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Nomenclature  

L length of the sample (m) Vc volume of cracked rock (cm3) 

m mass of rock sample (kg) Vr volume of removed rock (cm3) 

ms mass of saturated rock sample irradiated by laser (kg)    mean value of individual testing values 

md mass of dry rock sample (kg) xi individual testing values 

N number of testing samples Greek symbols 

Pout laser power (W) η water saturation (%) 

r radius of the rock sample (m) ρ density of rock sample (kg/m3) 

SE specific energy (kJ/cm3) ρd density of dry rock sample (kg/m3) 

MSE modified specific energy for laser fracturing (kJ/cm3) ρw density of water (kg/m3) 

t irradiation time (s) σv Bessel equation of standard deviation 

uv uncertainty of directed variables φ saturated water content of original rock sample 

△v test accuracy of the variables φo open porosity of irradiated rock sample 
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1. Introduction 23 

"Hot Dry Rock (HDR) geothermal energy is a type of green and renewable resource" stored in 24 

deep granite strata [1, 2]. The "exploitation and utilization of HDR geothermal energy" have 25 

attracted wide interest due to being non-polluting and environmentally friendly. For instance, the 26 

total installed capacity of geothermal energy plants around the world achieved 14.3 GWe in 2017 27 

[3], and the total amount of directly utilized geothermal energy in China also reached 17870 MWt 28 

in 2014. In addition, more potential has also been observed in hybrid power system based on other 29 

renewable energy sources in the future [4]. Technology improvements of geothermal reservoirs 30 

should be given more attention to achieve sustainable development of geothermal energy [5, 6].  31 

One of the key parameters in exploitation of geothermal energy is the rock permeability. Thermal 32 

cracking and hydraulic fracturing are usually used by researchers and engineers to significantly 33 

change physical properties which can improve the permeability and accelerate the fracture 34 

propagation. A series of lab-based block tests have been performed by Hu et al [7] to examine the 35 

effect of reservoir stimulation on enhanced geothermal system by characterizing the fracture and 36 

assessing the system enhancement through hydraulic fracturing. Results indicated that hydraulic 37 

fracturing resulted in the fracture aperture with a rough surface. Ma et al [8] studied the factors that 38 

had impact on crack extension using a 3D hydraulic fracturing model. It was found that the impact 39 

of the fluid displacement was greater on the fracture morphology than on viscosity and "main crack 40 

of HDR was more sensitive to rock elastic modulus than horizontal in-situ stress difference". How 41 

cracks are developed in the granite in an environment with high temperature and pressure was 42 

investigated by Zhao et al [9-12] who discovered that the failure mode was either "shear failure or a 43 

combination of shear and tension failure". In addition, heating from the critical temperature resulted 44 

in the considerably increased permeability of granite. And inter-granular micro-cracks were 45 
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observed at grain boundaries owing to the effect of thermal cracking, and develops a long apparent 46 

weakness with increasing temperature. Thermal cracks are the leading cause for the change of 47 

permeability paralleled to bedding, and the increase in permeability perpendicular to bedding was 48 

caused by the connection of macropores [13]. Huang et al [14, 15] concluded that rock temperature 49 

was one of the key factors that affect hydraulic breakdown pressure. Additionally, the seepage 50 

capacity could be affected by confining pressure and rock roughness. 51 

As a matured technology, laser beams have been widely applied to metal and non-metal 52 

processing due to their high energy density within a small area where the beam is focused. A large 53 

number of experimental and numerical investigations have been carried out in the metal or 54 

non-metal manufacturing industry based on laser cutting or welding, which show that the overall 55 

processing performance mainly depends on the laser power, irradiation time or pulse duration 56 

[16-21].  57 

Potentially, high power laser beams could also be applied to the rock stimulating to improve the 58 

permeability and drilling speed especially in gas and oil engineering. One of the earliest researches 59 

on the laser excavation was conducted by Jurewicz [22] who used high power laser machine to 60 

excavate hard rock and this method showed some advantages such as increased excavation speed 61 

and good cracking efficiency. The variation of specific energy was investigated by Ahmadi et al [23] 62 

who employed a Nd:YAG laser to perforate rock samples saturated with water and heavy oil. 63 

Results showed that the penetrated depth of rock hole was increased by irradiation time, and the 64 

required amount of specific energy for water saturated rock sample was more than that for both 65 

heavy oil saturated and dry samples. Erfan et al [24] investigated the moving laser perforation of 66 

rocks by using long pulse Nd:YAG laser with a vertical speed that was equal to the perforation rate. 67 

It was found that the efficiency was optimal for moving laser perforation. Hu et al [25] reported 68 
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laser perforation in oil and gas wells and investigated the temperature distributions on the rock 69 

surfaces after laser irradiation both experimentally and numerically. They found that the size and 70 

deposition orientation of the rock had no impact on perforation efficiency when the boundary 71 

effects were eliminated. The impact of water on perforation rate, specific energy has been 72 

investigated by Kariminezhad et al [26] through experimental study, which assessed the concrete 73 

perforation with the assistance of a continuous CO2 laser. Results showed that the presence of 74 

moisture had a significant incremental and detrimental impact on the perforation rate and specific 75 

energy, respectively. Keshavaizi [27] employed high-power laser to perforate and fracture rock of 76 

oil and gas well to increase the permeability to take the place of the costly post-perforation 77 

operations. High power laser was used to experimentally analyze a number of key indicators such as 78 

the sandstone fracture morphologies, quantitative characterization, specific energy and perforation 79 

rate [28]. When the laser power increased, cracks were formed and developed along the inner wall. 80 

Further analysis revealed the specific energy decreased gradually but the perforation rate increased 81 

instead. Lyu et al [29] developed a specific energy model for thermal spallation drilling on six types 82 

of rocks and identified the importance of controlling the velocity of the coiled tubing to delivering 83 

the optimum penetrating rate during spallation drilling. Results also demonstrated that the thermal 84 

spallation drilling is a suitable alternative for the exploitation of oil and gas in hard rocks. Miranda 85 

[30] suggested that CO2 laser can be used to cut marble and limestone and the quality of the cut 86 

surface largely depended on the stone’s chemical and mineralogical compositions. Ng et al [31] 87 

built an analytical model to understand the impact of various factors such as "the velocity of melt 88 

ejection, the drilling rate, the contributions of melt ejection and vaporization to the overall drilling 89 

rate". The impact of the pulse format on the drilling performance was investigated through 90 

numerical and experimental studies by Shin et al [32] where the key interaction physics between 91 
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laser and material were emulated, such as heat transfer, vaporization, fluid flow, and multiple 92 

reflections. In a study by Yan et al [33], the interaction mechanism of rock perforation by laser 93 

irradiation was introduced to study the laser penetration at different depths and it was found that 94 

laser power and irradiation time affected the perforation the most. The thermal and mechanical 95 

characteristics of limestone rock, which was irradiated by continuous wave fiber laser with different 96 

laser power, were experimentally investigated by Wang et al [34]. Based on aforementioned 97 

literatures, the technical comparison between hydraulic and laser irradiation fracturing is 98 

summarized in Table 1, which indicates that laser irradiation is a suitable measure with higher 99 

performance for rock fracturing. 100 

Table 1. Comparison between hydraulic and laser irradiation fracturing. 101 

Parameters Hydraulic Laser irradiation 

Fundamental High-pressure water High-power laser 

Efficiency High 
[15]

 Superhigh 
[28]

 

Specific energy Low 
[7]

 Extremely low
[34]

 

Directional Poor 
[1]

 Excellent 
[27]

 

Environmental Risk of pollution 
[8]

 Friendly 
[28]

 

A large number of investigations have been carried out on the high-efficient exploitation of HDR 102 

geothermal energy based on hydraulic fracturing and exploitation of gas or oil based on hybrid 103 

technology combining hydraulic fracturing and laser drilling and cracking. And it can be observed 104 

that the previous studies were focused mainly on laser drilling efficiencies and rates of perforation. 105 

The investigation on the mechanism and efficiency of HDR fracturing by laser irradiation, 106 

especially with the assistance of moving laser beam, has been less reported so far. Therefore, this 107 

paper presents experimental investigations on how laser power, laser beam diameter and moving 108 
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speed of laser beam affect the variations of rock temperature, thermal fracturing efficiency and open 109 

porosity. The experimental results can be used to evaluate the fracturing efficiency of granite rock 110 

with the assistance of moving laser beam and can also be used to validate a theoretical prediction of 111 

the temperature field created by laser irradiation. 112 

2. Specimen and experimental system 113 

2.1. Specimen 114 

The standard granite samples, with diameter and length of Φ50mm×100mm, are used as the 115 

specimen in this investigation. The samples are prepared with ground flat ends to reduce the test 116 

error of thermal conductivity and compressive strength. The overall structure of the granite samples 117 

is compact and uniformly granular. As shown in Table 2, the main minerals of the granite samples 118 

are quartz, albite, potassium feldspar, and iron dolomite. The average thermal conductivity and 119 

compressive strength of the granite samples are 3.401 W/mK and 134.95 MPa respectively, and 120 

other physical-mechanical properties such as density, moisture content are also illustrated in Table 121 

3.  122 

Table 2. The components of the granite sample. 123 

Mineral Na2O MgO Al2O3 SiO2 K2O CaO Fe2O3 Others 

Mass fraction/% 3.53 0.69 13.91 68.55 5.16 1.63 2.46 4.07 

Table 3. The physical parameters of the granite sample. 124 

Density 

(kg/m
3
) 

Heat capacity 

(kJ/m
3
∙K） 

Thermal 

conductivity 

(W/mK) 

Compressive 

strength 

(MPa) 

Tensile 

strength 

(MPa) 

Moisture 

content 

(%) 

Saturated 

moisture content 

(%) 

2580 997.1 3.401 134.95 12.36 0.054 0.142 

2.2. Experimental setup 125 
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A continuous fiber laser (nLight, USA) with maximum output power of 1 kW is applied to 126 

irradiate the granite samples. The laser is conducted to a laser cutting head (Lasermech, USA) 127 

through glass fiber cable and the cutting head is mounted on an industrial six axles robot (ABB, 128 

Switzerland), as shown in Fig. 1. The movement of the laser cutting heads is automatically 129 

controlled by the robot during experiments for safety. The technical specifications of the fiber laser 130 

system are presented in Table 4. An infrared camera (Flir, USA) with a temperature measurement 131 

up to 2000 
o
C is applied to measure the granite sample surface temperature directly during laser 132 

beam irradiation experiment and the images are recorded and presented in this paper in the 133 

following sections. The accuracy of temperature measurement is less than ±2 
o
C or within ±2% of 134 

the measured value.  135 

 136 

Fig. 1. The fiber laser system. 137 

Table 4. The technical specifications of laser system. 138 

Parameters Values 

Mode of operation CW/modulated 

Polarization random 

Maximum average power 1 kW 
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Power variation (8-hour) ≤1% 

Rise and fall times ≤ 5 μm 

Beam quality 

≤ 2 mm-mrad (50 μm fiber) 

≤ 4 mm-mrad (100 μm fiber) 

≤ 11 mm-mrad (200 μm fiber) 

Wavelength 1080 ± 10 nm 

Spatial freedom of ABB industrial 

robot 

6 axles 

Positioning accuracy of ABB 

industrial robot 

±0.01 mm 

Thermal conductivity of the specimen is measured by a thermal constant analyser (Hot Disk, 139 

Sweden). Both X-Ray Fluorescence (XRF, Bruker, Germany) and X-Ray Diffraction (XRD, Bruker, 140 

Germany) are employed to analyze the components of the granite specimen. The compressive 141 

strength of granite specimen is tested by using an YNS2000 electro-hydraulic servo universal 142 

testing machine (Sino-test, China) with the maximum load of 2000 kN and the testing accuracy of 143 

±1% full scale. The mass and size of granite specimen are measured by an electronic balance 144 

(Yingheng, China) with accuracy of 0.01g and a digital caliper (Deli, China) with accuracy of 0.01 145 

mm respectively. The width and depth of the grooving kerf are also measured by the same digital 146 

caliper.  147 

2.3. Experimental program 148 

A granite specimen is fixed on a test bench horizontally and the laser cutting head is mounted on 149 

an arm of the robot vertically over the specimen, as shown in Fig. 2. It is moved from left to right 150 

parallel to the specimen under controlled speed. High power laser beam from the cutting head 151 
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irradiates on the top surface of specimen directly. The heat generated by the laser beam can melt the 152 

specimen and result in a deep grooving kerf on the top of the rock sample. Liquidation and 153 

gasification can be observed during the laser beam irradiation experiment from Fig. 1, and cracks 154 

can also be observed after the irradiation due to high temperature gradient within the specimen. The 155 

most important parameters of laser irradiation are laser power and irradiation time [33]. A series of 156 

experiments are conducted with varied laser power, laser beam diameter and moving speed of laser 157 

beam as shown in Table 5. The effects of laser power, laser beam diameter and translational speed 158 

of laser beam on rock temperature, thermal drilling and fracturing efficiencies, grooving kerf size 159 

are therefore studied and presented in this paper.  160 

 161 

Fig. 2. Sketch of moving laser irradiation. 162 

Table 5. The experimental program. 163 

Parameters I II III IV 

Laser output power (W) 400 600 800 1000 

Laser beam diameter (mm) 6 8 10 12 

Translational speed of laser beam (mm/s) 0.5 1.0 2.0 4.0 

2.4. Experimental data processing and uncertainty analysis 164 

The granite sample density is described by Eq. (1): 165 
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2

m

r L



                                          (1) 166 

where ρ is the density of sample (kg/m
3
), m is the mass of sample (kg), r and L are the radius and 167 

length of the sample respectively (m). 168 

Several parameters are employed in order to compare the effects of laser irradiation on thermal 169 

drilling and fracturing of granite rock. For example, the specific energy (SE) is defined as the total 170 

laser energy divided by the volume of removed rock by laser irradiation directly [23]: 171 

out

r

P t
SE

V


                                         (2) 172 

where SE is the specific energy for thermal drilling (kJ/cm
3
), Pout is the power of laser beam (W), t 173 

is the irradiation time (s), Vr is the volume of the rock removed by the laser irradiation directly 174 

(cm
3
). 175 

 The modified specific energy is defined as the total laser energy divided by the total volume of 176 

cracked rock from the specimen by laser irradiation, which can be expressed by [34]: 177 

out

c

P t
MSE

V


                                         (3) 178 

where MSE is the modified specific energy for thermal fracturing (kJ/cm
3
), Vc is the volume of 179 

cracked rock from specimen by laser irradiation (cm
3
). 180 

The open porosity of the irradiated rock sample is defined as: 181 

s d d
o

w d

(1 )m m m


 

 
                                (4) 182 

where φo is the open porosity of irradiated rock sample (%) , ms and md are respectively the mass of 183 

saturated and dry rock sample that is subject to irradiation (kg), ρw is the density of water (kg/m
3
), 184 

ρd is the density of dry rock sample (kg/m
3
), η is the saturated water content of rock sample (%).    185 

In order to ensure the accuracy of the experimental results, the testing accuracy and uncertainty 186 
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of the experimental setup are analyzed. The equations of uncertainties for directed variables 187 

including mass, length are present by [35]: 188 

2 2

v v vu                                         (5) 189 

where uv is uncertainty of directed variables, △v is the test accuracy of the variables, σv is the 190 

Bessel equation of standard deviation and the equation is described by Eq.(6): 191 

 
2

v
1

N

i

i

x x

N








                                (6) 192 

where xi and    are individual testing values and the mean value of individual testing values, N is 193 

the number of testing items. 194 

The equations of uncertainties for undirected variables, such as density, SE/MSE and open 195 

porosity are described by Eq.(7) and Eq.(8) [35]: 196 

2

'

v i

n

x

i i

F
u

x

 
  

 
                                  (7) 197 

2

'

v

ln( )
i

n

x

i i

F
u

x

 
  

 
                               (8) 198 

where   
        is undirected variable calculated from xi. The equation (7) should be used to 199 

calculate the uncertainties if the       just includes operators of add and subtract, and equation (8) 200 

is used if the       just includes operators of multiplication and division.  201 

  According to Equations (5)-(8), the testing accuracy and uncertainty of variables are listed in 202 

Table 6. The uncertainties of temperature, SE/MSE and open porosity are about ±2%, 2%~5% and 203 

2%~5% respectively, which verifies that the testing accuracy of the experimental results can be 204 

ensured. 205 

Table 6. Testing accuracy and uncertainties. 206 
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Variables Temperature Mass Length Volume SE/MSE Open porosity 

Testing accuracy ±2% ±0.01 g ±0.02 mm - - - 

Uncertainty ±2% 2%~5% 0.11% 0.08% 2%~5% 2%~5% 

In addition, the standard deviation is also calculated to quantify the divergence of testing values. 207 

The equation of standard deviation SN is shown as follows:  208 

2

1

1
( )

N

N i

i

S x x
N 

                                    (9) 209 

3. Results and discussions 210 

A series of experiments are conducted to the same granite samples under various laser power, 211 

laser beam diameters and moving speed of laser beam. The effects of various irradiation conditions 212 

on rock temperature distributions are presented firstly, followed by the effects on the laser drilling 213 

and thermal fracturing efficiencies, and finally different grooving kerf sizes and open porosities of 214 

irradiated rock samples are compared. The granite samples used in the experiments are made from 215 

the same rock and the difference of the minerals inside the samples were negligible. Therefore, the 216 

influences of sample minerals on experiments are not appraised in this investigation. In addition, the 217 

variations of compressive strength, cracks distribution, permeability and acoustic emission results 218 

are also not analyzed in this manuscript and will be assessed and reported in another study. 219 

3.1. Temperature distributions under various irradiation conditions 220 

3.1.1. Laser power 221 

  Fig. 3 shows the changes of rock temperature at different irradiation times with laser power of 222 

400 W, laser beam diameter of 6 mm and the laser beam moving speed of 0.5 m/s. These are the 223 

raw images obtained by infrared camera over the laser irradiation period of experiment. It can be 224 

seen from Fig. 3 (a) that rock temperature at the area where laser beam irradiated rapidly rises 225 
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above 2000 
o
C almost immediately after laser beam irradiated. According to our previous 226 

experimental results, the surface temperature of rock near the laser beam reaches 2000 
o
C when the 227 

irradiation time approaches about 140 ms with the irradiation power of 800 W [34]. The hot spot 228 

with highest temperature moves along the specimen when laser beam moves at the speed of 0.5 m/s, 229 

which can be seen from images selected at the irradiation times of 40, 80, 120 and 160 s as shown 230 

in Fig. 3 (b)-(e). The maximum spot temperature is observed to be slowly decreased when laser 231 

beams is switched off and Fig. 3 (f) shows the maximum temperature drops to about 905 
o
C at 200 s 232 

(40 s after the irradiation is stopped). Also from Fig. 3 (b)-(e), one can see a clear low temperature 233 

tail is generated following the line of the hottest spot movement while the laser beam is constantly 234 

travelling along the sample. This indicates that the temperature created by the laser irradiation is 235 

above the melting point of the granite rock sample and the granite is melted at the hottest irradiated 236 

area. After the laser beam is moved away, the heat is conducted internally and dissipated to 237 

environment. The temperature drops down and the molten rock then becomes solid again. In 238 

addition, the length of the tails is proportional to the irradiating time and the temperature along the 239 

tail is gradually reduced as the distance from the hot spot is increased. Although there is no thermal 240 

energy from laser beam to continually irradiate the rock sample, the maximum rock surface 241 

temperature is also more than 900 
o
C. The reason is that the heat capacity of granite sample is much 242 

larger, meantime the convection coefficient of natural cooling is very small. 243 

   
(a) (b) (c) 
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Fig. 3. Rock temperature at different time (a) 0s (b) 40s (c) 80s (d) 120s (e) 160s (f) 200s. 

  Fig. 4 shows temperature profiles at 160 s and 200 s obtained under different laser power, which 244 

ranges in 400 - 1000 W for the same laser beam diameter of 6 mm and laser beam moving speed of 245 

0.5 mm/s. The temperature profiles are taken from the central line along the specimen axis in line 246 

with the laser beam center and moving direction. As can be seen from Fig. 4 (a), the length of high 247 

temperature region increases with laser power. For instance, the lengths of the hot spot with 248 

temperature higher than 2000 
o
C are 14.49 mm, 19.25 mm, 20.68 mm, 37.97 mm for the laser 249 

power of 400 W, 600 W, 800 W, and 1000 W respectively. Although the laser beam diameter is kept 250 

the same, as the laser power is increased, more thermal energy is generated in the irradiated area 251 

and heats a much larger area on the specimen surface. Temperature gradient at the frontier of laser 252 

spotted area is found proportional to the laser power from Fig. 4 (a). For instance, the temperature 253 

gradients are 2669 
o
C /mm, 2835

 o
C /mm, 3037

 o
C /mm, 3392

 o
C /mm for laser power of 400W, 254 

600W, 800W and 1000W. Also we can see from Fig. 4 (a), in the region following the moving hot 255 

spot, a higher temperature can be found as the laser power is increased, and then a longer rock 256 

solidification time is expected for higher laser power irradiation case and a deeper or wider 257 

grooving kerf can be expected as well. 258 

(d) (e) (f) 
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 259 

Fig. 4. Rock temperature distribution versus laser power (a) 160s (b) 200s. 260 

The temperature profiles obtained at 40 s after switching off the laser beam for different laser 261 

power are shown in Fig. 4 (b). No forced cooling is applied to avoid any thermal crunching of 262 

specimen and the heat is dissipated to the environment naturally. The maximum rock temperature 263 

remains over 2000 
o
C for the 1000W case in the irradiated area, but the temperature decreases to 264 

about 750 
o
C for the case of 400 W. Comparing the length of region over 500 

o
C in the central line, 265 

it is increased from 23.26 mm, 57.04 mm, 74.33 mm to 96.26 mm for laser output power of 400 W, 266 

600 W, 800 W and 1000 W respectively. With a higher-power laser beam, more heat is generated in 267 

the irradiated specimen and results in a larger high temperature area and higher temperature 268 

gradient around the hot spot which may cause more damages to the granite samples.  269 

3.1.2. Laser beam diameter 270 

  As shown in the Table 2, experiments with different laser beam diameters at the same laser power 271 

and moving speed of laser beam are conducted in order to investigate the effect of laser beam 272 

diameter on the thermal damages of the same rock samples. Fig. 5 shows temperature contours of 273 

the experiments obtained at the laser power of 1000 W with a beam diameter of 6 mm and laser 274 

beam moving speed of 0.5 mm/s. 275 

As shown in Fig. 5, the comparisons are made between the temperature contours obtained with 276 
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different beam diameters at 160 s, which is the last second of the laser irradiation experiment. It is 277 

chosen to provide the longest irradiation time to make the effects more obvious. It’s interesting to 278 

see that as the laser beam diameter is increased, the hot spot area on the specimen is reduced for the 279 

same laser power. This is because for the same power of laser beam, when the beam diameter is 280 

doubled, the surface power density irradiated on the rock sample surface is reduced down to one 281 

quarter and the thermal energy at the surface is less concentrated. Also, one can see that for a small 282 

diameter beam, a large area of high temperature tail region is remained following the movement of 283 

hot spot. However, for a large beam diameter, the rock temperature at the tail regions is much lower 284 

and uniform. This may affect the performances of thermal fracturing on the granite rock. In addition, 285 

the regular variation of temperature gradient near the laser spot ranges between 3392-5064 
o
C/mm 286 

for different laser beam diameters. 287 
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Fig. 5. Rock temperature versus beam diameter (a) 6mm (b) 8mm (c) 10mm (d) 12mm. 

Fig. 6 shows a quantified comparison of laser beam diameter on the hot spot area of specimen in 288 

details obtained at irradiation time of 160 s and 200 s (40 seconds after laser is switched off). At the 289 

irradiation time of 160 s, the lengths of region with rock temperature higher than 2000 
o
C are 290 
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decreased from 42.66 mm, 34.64 mm to 32.52 mm and 29.97 mm when laser beam diameter is 291 

increased from 6 mm, 8 mm to 10 mm, 12 mm, and the lengths of region with temperature higher 292 

than 1000
 o
C are also decreased from 59.88 mm, 48.64 mm to 34.49 m and 8.87 mm respectively 293 

after 40 seconds of natural cooling. This indicates that the length of region with higher temperature 294 

is increased as the laser beam diameter is decreased which results in larger thermal energy density 295 

on the irradiated area. 296 

 297 

Fig. 6. Length of the high temperature region. 298 

3.1.3. Translational speed of laser beam 299 

  With the same laser beam diameter of 6 mm and irradiation power of 1000 W, several 300 

experiments are conducted at varied laser beam moving speeds including 0.5 mm/s, 1.0 mm/s, 2.0 301 

mm/s and 4.0 mm/s. Temperature contours obtained from the infrared thermal images at the end of 302 

the laser irradiation are shown in Fig. 7. When the moving speed of laser beam is doubled, the total 303 

thermal energy injected from laser beam onto the granite rock sample is reduced by 50% as the total 304 

energy is proportional to total irradiation time given the same laser power. One can expect a less 305 

thermal fracturing damage on the rock sample when the moving speed of laser beam is increased. 306 

As can be seen from Fig. 7 (a)-(d), the irradiation time of 160 s and 20 s is required to cover the 307 
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same length on rock sample when the moving speed is 0.5 mm/s and 4mm/s respectively. The total 308 

thermal energy injected on the sample with the moving speed of 0.5 mm/s is eight times higher than 309 

that with the speed of 4 mm/s. The hot spot area over 2000 
o
C in the temperature contour of Fig. 7 310 

(a) with moving speed of 0.5 mm/s is observed to be much larger than that with other three moving 311 

speeds shown in Fig. 7 (b)-(c). In addition, the shape of high temperature area is narrower and 312 

heating area is much smaller when the moving speed is increased. The thermal damages are 313 

expected to be increased with decreased moving speed of laser beam because of larger variation of 314 

total thermal energy injected on the sample surface. 315 
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Fig. 7. Rock temperature versus moving speed (a) 0.5mm/s (b) 1mm/s (c) 2mm/s (d) 4mm/s 

Fig. 8 shows the temperature profiles at the center of the rock samples with the four different 316 

moving speeds, which are obtained at 20 s after the laser beam is switched off. The specimen is 317 

cooled naturally. It can be seen that for the case of 0.5 mm/s, the rock temperature remains over 318 

2000 
o
C in a large area after 20 seconds natural cooling time. The length of profile at temperature 319 

over 2000 
o
C is much longer than that of 1 mm/s. When the moving speed is increased to 2 mm/s, 320 
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the maximum temperature of the sample surface is limited to 1850 
o
C after 20 s natural cooling and 321 

the maximum temperature is dropped down to 1200 
o
C when the moving speed is set up to 4 mm/s. 322 

It’s also interesting to observe that the maximum temperature gradient at the leading edge of hot 323 

spot remains high after 20 seconds natural cooling, and the temperature gradient is reduced from 324 

5700 °C/mm to 4800 
o
C/mm when the moving speed is increased from 0.5 mm/s to 4 mm/s. 325 
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Fig. 8. Rock temperature distribution after natural cooling for 20s. 327 

Due to the fact that rock temperature induced by laser irradiation is higher than the melting points 328 

of SiO2 (1713 
o
C), K[AlSi3O3] (1290 

o
C), Na[AlSi3O3] (1215 

o
C) and biotite (1800 

o
C) which are 329 

the main components of granite sample, a clear grooving kerf matching with laser beam movement 330 

is observed after each experiment and the effects of laser power, laser beam diameter and moving 331 

speed of laser beam on the kerf are introduced in the following sections. 332 

3.2. Efficiencies of laser drilling and thermal fracturing 333 

3.2.1. Mass of removed and cracked rock 334 

Owing to the high-power laser irradiation on the granite rock sample surface, local temperature at 335 

the irradiated surface is well above 2000 
o
C that is higher than the melting points and gasification 336 

temperature of some components in the granite rock. Heavy smoking is observed during the laser 337 
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irradiation for almost all experiments and an example is shown in the Fig. 1. Glassification scars on 338 

the specimen remained at the bottom of grooving kerf provide evidence of rock melting during the 339 

laser irradiation. By comparing the mass of specimen before and after laser irradiation, one can find 340 

the mass of removed rock through gasification, where some liquid mass blown away by assistant 341 

gas is also included due to being unable to be separated. Fig. 9 shows the mass of removed rock by 342 

the laser irradiation under various conditions and the relation of mass reduction of irradiated 343 

samples with laser power, laser beam diameter and laser beam moving speed. Another investigation 344 

of laser irradiation on granite sample is to analyze the mass of cracked rock under different 345 

irradiation conditions. The cracked mass is defined as the total mass of all broken parts dropped off 346 

from the specimen after laser irradiation without any extra force as included in Fig. 9. The rock is 347 

broken because of high thermal stress within specimen induced by local high temperature gradient 348 

around the laser beam where a great amount of heat is generated [34]. 349 

As we can see from Fig. 9 (a), both removed mass and cracked mass of the granite specimen are 350 

significantly increased by higher laser power with the same laser beam diameter (6mm) and moving 351 

speed (0.5 mm/s). This is because with high power laser beam, more heat is generated on the same 352 

size of laser beam and causes more damages to the rock sample. However, when the laser beam 353 

diameter is increased, both gasification and damages on rock sample are reduced, as shown in Fig. 9 354 

(b). This is because when the laser beam diameter with the same power is increased, the power 355 

density at the beam spot is significantly reduced and temperature gradient inside the specimen is 356 

reduced as well. The moving speed of laser beam also has a negative effect on the thermal damages 357 

as shown in Fig. 9 (c) when the laser speed is increased from 0.5 mm/s to 4 mm/s. As we can see 358 

from the profiles shown in Fig. 9, all these effects of laser power, laser beam diameter, and moving 359 

speed are non-linear.  360 
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Comparing the total removed mass with the cracked mass shown in Fig. 9 under all conditions, 361 

the cracked rock mass is about one or two orders higher than the mass of removed rock. And the 362 

gap between cracked and removed mass increases with the increase of laser power, decreases of 363 

laser beam diameter and moving speed. It suggests that using laser beam to crack rock is much 364 

more efficient than using laser beam to drill holes. If a laser beam is applied to rock fracturing or 365 

well drilling in oil and gas industry, a high-power laser with small diameter and lower moving 366 

speed is good choice. 367 
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Fig. 9. Mass of removed and cracked rock versus (a) laser power (b) beam diameter (c) moving speed. 370 

3.2.2. Specific energy and modified specific energy 371 

Defined by Equations (2) and (3), the SE and MSE for each laser irradiation experiment are 372 

calculated and the detailed results are illustrated in Fig. 10. Fig. 10 (a) shows that the SE 373 

nonlinearly decreases with an increasing laser power. For instance, the SE decreases from 460 374 
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kJ/cm
3
 to about 230 kJ/cm

3
 when laser power is increased from 400 W to 1000 W, which indicates 375 

that less thermal energy is needed to remove the same quantity of rock or to drill the same depth of 376 

hole when laser is used in oil or gas well drilling. Therefore, using a high-power laser is much better 377 

than using a low-power laser for oil well drilling application. The SE can be seen nonlinearly 378 

increasing against laser beam diameter from Fig. 10 (b). The SE increases from 225 kJ/cm
3
 with a 379 

laser beam diameter of 6 mm to about 440 kJ/cm
3
 with a laser beam diameter of 12 mm. To 380 

improve the efficiency of thermal drilling, a smaller beam diameter should be used. That also means 381 

the distance between the cutting head and rock sample should be equal or close to the laser focal 382 

length which gives smaller diameter spot at the irradiation surface. Fig. 10 (c) shows that the SE 383 

also nonlinearly decreases with the increasing moving speed of laser beam. For instance, the SE is 384 

227 kJ/cm
3
 with a moving speed of 0.5 mm/s compared with 90 kJ/cm

3
 with a moving speed of 4.0 385 

mm/s. A slower moving speed of laser beam should be selected if removing more rock takes the 386 

priority. However, a quicker moving speed could be considered if the higher efficient of laser 387 

drilling is the priority.  388 
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Fig. 10. SE and MSE versus (a) laser power (b) beam diameter (c) moving speed. 391 

The MSE is based on the volume of cracked rock and the laser radiant energy applied on the rock 392 

surface. Fig. 10 (a) shows that the MSE nonlinearly decreases from 9.50 kJ/cm
3
 to 3.38 kJ/cm

3
 393 

when the laser power is increased from 400 W to 1000 W, which indicates that less thermal energy 394 

is needed to crack the same amount of rock by using higher power laser. That is to say, the higher 395 

the laser irradiation power, the more efficient the thermal fracturing gets. Fig. 10 (b) illustrates the 396 

variation of MSE with laser beam diameter and the MSE is nonlinearly increased with an increasing 397 

laser beam diameter. For instance, the MSE increases from 3.38 kJ/cm
3
 with a laser beam diameter 398 

of 6mm to about 12.02 kJ/cm
3
 for a 12mm diameter of laser beam. It is believed that the distance 399 

between the rock sample and cutting head should be close to the focal length of laser beam to 400 

improve the efficiency of thermal fracturing with a small diameter. Fig. 10 (c) presents the variation 401 

of MSE with the moving speed of laser beam. It is shown that the MSE also increases from 3.38 402 

kJ/cm
3
 to 9.79 kJ/cm

3
 with an increasing moving speed of laser beam from 0.5 mm/s to 4.0 mm/s. It 403 

should be noted that the total thermal energy emitted from laser beam is different for different 404 

moving speed of laser beam because the required time varies with moving speed. The higher the 405 

moving speed of laser beam, the smaller the thermal energy emitted from laser beam to the rock 406 

sample. The MSE decreases with the increasing moving speed of laser beam because the less 407 
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thermal energy is emitted from laser beam to the same irradiating area within the same irradiation 408 

time, which indicates that much more thermal energy and irradiation time is needed to keep on 409 

fracturing the granite sample. In addition, the MSE is observed to be about one or two orders of 410 

magnitude smaller than the specific energy. And the gap between SE and MSE also increases with 411 

the increased laser power, decreased laser beam diameter and moving speed. It means that thermal 412 

fracturing is more efficient than well drilling when using laser beam. 413 

To further discuss the influences of different irradiation parameters on MSE and SE, a concept of 414 

power density is introduced and it is defined as the ratio of laser power to the irradiation area on the 415 

target surface with the diameter that is equal to that of the laser beam irradiated on the rock surface. 416 

The laser power density varies only with the laser power and laser beam diameter as the irradiation 417 

time does not change in these experiments. However, laser power density also varies with moving 418 

speed of laser beam, the moving speed is not considered to transfer into power density in this paper 419 

since large divergence is observed between SE/MSE and power density induced from moving speed 420 

of laser beam. Fig. 11 shows the variations of MSE and SE with power density summaries from the 421 

experiments. Both MSE and SE are observed to decrease logarithmically with increased power 422 

density, which indicates that higher power density should be used in order to improve the efficiency 423 

of thermal fracturing and drilling. Also in the Fig. 11 (a) and (b), detailed curve fitting parameters of 424 

the experimental data are included in the tables in the corresponding figures. 425 
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 426 

Fig. 11. MSE (a) and SE (b) versus power density. 427 

3.3. Grooving kerf and open porosity 428 

3.3.1. Grooving kerf 429 

The real-time observation of the forming process of grooving kerf is not easy through the 430 

visible-light testing technology owing to the strong reflection caused by rock sample with 431 

super-high temperature. The grooving kerf caused by laser irradiation is investigated after the 432 

irradiated rock sample is cooled naturally to the room temperature. Fig. 12 shows the images of the 433 

specimens taken at the room temperature and clear grooving kerfs can be found at the center of each 434 

sample. Also detailed dimensions of kerf created by the laser beams under various laser irradiation 435 

conditions are illustrated. It is seen that both the depth and width of the grooving kerf increase with 436 

increasing laser power from Fig. 12 (a).The depth and width of grooving kerf increase from 4.90 437 

mm and 6.29 mm at laser power level of 400 W to 10.69 mm and 8.40 mm respectively when the 438 

laser power is increased to 1000 W. The depth of kerf is increased by about 118.2% and the width is 439 

increased by about 33.5%. For the same laser beam diameter and the same moving speed, the laser 440 

cutting is much deeper when the laser power is increased. However, when the laser beam is 441 

increased with the same laser power and moving speed, a wider and shallow grooving kerf is cut by 442 
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the laser beam as can be seen from Fig. 12 (b). The width of grooving kerf is increased from 8.40 443 

mm to 12.67 mm and the depth is reduced from 10.69 mm to 6.22 mm when the laser beam 444 

diameter is increased from 6 mm to 12 mm. This is understandable as the laser beam diameter is 445 

increased, a wider area is heated up, but with the same laser power, the power density at the 446 

irradiation spot is reduced and results in a shallow grooving kerf remained after laser irradiation. 447 

Finally, when the moving speed is increased, one can see that both grooving kerf depth and width 448 

are reduced given the same laser beam and diameter, as shown in Fig. 12 (c). For instance, the depth 449 

and width of grooving kerf decrease from 10.69 mm and 8.40 mm to 3.91 mm and 5.56 mm 450 

respectively when the moving speed of laser beam is increased from 0.5 mm/s to 4.0 mm/s. The 451 

reason is that when the moving speed of laser beam is increased, less irradiation time is needed to 452 

cover the same length of the sample, therefore much less energy is injected into the sample and less 453 

damage to the specimen is incurred.  454 
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Fig. 12. Grooving kerf size versus (a) laser power (b) beam diameter (c) moving speed. 457 

3.3.2. Open porosity 458 

The porosity can generally be classified into total porosity, open porosity (OP) and connected 459 

porosity. The open porosity is defined as the fraction of the volume that is occupied by the fluid in 460 

the interconnected porous network to the total bulk volume of the porous solid [36]. It should be 461 

noted that the non-interconnected air voids trapped in the porous solid are not included in the OP, 462 

because it only considers the proportion of the voids that are communicated with the outside of the 463 

porous solid. The OP is an important parameter related to the effective properties of the fluid 464 

saturating the interconnected pores to the effective properties of the porous solids. Salissou et al [37] 465 

introduced a method to measure the OP of porous solids by using a simple apparatus of gas 466 

porosimeter and presented the theory behind this method to analyze the OP and its precision. This 467 

method was based on the measurement of four masses at different static pressures from which the 468 

OP is derived by using the ideal gas law. The most challenge part of this method is that the mass of 469 

gas under different pressure with the volume of porous solid must be readable. Owing to the high 470 

density of granite rock and very low porosity of the sample, it is impossible to employ this method 471 

for the OP measurement of the sample. Therefore, another method proposed by Chaki et al [38] is 472 

applied to measure the OP of thermally damaged granite rock, which can be derived from mass 473 
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measurements of dry, water-saturated and immersed rock samples. It is found that the OP is 474 

significantly increased when the granite sample is heated to 500 
o
C and 600 

o
C.  475 

All of the rock samples are saturated in a vacuum chamber with a mechanical pump in order to 476 

get saturation results accurately, as shown in Fig. 13. Firstly, the original rock samples are put into 477 

the drying oven at a temperature of 105 
o
C for 24 h to evaporate the water within the sample. The 478 

vacuum pump saturation apparatus is employed to saturate the original granite samples before 479 

irradiation. The mass of dry original rock samples is measured, and the saturated water contents of 480 

the rock samples are therefore obtained. Secondly, the irradiated granite samples are put into the 481 

drying oven with a preset temperature of 105 
o
C for 24 h to eliminate the water contained in the 482 

sample. The mass of the dry irradiated rock samples is then measured after the rock samples are 483 

cooled to room temperature. Finally, the dry irradiated rock samples are then saturated in the 484 

vacuum pump saturation apparatus for 12 h to drain away the air trapped in the rock samples. The 485 

mass of the saturated rock samples irradiated by fiber laser are tested through balance with high 486 

precision.  487 

 488 

Fig. 13. Vacuum pump saturation apparatus. 489 

The changes of mass of dry and saturated rock samples with laser power, laser beam diameter 490 

and moving speed of laser beam are illustrated in Table 7 - Table 9 respectively. In addition, the 491 
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volumes of cracked rock are also calculated.  492 

Table 7. Volume of cracked rock versus laser power. 493 

Laser power 

(W) 

Mass of dry rock 

(×10
-3

 kg) 

Mass of saturated rock 

(×10
-3

 kg) 

Volume of cracked rock 

cm
3
 

400 508.32 510.51 1.47 

600 503.42 505.96 1.83 

800 506.64 510.37 3.01 

1000 503.55 508.24 3.97 

Table 8. Volume of cracked rock versus laser beam diameter. 494 

Laser beam diameter 

(mm) 

Mass of dry rock 

(×10
-3

 kg) 

Mass of saturated rock 

(×10
-3

 kg) 

Volume of cracked rock 

cm
3
 

6 503.55 508.24 3.97 

8 506.85 511.03 3.46 

10 506.67 509.59 2.20 

12 505.38 508.23 2.13 

Table 9. Volume of cracked rock versus moving speed of laser beam. 495 

Moving speed 

(mm/s) 

Mass of dry rock 

(×10
-3

 kg) 

Mass of saturated rock 

(×10
-3

 kg) 

Volume of cracked rock 

cm
3
 

0.5 503.55 508.24 3.97 

1 507.66 510.16 1.78 

2 503.87 505.50 0.91 

4 504.47 505.67 0.48 

As shown in Table 7, volumes of cracked rock caused by laser irradiation are observed to 496 
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increase with increasing laser power. From 400 W to 600 W, the volume of cracked rock increases 497 

gradually with a weak variation. This variation becomes considerably large between 600 W and 498 

1000 W. For instance, the volume of cracked rock increases from 1.83 cm
3
 with laser power of 600 499 

W to 3.97 cm
3
 with laser power of 1000 W, which stands for an increase of 116.9% comparing with 500 

that of 24.5% when the laser power increases from 400 W to 600 W. The volumes of cracked rock 501 

nonlinearly decrease when both laser beam diameter and moving speed of laser beam increase as 502 

listed in Table 8 and Table 9, which shows the laser beam diameter has a smaller impact on the 503 

volume of cracked rock than the moving speed of laser beam. For instance, the volume of cracks 504 

decreases from 3.97 cm
3
 to 2.13 cm

3
 when the laser beam diameter increases from 6mm to 12 mm. 505 

Meantime, the volume of cracked rock decreases from 3.97 cm
3
 to 0.48 cm

3
 when the moving speed 506 

of laser beam increases from 0.5 mm/s to 4.0 mm/s. 507 

According to the definition of open porosity described by Eq. (4), the variations of OP of the 508 

irradiated rock sample against laser power, laser beam diameter and moving speed of laser beam are 509 

investigated and plotted in Fig. 14. The OP nonlinearly increases with increasing laser power. As 510 

shown in Fig. 14 (a), the OP gradually increases from 0.75% to 0.94% as the laser power increases 511 

from 400 W to 600 W. When the laser power is above 600 W, further increase in the laser power has 512 

an increased impact on OP. For instance, the increased percentage in OP changes from 0.94% to 513 

2.03% when the laser power changes from 600 W to 1000 W, as shown in Table 7. As expected 514 

from Fig. 14 (b)-(c), both diameter and moving speed of laser beam have detrimental impact on the 515 

OP. However, the moving speed of laser beam has a greater effect on the OP than the laser beam 516 

diameter. For instance, the OP decreases from 2.03% to 1.09%, and from 2.03% to 0.25% when the 517 

laser beam diameter and moving speed increase from 6 mm to 12 mm and 0.5 mm/s to 4 mm/s 518 

respectively. The results are in good agreement with the impact that laser power, laser beam 519 
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diameter and moving speed of laser beam have on the volumes of cracked rock. 520 
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Fig. 14. Open porosity versus (a) laser power (b) beam diameter (c) moving speed. 523 

4. Conclusions 524 

This paper investigates the impact of different laser irradiation conditions including laser power, 525 

laser beam diameter and moving speed of laser beam on temperature, specific energy, modified 526 

specific energy and open porosity of the granite rock. The mass of removed and cracked rock, sizes 527 

of grooving kerfs are also studied and reported quantitatively. The key finding and conclusions are 528 

summarized as follows: 529 

(1) Both the maximum rock temperature and the area with high rock temperature are increased by 530 

higher laser power, smaller laser beam diameter and longer irradiation time. However, the impact of 531 

the laser irradiation conditions on the area with high rock temperature is more significant than that 532 
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on rock temperature gradient.  533 

(2) The mass of removed rock and the mass of cracked rock from the specimen due to laser 534 

irradiation are nonlinearly increased by increasing laser power, decreasing diameter and moving 535 

speed of laser beam. The variations in specific energy and modified specific energy caused by laser 536 

power, diameter and moving speed of laser beam are similar, but the values of modified specific 537 

energy are one or two orders of magnitude lower than the specific energy under the same laser 538 

irradiation conditions. Both of them are nonlinearly reduced with power density.  539 

(3) Higher power laser irradiation cuts the granite rock sample deeper and wider and causes more 540 

damages to the sample. Both depth and width of the grooving kerf are increased with the laser 541 

power, but the depth of grooving kerf decreases when the laser beam diameter increases, which is 542 

opposite to that of the width. Both the width and depth of grooving kerf decrease when the moving 543 

speed of laser beam increases. The open porosity of irradiated rock increases with increasing laser 544 

power, decreasing beam diameter and moving speed of laser beam. 545 
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