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Efficiently crushing deep hard rock remains a significant engineering challenge.
As an innovative rock-breaking technique, laser technology shows consider-
able promise for applications in deep engineering. Analyzing the damage char-
acteristics of rock after laser irradiation and clarifying the mechanism of laser
rock-breaking are crucial for advancing this technology towards practical engi-
neering applications. Taking basalt as a typical representative of deep hard rock,
we introduced computed tomography (CT) scanning and nuclear magnetic res-
onance (NMR) technology to study the internal macro and micro pore charac-
teristics of the rock after laser irradiation with different power. Additionally, we
reconstructed the morphology of the laser-drilled holes. The results show that the
surface temperature of the rock under laser irradiation generally follows a Gauss-
ian distribution, and the penetration depth of the 1250 W laser can reach 41.51 mm
after 30 seconds. Laser irradiation affects the microscopic pores of the rock, caus-
ing small pores to expand into larger ones as the laser power increases. After laser
irradiation, the molten holes can be categorized into drum-shaped and V-shaped
zones, and the timely discharge of molten material enhances the efficiency of laser
rock-breaking. These findings provide theoretical and technical support for the
application of laser rock-breaking technology in the efficient crushing of deep hard
rock and resource extraction.
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Introduction

With the rapid development of underground resources and space, efficiently crushing
deep hard rock has become a technical challenge in underground construction [1]. The three
highs and one disturbance environment faced by deep rock makes construction more difficult.
Traditional mechanical drilling often encounters problems such as low drilling speed and se-
vere tool wear, which greatly affects construction progress [2]. Faced with the challenges posed
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by deep hard rock layers, new rock-breaking methods have emerged rapidly. Techniques such
as laser [3], microwave, water jet [4], and electric pulse [5] rock-breaking have seen significant
development. Among these, laser rock-breaking is a well-established method for the directional
crushing of deep hard rock.

At present, many scholars have carried out exploratory research work in the field
of laser rock-breaking. This method primarily uses high energy laser beams to irradiate the
rock surface, generating localized high temperatures that cause the rock to melt, fracture, and
evaporate [6, 7]. Yang et al. [8] studied the temperature distribution characteristics of basalt,
sandstone and granite under laser irradiation. The results showed that the laser power and rock
composition are the key factors affecting the temperature distribution, and that rock phase
changes are the main reason for the uneven temperature increase.Laser thermal action can in-
duce thermal softening of the rock, reducing its strength and drillability [9, 10]. Chen et al.
[11] investigated the differences between circular and elliptical laser irradiation on sandstone.
They proposed an elliptical laser-assisted drilling method to fracture the rock, which increased
the rate of penetration (ROP) by 61% compared to conventional drilling bits. Pan et al. [12]
investigated the effect of laser parameters on the thermal crushing characteristics of shale and
monitored strain characteristics during laser irradiation. They found that strain values decrease
abruptly as the rock breaks, with larger decreases occurring at the cracks.

However, most scholars currently focus on studying the temperature field, surface
morphology, and macroscopic mechanical behavior, while there is relatively little research on
the internal pore-forming morphology and pore structure of rocks after laser irradiation. There-
fore, the introduction of CT scanning and NMR technology to analyze the macroscopic pore
formation and microscopic pore before and after laser irradiation is of great significance for the
practical engineering application and numerical simulation of laser rock-breaking.

Sample preparation and experimental scheme
Sample preparation and equipment

The basalt samples used in this paper were taken from Zuoquan, Shanxi, with uni-
form texture and gray color. They were processed into standard cylindrical samples measur-
ing @50 mmx 100 mm. The average density of the rock samples at room temperature was
2.787 g/em?, and the average longitudinal wave velocity of the rock samples was 5224.48 m/s.
The laser hard rock fracturing and weakening test is completed by the laser precision rock-break-
ing system independently developed by the group. In addition, the in-situ real-time true triaxial
X-ray industrial CT inspection system was used to analyze the internal slice images and micro-
scopic rupture morphology of the rock before and after irradiation, and the 3-D reconstruction
of the internal molten hole formation of the basalt was realized by Avizo software. The changes
in rock pore distribution before and after laser irradiation were analyzed using the NMR test,
conducted with an LMR-30 low field NMR analyzer. The experimental equipment and set-up
are illustrated in fig. 1.

Experiment scheme

The effect of laser irradiation on rock thermal cracking is affected by many factors,
including laser power, irradiation time, and rock saturation state. Based on the previous study
[13], the laser power has a greater influence on the thermal effect of basalt, so further research
is carried out. The experiment was carried out using the controlled single-variable method, set-
ting the laser power as 250 W, 500 W, 750 W, 1000 W, and 1250 W, the laser irradiation time as
30 seconds, the initial spot diameter as 4 mm, and the auxiliary gas pressure as 0.02 MPa.
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Figure 1. Experimental equipment and experimental procedure

Selected rocks in the thermally affected area after laser irradiation were prepared as
10 mm x 10 mm % 22 mm samples for low field NMR testing. These samples were vacu-
um-saturated with water to determine the T, spectrum of basalt. The test parameters are using
the CPMG sequence, the test frequency is 7 MHz, the sampling bandwidth is 200 kHz, the 90°
pulse width is 14.2 ps, the 180° pulse width is 26 ps, the waiting time is 1000 ms, the echo
interval is 0.15 ms, the number of echoes is 2000, and the number of scans is 1024.

Results
Macroscopic damage patterns and temperature distribution

A PIX Connect-MA-E2020-05-A infrared thermometer with a range of 0-925 °C was
used to capture the temperature distribution on the rock surface and plot the temperature dis-
tribution curve. The temperature distribution over time when the 1000 W laser irradiated on
the rock surface is shown in fig. 2. After laser irradiation, the rock absorbs energy and rapidly
increases in temperature, following a Gaussian distribution pattern. Due to the low thermal
conductivity of the rock, heat transfer is slow, resulting in the highest temperatures at the center
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point which decrease rapidly towards the surrounding areas. However, as laser irradiation time
increases, the high temperature region gradually enlarges. The topographic characteristics of
the basalt surface after laser irradiation at different power levels and the temperature distri-
bution on the rock surface after irradiation for the same time are shown in fig. 3. Under laser
irradiation, the temperature of the rock surface increases rapidly, causing localized melting
which is expelled with auxiliary gas, forming molten holes. With the increase of laser power,
the range of high temperature area gradually expanded, exerting thermal stress that reaches the
tensile strength of the rock, leading to the formation of tensile cracks.

Molten hole structure and 3-D reconstruction

Industrial CT was used for scanning the laser-irradiated rock and for post-processing
analysis. The longitudinal section and pore formation profile of the laser-irradiated basalt are
shown in figs. 4 and 5. Under laser irradiation, the basalt melted and evaporated, and the liquid
melt was expelled by auxiliary gas, forming concave melt pools and small pits in the irradiated
area. The laser beam directly acted on the bottoms of these pits, causing further melting and
vaporization of the basalt, thereby deepening the molten holes. The depth of the pore formation
and the diameter of the pore formation were quantitatively measured from the CT scan results,
as shown in fig. 6. With the increase of laser power, the depth of the molten hole gradually
increased, and the surface diameter of the molten hole also gradually increased. When the laser
power reaches 1000 W, the surface diameter and depth of the molten hole gradually stabilize.
Extracting the molten holes and reconstructing them in three dimensions, the 3-D structure of
the molten holes can be obtained as shown in fig. 7. The boundary of the molten hole is rough
and not completely conical, and the sidewall of the molten hole can be divided into two zones,
the entrance expands outward into a drum shape, which is the expansion zone, and the lower
part becomes a sharp cone, which is the V-shaped zone. This is due to the fact that the flow of
molten material after rock melting is very small, although the auxiliary gas is discharged to the
surrounding area, there is still a large amount of molten material accumulating in the orifice,
forming a molten pool and further melting the surrounding rock.
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of molten holes

Laser power directly determines the amount of energy available to the rock. The high-
er the laser power, the more energy the surface of the rock material obtains per unit time. This
results in faster heating rates and more significant thermal effects. The area of thermal influence
is also larger, thus directly affecting the rock surface morphology and pore formation. With the
increase of laser power, the accumulation of laser energy and the secondary effect of the molten
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Figure 6. Variation characteristics of hole diameter and hole depth with laser power
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material gradually reached a balance, the depth of the molten hole no longer increases. The
calculation of the molten pore volume is shown in fig. 8. The molten volume increases gradu-
ally with the increase of laser power, basically obeying a linear distribution. The 1250 W laser
irradiation for 30 seconds can melt basalt with a volume of 937.7 mm?®.

Quantitative characterization of basalt pore structure
based on NMR technique

Low field NMR tests were conducted on the original rock samples and the rocks in the
thermal affected area after laser irradiation, and the distribution curves of NMR T, spectra and
the volume share of pore size distribution of the rocks after irradiation with different powers
were obtained, as shown in figs. 9 and 10, respectively. The peaks of small pores in basalt are
located around 1 ms, and the peaks of large pores are located around 25 ms, corresponding to
pore diameters of 0.09 um and 2.3 um, and pore diameters of 0.025-0.5 um account for 71.6%
of the volume. After the low power (250 W) laser irradiation, the small pore content in the ther-
mal affected area of basalt increased significantly, and as the laser power continued to increase,
the peak value of the small pores in basalt showed a decreasing trend, and the peak value of the
large pores showed an increasing trend.

Under laser irradiation, the rock absorbs laser energy. The thermal influence of the
laser causes water stored in the rock’s pores to evaporate, certain water-containing minerals
to decompose, and thermal damage leads to phase changes and unco-ordinated expansion and
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deformation of mineral particles, resulting in the formation of numerous tiny pores. As laser
power gradually increases, thermal damage to the rock intensifies, and the destruction of the
pore structure becomes more severe. Cracks may even appear when the power reaches 1250 W.
Therefore, laser irradiation enlarges the radius of the pore structure inside the rock, gradually
increasing the size of large pores.

Conclusion

The experimental results reported that the laser power significantly affects the laser
drilling efficiency. As the laser power increases, the range of thermal influence on the rock in-
creases, achieving a perforation depth of 41.51 mm. After laser irradiation, the sidewall of the
rock molten hole can be divided into two parts: drum-shaped zones at the entrance and V-shaped
zones in the middle and lower parts. This division correlates significantly with melt accumulation,
and timely discharge of melt can effectively enhance laser rock-breaking efficiency. Expansion
and microcracks appeared in the rock after laser irradiation. The NMR results indicate that basalt
pore sizes are primarily distributed between 0.025-0.5 um, comprising approximately 71.6% of
the total. Small pores in the rock increased significantly following low power laser irradiation, and
as laser power increased, these small pores gradually expanded into larger ones.
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