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ABSTRACT

Percussion drilling technology can be used to increase the rate of penetration in deep shale reservoirs,
but the interaction mechanism among impact loads, drilling teeth and rock has not been sufficiently
investigated. For this reason, shales with different bedding angles are used to carry out impact
compression and tensile experiments as well as the rock-breaking experiments by single axe-shaped
tooth, the variation of dynamic strengths, rock failure characteristics, fractal dimensions, and tensile/
compression ratios under different load-bedding angles («) are investigated. Then, the three-dimensional
scanning device is used to measure the penetration depth and rock-breaking volume under different
load-bedding angles. The results show that with the increase of load-bedding angle (0°—90°), the
compressive strength decreases and then increases, with the lowest strength at « = 45° and the highest
strength at « = 0°; the tensile strength decreases and then increases, with the lowest strength near
a = 30° and the highest strength at a = 90°. With the growing impact rate, the effect of load-bedding
angle on dynamic compressive strength decreases, and the effect on dynamic tensile strength be-
comes more significant. When the impact velocity is high (>8.0 m/s), the tensile-compressive ratio first
decreases and then increases, and both reach a minimum at a load-bedding angle of 30° and a maximum
at 60°. With the increasing of the load-bedding angle, the depth of tooth penetration increases and then
decreases, and the highest depth of tooth penetration and the highest energy absorption efficiency are
achieved at « = 45°; the width of the impact pit increases and then decreases, and the maximum width
value is achieved at « = 30°, with the smallest value of the specific work value of the rock-breaking. The
results have significant reference value for improving the rock-breaking efficiency of percussion drilling
in deep anisotropic formations.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

rock-breaking efficiency of conventional drilling techniques is low;
in addition, low penetration rate and wear of drill teeth have

With the deepening of shale oil and gas exploration and
development, organic-rich deep shale oil and gas reservoirs (ver-
tical depth >3500 m) have received more and more attention and
gradually become the target of oil and gas exploration (Gale et al.,
2014; Shi et al., 2018). However, due to the high matrix strength,
poor drillability and abrasive nature of deep shale reservoirs, the
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severely limited the development of deep shale oil and gas (Liu
et al,, 2021a; Peng et al., 2022). Given this, impact rock-breaking
technology has been introduced into the drilling engineering of
deep shale oil and gas reservoirs, and it has achieved remarkable
results in improving penetration rate and rock-breaking efficiency
(Amar et al.,, 2019). However, the rock-breaking mechanism of PDC
drilling teeth under impact load is not sufficiently studied (Zhu
et al,, 2022; Ke et al., 2023). In addition, the shale matrix is aniso-
tropic, and its dynamics change with the angle of the formation,
and the direction of the wellbore structure affects the angle
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between the impact load and the shale formation, which leads to a
highly complex interaction between the direction of the impact
load, the direction of the shale formation, and the PDC drilling
teeth. Therefore, to reveal the rock-breaking mechanism of drilling
teeth under impact load in deep shale reservoirs, the angle between
impact load direction and shale formation direction should be
considered, to lay the foundation for the establishment of the
compatibility between the three, and then provide a reference to
improve the mechanical rotation speed and prolong the service life
of impact drilling tools.

Sedimentation during the formation of shale reservoirs causes
the establishment of significant transverse isotropy in rocks, which
makes the shale anisotropic in terms of mechanical properties
(Alsuwaidi et al., 2021; Cui and Si, 2021; Qin et al., 2022). In this
regard, many scholars have conducted experimental studies on the
anisotropy of shale mechanical properties (Bobko et al., 2008; Guo
and Zhang, 2014; He et al., 2022). Through triaxial compression
tests on shales with different bedding directions, Fjer and Nes
(2014) analyzed the anisotropic features of shale compressive
strength under static conditions, and their test results showed that
the failure plane of shale was affected by both the loading direction
and the stratification plane. Liu et al. (2021b) drilled shale cores in
Changning Block, Sichuan Basin of China, and conducted shale
mechanical tests at different bedding angles. Their results
demonstrated that the tensile strength of shale decreased with the
increase of bedding angle, while its compressive strength pre-
sented a U-shaped variation with the change of bedding angle.
Previous studies have focused on conducting static tests of shale.
However, the percussion drills generate stress waves by relying
mainly on the hammer reciprocating movement, thereby assisting
rock breakage, which already belongs to the category of rock dy-
namics. Hence, analyzing the variation law of rock dynamic
strength is necessary while considering shale anisotropy (Cao et al.,
2022; Huang et al., 2022). Using the Split Hopkinson Pressure Bar
(SHPB) test device, Yang G.L. et al. (2020) conducted dynamic
compression tests on shales with different bedding angles, finding
that the dynamic compressive strength of shale presented a “V"
curve variation with the increase of bedding angle. Through the
Brazil split test under impact load, Feng et al. (2023) analyzed the
influence of shale anisotropy on the dynamic tensile strength,
revealing that the tensile strength of vertically bedded shale was
usually higher than that of parallel bedded shale, the deformation
and fracture response of shale under dynamic load were more
sensitive to strain rate. From the above literature, it is obvious that
although existing studies have been conducted to experiment on
the dynamic properties of shale under impact loading, most of the
studies have focused on the effect of the angle of the laminations on
the strength. However, in actual drilling engineering, there is an
angle between the direction of impact load influenced by the
wellbore trajectory and the shale bedding, and the related studies
are not yet sufficient.

During the rock breakage by percussion drills, the interaction
between drill cutter tooth and rock should be considered in addi-
tion to the characteristics of shale dynamics. Given the different
rock-breaking mechanisms of different types of drill cutter teeth,
experiments, and numerical simulation studies have been carried
out previously on the teeth of different types of PDC bits (Ju et al.,
2014; Akbari and Miska, 2016; Chen et al., 2021; Li et al., 2022).
Negm et al. (2016) reported that axe-shaped teeth combined the
squeezing and shearing actions of conventional drill cutter teeth
under the drill string load, enabling easier rock formation pene-
tration. Shao et al. (2021) conducted a wear resistance test on the
PDC bit tooth, pinpointing that with higher wear resistance than
the planar tooth, the axe-shaped tooth had a longer life in the rock-
breaking process and was suitable for long well section drilling
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applications. Through finite element numerical simulation, He et al.
(2021) analyzed the rock stress distribution and strain character-
istics during the conventional well drilling process with special-
shaped teeth (axe-shaped and triangular), and their results
demonstrated easier rock penetration and better rock-breaking
efficiency by the axe-shaped tooth. By establishing numerical
models of shale fragmentation with axe-shaped, triangular, and
planar teeth, Dong et al. (2022) analyzed the rock-breaking effect of
different types of drill cutter teeth, stating that under an equivalent
static load of the drill string, the axe-shaped tooth had greater
penetration depth. As is evident from the above literature, previous
studies focused on the rock-breaking effect of drill cutter teeth
under static load of drilling string, which failed to analyze the dy-
namic load generated by percussion drill. Additionally, the influ-
ence of shale anisotropy on the rock-breaking effect by drill cutter
teeth was not considered in the interaction between cutter teeth
and rock.

Based on the above analyses, there are few studies concerning
the interaction mechanism among impact load, drill bit teeth, and
bedded shale during the application of percussion drilling tech-
nology in deep shale formations. This is primarily attributable to
the following two challenges: (1) Under impact load, the influence
of shale anisotropy on the rock dynamic strength needs to be sys-
tematically explored, including dynamic compression and tensile
tests on rocks. Besides, considering both the bedding angle of shale
and the angle between impact load and stratification plane is
required, which will consume a long period and high cost. (2)
Quantitative evaluation of the anisotropic rock breaking effect of
drill cutter teeth under impact load remains insufficient. When
conducting relevant tests, it is necessary to consider the geometry
of drill cutter teeth used in the engineering. Meanwhile, it is also
required to fit the impact load parameters to the engineering site as
much as possible. Additionally, quantitative analysis of the frag-
mentation morphology of rock after impact fragmentation is
required, along with calculation of the rock fragmentation specific
energy of drill cutter teeth at different impact velocities and
bedding angles. Hence, it is imperative to experimentally investi-
gate the dynamics characteristics of anisotropic shale under impact
load and the rock breakage by drill cutter teeth.

In this research, the SHPB test is used to conduct the conven-
tional impact test and PDC tooth impact test on bedded shale, and
the load-bedding angles are used as the analyzing variable to study
the mechanical properties and crushing characteristics of bedded
shale under the conventional impact conditions, based on which,
the depth of intrusion of bedded shale and the volume of rock
breakage under the impact of a single tooth are analyzed by using
the impact of the PDC tooth to calculate the specific work of rock
breakage required to intrude bedded shale under different impact
loads. Then, we calculate the specific work of rock breaking
required to intrude into bedded shale under different load-bedding
angles, which reveals the rock-breaking mechanism of PDC drill
teeth under impact load. The results of this research provide a
valuable reference for improving the rock-breaking efficiency of
percussion drills in deep anisotropic formations, increasing the rate
of penetration and prolonging the lives of percussion drills and bits.

2. Materials and methods

During rock breakage with percussion drill in deep shale stra-
tum, the following two aspects should be considered (Fig. 1).

(1) Shale reservoir's significant stratification (anisotropy) char-
acteristics affect the dynamic strength. During the percus-
sion drill, the impact load generated by the hammer is
transferred to the cutter tooth, which will cause rock
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Shale stratum

Shale stratum

Fig. 1. Schematic diagram of drilling and shale bedding angles.

Load-bedding angle 0° 30° 45° 60° 90°

S29W

Fig. 2. Schematic diagram of the load-bedding angles of samples.
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compressive and tensile failures during the tooth penetra-
tion. Rock's dynamic compressive and tensile strengths are
essential factors affecting compressive and tensile failures.
Additionally, the anisotropy of shale also influences the dy-
namic compressive and tensile strengths, which should thus
be considered during the experimental design and
implementation.

(2) The angle between impact load and rock bedding will affect
the rock failure characteristics. Horizontal wells are often
used in the drilling of deep shale reservoirs. Even if the
bedding angle of shale remains unchanged, a certain angle
exists between impact load and shale bedding due to the
angle between wellbore trajectory and shale bedding, which
will also affect the shale fragmentation efficiency of the drill
cutter tooth.

As is evident from the above engineering practice, the influence
of the law of shale bedding angle on rock dynamics should be
considered during research. The rock fragmentation at an angle
between impact load and shale bedding should be analyzed. This
can provide a basis for investigating the compatibility among
impact load, cutter tooth, and anisotropic stratum. Thus, the rock
dynamics characteristics under different load-bedding angles and
the rock-breaking effect of a single tooth were analyzed during the
research.

2.1. Shale specimen preparation

Before experimentation, the anisotropic shale in the deep stra-
tum of the Sichuan Basin was sampled. According to Zhou et al.'s
suggestion (Zhou et al., 2012) on the size of shale dynamic test
samples, the collected shale was processed into standard cylindri-
cal samples with a diameter of 50 mm, a height of 25 mm, and a
height-to-diameter ratio of 1:2. After preparation, the sample
sections were polished to ensure that the evenness deviation of
shale surfaces did not exceed 0.2 mm.

Considering that the anisotropy influence on the dynamic
compressive and tensile strengths of rock should be analyzed, the
direction of load changed the impact compression and tensile tests.
Hence, the angle between the impact load and the average bedding
direction was defined as the load-bedding angle («). Noteworthy
was that the shale samples in the impact tensile test were based on
the samples with a 90° angle in the compression test, and the load-
bedding angle was altered by rotating the samples (see Fig. 2).

According to « (0°, 30°, 45°, 60°, 90°), ninety samples were
grouped (n = 18 per group) for impact compression and tensile
tests, as displayed in Fig. 3. Meanwhile, considering that the
hammer movement velocity in percussion drill during actual en-
gineering ranged between 4 and 9 m/s, and regarding Li et al.'s
study (Li et al., 2005) on dynamic impact test, the samples were
impacted at velocities of 7.0, 8.0 and 8.5 m/s and, under each impact
velocity condition, three samples were used.

2.2. Data processing of the SHPB test

2.2.1. Experimental equipment

To investigate the dynamic properties of shale materials, espe-
cially the hale material behavior at high strain rates, an SHPB device
was utilized to conduct the impact compression and tensile tests
(Zhang et al.,, 2021). The basic principle of the SHPB test is the
process of elastic stress wave propagation in slender rods, which is
based on two fundamental assumptions, namely the one-
dimensional assumption as well as the assumption of uniformity
of stress. The test equipment consisted of a drive system, a pressure
bar system, and a signal acquisition and processing system, as
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illustrated in Fig. 4.

The spindle impact bar in the drive system could effectively
smooth the rising front of the loaded wave, eliminate the high-
frequency oscillation of stress wave in the dynamic test, and ach-
ieve uniform deformation and dynamic stress equilibrium of
specimens during the loading process (Wang et al., 2019; Yang S.Q.
et al., 2020). The pressure bar system comprises an incident bar, a
transmission bar, and an absorbing bar. The incident and trans-
mission bars were both 50 mm in diameter and 1500 mm in length.
They were made of high-strength structural steel alloy with
Young's modulus of 210 GPa and 7850 kg/m? density. Strain gauges
were installed in the middle positions to collect strain signals on
the bars during the impact process.

The signal acquisition system encompassed a velocity sensor,
high-speed camera, and strain meter, of which the camera could
take 52,000 photographs within 1 s to analyze the progressive
failure process of shale during the transient failure. The strain
meter was responsible for collecting the strain signals on the
incident and transmission bars based on the calculations of the
shale mechanical characteristics under different bedding
conditions.

Based on the fulfillment of the above two assumptions, the axial
strain rate and strain of samples could be calculated by the
following formulas (Wong et al., 2014):

(0 = [6(8) — ex(0) — ex(t) (1)
t t
ew=£Ldnm:£kmmf&m—amMr @)

where C represents the longitudinal wave velocity in the bar (m/s);
Ls denotes the sample length, m; &(t) & (t) and e(t) respectively
indicates the incident, reflected, and transmitted wave strains
recorded by the strain gauges (dimensionless).

The loads F;(t) F(t) exerted by the end faces of incident and
transmission bars on both sample ends, as well as the stress ¢ of
samples, could be calculated by the following formulas (Zhou et al.,
2012):

Fi(t) = EAfey 1) + (1) 3)
Fe(t) = EAg(t) (4)
o(6) =IO - i)+ er(©)+ e (5)

where E represents the elastic modulus of bars (GPa); A denotes the
cross-sectional area of bars (m?); As denotes the sample cross-
sectional area (m?).

2.2.2. Stress equilibrium characteristics

The dynamic stress equilibrium of the SHPB device was crucial
and needed to be checked before the compression and tensile tests
of the studied shale by the time-history curves of stress wave sig-
nals. Given this, stress balance conditions were examined for all the
compression and tensile tests with different impact velocities, as
depicted in Fig. 5. Clearly, the sum of incident wave signal values
and reflected wave signal values was equal to the transmitted wave
signal values, indicating that the samples all reached stress equi-
librium under different impact velocities (see Fig. 6).
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Fig. 4. Schematic diagram of the SHPB experimental system.

2.3. Experimental procedure

Initially, SHPB impact experiments were conducted based on the
sample mentioned above grouping at different impact velocities,
through which the stress-time curves under impact compression
and tensile test conditions were derived. The variations of dynamic
compressive and tensile strengths with load-bedding angle during
the impact process were analyzed, and the influence of shale
anisotropy on the rock dynamic strength was identified.

Next, based on the shooting results of the high-speed camera,
the shale failure process under impact load was analyzed, and the
failure mechanism under different « was revealed. Meanwhile, the
fragmented samples were subjected to fractal dimension analysis
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to clarify further the influence law of load-bedding angle on the
rock fragmentation.

Finally, the rock-breaking effect of the axe-shaped tooth under
different @ was analyzed using a single-tooth experimental device
under impact load. A 3D scanning device was utilized to measure
the volume penetrated by the cutter tooth under the impact load to
quantify the rock-breaking effect further. Moreover, the energy
absorbed by rock fragmentation during the impact process was
calculated, and the influence law of load-bedding angle on the
specific energy of rock fragmentation was compared, thereby
revealing the rock-breaking mechanism of anisotropic shale under
impact load.
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Fig. 8. Dynamic tensile stress-strain curves at different impact velocities.

3. Experimental results
3.1. Variation of rock dynamic strength

3.1.1. Compression and tensile stress-strain curves
As mentioned above, compressive and tensile failures often co-
occur during rock fragmentation by impact, and the dynamic
compressive and tensile strengths of rock are important indicators
reflecting the impact failure (Yin et al., 2012; Xi et al, 2022a).
Considering the presence of a noticeable strain rate effect with the
rock dynamic strength, that is, the strength of rock changes with
the impact velocity, the dynamic compression and tensile stress-
strain variations of shales with different « were analyzed under
three impact velocities.

Fig. 7 displays shale's dynamic compressive stress-strain curves
with different « at various impact velocities.

2027

It is clear from Fig. 7(a) that under impact load, the dynamic
compressive stress-strain curves included three phases: initial
compaction, plastic deformation, and failure fragmentation. a)
Initial compaction phase (corresponding to the OA section of the
curves): the samples were in the early stage of loading and still
under elastic deformation, during which the pores of shale samples
were gradually compacted; b) Plastic deformation phase (corre-
sponding to the section AB of the curves): as the loading pro-
gressed, microcracks were formed in the samples, which
progressively developed to reach the peak stress gradually; c)
Failure phase (corresponding to the section BC of the curves):
cracks in the samples would further develop at this phase, leading
to a reduction in the overall sample strength and thus a sharp
decline in the stress value.
As is evident from Fig. 7(b)—(d), the stress-strain curves un-
derwent changes influenced by different « and impact velocities:
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Fig. 10. Dynamic tensile strength of shale under different a.

At the same impact velocities and different «, the peak stress of
dynamic compression decreased first and then increased with the
continuous increase of a. When a = 45°, the peak stress was the
lowest. At an impact velocity of 7.0 m/s, the peak stress was
48.65 MPa at a = 0°, whereas it was 32.16 MPa at « = 45°, showing a
decrease of up to 33.90%.

At the same «, the peak stress continued to increase with the
elevation of impact velocity. When the impact velocities were 7.0,
8.0 and 8.5 m/s, the peak stresses were 48.65, 58.71, and 61.19 MPa
at « = 0°, whereas were 32.16, 49.76, and 55.75 MPa at a = 45°,
respectively, showing decreases of 33.90%, 15.24% and 8.89%.

Fig. 8 displays the shale's dynamic tensile stress-strain curves
with different « at various impact velocities. As is evident from
Fig. 8(a), the dynamic tensile curves could also be divided into three
phases: initial compaction, plastic deformation, and failure
fragmentation.

According to Fig. 8(b)—(d), the tensile stress-strain curves un-
derwent variations influenced by different & and impact velocities.

(1) At the same impact velocities and different «, the peak dy-
namic tensile stress decreased first and then increased with
the continuous « increase. The peak stress was the lowest at
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a = 30°, whereas it was the highest at « = 90°. When the
impact velocity was 7.0 m/s, the peak stress was 9.69 MPa at
a = 30°, whereas it was 14.98 MPa at « = 90°, showing a
decrease of up to 35.31%.

(2) At the same «, the peak stress continued to increase with the
increase of impact velocity. When the impact velocities were
7.0, 8.0 and 8.5 m/s, the peak stresses were 9.69, 19.20, and
2450 MPa at a = 30°, whereas were 14.98, 33.33, and
35.20 MPa at @ = 90°, respectively, showing decreases of up
to 35.31%, 42.39% and 30.40%.

Noteworthy was that compared to the impact compression test,
the tangential slopes of the pre-peak stress curves in the stress-
strain curves were lower during the impact tensile test, indicating
that the shale elastic deformation under tensile action was unob-
vious, the plastic deformation phase was short, and the failure
process was dominated by brittle failure (Zhang et al., 2018; Sha
et al.,, 2020).

3.1.2. Dynamic strength at different load-bedding angles for
different impact velocities

Impact velocity and load-bedding angle would simultaneously
affect the dynamic strength of the rock (Fan et al., 2021; Wang et al.,
2022; Chang et al., 2022). The dynamic compression and tensile
strengths were analyzed to analyze further the influence of
different @ on the dynamic characteristics of shale under impact
load.

Fig. 9 depicts the variation law of dynamic compressive strength
at different «. As is evident, when « changed from 0° to 90°, the
compressive strength first decreased and then increased, present-
ing a “V"-shaped pattern, with the minimum and maximum
strengths found separately at « = 45° and a = 0°, which were
similar to the results by Guo et al. (2023). Additionally, at arbitrary
«, the dynamic compressive strength continued to increase with
the elevation of impact velocity, showing a rather noticeable strain
rate effect, which was enhanced first and then attenuated with the
increase of a. When a = 45°, the strength increased most signifi-
cantly with the elevation of impact velocity.

Noticeably, it can be seen from the figure that « exerted a sig-
nificant impact on the dynamic compression characteristics of
shale, which was constantly weakened with the elevation of impact
velocity. When the impact velocities were 7.0 and 8.5 m/s, for
instance, the compressive strengths were 48.65 and 61.19 MPa at
a = 0°, whereas were 32.16 and 55.75 MPa at « = 45°, respectively,
showing differences of 4709 = 16.49 MPa and 4g5 = 5.44 MPa.

Fig. 10 depicts the variations of dynamic compressive strength
with a. As is evident from this figure, when the « changed from
0° to 90°, the dynamic tensile strength of shale decreased first and
then increased. The strength value was the lowest when a = 30°
and highest when a = 90°. At arbitrary «, the dynamic compressive
strength continued to increase with the elevation of impact ve-
locity, revealing a rather noticeable strain rate effect, whose vari-
ation was most significant when a = 60°.

Meanwhile, it is clear from the figure that with the elevation of
impact velocity, the influence of a on the dynamic tensile charac-
teristics of shale became increasingly significant. When the impact
velocities were 7.0 and 8.5 m/s, for instance, the tensile strengths
were 9.69 and 24.50 MPa at « = 30°, whereas were 14.98 and
3520 MPa at a = 90° respectively, showing differences of
470 = 5.29 MPa and 4g5 = 20.22 MPa.

Based on the above results, it could be concluded that « signif-
icantly influenced the dynamic strength of shale. With the eleva-
tion of impact velocity, the angle influence on compressive strength
decreased while that on tensile strength increased.
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3.2. Variation of stress-time curves

To further explore the influence of « on the impact compression
and tensile variations under impact load, the dynamic compression
stress-time curve at 7.0 m/s impact velocity and the dynamic tensile
stress-time curve at 8.5 m/s impact velocity were chosen for
analysis, as displayed in Fig. 10.

It is clear from Fig. 11(a) that at an identical impact velocity of
7.0 m/s, the slope of stress-time curves decreased first and then
increased with the elevation of a (0°—90°), reaching the minimum

when « = 45°. This indicated that under the influence of « within a
0°—45° range, the deformation resistance of shale and the mate-
rial's stiffness were gradually weakened.

According to Fig. 11(b), the dynamic tensile stress-time curves
presented a similar variation trend at an identical impact velocity of
8.5 m/s. With the elevation of « (0°—90°), the slope of the stress-
time curves first decreased and then increased, reaching the min-

imum when a = 30°. Suggestively, the tensile failure was most
likely to occur at this included angle.

3.3. Morphology of shale fragments under different impact
velocities

The size and distribution of rock fragments fractured by impact
reflect the failure degree and mode of samples (Feng et al., 2023),
while the fragment geometry was closely related to the wellbore
cleaning efficiency. Based on this, all rock fragments from dynamic
compression and tensile tests were collected to analyze the shale
fragmentation under different impact velocities and «, as displayed
in Fig. 12(a) and (b).

It is clear from Fig. 12(a) that in the impact compression test, the
fragment size of the impacted shale decreased with the elevation of
impact velocity at the same «. Under the same impact velocities, i.e.,
under the same impact energy levels, the number of shale frag-

ments increased first and then decreased with the increase of angle.
The number of fragments was the highest when « was 45°, while at
0° and 90°, the number of fragments was smaller and larger.
Fig. 12(b) shows that the impact tensile test's &« remained un-
changed. At the same time, the fragment size decreased with the
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elevation of impact velocity, showing consistency with the afore-
mentioned impact compression test phenomenon. When the
impact velocity was constant, the number of fragments increased
first and then decreased with the increase of angle. At « of 30°, the
number of fragments was the largest, and the fragmentation phe-
nomenon was more prominent.

Based on the above analyses, it could be concluded that «
consistently influenced the strength and fragmentation
morphology under impact load. This also indicated that compres-
sive failure was more likely to occur when «a was 45°, while tensile
failure was more likely to happen when the angle was 30°.

4. Discussion

4.1. Analysis of failure mechanism

4.1.1. Analysis of transient failure process
The dynamic failure process of shale under impact load could
reveal the influence of « on the fragmentation mechanism. Hence, a
high-speed camera was used to photograph the shale failure pro-
cess with different « in the dynamic compression and tensile tests.
Fig. 13 displays the rocks' dynamic compression failure process
under different e, as is evident when « = 0° and 90°, the dominant
failure mode is an axial failure of samples caused by penetration of
impact stress waves through the matrix body and stratification
plane. At « = 0°, tensile failure occurs on the stratification plane in
the middle region. At a« = 90°, slight compressive shear failure is
present locally. When « = 30° and 60°, the cracks are deflected
under the influence of bedding, indicating that the weak stratifi-
cation plane can significantly induce the dynamic fracture propa-
gation path of shale. The effect of laminations on induced crack
extension is most pronounced at o = 45°, leading to crack failure
along the delamination plane. This is mainly due to the fact that the
stress wave propagates faster than the crack extension, leading to
localized compressive shear damage in the sample.
Fig. 14 displays rocks' dynamic tensile failure process at different
a. When a« = 0° and 90°, the dominant failure mode is an axial
failure of samples caused by penetration of impact stress waves
through the stratification plane and matrix body. At « = 0°, the
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Fig. 12. Analysis of shale fragments with different impact velocities.

main crack appears along the central bedding, and tensile failure towards the bedding direction. When « = 45° and 60°, the effect of
occurs at the peripheral bedding position. At « = 90°, apart from bedding is most significant, resulting in shear failure of cracks along
generating the main crack along the impact load direction, tensile the stratification plane.
cracks vertical to the main crack also appear due to bedding
perpendicular to the load direction. When « = 30°, the generated
cracks are affected by «, and the crack direction begins to tilt ~ 4.1.2. Analysis of tensile-compression ratio

Capable of characterizing the brittleness and toughness of

2030



Y. Xi, Y. Yao, H.-A. Zhao et al.

Petroleum Science 22 (2025) 2020—2041

Load-bedding

Transient failure process

angle

0°

30°

45°

60°

90°

Fig. 13. Analysis of shale compression failure process.

materials, the tensile-compression ratio is closely related to the
rock failure characteristics under impact loads (Hucka et al., 1974;
Kahraman et al., 2003; Guo et al., 2015). For anisotropic shale, its
tensile-compression ratio is also affected by «. The dynamic
strength tensile-compression ratio § is introduced to analyze rocks'
brittleness and toughness variations under impact load. The spe-
cific formula is given in Eq. (6).

st (6)

where f; denotes the dynamic tensile strength of shale (MPa); f.
indicates the dynamic compressive strength of shale (MPa).

Fig. 15 displays the variation curves of the tensile-compression
ratio at different «. As is evident from the figure, « significantly

influences the tensile-compression ratio of rock, and such influence
becomes increasingly significant with the elevation of impact
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velocity. Meanwhile, it is also clear that when « is 30°—60°, the
tensile-compression ratio changes most drastically.

At alow impact velocity of 7.0 m/s, the tensile-compression ratio
first increases then decreases, and later increases again, reaching a
maximum of 0.33 when « is 90°. Within an angle range of 30°—60°,
the tensile-compression ratio is higher (0.32) at 45°, indicating
better toughness of rock at 45° than that at 30° and 60°, which is
fully demonstrated by the significant deformation section at the
initial deformation position in Fig. 8(a).

When the impact velocity is high (>8.0 m/s), the tensile-
compression ratio first decreases and then increases, all of which
reach the minimum at « of 30°, showing rather obvious brittleness.
When the angle is 30°, the tensile-compression ratio is high,
exhibiting relatively high toughness. It is clear from Fig. 12(b) that
when « is less than 45°, the rock undergoes rather apparent brittle
failure with substantial uniform fragments. When the angle is over
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60°, the rock experiences alleged ductile failure, breaking into two
main blocks and trim fragments.

0.8 4

0.6 3

0.4 4
q

Tensile/Compressive strength ratio

0.2 4 Impact velocity

—m— v, =7.0m/s
—@— v,=8.0m/s
—A— v;=85m/s

0 T T T

45 60 90

Load-bedding angle, °

Fig. 15. Dynamic tensile-compression ratio of shale under different a.

2032

4.1.3. Failure mechanism of shale with load-bedding angles

According to the analysis of anisotropic shale failure character-
istics, three major failure modes are present for the shale samples
with different «: tensile, shear, and mixed failure. The matrix body
and stratification plane jointly controlled the crack propagation of
samples.

At « of 0° (Fig. 16(a1) and (b1)), the impact load is perpendicular
to the stratification plane, and the sample primarily undergoes
tensile failure through the stratification plane, with the cracks
directly penetrating the matrix body.

When certain « (Fig. 16(a2) and (b2)) is present, the weak
bedding plane alters the stress state inside the samples. In this case,
shear failure along the stratification direction controlled by the
stratification plane primarily occurs, and secondary cracks are
generated along the main crack tip. This failure mode most easily
produces compressive shear fracture, leading to severe sample
failure. This is most significant in the impact tensile and
compression tests when « were 30° and 45°.

At « of 90° (Fig. 16(a3) and (b3)), the stress waves are parallel to
the stratification plane, and the sample primarily undergoes tensile
splitting failure along the stratification plane due to the lower
bonding strength of the stratification plane. Under stress waves,
mineral grains are more prone to intergranular fracture, and the
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cracks spread and penetrate along the weak bedding plane, ulti-
mately forming the main crack along the impact load direction.

4.2. Analysis of fractal dimension

4.2.1. Analysis of the degree of fragmentation with load-bedding
angles

Due to anisotropy, shale undergoes varying degrees of frag-
mentation under the same impact conditions. The fragments'
geometrical size and fractal characteristics could reflect the ab-
sorption of impact load energy by shales with different «. This could
provide the basis for compatibility analysis of impact load and rock-
breaking effect. Hence, in this study, rock fragments are filtered
through screens with aperture diameters of 0.15, 0.30, 0.60, 1.20,
2.40, 4.80, and 9.60 mm, and the size and mass of fragments are
quantified, thereby analyzing the influence law of « on the degree
of rock fragmentation under different impact velocities.

Figs. 17 and 18 depict the correlation between fragment mass
and size during the failure of shales with different « in the impact
compression and tensile tests, i.e., the cloud diagrams of correlation
between the cumulative mass of fragments and the mesh size less
than a particular value. Different color scales represent the mass
ratios of fragments of various sizes to the corresponding samples.

Fig.17(a), (b), and (c) illustrate the cumulative mass variations of
fragments of different sizes under different « at 7.0, 8.0, and 8.5 m/s
impact velocities during the impact compression test, respectively.
As is evident, with the elevation of impact velocity, the mass of rock
fragments formed by shale impact increases gradually. At the same
impact velocities, the cumulative mass of fragments reaches the
maximum when « = 45°,

At a 7.0 m/s impact velocity, although the impacted shale could
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fracture, the generated fragments are large in size and small in
number. When « = 45°, the number of fragments is the largest,
accounting only for 0.53% of the total sample mass. With the
elevation of impact velocity (8.5 m/s), the mass of fragments in-
creases significantly, with those generated at @ = 45° accounting for
17.8% of the total sample mass.

Fig.18(a), (b), and (c) illustrate the cumulative mass variations of
fragments of different sizes under different impact velocities and «
in the impact tensile test. As is clear, the fragmentation of shale
under tensile failure is more severe than that under compression at
the same impact velocities. « significantly influences the generation
of fragments, and the cumulative mass of fragments is the largest
when a = 30°. At impact velocities of 7.0, 8.0, and 8.5 m/s, the
cumulative mass of rock fragments accounts for 18.79%, 22.78%, and
34.71% of the total sample mass when « = 30°.

4.2.2. Analysis of fractal dimension with load-bedding angles

To further quantify the degree of rock fragmentation under
impact load, fractal dimension D was used to quantify the size
distribution of shale fragments.

During the analysis, the degree of shale fragmentation is eval-
uated first by the average size of fragments, as described in Eq. (7)
(Deshpande and Chakraborty, 2023; Zhao et al., 2023):

_ 2 diM;
M

d (7)

where d represents the average particle size of sample fragments,
mm; d; represents the average fragment size between two screen
aperture sizes, mm; M; denotes the mass of fragments in the screen
with aperture d;, g; M denotes the total mass of fragments, g.
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Meanwhile, the dynamic fragmentation of rocks is statistically
explored based on the distribution of fractal dimension D, and the
size of fragments could be characterized by the power law rela-

tionship (Turcotte, 1986). The D value of shale during dynamic
stretching is calculated according to Eq. (8):

M(dy) _ (ddf )”

1

o (8)

where M(d;) represents the cumulative mass of fragments smaller
than d;, and dp,.x denotes the maximum fragment size.
Data points are linearly fitted by taking logarithms on both sides
of Eq. (8) using the least squares regression. The fractal dimension D
is derived from the linearly fitted straight slope equal to 3—D.
Considering that the fracture characteristics of samples are
more evident under the impact tensile condition, the fractal
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dimension variation of samples is analyzed under this condition, as
displayed in Fig. 19, at impact velocities of 7, 8.0 and 8.5 m/s, the
slope of the fitting curve is the smallest when « = 30°, indicating

that the D value at 30° was the largest and that the fragmentation of
rocks is most significant under this condition.

4.3. Analysis of single-tooth penetration effect

In actual drilling engineering, when a drill bit breaks rock under
impact load, it is necessary to consider the impact parameters and
formation anisotropy characteristics and the influence of the bit
tooth on the rock-breaking effect (Xi et al., 2022b). Given this, the
single-tooth impact test is conducted with a PDC bit single-tooth
device, and the changes in tooth penetration depth and rock-
breaking volume during the impact process are analyzed under
different «, thereby quantitatively evaluating the influence of
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impact load on the improvement of rock-breaking efficiency.

4.3.1. Axe-shaped tooth penetration effect

During the test, the axe-shaped tooth is adopted for impact
fragmentation, as displayed in Fig. 20. Its rock-breaking mechanism
is that when the tooth edge contacts the rock, a shear stress con-
centration zone is formed inside the rock, making the rock more
prone to shear failure, thus facilitating the rock fragmentation. As
the tooth edge penetrates deeper into the rock, the ridge of the
tooth wedges into the rock, resulting in lateral tensile failure of the
rock. Given the axe-shaped tooth's peculiar design and rock-

breaking mechanism, it is not susceptible to impact failure when
used in downhole applications, thus having a longer service life.
To ensure that the drill tooth penetrates the rock during the test
and that the rock is not completely fragmented, the test is con-
ducted at an impact velocity of 5.0 m/s by taking into account the
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afore-described SHPB impact test effect and a 4—9 m/s movement
velocity range of percussion drill hammer adopted in the actual
engineering.

After the impact of shales with different « by drill cutter tooth, a
3D scanning device is used to measure and analyze the generated
impact pits, and the results are detailed in Fig. 21.

As is evident from the above figure, during the rock penetration
by the drill cutter tooth under impact load, “impact pits” corre-
sponding to the tooth's shape are generated. Influenced by «, the
depth and width of the impact pits change significantly, as depicted
in Fig. 22.

When « = 45°, the penetration depth of the drill cutter tooth is
the greatest (10.1 mm), primarily because the dynamic compressive
strength is the lowest under this condition. According to the afore-
described tooth—rock interaction mechanism, the penetration

depth is mainly affected by the compression failure. Considering
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Fig. 19. Fractal dimension determination of the samples (tensile).

that the dynamic compression strength of shale is the lowest at this
angle, the depth generated during penetration is the greatest.
When « = 30°, the width of the impact pit generated by the drill
cutter tooth is the greatest (24 mm), primarily because the tensile
strength of the rock is the lowest under this condition. The ridge
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shape of the axe-shaped tooth would wedge into the rock, causing
lateral tensile failure of the rock, resulting in the formation of an
impact pit with a certain width. Considering that the dynamic
tensile strength of the rock is the lowest at this angle, the generated
impact pit was the widest.

4.3.2. Calculation of rock-breaking specific work

Since rock dissipates and absorbs energy during impact frag-
mentation, analyzing energy changes in the impact process helps
improve rock-breaking efficiency (Wang et al., 2017). Meanwhile,
the rock's energy absorption efficiency directly affects the drill bit's
rock-cutting and breaking effects. Under the same impact energy
levels, rocks with high energy absorption efficiency are more prone
to fracture, thus accelerating the drilling speed and improving the
drilling efficiency (Han et al., 2020). The energies and energy ab-
sorption efficiency of rock are calculated by the following formulas
(Xi et al., 2023):

Wi(t) = (AoCo / Eo) jo%(t)dt ©)
Wi (t) = (AoCo / Eo) Jaﬁ(r)dt (10)
Wi (t) = (AoCo / Eo) ja%(t)dt (11)

where W(t), Wg(t), and W1(t) respectively represent the incident
energy, reflected energy, and transmitted energy (J); ai(t), or(t), and
o1(t) respectively represent the amplitudes of the incident, re-
flected and transmitted stresses at time t (MPa); Ao, Co, and Ep
respectively denote the cross-sectional area (mm?), longitudinal
wave velocity (m/s) and elastic modulus (GPa) of the incident and
transmission bars in the SHPB test.

According to the law of conservation of energy, the absorbed
energy Wx(t) of the rock samples in the test was calculated ac-
cording to Eq. (12) (Han et al., 2020):

(12)

The energy absorption efficiency « of rock was calculated as
follows:

Wa(t) = Wi(t) — Wr(t) — Wr(t)

a=Wx(t)/Wi(t) (13)

Based on the above formulas, the absorbed energy and energy
absorption efficiency of rock during fragmentation by cutter tooth
is calculated under different «, as depicted in Fig. 23. As is clear, the
energy absorption efficiency of anisotropic shale was the highest
when o = 45°.

To further analyze the rock-breaking effect of energy exerted on
the rock by impact load, in addition to the crack width, depth, and
energy absorption efficiency measure above, the rock-breaking
specific work 5 at each « should also be calculated, which served
as the evaluation standard for the rock-breaking effect of shales
with different a:

= Wl‘\/(t)

(14)

where V represents the volume of impact pit generated after rock
breakage, cm?; 7 denotes the rock-breaking specific work, J/cm?>.
A 3D scanner is used to scan and calculate the volume at the
fragmented site, and the relation curve for rock-breaking specific
work of shale under different « is derived as depicted in Fig. 24. As
is clear, the particular work values vary greatly by «, and the
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anisotropy performance is strong. When « is 30°, the specific en-
ergy is the least, suggesting that the least energy is consumed to
achieve the same rock fragmentation effect. Contrastively, to attain
the same effect at « of 90°, the energy absorption requirement is
nearly five times that of the former.
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4.3.3. Rock-breaking mechanism under different load-bedding
angles

Based on the above analysis, « significantly influences the rock-
breaking effect during the rock-breakage with PDC bit single tooth
in a deep shale reservoir. Combining the experimental results
concerning the influence of loading-bedding angle on the rock
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dynamic properties, the rock-breaking mechanism of anisotropic

shale by the axe-shaped tooth is analyzed.

Firstly, for isotropic rocks, the rock-breaking process by axe-
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shaped tooth could be divided into the following three phases
(Fig. 24).

I: During the rock penetration by the axe-shaped tooth, the
tooth edge contacts the rock, beginning to impose the
compressive stress g. on it. The rock interior along the tooth
edge angle direction is subjected mainly to the compressive
stress from the axe-shaped tooth, forming a rather obvious
compressive stress zone in front of the cutting tooth.

II: When the axe-shaped tooth penetrates the shale forward,
both sides of the tooth edge contact the shale, and the axe-
shaped tooth produces the shearing stress gs on the shale.
With the deepening of the penetration, the shear cracks extend
rapidly and propagate towards the free surface of shale, pro-
ducing large-volume fragmentation.

III: As the tooth edge gradually penetrates deeper into the rock,
the ridge of the axe-shaped tooth wedged into the rock, and
both tooth sides are pressed to produce tensile stress oy,
resulting in lateral tensile failure of the rock.

When the wellbore trajectory passes through the anisotropic
shale, « at different trajectories varies. Hence, the anisotropic shale
fragmenting effect of the axe-shaped tooth also varies at other
positions, as displayed in Fig. 25.

(1) When the drill bit is in the vertical well section, the dynamic
load generated by the percussion drill is transmitted to the
cutter tooth to act on the horizontal stratified rock directly
(see Fig. 26). At this time, « is 0°. As is evident from the above
analysis, the rock's dynamic compressive and tensile
strengths are high under this condition, the depth of tooth
penetration is dg, and the width of the formed impact pit is lp.

(2) As the drill bit gradually enters the inclined well section, «
increases. When the angle increases to 30°, the tensile
strength of shale is the lowest based on the above analysis.
Combined with the afore-described rock-breaking mecha-
nism by axe-shaped tooth, the influence of « at this time is
primarily reflected in the phase III of rock breakage. Under
the same impact loads, the dynamic tensile strength is
relatively low, so the range of tensile failure was more
extensive, resulting in a larger range of rock breakage by the
drill cutter tooth (I3g > lp).

With the deepening of drill bit penetration, « continues to in-
crease. At an angle of 45°, the dynamic compressive strength of
rock is the lowest. Based on the above analysis, the influence of « at
this time is primarily reflected in the phase II of rock breakage.
Under the same impact loads, the dynamic tensile strength is
relatively low so that the penetration depth would be deeper
(ds3o > dp), the penetration rate would increase, and the possibility
of bit jumping.

(3) When the drill bit is in the horizontal bedding section, «
reaches 90°. Based on the above analysis, the rock's dynamic
compressive and tensile strengths reach the highest under
this condition, and the tensile-compression ratio is relatively
high, efficiently producing plastic failure. Hence, the rock's
damage range and penetration depth are the least under this
condition (lg > lgg and dp > dgp).

5. Conclusion

Dynamic property tests and single-tooth rock-breaking tests of
anisotropic shale are conducted under impact loads to investigate
the failure mode, fractal dimension, and specific work performed
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Fig. 26. Schematic of axe-shaped tooth rock-breaking mechanism and shale crack propagation.

during rock breakage. The following significant conclusions are
drawn.

—~

1) The dynamic properties of the rock are tested under different
a. The results show that with the increase of « (0°—90°), the
compressive strength first decreases and then increases,
presenting a “V"-shaped variation pattern. The strength
value is the minimum at a = 45°, whereas it is the maximum
at a = 0°. The tensile strength first decreases and then in-
creases, whose value is the maximum at &« = 30° and the
minimum at & = 90°. With the elevation of impact velocity, «
exerts an increasingly weaker influence on the dynamic
compressive strength, with an increasingly significant in-
fluence on the dynamic tensile strength.

2) The variation trend of the tensile-compression ratio of dy-
namic strengths is analyzed under different «. When the
impact velocity is low (7.0 m/s), the tensile-compression
ratio increases, then decreases and increases again, reach-
ing the maximum at « of 90°. When the impact velocity is
high (>8.0 m/s), the tensile-compression ratios decrease and
then increase, all reaching the minimum at 30° and the
maximum at 60°.

(3) The fragment size distribution pattern of shale after impact

crushing is analyzed. With the increase in impact velocity,

the rock fragmentation will be more obvious, and the num-
ber of generated fragments is generally higher. In the tensile
test, when a = 30° shale crushing produces the most debris
and the size distribution of debris at this time is more

—
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uniform, which can ensure the cleaning efficiency of the
drilling fluid.

(4) A rock-breaking test with an axe-shaped single tooth under
impact loads is undertaken at different «, and the rock
fragmentation effect is quantified using a 3D scanning
technique. With the increase of «, the penetration depth of
the tooth first increases and then decreases, reaching the
maximum when « = 45°. The width of the impact pit
generated by tooth penetration first increases and then de-
creases, reaching the maximum when o = 30°.

(5) The anisotropic shale fragmentation mechanism by drill
cutter tooth during rock breakage in deep shale gas well is
revealed. The results show that under the same impact loads,
the drill cutter tooth easily produces a wide range of rock
damage when the well inclination is 30° and a significant
penetration depth at a well inclination of 45°. The rock-
breaking efficiency is the lowest in the horizontal well
section.
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