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ze skałą w złożonym wierceniu udarowo-skrawającym: wpływ prędkości obrotowej  
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ABSTRACT: Conventional PDC drilling tools often exhibit low rock-breaking efficiency in hard formations. To address this limita-
tion, an impact-scraping composite drilling tool was designed to generate coupled axial and torsional impacts through the coordinated 
action of a positive-displacement motor and a cam-roller mechanism. In this study, a full-scale PDC bit–rock finite-element model was 
established to compare the rock-breaking behavior of conventional drilling and impact-scraping drilling. The effects of the drilling 
parameters (rotational speed and weight on bit, WOB) on stress distribution, penetration response, axial acceleration, tangential cutting 
force, and specific rock-breaking energy were investigated. The results show that impact-scraping drilling enlarges the tensile-stress-
dominated failure zone in the rock and improves the instantaneous penetration response. Under the baseline condition, the transient 
axial penetration velocity of the bit increased from 7.58 mm/s for conventional drilling to 16.63 mm/s for impact-scraping drilling, 
while the average tangential cutting force decreased from 5255.7 N to 3301.8 N. The tangential-force-based specific energy decreased 
by 38.5%, indicating a clear improvement in energy utilization. Increasing rotational speed and WOB can further increase the axial 
penetration velocity of the bit, but excessive values intensify bit vibration and may adversely affect cuttings removal. These results 
provide a numerical basis for parameter optimization and structural design of impact-assisted PDC drilling tools for hard formations.

Keywords: axial torsional composite-impact drilling, impact-scraping drilling tool, PDC bit, rock-breaking efficiency, finite-element 
simulation, specific energy.

STRESZCZENIE: Konwencjonalne narzędzia wiertnicze PDC często cechują się niską skutecznością urabiania skały w twardych 
formacjach. W celu wyeliminowania tego ograniczenia zaprojektowano narzędzie do złożonego wiercenia udarowo-skrawającego, 
które dzięki skoordynowanemu działaniu silnika wyporowego i mechanizmu krzywkowo-rolkowego generuje sprzężone udary osiowe 
i skrętne. W ramach badania opracowano pełnowymiarowy model elementów skończonych układu świder PDC–skała, umożliwiający 
porównanie przebiegu urabiania skały podczas wiercenia konwencjonalnego i udarowo-skrawającego. Przeanalizowano wpływ para-
metrów wiercenia, w tym prędkości obrotowej oraz nacisku na świder (WOB), na rozkład naprężeń, przebieg penetracji, przyspieszenie 
osiowe, styczną siłę skrawania i jednostkową energię urabiania skały. Wyniki wykazały, że wiercenie udarowo-skrawające powoduje 
zwiększenie w skale strefy zniszczenia, w której dominują naprężenia rozciągające, oraz poprawia chwilową zdolność penetracji. 
W warunkach bazowych chwilowa osiowa prędkość penetracji świdra wzrosła z 7,58 mm/s w przypadku wiercenia konwencjonalnego 
do 16,63 mm/s w przypadku wiercenia udarowo-skrawającego, natomiast średnia styczna siła skrawania zmniejszyła się z 5255,7 N 
do 3301,8 N. Jednostkowa energia obliczona na podstawie siły stycznej zmniejszyła się o 38,5%, co świadczy o wyraźnej poprawie 
efektywności wykorzystania energii. Zwiększenie prędkości obrotowej i nacisku na świder może dodatkowo zwiększyć osiową prędkość 
penetracji, jednak zbyt wysokie wartości tych parametrów nasilają drgania świdra i mogą niekorzystnie wpływać na odprowadzanie 
zwiercin. Uzyskane wyniki stanowią numeryczną podstawę do optymalizacji parametrów oraz projektowania konstrukcji narzędzi 
wiertniczych PDC ze wspomaganiem udarowym przeznaczonych do wiercenia w twardych formacjach.

Słowa kluczowe: złożone wiercenie z udarem osiowo-skrętnym, narzędzie do wiercenia udarowo-skrawającego, świder PDC, efektyw-
ność urabiania skały, symulacja metodą elementów skończonych, energia jednostkowa.
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Introduction

When PDC bit is drilled in hard formation, the rate of 
penetration is low and the bit stick-slip vibration failure is fast 
(Dolezal et al., 2011). To solve this problem, some researchers 
have developed a more efficient multidimensional composite 
impact rock breaking technology based on one-dimensional 
impact assisted rock breaking technology. This technology 
integrates two single directional impact drilling technologies, 
axial impact and torsional impact, and combines the advantages 
of these two technologies (Mu et al., 2018). Therefore, it is the 
main research direction of impact rock breaking at present.

In 2008, Shell Company of the United States proposed 
a kind of impact drill bit, which can generate axial impact on 
rock while rotating around the axis to cut rock, effectively 
improving the drilling efficiency. Later, a hybrid bit was pro-
posed that greatly improved ROP and became an alterna-
tive to the conventional bit with faster and more durable bit 
performance (Huang et al., 2020, Kong et al., 2022). Deng 
et al. (2022) designed a compound impact tool that indirectly 
controls axial impact by torsion by controlling stroke through 
an internal flow distribution mechanism. Huang et al. (2023) 
and Lu et al. (2023) established a coupled axial and torsional 
vibration model. Based on this, Yang et al. (2024) analyzed 
the impact performance and influencing factors of composite 
impact drilling tool through large eddy simulation method. 
Song et al. (2021) proposed the axial torsional composite 
impact rock breaking technology, and analyzed the capabil-
ity transfer efficiency of the composite rock breaking tool on 
the basis of establishing the nonlinear dynamic model. Zeng 
et al. (2020), Liu et al. (2021) studied the fracture mechanism 
of rock by simulating rock breaking with compound impact 
drilling tools, and compared damage evolution of rock and 
formation process of rock debris under three different working 
conditions: axial impact, torsional impact and axial torsional 
composite impact. The results show that rock breaking effect 
of axial torsional composite impact drilling is the best. Zha 
et al. (2017) and Koronatov et al. (2023) established the vibra-
tion model of PDC bit under axial impact and axial torsional 
composite impact, simulated shear force of rock under the 
two states, and analyzed motion rule of PDC bit. The results 
show that PDC bit composite impact rock breaking technol-
ogy can increase the cutting depth of bit cutter and restrain 
torsional vibration of bit, so as to improve the ROP. Li et al. 
(2021) analyzed the effects of impact velocity, dynamic load 
amplitude, ratio of axial force and torsional force of drilling 
tool on cutting force and cutting depth. It is pointed out that 
both cutting force and cutting depth increase with increasing 
ratio (μ < 2) When µ = 1.5, penetration depth and rate are ob-
tained regardless of rock type. Under the composite impact, 

penetration depth and penetration rate increased by 49.02% 
and 35.92%, respectively. Based on study on mechanism of 
rock breakage, Peng et al. (2021) found that in the process of 
rock breakage, rock is in state of coexistence of tensile stress 
and compressive stress. It is concluded that the cause of rock 
failure is comprehensive effect of “stretching and shearing”, and 
influence of bit impact frequency, WOB and rotational speed 
on rock failure is further analyzed. Xi et al. (2023) studied the 
effect of bit geometry on dynamic load parameters, and the 
research results showed that adding axial impact, torsional 
impact or axial torsional composite impact could increase the 
drill penetration depth by 31.3%, 5.6% and 34.7%, respectively. 
Sun et al. (2024) compared and analyzed rock breaking effect 
under static load, axial impact load, torsional impact load and 
axial torsional composite impact load. Furthermore, the ef-
fects of temperature (Sun et al., 2024, Ji et al., 2024), impact 
frequency and amplitude, WOB, lithology (Mu et al., 2022), 
rotational speed and impact Angle (Liu et al., 2022) on rock 
breaking effect are further analyzed. Under the best working 
conditions, composite impact can increase drill depth and 
mechanical penetration rate by nearly 2 times.

In summary, the research on existing achievements shows 
that composite impact drilling technology has significant advan-
tages in improving drilling efficiency, but most of the research 
is about the qualitative analysis of rock breaking mechanism. 
In particular, there are few studies on impact of complex impact 
frequency and related parameters on rock breaking effect of 
drill bits, and even if there are studies, most of them stay in 
the single tooth impact rock breaking, and few involve rock 
breaking analysis of full-size drill bits. In this paper, a full-size 
PDC bit model is established, and the advantages of composite 
impact drilling over conventional drilling are analyzed based 
on rock breaking mechanism. The influence of different speed 
and WOB on the rock breaking effect of the composite drill 
tool is simulated and analyzed. The research results have 
important reference significance for the study of composite 
impact rock breaking.

Materials and Methods

Structure of the impact-scraping composite drilling tool
As shown in Figure 1, the impact-scraping drilling tool 

consists of an energy-supply system and a driveline-impact 
system. During rock breaking, the bottom-hole rock is subjected 
to the combined effects of WOB, impact load, and torque. On 
this basis, a simplified nonlinear dynamic finite element model 
of bit-rock interaction was established, as shown in Figure 2, 
and numerical simulations of the rock-breaking process were 
conducted. In the present study, fluid flow and fluid–solid 
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coupling were not explicitly considered because the analysis 
focused on the mechanical rock-breaking response induced by 
WOB, rotation, and impact loading.

Modelling assumptions
The bottom-hole environment is highly complex under 

actual drilling conditions. To improve computational efficiency 
while retaining the dominant rock-breaking mechanisms, sev-
eral secondary factors were simplified in the numerical model. 
The following assumptions were adopted: 
1.	 the strength and hardness of the bit are much higher than 

those of the rock; therefore, the bit is treated as a rigid body 
and bit deformation is neglected; 

2.	 failed rock elements are assumed to be removed immedi-
ately from the model, and the influence of detached debris 
on subsequent bit-rock contact is ignored; and 

3.	 the effects of drilling-fluid flow and thermal-mechanical 
coupling are not considered in the present model.

Mathematical formulation of bit-rock contact
The rock-breaking process of the impact-scraping drilling 

tool is a typical nonlinear dynamic contact problem. Its non-
linearity mainly arises from three aspects: 
1.	 geometric nonlinearity caused by large displacement and 

rotation within a short time; 
2.	 material nonlinearity caused by large rock strain before 

failure; and 
3.	 contact nonlinearity caused by the continuously changing 

contact state between the cutter surface and the rock.
The contact system is formulated using the finite element 

method. The spatial domain occupied at time t is denoted 

by Ω. The body force, boundary force, and Cauchy internal 
stress acting on the contact system are denoted by b, t, and σ, 
respectively. The contact problem can therefore be expressed 
as follows:

	

Ω Ω Γ Γ

Ω

Ω Ω

Ω

∫ ∫ ∫ ∫
∫

− − − +

+ =
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ρ δ
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where: Γf is the boundary of boundary force; Γc is the con-
tact boundary; δu is virtual displacement; δe is virtual 
strain; ρ is density; a is the acceleration.

The finite element model is used to discretize the domain 
Ω to obtain the virtual displacement, so that:
	 mü = p(t) + c(u,α) – f (u,β)	 (2)
where:
m is the mass matrix, 
ü is the acceleration vector, 
p(t) is the time-dependent external-load vector, 
c(u,α) is the contact and friction-force vector, 
f (u,β) is the internal-force vector, 
u is the displacement vector, α represents contact-related 

parameters, and 
β represents material constitutive parameters.

Rock constitutive model and failure criterion
According to Lemaitre's strain equivalence hypothesis 

(Lemaitre, 1985), the rock damage constitutive model is ex-
pressed as follows: 

	 penetration rate S S
D

CS
Dσ

σ ε* = =
1 1− −

	 (3)

Figure 1. Structure diagram of impact-scraping drilling tool. 1. Rubber bushing; 2. Rotor; 3. Universal joint; 4. Water cap; 5. Driving 
shaft; 6. Bearing; 7. Piston; 8. Cam-roller system; 9. Spring base; 10. Spring; 11. Jarring axis; 12. Impact bit

Figure 2. Rock breaking theoretical model of impact-scraping drilling tool
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where,
Sσ

*  – is the effective stress matrix, 
Sσ – is the nominal stress matrix,
D – is rock damage variable,
Sε – is the strain matrix,
C – is the elastic matrix of rock.

The failure of rock elements is assumed to be stochastic, 
and the element strength follows a Weibull distribution (Cao 
et al., 2004). The probability density function of rock strength 
is expressed as follows:

	 p F m
F
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where: F is a randomly distributed variable with Weibull 
distribution of unit strength; m is a parameter reflecting 
rock brittleness; F0 is the macroscopic strength of the 
rock.

The proportion of the damaged part in the whole rock is 
defined as the rock damage variable D, and it is expressed as:
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If rock always satisfies Hooke's law before failure, for tri-
axial compression experiments with equal confining pressure, 
Equations (3) and (5) can be obtained as follows.
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where: σ1
* is the axial effective stress; σ 3

* is the lateral 
effective stress; σ1 is the nominal axial stress; σ3 is 
the nominal lateral stress; μ is Poisson's ratio; ε1 is the 
axial strain; E is the elastic modulus.

The yield point of the rock stress-strain curve is approxi-
mated as the damage threshold. When the strain is lower than 
the threshold strain, the initial damage variable is set to zero 
(Teale, 1965), and the relationship between yield stress and 
plastic strain is expressed as follows:

	 σ σ
ε
ε1 1

1

1

= y
y

	 (7)

where: σ1y is the stress threshold corresponding to the strain 
threshold ε1y .

When the strain is equal to or greater than the strain thresh-
old ε1y, the corresponding rock constitutive equation is shown 
in Equation (6). The Drucker-Prager failure criterion based on 
principal stress representation is expressed as follows:
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The peak stress and peak strain of the rock stress-strain 
curve are respectively set to σ1p and ε1p, and Equation (6) can 
be rewritten as follows.
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where: Dp is the rock damage variable at the peak point;  
Fp is the unit strength at the peak point.

In Equation (6), the partial differential of stress σ1 to strain 
ε1 is obtained, and ∂ ∂ ==σ ε ε ε1 1 1 1

0
p

 is considered.
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In summary, the basic equations of complete rock damage 
constitutive model based on D-P failure criterion and Weibull 
distribution are obtained.
1.	 When the strain of rock is less than strain threshold ε1y, the 

constitutive equation of rock is:
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	 (14)

2.	 When the strain is equal to or greater than the strain thresh-
old ε1y, the corresponding rock constitutive equation is:
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3.	 The expression of brittleness parameter m is:
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4.	 The expression of the intensity parameter F0 is:

	 F F
Ep

m p

p

m

0
1 3

1

1

2
= −

−







ln

σ µσ
σ

	 (17)



4/2026

421

4/2026

421

Finite element model, material properties, and boundary 
conditions

In the simulation, the radius of the rock model was set to 
200 mm to reduce the influence of remote boundary condi-
tions on the internal stress field. The bit model was coupled 
to a reference point and contacted the rock surface through 
a defined contact surface. When upper rock elements failed, 
the bit re-contacted the newly generated cutting surface. The 
bottom of the rock model was fixed. Considering the influence 
of confining pressure and neglecting pore pressure, the over-
burden pressure and horizontal in-situ stresses were applied 
according to the following relationships: 
	 P G hu u= * 	 (18)
	 P G hc c= * 	 (19)
where: h is Borehole depth, m; Gu is overburden pressure 

gradient, MPa/m; Gc is horizontal ground stress gra-
dient, MPa/m.

The specific data are shown in Table 1.

Mesh refinement was applied in the bit-rock contact region. 
Surface-to-surface contact was used between the bit and the 
rock, and the element-deletion method was adopted to remove 
failed rock elements during numerical simulation. The rock 
material parameters used in the simulation are listed in Table 2.

Figure 3 shows the load setting for the rock-breaking simu-
lation of the impact-scraping drilling tool. Axial impact forces 
with frequencies of 6.0, 7.5, and 9.0 Hz were applied to the bit 
under the corresponding working conditions.

Mesh-independence and model verification
To verify mesh independence, models with total element 

numbers of 6.2 × 105, 8.2 × 105, 1.04 × 106, and 1.23 × 106 
were compared using the maximum equivalent stress as the 
evaluation index. The results are shown in Figure 4.

Table 1. Setting of rock boundary conditions

Overburden pressure Pu

[MPa]
Horizontal ground stress Pc

[MPa]

46 32

The bit was constrained to a reference point. The bit was meshed 
using tetrahedral elements, whereas the rock model was meshed 
using C3D8R hexahedral elements with hourglass control. 

Table 2. Material parameters of the model

Materials Density
[kg/m3]

Poisson's  
ratio

Elasticity modulus 
[GPa]

Shear Angle  
[°]

Flow stress  
ratio

Internal friction 
angle(deg)

limestone 2460 0.178 31.2 25 0.8 27.61

Figure 3. Finite element analysis model

Figure 4. Comparison of equivalent stress with different mesh 
numbers

In engineering simulations, if the stress deviation before 
and after mesh refinement is controlled within 3% and the 
computational cost remains acceptable, the mesh effect can be 
regarded as negligible. As shown in Figure 4, when the total 
number of elements increases from 8.2 × 105 to 1.23 × 106, the 
variation in maximum equivalent stress remains within 3%. 
Therefore, a model with approximately 8.3 × 105 elements was 
adopted for the subsequent simulations.

In addition to the mesh-independence analysis, the reli-
ability of the numerical model was assessed by comparison 



NAFTA-GAZ

422

NAFTA-GAZ

422

with published numerical and experimental studies. Dong 
and Chen (2018) established a full-scale PDC-bit model for 
percussive-rotary drilling and verified the numerical approach 
using an actual drilling case. Xi et al. (2022) combined numeri-
cal simulations with single-cutter experiments and demonstrated 
that rotary-percussion loading promoted cutter penetration and 
rock damage. Zhang et al. (2023) further reported, through 
numerical simulations and laboratory micro-PDC drilling 
tests, that vibration-assisted drilling enhanced the penetration 
response and reduced the drilling resistance within an ap-
propriate parameter range. Similar numerical–experimental 
approaches have also been employed for full-scale PDC-bit 
performance analysis.

The present results exhibit qualitatively consistent trends. 
Compared with conventional drilling, impact-scraping drill-
ing produces a stronger dynamic damage response, promotes 
tensile-stress-assisted failure, increases the simulated pen-
etration response, and reduces the tangential cutting-force 
component. This qualitative agreement supports the capability 
of the present model to compare different drilling modes and 
operating parameters under identical numerical conditions.

Simulation results and analysis

Rock stress analysis
Finite element simulations were conducted for different 

drilling methods. The corresponding load settings are listed 
in Table 3.

The compressive strength of rock is much higher than 
its tensile strength. Therefore, the maximum principal stress 
distribution of the rock elements was used to evaluate the rock-
failure tendency, as shown in Figure 5. During conventional 
drilling (Figure 5a), tensile and compressive stresses coexist 
in the rock, but compressive stress is mainly concentrated near 
the bit-rock contact region. During impact-scraping drilling 

(Figure 5b), the tensile-stress region in the rock element con-
tacted by the cutter is significantly enlarged compared with 
that under conventional drilling. Stress is transmitted in the 
form of waves, part of which is repeatedly reflected between 
the cutter and the rock, thereby promoting tensile failure and 
crack propagation. This indicates that impact-scraping drill-
ing can create more favorable stress conditions for brittle  
rock failure.

Drilling rate analysis
In the present finite-element model, the axial displacement 

of the bit is used to characterize its penetration response. The 
bit transient axial penetration velocity (mm/s) was determined 
from the slope of the axial displacement–time curve. This 
parameter represents the axial penetration response of the bit 
during the simulated interval and is used only for comparison 
between different drilling modes under identical numerical 
conditions. The comparison is shown in Figure 6.

The results show the following characteristics. First, the 
bit-rock contact state varies continuously during drilling. Before 
the bit contacts the rock, the axial displacement increases 
relatively rapidly. After contact is established, rock resistance 
reduces the penetration speed, and collision between the bit and 
rock causes slight rebound; therefore, the axial displacement 
curve fluctuates. Second, the bit transient axial penetration 
velocity of conventional drilling is 7.58 mm/s, whereas that of 
impact-scraping drilling reaches 16.63 mm/s, approximately 

Table 3. Load parameter settings

Drilling mode WOB
[kN]

Rotational 
speed 
[rpm]

Axial  
impact load 

[N]

Impact 
frequency 

[Hz]

Conventional 
drilling 10 120 0 0

Impact-scraping 
drilling 10 120 14135.4 6.0

Figure 5. Cloud map of maximum principal stress of rock
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2.2 times that of conventional drilling. This improvement oc-
curs because the axial impact force acts directly on the rock 
surface through the impact teeth, forming local impact craters, 
and also propagates into the rock in the form of stress waves. 
These effects promote crack initiation and propagation, thereby 
improving the penetration response of the impact-scraping  
drilling tool.

Analysis of axial acceleration
The impact stress wave caused by axial bit vibration acts 

on the bottom-hole rock, while the rock simultaneously exerts 
a reaction force on the bit. Excessive axial vibration may be 
harmful to PDC cutters, whose dominant rock-breaking mode 
is shear cutting; it can reduce bit service life and may even 
cause cutter breakage, drill-string damage, or downhole ac-
cidents. Therefore, axial acceleration was used to characterize 
bit vibration. Figure 7 compares the axial acceleration curves 
of conventional drilling and impact-scraping drilling.

The two curves indicate that the axial accelerations of 
both drilling methods exhibit obvious aperiodic fluctuations. 
This aperiodicity results from the time-varying bit-rock in-
teraction. The fluctuations are caused by intermittent loss and 
re-establishment of bit-rock contact after local rock elements 
fail. When the bit loses contact restraint after a rock element 
is removed, the axial acceleration increases instantaneously. 
As the bit establishes new face-to-face contact with the rock, 
the acceleration decreases and may even become negative. 
At the initial stage, the vibration is relatively weak. As the bit 
penetrates deeper into the rock and the contact area increases, 
the vibration becomes more pronounced. Compared with 
conventional drilling, impact-scraping drilling shows a more 
controlled axial acceleration response under the baseline condi-
tion, indicating that the composite impact mode improves rock 
breaking without causing excessive bit vibration.

Analysis of tangential-force-based specific energy
When a bit cutter breaks rock, the fluctuation of tangential 

force reflects the fracture and removal of rock elements. The 
tangential force of the cutter under the two drilling methods 
was extracted through post-processing, and the comparison 
curve is shown in Figure. 8.

Figure 6. Axial displacement–time curves of the bit under diffe-
rent drilling modes

Figure 7. Comparison of axial acceleration curves

Figure 8. Tangential force curve of cutter under two drilling 
methods

When the cutter first contacts the rock element, the tan-
gential force changes sharply and then gradually fluctuates 
around a stable level as the cutting process enters a steady state. 
The average cutting force during impact-scraping drilling is 
3301.8 N, which is 37.2% lower than the 5255.7 N obtained 
during conventional drilling.

The specific rock-breaking energy can quantitatively reflect 
the rock-breaking efficiency of different drilling methods from 
the perspective of energy consumption. It is defined as follows 
(Teale, 1965): 
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	 MSE = W/V	 (20)
where: MSE is the specific rock-breaking energy; W is the 

work consumed during rock breaking; and V is the 
volume of broken rock.

Using the projected crushing volume to calculate the specific 
rock-breaking energy, Equation 20 can be transformed into:

	 MSE W
V

f d
Sd

f
S

h h= = = 	 (21)

where: fh is local tangential force; d is the rock breaking 
depth of bit; S is cutting projection area.

The interaction model between PDC single tooth and rock is 
shown in Figure 9. The projected cutting area can be calculated 
by the following Equation:
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where: r is radius of bit cutter; θ is Caster Angle; β is Camber 
Angle.

tion. The axial work associated with WOB and the additional 
work introduced by the impact load were not included.

Analysis of influence of rotational speed on rock  
breaking

Rotational speed, impact load, and impact frequency inter-
act with each other and strongly influence the rock-breaking 
effect of the impact-scraping drilling tool. Simulations were 
conducted at rotational speeds of 120, 150, and 180 rpm. The 
corresponding parameters are listed in Table 4.

Figure 9. Interaction model between PDC single tooth and rock

As shown in Figure 10, the tangential-force-based spe-
cific energy was 86.28 mJ/mm3 for conventional drilling and 
53.07 mJ/mm3 for impact-scraping drilling, corresponding to 
a reduction of approximately 38.5%. This result indicates that 
the tangential cutting-energy requirement of the PDC cutters 
was reduced after the rock had been pre-damaged by the im-
pact action, and demonstrates that impact-scraping drilling is 
more conducive to rock failure and improves rock-breaking 
efficiency. It should be noted that the present specific-energy 
calculation includes only the tangential cutting-force contribu-

Figure 10. Rock breaking specific work under different drilling 
methods

Table 4. Load parameter settings

Working 
condition

WOB
[kN]

Rotational 
speed  
[rpm]

Axial  
impact load 

[N]

Impact 
frequency

[Hz]
1 10 120 14135.4 6.0
2 10 150 14411.3 7.5
3 10 180 13189.9 9.0

The main failure modes of bottom-hole rock are shear fail-
ure and tensile failure. Because the shear stress in the model 
is relatively small compared with the compressive and tensile 
stresses, the maximum principal stress was mainly used for 
comparison. As shown in Figures 11–13, the maximum prin-
cipal stress distribution varies with rotational speed.

At 120 rpm, the rock experiences more compressive stress 
regions. As the rotational speed increases, the stress state 
gradually changes from compression-dominated to tension-
dominated, and the tensile-stress region expands. This stress 
transition is favorable for rock fracture and removal.

The penetration curves of the impact-scraping drilling tool 
at the three rotational speeds (Figure 14) show continuous fluc-
tuating increases, which is consistent with bit rebound during 
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actual drilling. As the rotational speed increases from 120 to 
180 rpm, the bit transient axial penetration velocity gradually 
increases. The bit transient axial penetration velocity values 
at 120, 150, and 180 rpm are 16.63, 21.06, and 22.20 mm/s, 
respectively. These results indicate that increasing rotational 
speed can significantly improve bit transient axial penetration 
velocity at low-to-moderate speeds. However, once the rota-
tional speed exceeds a certain level, its marginal contribution 
to bit transient axial penetration velocity decreases, and further 
speed increase becomes less effective. 

The axial acceleration of the bit under different rotational 
speeds was extracted for analysis, as shown in Figure 15.

The fluctuation amplitude of axial acceleration increases 
with rotational speed, and both the amplitude and frequency of 

Figure 11. Maximum principal stress nephogram of rock at 120 rpm

Figure 12. Maximum principal stress nephogram of rock at 150 rpm

Figure 13. Maximum principal stress nephogram of rock at 180 rpm
vibration become higher. In the initial contact stage (0–0.4 s), 
the acceleration responses under the three rotational speeds are 
similar. As time increases, the influence of rotational speed 
becomes more evident. The acceleration ranges at 120, 150, 
and 180 rpm are –0.23 to 0.22 m/s2, –1.00 to 1.03 m/s2, and 
–1.42 to 2.61 m/s2, respectively. Therefore, bit vibration be-
comes more severe at high rotational speed. Considering both 
bit transient axial penetration velocity and vibration intensity, 
150 rpm is considered more suitable for the impact-scraping 
drilling tool under the simulated conditions.

Analysis of influence of WOB on rock breaking
WOB is another major factor affecting rock-breaking ef-

ficiency. During drilling, WOB presses the bit against the rock 
surface and reduces energy loss during cutter-rock impact. 
Under impact loading, WOB can increase the peak contact 
force and help cutters maintain sufficient force for rock fracture.

Figure 14. Axial displacement at different rotational speeds

Figure 15. Axial acceleration at different rotational speeds
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Table 5. Load parameter settings

Working 
condition

WOB
[kN]

Rotational 
speed  
[rpm]

Axial  
impact load 

[N]

Impact 
frequency

[Hz]
1 10 120 14135.4 6.0
2 40 120 14135.4 6.0
3 80 120 14135.4 6.0

Figure 16. Maximum principal stress nephogram of rock with 
WOB of 10 kN

Figure 17. Maximum principal stress nephogram of rock with 
WOB of 40 kN

Figure 18. Maximum principal stress nephogram of rock with 
WOB of 80 kN

The principal stress distributions of the rock under different 
WOB values are shown in Figures 16–18. When the drilling 
tool operates, rock failure is mainly associated with tensile 

Figure 19. Variation of axial displacement with different WOB 
over time

stress. As WOB increases, the compressive-stress region in 
the rock gradually expands, which may be unfavorable for 
efficient tensile failure. 

 The penetration curves of the impact-scraping drilling 
tool under different WOB values show obvious fluctuations 
and continuous increases. Before contact, the bit displacement 
increases almost linearly until the bit reaches the rock surface. 
After contact, the bit cuts and fractures rock elements under 
the combined action of WOB, rotation, and impact loading. 
As WOB increases from 10 to 80 kN, the axial displacement in-
creases significantly. The bit transient axial penetration velocity 
values at 10, 40, and 80 kN are 16.63, 52.27, and 92.86 mm/s, 
respectively. These results indicate that increasing WOB can 
markedly improve bit transient axial penetration velocity. 
However, excessive WOB may compact the rock cuttings at the 
bottom hole, making them difficult to remove by drilling-fluid 
circulation. It may also aggravate bit vibration and increase 

Figure 20. Variation of axial acceleration with different WOB  
over time



4/2026

427

4/2026

427

the risk of cutter wear or failure. Therefore, WOB should be 
optimized rather than increased without limitation.

The axial acceleration under different WOB values was 
extracted and analyzed, as shown in Figure 20. Both the am-
plitude and frequency of axial acceleration increase with WOB. 
At WOB values of 10, 40, and 80 kN, the acceleration ranges 
are –0.23 to 0.22 m/s2, –3.7 to 3.6 m/s2, and –4.2 to 4.2 m/s2, 
respectively. These results indicate that high WOB produces 
more severe bit vibration. Therefore, the selection of WOB 
should balance penetration improvement, vibration control, 
and cuttings-removal capacity.

Conclusion

In this study, the rock-breaking characteristics of conven-
tional drilling and impact-scraping drilling were compared 
using a full-scale bit-rock finite element model. The effects of 
rotational speed and WOB on the rock-breaking performance 
of the impact-scraping drilling tool were further analyzed. The 
main conclusions are as follows:
1.	 Tensile and compressive stresses coexist in the rock under 

both drilling methods. Compared with conventional drilling, 
impact-scraping drilling produces a larger tensile-stress re-
gion and promotes stress-wave-induced rock failure. Under 
the baseline condition, the bit transient axial penetration 
velocity increases from 7.58 to 16.63 mm/s, approximately 
2.2 times that of conventional drilling. Meanwhile, the 
average tangential cutting force decreases by 37.2%, and 
the tangential-force-based specific energy decreased by 
38.5%, indicating that impact-scraping drilling improves 
both penetration performance and energy utilization.

2.	 Increasing rotational speed and WOB can improve the bit 
transient axial penetration velocity of the impact-scraping 
drilling tool, but their marginal benefits decrease beyond 
a certain range. At rotational speeds of 120, 150, and 
180 rpm, the bit transient axial penetration velocity values are 
16.63, 21.06, and 22.20 mm/s, respectively, while the axial  
acceleration amplitude increases noticeably at high speed. 
At WOB values of 10, 40, and 80 kN, the bit transient 
axial penetration velocity values increase to 16.63, 52.27, 
and 92.86 mm/s, respectively; however, higher WOB also 
intensifies bit vibration and may hinder cuttings removal. 
Considering penetration efficiency and vibration control, 
the drilling parameters should be optimized rather than 
increased monotonically.
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