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Abstract

In order to improve the crushing efficiency of drilling machinery, laser-assisted mechanical rock-breaking technology has
gained wide attention in the field of engineering construction. In this method, the weakening effect of the laser on the com-
pressive strength of the rock is a key factor of the technology. To reveal the weakening effect of the laser on the compressive
strength of rocks, standard uniaxial compression tests were carried out on irradiated rocks using a uniaxial compression
testing machine. The weakening effect of laser power and irradiation time on rock strength and rock failure mode was
investigated. The experimental results show that the laser power and irradiation time have similar effects on the mechanical
properties of the rocks. With the increase of laser power and irradiation time, the peak stress of the specimens shows a ten-
dency to decrease rapidly and then slowly. At the same time, the rock elastic modulus decreases and peak strain increases,
and the behavior eventually transform from brittle damage to plastic damage. Melting pit holes and crack networks are the
root cause of the weakness of the compressive strength. On one hand, the vertical melting pit hole provides a conical free
surface, which reduces the rock deformation constraint and generates stress concentration at the bottom of the hole, so that it
facilitates the splitting-tension damage of the specimen. On the other hand, the axial load induces symmetric tensile cracks in
the thermal cracks, and adjacent tensile cracks interpenetrate to create a surface of tensile damage, leading to fragmentation
of the specimen in the form of rock blocks, ultimately undermining the rock. This work provides an improved understanding
of the effect of lasers on the compressive strength of rocks in engineering applications.

Highlights
e The effect of laser irradiation on the compressive strength weakening of rock was investigated.

e Failure modes and strength weakening mechanisms of irradiated rocks were revealed.
e The advantage parameters of laser-assisted rock breaking were clarified.

Keywords Laser rock breaking - Uniaxial compression - Strength weakening - Failure mode
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used in geological surveys, hydrological surveys and geotech-
nical construction (anchoring, grouting, drilling, etc.) due to
their wide adaptability, high speed, automation and safety (Li
et al. 2021b; Khaled et al. 2022). During the process of rock
breaking, the drill pipe drives the drill bit to rotate and cut the
rock continuously, and the efficiency of rock breaking of the
drill bit directly affects the construction efficiency of the drill
rig. Therefore, the rock-breaking performance and mechanism
of cutting teeth have received a lot of attention from research-
ers. In general, the conventional cutting teeth rock-breaking
mechanism can be described as follows: the cutting teeth
squeeze the rock under the action of thrust, then the cutting
teeth scrape the rock surface in the form of shear by rotation,
and finally form rock chips (Li et al. 2021a). The geological
drilling rig can conduct fast drilling work in medium-hard rock
environments through the above process.

However, as the mining of earth resources and tunnel
excavation encounter stronger rocks, traditional mechanical
rock-breaking methods have shown problems such as low
rate of penetration (ROP) during drilling operations and high
tool wear (Gupta et al. 2013; Capik and Yilmaz 2021), which
seriously affects the construction process and is detrimental
to the economics of drilling rig construction. For example,
in 2017, during the construction of drilling in the Mastakhs-
kaya area (Republic of Sakha (Yakutia), Russia), the drilling
rig encountered permafrost, resulting drilling speed to drop
by more than half, with an average drilling speed of less than
4 m/h, seriously delaying the construction schedule and sig-
nificantly increasing the drilling cost (Atlasov et al. 2019).
In 2019, during the drilling construction in Shunbei Oilfield,
the drilling rig encountered igneous rock with compressive
strength up to 195 MPa. The drilling speed of the rig was
about 1.05 m/h, and the PDC bit chipped teeth frequently
during the drilling process (Liu et al. 2020). In 2018, during
the tunnel survey project in YiLi, Xinjiang, the drilling rig
encountered strong abrasive quartzite, with severe bit wear
and alloy bit life below 0.5 m, resulting in massive damage
to the PDC bit, significantly increasing the economic and
time costs of drilling construction (Fan 2019).

Exploring new and efficient rock-breaking methods is
an important means of solving the above problems (Kirli
and Fahrioglu 2019; Xu et al. 2020). New rock-breaking
methods such as laser (Wang et al. 2020b; Guo et al. 2022),
high-pressure waterjet (Liu et al. 2023; Li et al. 2022a, b),
microwaves (Lu et al. 2019; Wang et al. 2020a), particles
(Ren et al. 2019; Fang et al. 2021) and electric pulses (Li
et al. 2022c¢; Zhu et al. 2022) have been proposed, which
have become the research hotspots and scientific frontiers in
the international engineering drilling field. Among the many
new rock-breaking methods, the laser is considered to be
a highly promising method as a non-contact rock-breaking
method with the advantages of high perforation efficiency
and easy implementation (Chen et al. 2022a). Studies have
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shown that laser-assisted drilling rig construction can effec-
tively improve rock-breaking efficiency, and its drilling
speed can be more than 10 times that of traditional drilling
rigs (Pooniwala 2006). Laser assisted technology not only
can significantly increase the drilling speed, but also can
extend the service life of drill bits and drill pipes, which can
effectively avoid the occurrence of accidents such as stuck
drilling and abnormal wear. Thus, it has high research and
application value in the field of engineering drilling.

Li et al. (2019) found that laser irradiation led to a rapid
increase in rock temperature, and the rock generated ther-
mal stresses and eventually fractured under the action of a
high-gradient temperature field. Chen et al. (2022b) con-
sidered that the evolution of internal rock damage during
laser-irradiated thermal fracture is an evolving dynamic
process, the accumulation and expansion of rock damage
is a factor in crack formation. The formation of cracks
also led to an increase in the porosity and permeability
of the rock. Ndeda et al. (2017) described the thermal
fracture process of granite intuitively by numerical sim-
ulation method. Due to the different thermal expansion
coefficients of the mineral components that make up the
rock, it leads to thermal stresses in the rock under the laser
action and causes damage, which leads to a decrease in the
integrity of the rock. Yin et al. (2015) carried out a study
on the effect of heat treatment on the tensile strength of
granite, and the results showed that static tensile strength
decreased with increasing temperature, and dynamic ten-
sile strength increased and then decreased at a certain tem-
perature. Rui and Zhao (2021) investigated the effect of
laser-induced rock damage on the tensile strength of the
specimens. Compared with the unirradiated specimens, the
laser irradiation produced significant damage to the tested
specimens, resulting in a decrease in the tensile strength.
Guo et al. (2022) conducted a study using the response
surface method to optimize the laser thermal rock-break-
ing parameters and confirm the weakening effect of laser
on rock mechanical properties. The above studies have
confirmed the weakening effect of laser on rock mechani-
cal properties, and have verified the effectiveness of laser-
assisted rock-breaking technology. During the rock-break-
ing process of the laser-assisted drilling rig, the cutting
teeth penetrate the rock under the thrust of the drilling rod,
and then rotate and scrape the rock to form chips. In this
process, it is crucial that the rock is crushed and penetrated
by the bit (Dai et al. 2021). It has been demonstrated that
the penetration efficiency of the cutting teeth is directly
related to the uniaxial compressive strength of the rock. As
the strength of the rock increases, the penetration ability
of the cutting teeth decreases, and the drilling efficiency
of the drilling rig decreases (Han et al. 2020). In addition,
the uniaxial compression process of the rock is consistent
with the process of the drill bit crushing the intrusive rock.
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It can provide a direct reference for drilling rock breaking
(Cai et al. 2021). Therefore, it is necessary to discuss in
detail the effect of laser irradiation on the compressive
strength of the rock, and this will play an important role
in promoting the development of laser-assisted mechanical
rock-breaking technology.

In this study, considering the effect of laser irradiation on
the compressive strength of rocks, standard uniaxial compres-
sion tests were conducted on Shenyang ultra-hard granite, and
this quantified the effect of laser parameters on the compres-
sive strength and deformation of rocks. First, the rocks were
pre-treated by irradiation on a laser rock-breaking test plat-
form, then irradiated specimens were compressed using a uni-
axial compression test. Second, the internal crack expansion
behavior and strength weakening mechanism of rocks under
the action of melting pit holes and crack networks were clari-
fied. Finally, the rock failure modes in the melting pit domi-
nant mode and thermal cracks dominant mode were analyzed,
and this would provide engineering guidance and suggestions
for the selection of laser parameters to assist the bit in rock
breaking.

2 Experimental Procedure
2.1 Specimen Preparation

The material used is granite collected from Shenyang city in
Liaoning Province, which is used to investigate the mechani-
cal and thermal damage behavior of irradiated rock. In this
experiment, all specimens are taken from the same rock, and
the specimen size is @50 X 100 mm. Before the experiment
starts, the end face of the specimen is polished with an angle
grinder and sandpaper to ensure that they are flat within 0.02
mm, as shown in Fig. 1.

2.2 Laser Irradiation Granite Specimen Test

The laser rock-breaking test platform used in this test is
mainly composed of a continuous semiconductor laser and a

Fig.1 Geometry of granite
specimens from Shenyang,
Liaoning Province, China

three-axis CNC cutting platform, and the overall structure is
shown in Fig. 2a. The laser has a maximum power of 5 kW
and a wavelength of 915 nm, and the CNC cutting platform
adopts a gantry type of mechanical structure, which allows
for three-dimensional spatial adjustment of the cutting head
position, the maximum travel of X axis is 1550 mm, Y axis
is 1550 mm, Z axis is 150 mm, and the repeat positioning
accuracy can reach +0.02 mm. The test platform is system-
atically controlled through a visual human—machine inter-
face, which allows direct setting and adjustment of the laser
power, irradiation time, duty cycle, pulse frequency, laser-
specimen relative position, laser cutting track, etc. facilitat-
ing the smooth conduct of the test. As shown in Fig. 2b,
the specimen is placed on the laser rock-breaking test plat-
form, and a continuous laser with a frequency of 5000 Hz
is selected to drill holes in the center of the rock end face.
The laser power was 0 W, 800 W, 1600 W, 2400 W, 3200 W,
4000 W, 4800 W, and the irradiation time was set to 5 s and
10 s. Irradiated specimens are shown in Fig. 2c. In order to
eliminate the influence of the specimen differences on the
test conclusions, each group of tests was carried out three
times to take the average value. The specific laser parameters
and test results are shown in Table 1.

2.3 Uniaxial Compression Granite Specimen Test

Uniaxial compression tests are carried out on laser-irradiated
rock specimens as shown in Fig. 3. The main cylinder at the
lower end of the uniaxial compression testing machine can
apply a maximum static load of 1050 kN. Before the test,
applies lubricant to the end surface of the specimen to elimi-
nate the end surface effect. During the test, first, the stress
control method is adopted, and the stress is applied to the set
value at a rate of 0.5 MPa/s to make it pre-contact. Then the
displacement control method is used to load the specimen
to failure at a rate of 0.3 mm/min. Data, such as stress and
strain, are collected in real-time during the experiment to
analyze the impact of laser irradiation on the compressive
strength of granite.
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Fig.2 Laser rock-breaking test
platform

Table 1 Laser rock-breaking parameters and test results
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Computer

Rock melting
and vaporization

Rock type Specimen number Laser power (W) Irradiation ~ Focal Density (g/cm?) Young’s Uniaxial compres-
time (s) length modulus sive strength (MPa)
(mm) (GPa)
Granite GS#1 0 5 200 2.612 88.3 139.7
GS#2 800 5 90.7 1373
GS#3 1600 5 83.1 115.5
GS#4 2400 5 76.4 113.1
GS#5 3200 5 69.3 104.2
GS#6 4000 5 66.5 97.0
GS#7 4800 5 57.8 80.2
GS#8 0 10 88.3 139.7
GS#9 800 10 98.0 131.1
GS#10 1600 10 62.1 86.3
GS#11 2400 10 50.1 80.2
GS#12 3200 10 54.5 71.6
GS#13 4000 10 393 59.6
GS#14 4800 10 37.2 49.0
3 Results and the curves usually show a concave upward trend with

3.1 Influence of Laser Radiation on the Stress—
Strain Curves of Granite

Figure 4a shows the axial stress—strain curves of gran-
ite specimens at different laser power conditions, and the
irradiation time of the specimens is 10 s. As can be seen
from the figure, the stress—strain curves variation character-
istics of granite under different laser power conditions are
quite different. When the laser power is below 800 W, the
stress—strain curve of granite exhibits the following three
stages: (1) in the compaction stage, the curves exhibit non-
linear fluctuations, which are caused by the gradual com-
pression and closure of the cracks inside the specimen,
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increasing strain. (2) In the elastic deformation and yield-
ing stage, after the microcrack closure, the stress—strain
curve of granite enters the elastic deformation stage, and
the curve grows in an approximately linear trend. With
increasing axial deformation, the curve begins to deviate
from the linear behavior, which signals the yielding of the
specimen. (3) In the post-peak deformation phase, the speci-
men reaches the peak strength and then enters the post-peak
deformation phase. With the increase of axial strain, the
axial stress decreases quickly and the rock failure is rapid.
The above damage processes are basically the same as those
for unirradiated specimens (Zhao 2016; Yang et al. 2017).
When the laser power is higher than 800 W, the stress—strain
curves characteristics of granite are as follows: (1) in the
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Fig.3 Uniaxial compression
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Fig.4 Effect of laser radiation on the stress—strain curves of granite. a Laser power, b irradiation time

compaction stage, with the increase of laser power, the com-
paction phase of the irradiated specimens is extended and
the initial nonlinear deformation becomes more and more
significant. This is due to the increasing volume of the melt-
ing pit hole produced by the irradiated specimens and the
increasing number of thermal cracks, so that the more open
microcrack closure leads to larger deformations for small
axial loads. (2) In the elastic deformation and yielding stage,
the stress—strain curve enters the elastic deformation stage
after the microcrack closure, The curve rises in an approxi-
mately linear trend. It is obvious that the slope of the curve
decreases as the laser power increases. With the increase
of axial deformation, the curve enters the yielding stage. It
can be seen from the figure that the rock specimen shows
a longer nonlinear fluctuation in the yielding phase, and as
the laser power increases, the yielding phase before the rock
reaches the peak strength is subsequently prolonged. On the

contrary, no significant deformation yielding is observed at
laser power of 0 W and 800 W, and the stress—strain curve
in the elastic deformation phase extends in an almost lin-
ear trend up to the peak point of the specimen. (3) In the
post-peak deformation phase, the specimen reaches the peak
strength and enters the post-peak deformation stage, with the
increase of axial strain, the slope of the curve is slowing, and
the rock can be damaged only after certain deformation, and
this is different from the rapid splitting failure of the low-
power laser-irradiated specimen. Overall, the deformation
of the specimen becomes increasingly important as the laser
power increases, and this indicates that the behavior changes
from brittle damage to plastic damage. However, the change
in the stress—strain curve under the laser power of 4800 W
is slightly different; this is due to the large number of ther-
mal cracks on the surface and inside the granite specimen
caused by the high laser power irradiation, and the specimen
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spalling in blocks under axial load, so the compaction stage
is significantly reduced.

Figure 4b shows the axial stress—strain curves of granite
specimens at different irradiation time conditions, and the
irradiation power of the specimens is 2400 W. The axial
stress—strain curves of granite at different irradiation times
are as follows: (1) in the compaction stage, the compac-
tion phase extends as the irradiation time increases. This
is because the longer irradiation time causes the rock to
absorb more energy, and the number of thermal cracks in
the rock increases, so that the more open microcrack closure
leads to larger deformations for small axial loads. (2) In the
elastic deformation and yielding stage, after the microcrack
closure, the stress—strain curve enters the elastic deforma-
tion phase, and the curve rises in an approximately linear
trend. It is obvious that the slope of the curve decreases with
the increase of irradiation time. With the increase of axial
deformation, the curve enters the yielding phase. It can be
seen that the rock specimens under irradiation 5 s and 10 s
conditions show longer nonlinear fluctuations in the yield-
ing phase, and the longer the irradiation time, the longer the
duration of the yielding phase. On the contrary, no signifi-
cant deformation yield phase is observed at irradiation time
of 0 s, and the stress—strain curve in the elastic deformation
phase extends in an almost linear trend up to the peak point
of the specimen. (3) In the post-peak deformation phase,
as the irradiation time increases, the curve of the post-peak
deformation phase decreases at a slow rate, and the rock is
damaged only after a certain deformation, this is different
from the rapid splitting failure of unirradiated specimens.
Overall, the deformation of the specimen becomes more and
more significant as the irradiation time increases, and this
indicates that the behaviour changes from brittle damage to
plastic damage.
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3.2 Influence of Laser Radiation on Peak Stress
and Peak Strain of Granite

Figure 5a shows the effect of laser power on the peak
stress and peak strain of the specimen, and the irradiation
time of the specimens is 10 s. It can be observed that with
the increase of laser power, the peak stress of the irradi-
ated specimens shows a significant downward trend. The
peak stress of the irradiated specimens decreases faster
when the laser power is between 0 and 1600 W. When the
laser power is between 1600 and 4800 W, the peak stress
of the irradiated specimens decreases gradually with an
approximately linear trend. Specifically, when the laser
power is increased from 0 to 4800 W, the peak stress of
the rock is reduced from 139.7 MPa to 49.0 MPa, with
a reduction rate of about 64.9%. It is worth noting that
the peak stress drops the fastest at 1600 W, which indi-
cates that 1600 W can produce a desirable weakening
effect on rocks. The deformation of the specimens is also
closely related to the laser power, and generally there is
a law between laser power and rock peak strain as fol-
lows: When the laser power is between 0 and 1600 W,
the peak strain of the irradiated specimen remains essen-
tially unchanged, however, as the laser power continues
to increase (1600 W—4000 W), the peak strain shows an
approximately linear increase, and the damage mode of
rocks gradually changes from brittle damage to plastic
damage. The above phenomenon indicates that there is
a damage threshold for the deformation of the specimen.
When the energy absorbed by the specimen does not reach
the threshold, the specimen remains brittle and the peak
strain hardly changes, when the energy absorbed by the
specimen exceeds the damage threshold, the behavior of
the specimen change and the plasticity becomes more and
more obvious as the laser power increases. It should be
pointed out that when the laser power reaches 4800 W, the
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Fig.5 Effect of laser radiation on the peak stress and peak strain of granite. a Laser power, b irradiation time
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irradiated specimen produces thermal damage fracture sur-
faces, and the specimen has formed block spalling before
the splitting-tensile damage occurs, this leads to a rapid
decrease of the peak strain.

Figure 5b shows the effect of irradiation time on the peak
stress and peak strain of granite specimens, and the irradia-
tion power of the specimens is 2400 W. With the increase of
irradiation time, the peak stress of the specimens shows an
approximate linear decreasing trend. From O to 10 s, the peak
stress decreases from 139.7 MPa to 80.2 MPa, and the reduc-
tion rate is 42.6%. The increase in irradiation time results in a
slow, followed by a rapid increase in peak strain, similar to the
influence of laser power on the peak strain, and the increasing
trend also indicates the existence of a damage threshold. When
the irradiation time is short (5 s), the laser output energy is
limited, and the threshold value has not been reached, the rock
properties do not change and the peak strain growth is small.
As the irradiation time increases (10 s), the energy absorbed
by the specimen exceeds the threshold value, and the internal
damage to the specimen becomes significant, resulting in a
transformation of the behavior into plasticity and a noteworthy
increase in deformation.

3.3 Influence of Laser Radiation on the Elastic
Modulus of Granite

The elastic modulus is one of the important parameters in
rock mechanics that reflects the physical and mechanical
properties of rock materials. The higher the elastic modulus,
the better the rock’s ability to resist deformation and the
greater the difficulty in being destroyed (Martin and Chan-
dler 1994; Yang et al. 2016). The average slope of the elas-
tic deformation straight segment of the stress—strain curve
is used as the elastic modulus value (Zhou et al. 2020).
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Figure 6a shows the effect of laser power on E| ., for irra-
diation time of 10 s. It can be seen that with the increase of
laser power, the elastic modulus of granite shows a trend
of rapid decrease and then a slow decrease. When the laser
power is less than 2400 W, the elastic modulus of the speci-
men decreases rapidly with the increase of laser power.
Taking the laser power of 2400 W as an example, E| ...,
decreases to 50.1 GPa at this time, and the decrease rate is
43.3%. When the laser power is greater than 2400 W, the
elastic modulus of the specimen decreases slower with the
laser power increase, and when the laser power increases to
4800 W, E| .., decreases from 88.3 GPa to 37.2 GPa, the
decrease rate is 57.9%. Figure 6b shows the effect of irradia-
tion time on E| , .. for laser power of 2400 W. It can be seen
that with the increase of laser power, the elastic modulus
of granite shows a trend of slow decrease and then rapid
decrease. For instance, when the irradiation time is 5 s, E} .,
slowly decreases to 76.4 GPa, and the decrease rate is only
13.5%. However, when the irradiation time increases to 10 s,
E; r decreases rapidly to 50.1 GPa, and the decrease rate
is 43.3%. In a word, the elastic modulus tends to decrease
rapidly and then slowly with the increase of laser power,
while the irradiation time has a different effect on the elastic
modulus, and the elastic modulus tends to decrease slowly
and then rapidly with the increase of irradiation time.

4 Analysis of the Failure Mode
and Mechanism of Irradiated Rocks
4.1 Drilling Morphology of the Irradiated Rock

As shown in Fig. 7, the specimen forms melting pit hole
and crack network under the laser irradiation. When the
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Fig. 6 Effect of laser radiation on the modulus of elasticity of granite. a Laser power, b irradiation time
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irradiation time was 5 s, and the laser power was from 0 to
3200 W, the irradiated specimens formed melting pit holes
with a few microcracks around the holes, which were caused
by the thermal stress resulting from the high temperature.
The laser power was between 4000 and 4800 W, the volume
of the melting pit hole was increasing under the effect of
melting and vaporization, and the shape was approximately
inverted cone. Many microcracks were closely distributed
around the holes, and the microcracks were continuously
expanded and penetrated under the thermal stress, forming
2-3 macro-cracks along the radial expansion, however, the
short irradiation time resulted in a small crack width. When
the irradiation time was 10 s, and the laser power was from
0 to 1600 W, only melting pit holes were formed, but the
hole depth was significantly higher than the depth under the
5 s condition. The laser power ranged from 2400 to 4800 W,
and the volume of the melting pit holes continued to expand,
accompanied by many tensile cracks around the holes. The

microcracks developed and penetrated with the increase of
laser power, eventually forming 3—4 macro-cracks extend-
ing along the radial direction, and the crack width increases
due to the relatively long irradiation time. It was of concern
that when the laser power was 4800 W, due to the intercon-
nection and penetration of microcracks in the heat-affected
zone, flake rock spalling was formed on the end face of the
specimen, this results in a prolonged compaction phase
of the rock stress—strain curve and a rapid decrease in the
modulus of elasticity. This also explains the change in the
rock specimen stress—strain curve under 4800 W laser power
conditions.

In order to quantitatively discuss the effect of laser power
on the morphology of melting pit hole, the diameters of the
melting pits and heat-affected metamorphic zone circles on
the rock irradiation end face are, respectively, defined as the
diameters of the melting pits and heat-affected zone of the
specimen. Figure 8 shows the behavior of melting pit depth,
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Fig. 7 Irradiated granite specimens (The red circles represent melting pit holes, and the blue arrows represent crack networks)
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melting pit diameter and heat-affected zone diameter with
laser power. The depth of the melting pit hole approximately
trends linearly increasing with the laser power in Fig. 8a.
When the irradiation time was 5 s, the depth of the melting
pit increased to 19.5 mm from O to 4800 W. When the irra-
diation time was 10 s, the depth of the melting pit increased
to 29.3 mm. It was shown that the hole depth under irradia-
tion 10 s increased faster, and the maximum depth was 1.5
times of the hole depth under irradiation 5 s, so an appro-
priate increase in irradiation time can effectively improve
the drilling efficiency. However, the rate of drilling was not
always fast. During the test, it was found that as the laser
power and irradiation time increased, the molten medium
inside the melting pit hole was difficult to remove in time
by the auxiliary gas, resulting in more and more glass glaze
accumulating in the hole, and this would absorb and reflect
more energy, leading to a decrease in the drilling rate.

As shown in Fig. 8b, ¢, with the increase of laser power,
both the melting pit hole diameter and the heat-affected zone
diameter show the same logarithmic increasing trend. When
the irradiation time was 5 s, the diameter of the melting pit
increased from 7.5 mm to 10.8 mm and the diameter of the
heat-affected zone increased from 15.2 mm to 22.4 mm from
0 to 4800 W. When the irradiation time was 10 s, the diam-
eter of the melting pit increased from 8.6 mm to 13.2 mm
and the diameter of the heat-affected zone increased from
17.7 mm to 27.2 mm. The growth rate of the melting pit
diameter and heat-affected zone diameter was slow despite
the obvious change in laser power, and the reason was that
the small thermal conductivity of the rock samples, so the
gradient of the temperature field along the radial direction
of the rock is large and the heat is difficult to propagate. As
the laser power increases the rock inside the heat-affected
zone gradually changed from white to yellow, and this is
due to heat accumulation in the heat-affected zone leading
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to mineral dehydration and internal lattice reorganization. It
was also observed that the microcracks around the melting
pit holes were intensifying to form macro-cracks and even
flake rock spalling, which were caused by thermal stress
damage. As an approximation, the hole depth could be used
to evaluate the volume.

4.2 Crack Evolution

In order to further discuss the evolutionary characteristics
of cracks on the specimen surface, the irradiated surface is
selected as the test surface, and the fractal theory is used
to characterize the macro-cracks distribution of the speci-
men. Before calculating the fractal dimension, the cracks
have been extracted from the specimen end face. Digital
image processing technology is used to convert end-face
photographs of irradiated specimens into binary images,
then carries out multiple filtering and denoising processes
on the binary images with the help of MATLAB software,
and the crack extension paths on the specimen end surfaces
are finally obtained with maximum preservation of the
crack morphology in Fig. 9. As shown in Fig. 9a, When
the laser power is 800 W, the melting pit hole is formed
in the center of the specimen, a small number of microc-
racks appeared around the hole, and no macro-cracks are
observed extending to the specimen boundary. When the
laser power is increased, the microcracks around the melting
pit holes further increases in Fig. 9b and c, and 4-5 macro-
cracks are formed through the specimen boundary. With the
further increase of laser power, the width and complexity
of the macro-cracks penetrating to the specimen boundary
increases, multiple secondary cracks are born at the edge of

Fig.9 Crack extension charac- (a)
teristics of the specimen
Microcracks

'\ Penetration cracks - \

Melting pit hole

@ /
/ 3200W

800W

Secondary cracks
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the main cracks in Fig. 9d, e. When the laser power reaches
4800 W, flake spalling is formed between the cracks on the
end faces as shown in Fig. 9f.

The box-counting algorithm was widely used in the calcu-
lation of the fractal dimension of complex irregular shapes,
and the algorithm could well describe the irregularity of
rock fracture surfaces (Li et al. 2009). For a given fracture
surface F, in order to find the box-counting dimension of
F, the set could be overlapped by a box with side length &,
and the total number N(¢g) of required boxes were counted.
The fractal dimension D of the fracture surface F can be
calculated as Eq. (1) (Ai et al. 2014; Allaart and Jones 2023).
To easily obtain the fractal dimension, the total number of
boxes N(e) and the box side length € were given as a straight
line with slope -D using a simple logarithmic transformation
of the power law. It should be noted that the box-counting
method focuses on calculating the total number of boxes that
completely cover the set of cracks:

1
D= —lim 22N
=0 loge

ey

Figure 10 shows the fractal dimension of the cracks on
the end face of the specimen, which are 1.2058, 1.3361,
1.3722, 1.4083, 1.4541, and 1.4572 for the end face of the
specimen with 800 W, 1600 W, 2400 W, 3200 W, 4000 W,
and 4800 W at 10 s of irradiation. The fractal dimension of
the irradiated end face is relatively large (generally between
1.2 and 1.5), indicating that the crack distribution on the
end face of the irradiated specimen is relatively dispersed,
and the crack morphology is highly complex. Further, the
relationship between fractal dimension and laser power
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is plotted in Fig. 11. It is noticed that the fractal dimen-
sion increases with the increase of the laser power, which
means that the crack complexity also increases. Interestingly,
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Fig. 10 Fractal dimension of cracks at the specimen end face

the fractal dimension seems to rise logarithmically, grow-
ing faster when the laser power is below 2400 W and the
growth rate slows down when the laser power exceeds 2400
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W. Therefore, the 2400 W laser power is the turning point of
the fast to slow growth rate of the specimen end-face fractal
dimension.

4.3 Compression Failure Mode and Mechanism
of the Irradiated Rock

The laser irradiation has a significant effect on the compres-
sive strength of granite specimens, which is mainly attrib-
uted to the generation of melting pit hole and crack network
after irradiation, both of which accelerate the development
of cracks inside the specimens. When the laser power does
not exceed 2400 W, the fractal dimension is small, which
indicates that the number and complexity of cracks on the
end face of the specimen are small. Figure 12 also shows
the cracking on the side of the specimen: when the laser
power is 0—1600 W, there is no macro-crack on the side of
the specimen, and when the laser power is 2400 W, there is
only a small macroscopic crack on the side of the specimen.
Therefore, it can be assumed that the damage caused by laser
irradiation is mainly the melting pit holes. The hole forms
by melting and vaporization can be considered as a conical
free surface, where the free surface reduces the internal rock
confining stresses and provides free space, resulting in stress
concentration at the tip of the hole for the loads distributed
on the specimen end faces (Lu et al. 2013; Zhou et al. 2021).
Since the tensile strength of the rock is much lower than its
compressive strength, the rock area around the hole is the
first to form a tensile damage zone. As shown in Figs. 13
and 15a, with the increasing compressive load, the micro-
cracks in the tensile damage zone expand and develop and
penetrate each other, and the irradiated specimens eventu-
ally undergo vertical splitting-tensile damage induced by the
conical melting pit holes, which leads to the decrease of the
compressive strength of the rock.
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Fig. 11 Relationship between laser power and fractal dimension
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Fig. 12 Crack extension on the side of the specimen. a Original
image, b binary image

When the laser power is high than 2400 W, the fractal
dimension is larger, indicating that the number and complex-
ity of cracks on the end face of the specimen are large, as
well as long macro-cracks occur on the side of the specimen.
Therefore, the integrity of the specimen is poor and it can
be assumed that the damage caused by laser irradiation is
mainly thermal cracks. As shown in Fig. 14, the high-energy
laser thermal irradiation causes thermal cracks on the end
and sides of the specimens, and multiple thermal damage
fracture surfaces are formed inside the specimens. The inter-
nal fracture surfaces of the specimens can be viewed as the
original defects or damage, so the problem of thermal cracks
is transformed into a problem of crack evolution in the speci-
mens with flaws. It is found that the thermal cracks inside the
specimen are affected by end stress, which results in the for-
mation of tensile stress concentrations in the middle region
of the thermal crack and compressive stress concentrations
at the end of the thermal crack due to the specimen end
load. With the continuous load applies, the thermal cracks

Tensile damage zon

Splitting-tensile damage
Melting pit hole 3 8 #

7

Fig. 13 Internal cracks expansion dominated by melting pit
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Fig. 14 Internal cracks expansion dominated by thermal cracks

are the first to produce symmetric tensile cracks and form
damage. Further, the tensile cracks within the two adjacent
fracture surfaces penetrate each other to form a tensile dam-
age surface. In addition, the characteristics of the rock block
spalling in Fig. 15b indicates that the fracture morphology is
relatively rough without shear scratches, and this is consist-
ent with the characteristics of the rock tensile failure discov-
ered by Li et al. (2022b).

In summary, when the laser power did not exceed
2400 W, the effect of melting pit holes on the specimen was
greater than the effect of thermal cracks, defining the failure
mode at this point as the melting pit dominant mode. In this
mode, the specimen was more likely to suffer axial splitting-
tension damage. When the laser power exceeded 2400 W, the
effect of thermal cracks on the specimen gradually became
greater than the effect of melting pit holes, defining this

Fig. 15 Rock damage morphol-
ogy at the end of uniaxial com-
pression test. a 2400 W,10 s, b

4800 W,10 s

Fracture
morphology

failure mode as the thermal cracks dominant mode. In this
mode, the specimen underwent block spalling damage, and
this led to a further reduction in the compressive strength
of the specimen.

5 Discussion

In order to further improve the drilling efficiency of laser-
assisted mechanical rock breaking, the beneficial effect of
the laser should be fully used. However, the above studies
have shown that different laser parameters produce different
rock-breaking effects, which have implications for joint rock-
breaking techniques. Therefore, the differences between the
melting pit dominant mode and the thermal cracks dominant
mode in joint rock-breaking effect are compared. Based on
better drilling results, a more suitable dominant mode for
assisted mechanical rock breaking is obtained, which in turn
provides suggestions and guidance for the engineering appli-
cation of laser-assisted mechanical rock breaking.

For assisted rock-breaking in the melting pit dominant
mode, the laser first irradiates the forward rock and produces
a conical melting pit hole, then the bit squeezes and scrapes
the damaged rock to achieve intact rock breakage. In this
process, the combined effect of drill thrust and cutting forces
leads to stress concentrations around the melting pit hole,
which reduces the difficulty of breaking the rock and reduces
the force on the bit. But compared to conventional bit sizes
(generally 80—120 mm in diameter), the melting pit hole is
small and the impact area is difficult to cover the full cross-
section of the bit, so this mode has limited improvement in
combined drilling efficiency (Xu et al. 2022). For assisted
rock breaking in the thermal cracks dominant mode, the
laser first irradiates produces melting pit holes, and the holes
are accompanied by crack network extending into space. The
cutting teeth of the bit rotate and scrape the damaged rock,

Fracture
morphology

@ Springer



1894

B.Xuetal.

eventually producing a blocky rock chips flake, which facili-
tates a reduction in load on the cutting teeth and a signifi-
cant increase in specific energy. Thus, the thermal cracks
dominant mode is more conducive to the improvement of
laser-assisted rock-breaking efficiency.

This feature should be fully considered when designing
new combined laser-mechanical drilling bits, and the laser
parameters in the thermal cracks dominant mode should
be selected as far as possible to achieve a better combined
drilling effect. When laser-mechanical combined drilling
technology is used to break granite, it is recommended to
use a laser power greater than 2400 W. However, the exces-
sive laser power requires a larger laser cutting head, which
poses a challenge to the internal space arrangement of the
combined drill. In addition, although the high-power laser
can cause a further decrease in the strength of the rock, the
rate of decrease is not significant. Future combined laser-
mechanical drilling bits design should fully consider the
rock-breaking benefits and core component design space
issues, and use these to select the optimal laser parameter
range.

6 Conclusion

Uniaxial compression tests are conducted on laser-irradi-
ated granite specimens, and the strength and deformation
characteristics of the irradiated specimens are analyzed.
The failure mode and rock strength weakening mechanism
of the irradiated specimens are discussed in combination
with the melting pit hole morphology and crack expansion
path, finally, the selection of rock-breaking parameters and
engineering recommendations for laser-assisted drilling are
given. Based on this study, some main conclusions can be
drawn as follows:

1. As the laser power increases, the peak stress of the speci-
men first decreases rapidly and then slowly in a linear
trend, the peak strain increases approximately with an
exponential trend, and the elastic modulus decreases
approximately with a logarithmic trend. At the same
time, the compaction and yield phase of the stress—strain
curve are extended, and the behavior eventually trans-
form from brittle damage to plastic damage.

2. The melting pit hole and crack network produced by
irradiation are the root cause of the weakness of the
compressive strength of the rock. Under axial load con-
ditions, on one hand, melting pit holes can be seen as a
conical free surface and the tip of the hole is prone to
stress concentration; on the other hand, thermal cracks
produce symmetric tensile cracks and forms damage
surfaces, leading to weakening of the rock strength.

@ Springer

3. When the laser power does not exceed 2400 W, the effect
of the melting pit hole on specimen cracking is greater
than the effect of thermal cracks, and the specimen
occurs splitting-tensile damage. When the laser power
is greater than 2400 W, the effect of thermal cracks on
specimen cracking is gradually greater than the effect
of melting pit holes, and the specimen is more likely
to occur block spalling damage. The thermal cracks
dominant mode is more conducive to improving the
rock-breaking efficiency of laser-assisted mechanical
rock breaking, so when designing the new laser-assisted
mechanical bit, in order to achieve better drilling effects
on high-strength granite ground, a laser power exceeding
2400 W is required.
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