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The use of mechanical drilling in accessing energy resources stored in deep and hard rock formations is
becoming increasingly challenging. Thus, laser irradiation has emerged as a novel drilling method with
considerable in this context. This study examines the variation of rock fracture length, fracture tortuosity,
hole size, and rock breaking efficiency for a different number of holes and laser power, based on the
constant total energy of laser irradiation. As indicated by the results, increasing the laser power increases
the laser intensity, which helps increase the hole diameter and depth. Moreover, for the same laser
power, increasing the number of irradiated holes reduces the laser energy absorbed by each hole, which
is not conducive to increasing the hole depth. As the number of holes increases, the mass loss of the rock
also increases, while both specific energy (SE) and modified specific energy (MSE) decrease. When the
number of holes remains the same, the mass of the shale removed by low power is less than that
removed by high power, while SE and MSE have an inverse relation with power. Therefore, high laser
power and multiple-hole irradiation are more conducive to rock breaking. Besides, the fracture length
and fracture tortuosity of the rock irradiated by the low laser power will increase first and then decrease
with the increase in the number of holes, and reach the peak value when the irradiation takes place
through three holes. When a high-power laser irradiates the rock, the fracture length and tortuosity will
increase with the increase in the number of irradiation holes. This is because a rock irradiated by low
power dissipates more energy, with the result that the energy absorbed by the sample with four irra-
diation holes is not enough to break the rock quickly. This study is expected to provide some guidance to
break rock for drilling deep reservoirs and hard rock formations using laser irradiation.
© 2022 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-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

As the exploitation of oil and gas resources requires progres-
sively deeper drilling, deep wells have been one of the important
areas in the petroleum-related industry. Due to the complex
geological conditions and high rock hardness typical of deep res-
ervoirs, the applicability of conventional mechanical rock breaking
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technology is becoming progressively limited due to several factors
such as low drilling speed, extremely long durations, extensive cut
wear, and high costs (Lukawski et al., 2014; Olson and Olson, 1975).

Laser irradiation is a non-contact rock-breaking method that
mainly uses a laser beam to radiate the rock surface (Nath, 2014;
Pan et al., 2022;Ma et al., 2008). Here, light energy is converted into
heat and transferred to the interior of the rock (Xu et al., 2002,
2004b). Owing to the sudden increase in local temperature, the
rock breaks under the action of thermal stress (Bybee, 2006). With
the increase in the temperature, the rock undergoes a phase change
(e.g., fusion and vaporization) (Chen et al., 2019b; Xu et al., 2004b).
Thus, rock breakage by laser radiation is expected to emerge as a
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novel drilling method with considerable application potential
(Batarseh et al., 2017), as shown in Fig. 1.

The key to rock breaking by laser irradiation is to control the
interaction between the laser and the rock to destroy the largest
rock volume with the smallest possible laser energy. This process
involves many factors such as the laser parameters, rock properties,
and the working state of laser-rock interaction. Thus, rock breakage
by laser irradiation has been studied extensively to optimize the
rock breaking effect of the laser and to clarify the interaction and
breaking mechanism of the laser and the rock (Bharatish et al.,
2019; Desai and Shah, 2020; Wang et al., 2019). Gahan and Samih
(2001) used an Nd: YAG laser to conduct fixed-point perforation
experiments on sandstone, shale, and limestone, and analyzed the
effects of laser power, laser frequency, pulse width, and irradiation
time on the energy consumption of the rock breaking process by
laser irradiation. Xu et al. (2002) examined a 6 kW CO2 laser to
study the beam transmission mode (i.e., continuous wave, normal
pulse, and ultra-pulse) and the rock breaking effect of sandstone
and limestone under the blowing mode. Erfan et al. (Erfan et al.,
2017, 2018) studied the influence of the environment where the
laser and rock interact on rock breaking by laser irradiation.
Batarseh et al. (2017) investigated the effect of laser irradiation on
rock porosity, permeability, and strength. The effect of different
parameters on the specific energy of laser drilling was studied by
Xu et al. (2003, 2005) through laboratory experiments. Based on
these results, a thermal spalling model was established for the
specific energy of laser drilling. Ashena and Nabaei (2010) exam-
ined the specific energy (SE) of sandstone and limestone under
saturated and unsaturated conditions in the laboratory. The results
of the study indicated that the higher the core saturation, the
higher the SE. The effect of rock-soaking liquids such as water and
heavy oil on the SE was explored by Ahmadi et al. (2011, 2012),
which assessed the rock breakage by an Nd: YAG laser. From their
results, the SE of the samples saturated with water was higher than
that of those saturated with heavy oil, and the SE of the samples
saturated with heavy oil exceeded that of dry samples.

The heat transfer and exchange in process in laser irradiation
can be described as three-dimensional unsteady heat transfer
involving heat conduction, convection, and radiation (Collins and
Gremaud, 2011). Zhang et al. (2014) simulated the phase
Fig. 1. Schematic diagrams for drilling principle (Lu
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transition by using the equivalent specific heat capacity and
increasing the aerodynamic source term, and also tracked the mass
loss caused by evaporation and boiling at the liquid-gas interface.
Ganesh et al. (1997a, 1997b) reported a volume of fluid method for
tracking free surfaces to simulate the laser drilling process. Graves
and O'Brien (1998) established an energy equation for an infinite
sandstone surface with no heat transfer at the boundary. Xu et al.
(2004b) developed a numerical procedure to model the entire
rock breaking process by laser irradiation. It was found that
increasing the relaxation time can effectively prevent the rock
melting caused by excessively long irradiation at the same position.
Xu et al. (2004a) used FEM to determine rock temperature and
calculate the corresponding thermal stress. Agha et al. (2004)
conducted a numerical simulation of the transient thermal anal-
ysis of limestone and sandstone subjected to laser irradiation.
Kasimova and Obnosov (2013) established a heat conductionmodel
by assuming a constant intensity laser beam and a homogeneous
elastomer sample. San-Roman-Alerigi and Batarseh (2016) exam-
ined the thermo-mechanical coupling physics of laser-rock inter-
action and studied the heat transfer process during the phase
changes in laser drilling using COMSOL Multiphysics. A numerical
model of the thermal stresses in granite subjected to laser irradi-
ation was built by Ndeda et al. (2017a, 2017b). As the results indi-
cate, the stress caused by the rise in temperature exceeded the
strength of the weakest mineral component, resulting in fracture
formation within the rock.

Rock breakage is becoming increasingly challenging in accessing
energy resources stored in deep and hard rock formations. Laser
irradiation has emerged as a novel drillingmethodwith considerable
in this context. Earlier studies mostly focused mostly on examining
the effect of laser parameters and rock properties on rock breakage.
However, few studies focus on improving the rock breaking effect
under the condition that the total energy of laser irradiation remains
unchanged. In this study, the number of holes for irradiation and the
irradiation power are changed while the total energy of irradiation
remains unchanged. The changes in the fracture length, fracture
complexity, hole size, and rock breaking efficiency are observed. The
results may be applied to evaluate the efficiency of rock breaking
under the assistance of laser beams, and may also provide an
experimental basis for the practical application of lasers.
et al., 2013) (a) and laser assist principle (b).
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2. Experimental

2.1. Experimental setup

The shale samples in this study were irradiated by a fiber laser
QCW-150W with a central wavelength of 1080 nm (as shown in
Fig. 2). The maximum output power of the laser was 150 W with a
power instability of less than 3%. Besides, the fiber core diameter
was 50 mm.

2.2. Materials

The samples used in this study were excavated from an outcrop
of shale in Changning, Sichuan Province, China. These were shaped
into standard samples with dimensions of f50 mm � 100 mm
(Fig. 3). All the samples should be heated at 103 �C for 24 h to
remove themoisture before being weighed. The physical properties
of the shale were obtained by a mechanical testing system. The
average uniaxial compressive pressure and tensile strength of the
shale specimens are 97.52 MPa and 6.84 MPa, respectively. Other
properties such as the density, elastic modulus, and Poisson's ratio
are also listed in Table 1. As shown in Table 2, the main components
of the shale specimens are SiO2, CaO, Al2O3, MgO, and K2O.

2.3. Methods

In this experiment, the influence of laser power and the number
of irradiation holes on rock breaking is investigated based on the
same total energy of laser irradiation. Specimens with one, two,
three, and four holes are irradiated with lasers of different powers.
As shown in Fig. 4, the distance between the two holes is main-
tained at 10 mm, and the laser irradiation clockwise depending on
the position of the holes. Three sets of experiments are conducted
for the same irradiation condition. The details of the experimental
scheme in this study are shown in Table 3.

2.4. Thermal breaking theory

The laser power density is the ratio of the laser power to the
Fig. 2. (a) Laser irradiation set-u
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irradiated area, and the mathematical formula is as follows:

F ¼ 4P
pd2

(1)

where F is the laser power density; P is the laser power, W; and d is
the diameter of the spot, mm.

The heat conduction equation is expressed in the differential
form as (Lehnhoff and Scheller, 1975):

q¼ � kgradT (2)

where q is the heat flux density, W/m2; k is the thermal conduction
coefficient; and T is the temperature field inside the object.

Based on the principle of energy conservation, the sum of the
energy generated by the volume element inside the object flowing
into its interior through the boundary within unit time is the
enthalpy increment, which may be expressed by the Gaussian law
as (Siegesmund et al., 2018):

∭
V

�
divðkgradTÞ þ RV � v

vt
ðrCTÞdV

�
¼ 0 (3)

where RV is the power density of the heat source, W/m3; r is the
density of rock, kg/m3; and C is the specific heat of rock, J/(kg K).

The conditions for the equation to be solvable are as follows:

divðkgradTÞþRV ¼ v

vt
ðrCTÞ (4)

Converting it to the differential equation of heat conduction in
cylindrical coordinates (Wang et al., 2019), the new form is

k
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#
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(5)

The thermo-mechanical coupling equation can be written as
(Siegesmund et al., 2018):
p and (b) computer device.



Fig. 3. Shale specimens before (a) and after (b) the experiment.

Table 1
Physical properties of shale.

Density, g/cm3 Elastic modulus, GPa Poisson's ratio Uniaxial compressive pressure, MPa Tensile strength, MPa

2.56 12.35 0.32 97.52 6.84
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kTii þQ ¼ rC _T þ bT0 _εkk (6)

where Q is the generation rate of heat; b is the thermal stress co-
efficient; T0 is the initial temperature; and εkk is the strain.

When the sample is heated by the laser, both tensile and
compressive stresses will be generated inside the unit. The mag-
nitudes of these two forces determine whether the unit deforms.
The damage to the element due to thermal stress is represented by
D. When the unit is subjected to tensile stress, it can be expressed as
(Li and Huang, 2017; Pan et al., 2021):
Table 2
Chemical composition of shale.

Mineral SiO2 CaO Al2O3 Fe2O3 MgO K2O Others

Mass fraction, % 72.5 4.56 10.68 4.66 1.88 1.08 4.64

Fig. 4. Schematic diagrams of specimens with different number of irradiatio
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D¼

8>>><
>>>:

0 ðε< εt0Þ
1� str

εE0
ðεt0 � ε � εtuÞ

1 ðε> εtuÞ

(7)

where str is the tensile damage residual strength; εt0 is the elastic
limit of tensile strain; εtu is the maximum tensile strain; E0 is the
initial elasticity modulus. When ε< εt0, the crystal units are not
broken, and the rock is not deformed. When εt0 � ε � εtu, the
crystal unit is in the elastic deformation zone, and the rock is in a
critical state where it is about to fragment. When the condition ε>
εtu is met, the crystal units are destroyed and the rock is deformed,
resulting in rock fragmentation.

Therefore, the thermal stress based on the temperature differ-
ence may be denoted as (Pan et al., 2022):
n holes: (a) single hole, (b) double holes, (c) three holes, (d) four holes.



Table 3
Experimental scheme for laser irradiation.

Laser power, W Specimen Number of holes Irradiation time, s

90 #1 1 108
#2 2 54
#3 3 36
#4 4 27

116 #5 1 84
#6 2 42
#7 3 28
#8 4 21

135 #9 1 72
#10 2 36
#11 3 24
#12 4 18

H.-Z. Pan, Y. Hu, Y. Kang et al. Petroleum Science 19 (2022) 2969e2980
sij ¼

8>>><
>>>:

lεkkdij þ 2Gεij � bDTdij ðε< εt0Þ
str
εE0

�
lεkkdij þ 2Gεij � bDTdij

� ðεt0 � ε � εtuÞ

0 ðε> εtuÞ

(8)

where G is the shear modulus; dij is the Kronecker function.
When the thermal stress field created by the laser exceeds the

condition stipulated for rock fracture, fractures may be generated
on the rock surface. Hence, the rock can be broken by physical
methods to remove it.
3. Results

In this study, the effects of laser power and the number of
irradiation holes on rock breaking by laser irradiation are examined
by controlling the total energy of the laser irradiation. The elec-
tronic image method is used to extract and quantitatively analyze
the fracture region (Chen et al., 2019a).
3.1. Observation of macrofracture after laser irradiation

Fracture tortuosity (FT) is an important means to characterize
the macroscopic complexity of the fracture (Liu et al., 2019; Zhao
et al., 2018), and it can be expressed as:

tf ¼
Lf
Ld

(9)

where tf is the fracture tortuosity, a dimensionless parameter; Lf
denotes the bending length of the fracture obtained in the picture;
and Ld denotes the straight-line distance of the fracture endpoint in
the picture.

In this study, the rock surface is analyzed quantitatively by
combining photoshop and an electronic image method to extract
and quantify the fracture length. Fig. 5(a) and (b) show the rock
surfaces of the shale and the extracted fracture images, respec-
tively. Jia et al. (2018) used the same method to investigate the
fracture tortuosity, which can be expressed as:

tf ¼
Xn
i¼1

Lf i

,Xn
j¼1

Ldj (10)

where
Pn

i¼1Lf i is the actual fracture length of the shale surface andPn
j¼1Ldj is the total straight-line distance until the endpoint of the

fracture in the picture.
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3.1.1. Impact of number of irradiation holes on fracture morphology
Fig. 6 shows the shale morphology after irradiation with a

different number of irradiation holes for a laser power of 90 W. The
fractures appear near the hole and the fractures are directed ex-
tends towards the edge of the shale, as shown in Fig. 6(a). This is
because the thermal stress produced by laser drilling is concen-
trated in the vicinity of the hole, resulting in macroscopic fractures.
Fig. 6(b) shows double-hole irradiation with a spacing of 10 mm
between the two holes. Each of the two holes produces the main
fracture, that extends from the periphery of the hole to the edge of
the sample surface. The thermal stress produced by the laser dril-
ling causes the formation of fractures that connect the two holes.
Fig. 6(c) shows three-hole irradiation. It can be seen that the frac-
ture network is more complicated than in the case of single- and
double-hole irradiation. Each hole has a main fracture, in addition
to a connection fracture between the No. 2 and No. 3 holes. Fig. 6(d)
shows the four-hole irradiation effects. With the increase in the
number of holes, the irradiation time per hole and the fracture
density on the surface of the shale decrease. There are no major
penetrating major fractures on the shale surface and no connecting
fractures between the holes. Only small fractures are generated
around the No. 3 and No. 4 holes. This is because themore the holes
are irradiated by low power, the more the energy dissipated. The
energy absorbed by the sample is not sufficient to quickly break the
rock and expand the fracture.

Fig. 7 shows the shale morphology after irradiation with
different numbers of irradiation holes at the laser power of 116 W.
The main fracture extends to the edge of the rock, and branch
fractures are generated around the hole, as shown in Fig. 7(a).
Fig. 7(b) shows double-hole irradiation. Each of the two holes
produces the main fracture, and another fracture is generated that
connects the holes. There is a bifurcation fracture on one side of the
main fracture of the No. 2 hole. Fig. 7(c) shows the three-hole
specimen subjected to irradiation. The No. 1 and No. 2 holes have
one main fracture associated with them, respectively. The No. 3
hole is associated with two main fractures. The No. 1 and No. 3
holes have connection fractures, and several branch fractures are
generated. Fig. 7(d) depicts the four-hole irradiation. The No. 1 and
No. 2 holes each have one main fracture, respectively. The main
fracture generated by the No. 3 hole changes direction. It can be
seen thatmore small fractures and branched fractures are produced
by the four-hole irradiation process than by the single-hole irra-
diation, double-hole irradiation, or three-hole irradiation pro-
cesses. With the increase in the number of holes for irradiation, the
heat dissipated from the center of the rock to the surroundings
increases, while the heat-affected area increases, which is condu-
cive to the generation of more branch fractures.

Fig. 8 shows the shale morphology after irradiation with
different numbers of irradiation holes at a laser power of 135W. For
the single-hole sample, three main fractures are generated around
the hole and these gradually extend to the edge, as shown in
Fig. 8(a). Fig. 8(b) shows the irradiation of the double-hole spec-
imen. The No. 1 hole has a main fracture that extends to the edge of
the rock. Three main fractures surround the No. 2 hole. In addition,
there is a fracture that connects the two holes, as well as several
smaller fractures on the surface of the shale. Fig. 8(c) shows the
irradiation of the three-hole sample. There aremany small fractures
around the No. 1 hole. The main fracture changes direction as it
approaches the No. 1 hole and connects with the No. 3 hole.
Another main fracture extends from the edge of the specimen to
the inside, with two branches reaching to the No.1 hole and No.3
hole, respectively. The main fracture that is generated by the No. 2
hole is annular and extends to the edge of the rock. Besides, the
three holes are connected. Fig. 8(d) shows the irradiation of a three-
hole specimen. Fractures on the shale surface increase with the



Fig. 5. Schematic of fracture tortuosity: (a) appearance of the shale surface, (b) extracted fractures.

Fig. 6. Surface appearance (upper) and fracture (lower) of shales with different numbers of holes at a laser power of 90 W: (a) single-hole specimen, (b) double-hole specimen, (c)
three-hole specimen, (d) four-hole specimen.
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increase in the number of holes. Each of the four holes has a main
fracture, and the connection and crossover between the fractures
become more obvious during expansion.

3.1.2. Impact of power on fracture morphology
Fig. 9 shows the variation of the fracture length and tortuosity

under different intensities of laser power. The changes in fracture
length and tortuosity for a 90 W laser power are shown in Fig. 9(a).
With the increase in the number of irradiation holes, the fracture
length of the shale irradiated by the laser increases from 3.04 to
7.56 cm and then decreases to 1.7 cm, while the fracture tortuosity
increases from 1.05 to 1.26 and then decreases to 1.14. The fracture
length and tortuosity are the largest when there are three irradia-
tion holes. When the laser power is 90 W, the energy dissipated
during the irradiation of the four-hole specimen is more, and the
energy absorbed by the sample is not sufficient to cause more
fractures in the rock. The changes in the fracture length and
2974
tortuosity at the laser power of 116 W are shown in Fig. 9(b). With
the increase in the number of irradiation holes, the fracture lengths
are 4.30, 5.93, 12.19, and 11.16 cm, respectively, and the fracture
tortuosity shows a direct increase. The heat dissipation from the
center of the rock and the heat-affected zone also increase, which
promotes the formation of branch fractures and increases the
fracture tortuosity. The changes in fracture length and tortuosity
corresponding to a laser power of 135Ware shown in Fig. 9(c). This
shows that increasing the number of irradiation holes is more
conducive to fracture propagation and tortuosity under high laser
power irradiation.

Figs. 6(a), 7(a) and 8(a) are the morphologies of the specimens
after the irradiation of the single-hole specimens at 90, 116, and
135 W, respectively. A single main fracture and very few branch
fractures are created around the hole corresponding to the laser
power of 90W.When the laser power is increased to 116W, there is
only one main fracture, however, a long and curved branch fracture



Fig. 7. Surface appearance (upper) and fracture (lower) of shales with different numbers of holes at a laser power of 116 W: (a) single-hole specimen, (b) double-hole specimen, (c)
three-hole specimen, (d) four-hole specimen.

Fig. 8. Surface appearance (upper) and fracture (lower) of shales with different numbers of holes at a laser power of 135 W. (a) Single-hole specimen, (b) double-hole specimen, (c)
three-hole specimen, (d) the four-hole specimen.
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is generated. Three main fractures are generated in the vicinity of
the hole as the laser power is increased to 135W.With the increase
in the laser power, the fracture length of the laser-irradiated in-
creases from 3.04 to 6.31 cm. Figs. 6(b), 7(b) and 8(b) are the
morphologies of the specimens after the irradiation of the double-
hole specimen at 90, 116, and 135W, respectively. The images show
two main fractures generated and the two holes being connected
by a fracture under the laser power of 90 W. Branch fractures are
2975
generated around the two holes when subjected to a laser power of
116 W. When the laser power is 135 W, four main fractures form
around the hole along with a greater number of branch fractures.
With the increase in the laser power, the fracture length of the shale
irradiated by laser increases from 4.93 to 12.96 cm. Figs. 6(c), 7(c)
and 8(c) are the morphologies of the specimens after the irradia-
tion of the three-hole specimen at 90, 116, and 135 W, respectively.
There are three main fractures and the two holes are connected by



Fig. 9. Fracture length and fracture tortuosity versus the number of irradiation holes
under different laser power: (a) 90 W, (b) 116 W, (c) 135 W.
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these fractures when subjected to a 90 W laser. When the power is
increased to 116 W, four main fractures are generated around the
irradiation holes. The number of branch fractures shows an obvious
increase and spalling occurs on the rock surface. When the laser
power is 135 W, the main fractures develop branches, and the area
of rock surface susceptible to spalling increases. With the increase
2976
in the power of the laser, it can be observed that the fracture length
of shale irradiated by the laser increases from 7.56 to 16.26 cm.
Figs. 6(d), 7(d) and 8(d) show the morphologies of the specimens
after the irradiation of the four-hole specimen at 90,116, and 135W,
respectively. Relatively fewer fractures are generated around the
No. 3 and No. 4 holes under the laser power of 90W.When the laser
power becomes 116 W, two main fractures form, while the number
of branch fractures increases. Moreover, there will form main
fractures, and as a result, the holes become closely connected when
the laser power is further increased to 135 W. The increase in the
laser power is accompanied by an increase in the fracture length of
shale irradiated by laser from 1.7 to 16.51 cm. Predictably, when the
area of laser irradiation remains the same, as the laser power is
increased, the laser intensity also increases. Therefore, the greater
the laser energy absorbed by a rock per unit time, the more
conducive it will become to fracture propagation and subsequent
fracture fragmentation.
3.2. Analysis of hole size

In summary, on the whole, mass removal in the samples was
accomplished by melting and evaporation (Zhang et al., 2016). The
hole depth was increased primarily by evaporation, while the in-
crease in the hole diameter was largely owing to the melting of the
rock. Subsequently, the molten material was eliminated primarily
by the residual steam force.

Fig. 10(a) shows the variation in the hole diameter with the
increase in laser power. As the laser power increases, the hole
diameter also increases gradually. The change in the number of
holes does not affect the hole diameter considerably under con-
stant power. Meanwhile, the hole diameter ranges corresponding
to 90, 116, and 135 W laser powers are 1.07e1.36, 1.68e1.89, and
2.08e2.56 mm, respectively. It can be seen from Eq. (1) that the
more powerful the laser is, the stronger the laser intensity will be
when the laser irradiation area remains constant. Therefore, it is
more conducive to the increase in the hole diameter. Fig. 10(b)
shows the variation in the depth of the single holewith the increase
in laser power. When the number of irradiation holes is the same,
the hole depth increases with the increase in the laser power. This
is because, with a higher power, the single-hole laser intensity also
increases, resulting in a larger residual vapor force. This helps to
remove the rock and increase the hole depth. For the same laser
power, the depth of each hole decreases with the increase in the
number of holes.

Fig. 11 shows the relationship between the hole depth and the
irradiation time under different laser power. The laser power exerts
a fierce impact on the hole depth under constant laser energy.
Meanwhile, as the number of irradiation holes increases, the hole
depth is reduced by about 3/4, 2/5, and 3/10 at 90, 116, and 135 W,
respectively. This is because the total output energy of each sample
is the same. Increasing the number of holes will reduce the irra-
diation time for a single hole, leading to a decrease in the absorbed
energy that is not conducive to the increase in the hole depth. This
indicates that the hole depth of the sample aggravates with the
increase in the irradiation time of a single hole. The relationship
between the hole depth (h) and the irradiation time (t) of the
sample follows a polynomial function:

h¼Aþ Bt þ Ct2 (11)

where A, B, and C are the regression coefficients. It can be seen from
Fig. 11 that all the determination coefficients (R2) of the fitted
curves exceed 0.95.



Fig. 10. Plots of the hole diameter (a) and hole depth (b) versus the laser power.

Fig. 11. Relationship between the hole depth and the irradiation time under different
laser power.

Fig. 12. Effect of the number of irradiation holes on mass loss of rock.
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3.3. Efficiencies of laser irradiation in rock breaking

The hole formation andmass loss were attributed to themelting
and evaporation of the surface of the shale sample irradiated by
laser. Thus, the breakage of the shale sample should be analyzed
using evaluation indexes.
3.3.1. Mass of removed sample
Fig. 12 shows the variation of the removed mass with laser

power for a different number of holes. As the number of holes in-
creases, the mass loss also increases gradually under different
values of laser power. The mass loss of rock with the laser power of
90, 116, and 135W increases from 0.08, 0.09, and 0.12 g to 0.13, 0.14,
and 0.18 g, respectively. This is because the irradiated area of the
rock increases gradually with the increase in the number of the
holes, resulting in the removal of a greater mass of rock. When the
number of irradiation holes is the same, the mass loss of the rock
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increases with the increase in the laser power. When the total
output energy of the laser is the same for all the cases, the greater
the power, the shorter the laser irradiation time. Consequently, the
lesser the energy dissipation, the more favorable the conditions are
for rock to be melted and evaporated by the high temperature.
3.3.2. Specific energy and modified specific energy
The shale specimen density is indicated by:

r¼ m
pR2h

(12)

where r is the density of the shale, g/cm3;m is the mass of the shale
specimen, g; and R and h are the radius and height of the specimen,
respectively, cm.

The hole and mass loss were attributed to the melting and
evaporation of the shale sample surface irradiated by laser. Thus,
the breakage of the shale sample should be analyzed by the eval-
uation indexes. Specific energy (SE) represents the energy required
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to remove a unit volume of rock (Ahmadi et al., 2011). The specific
energy may be represented by:

Es ¼ P*t
VR

(13)

where Es is the specific energy, kJ/cm3; P denotes the laser power,
W; t is the time of laser irradiation, s; and VR is the volume of the
shale sample removed by the laser radiation, cm3.

However, the volume of rock removed by the same laser differed
from sample to sample owing to the heterogeneity of rock.
Accordingly, the modified specific energy (MSE) is defined as the
energy required per unit mass of the rock sample. The formula for
the MSE is given by (Pan et al., 2022):

Em ¼ P*t
MR

(14)

where Em is themodified specific energy;MR represents themass of
the shale sample removed by the laser irradiation.

Based on Eqs. (13) and (14), respectively, the variations of the SE
and MSE of the laser-irradiated shale samples under different laser
power are plotted in Fig. 13. Fig. 13(a) shows that the SE and MSE
decrease with the increase in the number of holes under a laser
power of 90W. The SE decreases from 345.5 to 165.9 kJ/cm3 and the
MSE decreases from 142.9 to 70.8 kJ/g with the increase in the
number of the holes. Fig. 13(b) shows the changes in the SE and the
MSE under a laser power of 116 W. The SE decreases from 266.5 to
150.7 kJ/cm3 while the MSE decreases from 108.1 to 67.4 kJ/g with
the increase in the number of holes. Fig. 13(c) shows the changes in
the SE and MSE under the laser power of 135 W. The SE decreases
from 207.4 to 133.2 kJ/cm3 and the MSE decreases from 81.3 to
54.1 kJ/g with the increase in the number of holes. As indicated by
the results, as the number of the holes increases, the heat required
to evaporate the same amount of rock decreases. Meanwhile, the SE
andMSE decreasewith increasing laser power for the same number
of irradiation holes. Thus, increasing the number of irradiation
holes and laser power could be beneficial to the efficiency of rock
breaking.
Fig. 13. Specific energy and modified specific energy versus the number of irradiation
holes under different laser power: (a) 90 W, (b) 116 W, (c) 135 W.
4. Discussion

In general, rock is an aggregation of a large number of mineral
particles. The rock can absorb the laser energy and act on these
mineral particles in the form of heat. The heat received by each
particle is a function of the position of the particles relative to the
spot where the laser hits the rock. The closer the particles are to the
center of the laser spot, the higher the heat. The mineral particles
undergo thermal expansion after heating, and the thermal expan-
sion among adjacent particles is uneven due to the differences in
the heat obtained. This results in tensile and compressive forces
between adjacent particles as a pair of the applied and reaction
forces, and this constitutes thermal stress. The mineral particles
sustain damage when the thermal stress exceeds the stress limit
threshold of the mineral particles. With the gradual aggravation of
damage, the microcracks expand until macroscopic fractures are
formed.

Laser intensity represents the power per unit area and is a
measure of the effect of laser power. The laser irradiation time
determines the time for the accumulation of laser energy on the
rock surface. When the laser intensity is low and not enough to
break the rock quickly, the laser irradiation time may be increased
to achieve rock fragmentation. For example, the four-hole irradia-
tion with a power of 90 W, which is relatively low in power and
high in energy dissipation, is not conducive to the generation and
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expansion of rock fractures. On the contrary, when a high laser
power (e. g., 116 and 135 W) irradiates the rock, there is less
dissipated energy and thus, increasing the number of irradiation
holes is conducive to the generation and expansion of fractures in
the rock. In addition, increasing the number of irradiation holes is
beneficial to increasing the irradiation area, improving energy
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utilization, increasing the mass loss of rock, and reducing SE and
MSE.

5. Conclusions

In this study, the effects of the number of irradiation holes and
laser power on the rock fracture length, fracture tortuosity, hole
size, and rock breaking efficiency are studied under the condition of
constant total irradiation energy of the laser. The following con-
clusions can be drawn:

(1) Increasing the power causes the laser intensity to increase
which is more conducive to the formation of larger and
deeper holes, based on the constant total energy of laser
irradiation. The range of hole diameter increases from
1.07�1.36 to 2.08e2.56 mm. Under the condition of constant
laser power, more holes help reduce the energy absorbed by
each hole. The hole depth is reduced by about 3/4, 2/5, and 3/
10 at 90, 116, and 135 W, respectively.

(2) When the total energy of the laser irradiation is constant, the
fracture length and fracture tortuosity of the rock irradiated
by the low laser power will first increase and then decrease
with the increase in the number of holes, and reach the peak
value when there are three irradiation holes. The fracture
length and tortuosity of the rock irradiated by the high laser
power will increasewith the increase in the number of holes.
This is because the energy dissipated is more in the low-
power irradiation of rock, and the energy absorbed by the
sample is not enough to break the rock quickly to expand the
fracture.

(3) Increasing the number of holes is beneficial to the mass loss
of the rock under constant laser energy. The specific energy
(SE) and modified specific energy (MSE) decrease gradually
as the number of irradiation holes increases. When the
number of irradiation holes is the same, the mass of the shale
sample removed by the low laser power is less than that
removed by high power, and SE and MSE under low power
are greater than those under high power. Thus, a high laser
power with multiple holes offers better rock-breaking
performance.
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