 4 (�) 30e32
Uniaxial compressive strength sucd (MPa) 80e250
Uniaxial tensile strength std (MPa) 10e30
The range of strain rate _ε (s�1) 50e350

Fig. 4. Cutter inclination angle-dynamic RTC-VFC.

Fig. 6. Relationship of cutting depth-breaking mode-horizontal cutting force.
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depth of penetration in this stage, causing cutting force and cutter
vibration rapid increases, and the input load cannot be used to
break the rock efficiently.

3.3. Relationship of breaking mode-dynamic strength-specific
energy

The relationship of breaking modes-dynamic strength ratio-
mechanical specific energy is shown in Fig. 7. With the increase of
the dynamic strength ratio, the crushing specific energy of varies
greatly among different modes. The specific energy of the D&A
model and the Evans model is a fixed value. One of the main reasons
is that the two models are a single crushing mode, and the rock
strength considered is a fixed static value. Specific energy optimi-
zation interval is difficult to obtain. For the compositemodemodel of
this paper, with the increase of the dynamic intensity ratio, the
specific energy increases nonlinearly, and the increase amplitude
gradually slows down, and the whole process is a nonlinear process.

3.4. Relationship of cutting depth-breaking mode-specific energy

Fig. 8 shows the relationship between the depth of cut-breaking
mode-specific energy coupling effect. With the increase of cutting
depth, the laws of specific energy performance of different crushing
modes are quite different. D&A model and Evans model are fixed

values. After the rock is determined, the specific energy is a fixed
value, which is inconsistent with the actual drilling process. One of
the main reasons is still that dynamic strength and composite
fragmentation modes are not considered. With the increase of
cutting depth, the specific energy of this paper model first de-
creases and then increases, and there is a minimum optimal value.
From the perspective of energy utilization, it is not that the deeper
the vertical pressing in, the greater the energy utilization efficiency.
Excessive indentation depth will result in waste of mechanical
energy and sharp increase in cutting force, but the effective
indentation depth is not obvious, which is a nonlinear change
process. With the increase of the strain rate, the effective cutting
depth of the specific energy minimum control increases, and the
specific energy value also increases, but the increase range is
directly related to the strain rate. With the increase of dynamic
cutting speed, the displayed ROP increases, but it is a nonlinear
change. With the increase of the strain rate, the increase of the
cutting depth (or ROP) slows down, which is too fast. The cutting
speed does not improve the energy utilization efficiency.

3.5. Model validation

Fig. 9 and Fig. 10 show the relationship of drilling parameters,
ROP and input energy for drill bit [1]. When the energy input (WOB
or RPM) increases, the rate of penetration (ROP) or the effective
cutting depth (ECD) is divided into three stages. In the first stage,

Fig. 8. Relationship of cutting depth-breaking mode-specific energy.

Fig. 9. The relationship of ROP and input energy of drill bit.
Fig. 7. The relationship of breaking modes-dynamic strength ratio-mechanical specific
energy.

Fig. 10. The relationship of drilling parameters-ROP-input energy of drill bit.
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the ROP and ECD can be increased by increasing theWOB and RPM,
mainly because the ECD in this stage is not high. When the energy
input increases and enters the second stage, the ROP increases
rapidly. In this stage, the drill bit can be optimized or optimized
design, auxiliary rock breaking tools and other measures to
improve ROP. When the input energy increases to the third stage,
the ECD of the drill bit increases, the RPM is too fast, and the
comprehensive dynamic load-loading rate is very high, so the
comprehensive WOB and RPM will match the relative ROP opti-
mization interval. The results shown in Fig. 9 are similar to the laws
shown in Fig. 6. The results shown in Fig. 10 are similar to the laws
shown in Figs. 7 and 8, indicating that the model in this paper is
correct and has certain adaptability.

4. Conclusions

A coupled model of PDC cutter-rock interaction is established
considering the mixed fragmentation modes and dynamic rock
strength. The coupling influence laws of cutter inclination angle,
cutting depth, dynamic strength ratio, fragmentation modes on the
HFC, VFC and specific energy are analyzed. The model of this paper
can obtain the optimized cutter inclination angle, cutting depth and
minimum specific energy. With the increase of the cutter inclina-
tion angle, the dynamic cutting force changes into two modes. The
definition of the dynamic modes depends on the dynamic strength
ratio. As the cutting angle increases, the cutting force decreases.
The cutting force increases nonlinearly with increasing cutting
depth, the relationship of cutting force and cutting depth is divided
into three stages. The specific energy of rock fragmentation in-
creases nonlinearly with increasing cutting depth. With the in-
crease of dynamic strength, the specific energy of rock
fragmentation increases nonlinearly. When the input-energy in-
creases, the rate of penetration response is divided into three
stages, including nonlinear slow growth stage, linear fast growth
stage, and nonlinear slow decline stage. The law presented by the
theoretical results is consistent with the field statistical law, which
verifies the correctness and adaptability of the model. The future
work will focus on the effect of rock multiscale fracture charac-
teristics and heterogeneity on cutter-rock interaction models.
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