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Abstract 

Laser rock spallation is a rock removal process that 
utilizes laser-induced thermal stress to fracture the rock 
into small fragments before melting of the rock occurs.  
High intensity laser energy, applied on a rock that 
normally has very low thermal conductivity, 
concentrates locally on the rock surface area and 
causes the local temperature to increase 
instantaneously.  The maximum temperature just 
below the melting temperature can be obtained by 
carefully controlling the laser parameters.  This results 
in a local thermal stress in subsurface that is enough to 
spall the rock.  This process continues on a new rock 
surface with the aid of the high pressure gas purging 
blowing away the cracked fragments.  Laser 
parameters that affect the laser spallation efficiency 
will be discussed in the paper.  Also reported in the 
paper is the multi laser beam spot spallation technique 
that has been developed for potentially drilling large 
diameter and deep gas and oil wells. 

  

Introduction 

Flame-jet was used to thermally spall rocks in the 
feasibility study of flame-jet tunneling in later 60’s[1]. 
Flame-jet thermal spalling offered promise for very 
hard rock where the rock demonstrated good 
spallability. In later 60’s to earlier 70’s, hundred watt 
level lasers were used in lab experimental study for 
rock weakening and assisting mechanical rock fracture. 
This work has shown that application laser radiation to 
rock causes a significant decrease in rock mechanical 
strength due to an increase in the microcrack structure 
and resulting tensile stress field by the heat flow [2-4]. 
Kilowatt level CO2 electric discharge convection lasers 
were successfully used for weakening rock by an 
unfocused beam or kerf-cutting rocks by a more 
intense energy beam. The bulk of the lased rock could 

be then removed by mechanical means [5,6]. When 
cutting a 12 mm deep kerf in Berea Sandstone samples 
by fusing the rock, kerfing speed of 2.08 cm/s and 
specific energy of 16.2 kJ/cm3 were reported. Low 
overall efficiency, low total power outputs of laser 
units, and laser hazard to personnel were cited as the 
disadvantages of using laser in rock excavation 
applications. At that period of time, laser/rock research 
considered only using laser energy for rock-breaking 
as an assistant tool to mechanical means. Until 1997, 
feasibility study began on drilling and completing oil 
and gas wells using high-power lasers developed by 
the U.S. military. The initial investigation showed that 
current lasers are more than sufficient to spall, melt or 
vaporize any lithology that may be encountered in the 
oil well drilling [7, 8]. Later on kilowatt CO2 laser and 
pulsed Nd:YAG laser with better process parameter 
controls were used for the study [9-11]. Near 
theoretical specific energies, energy required to 
remove unit volume of rock, were measured for 
different lithologies. Different laser/rock interaction 
mechanisms from vaporization, melting, and spallation 
to weakening were shown on rock slab samples when 
the laser power density continuously reduced along the 
laser track. It was shown that rock spalling caused by 
laser-induced thermal stress is the most efficient 
mechanism. Methods using the small spalled holes to 
drill a larger diameter hole were also studied [12]. In 
this paper, we will try to understand the rock 
mechanics of laser rock spallation and develop the 
guidelines for parameter selection for laser spallation 
of rocks. Laser parameters and gas purging that affect 
the laser spallation efficiency will be discussed. Also 
reported in the paper is the multi laser beam spot 
spallation technique that has been developed for 
drilling large diameter and deep gas and oil wells. 

 



Rock Mechanics Basic of Laser-Induced Rock 
Spallation 

When laser energy is applied to the rock, a temperature 
field in the rock is created. The temperature 
distribution during the initial period of lasing can be 
obtained by using the simplified heat conduction 
model by Carslaw and Jaeger [12] which assumes 
portion of the rock beneath the constant laser beam to 
be part of a semi-infinite, homogeneous, elastic solid. 
The temperature distribution is given as: 
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Where T = the temperature at location z of the solid 
(0C) 

 z = the normal distance into the rock from its 
surface (m) 

q = the constant laser energy flux (watts/cm2) 

 K = the thermal diffusivity of the rock = k/ρc 
(m2/s) 

 k = the thermal conductivity of the rock 
(W/m0C) 

 ρ = the density of the rock (kg/m3) 

 c = the specific heat of the rock (J/kg0C) 

 t = the time from start of lasing (s) 

 ierfc = the integral of the complement of the 
error function. 

The laser-induced stresses in the rock caused by the 
temperature distribution in equation (1) are given as: 

 

                    σ x = σ y =
EαT

(1−ν )
                               (2) 

Where E = Young’s modulus (MN/m2) 

 α = the coefficient of linear thermal 
expansion (0C-1) 

 T = the temperature as given in equation (1) 

 ν = Poisson’s ratio 

The stress is proportional to the temperature 
and the value of the stress for any given temperature 
increases with increasing values of Young’s modulus, 
the coefficient of expansion and Passon’s ratio. This 
stress is quite significant in the rocks that have low 
thermal conductivity and high thermal expansion. 
Spalling/cracking forms when the laser-induced stress 
from equation (2) just beneath the surface reaches the 
critical strength of the rock. If the mechanical and 
thermo-physical properties of the rock exposed to the 
laser beam are available, one can use equation (2) and 
(1) to find the laser beam flux needed for generating 
rock spallation. Though the finite element technique 
ought to be used to determine the temperature and the 
corresponding thermal stresses for a rock that is not 
completely homogeneous and isotropic as assumed in 
the above simplified thermal stress analysis model, 
results from the analysis model provide valuable 
guidelines for selection of process parameters for laser 
spalling of rock.   

Laser-induced phase transformation in the rock also 
contributes to the spallation. Quartz is a major 
constituent of the BG sandstone, ~85% by volume. 
Temperature higher than 650 0C (1200 0F) was 
recorded on the tested rock that exposed to kilowatt 
level laser beams. There is a phase transformation at 
600 0C (1112 0 F) for quartz from α- to β-phase which 
is accompanied by a sudden expansion of the order of 
0.8 percent by volume. This sudden volume expansion 
in the rock during laser beam exposure is capable of 
forcing adjacent grains in the rock to part along their 
boundaries and further enhances the rock spallation. 
Rapid vaporization of impurities, such as moisture or 
minerals in the rock that are more readily vaporizable 
than the quartz, causes large internal pressures (owing 
to the volume confinement). These pressures help the 
spallation of the rock. 

Experimental Procedure 

The results reported in this paper were conducted with 
both 6 kW continuous wave CO2 laser and 1.6 kW 
pulsed Nd:YAG laser. Beam shaping lenses were used 
to defocus the beam to 12 mm spot size on the rock. 
Weight loss after laser beam exposure was measured, 
which was then used to calculate the volume removed 
with known rock density data. Gas purging was 
provided by a constant nitrogen flow of 189 
liters/minute (400 ft3/hour) that was coaxially 
delivered to the rock by a drilling nozzle of 6 mm in 
diameter.  



Laser Parameters for Rock Spallation 
Tests of changing specific power (power per unit area, 
Pc, kW/cm2) along the linear laser track on rock slabs 
showed that laser vaporized, melted, and spalled the 
rock as Pc decreased from 1 x 106 W/cm2 to 1 x 103 
W/cm2. The test also showed most rock volume 
removed was in the spalling range [10]. Because of the 
temperature of vaporization or fusion is usually much 
higher than that necessary to cause spallation and the 
latent heat absorbed in vaporization or fusion, 
spallation is the most efficient of the three mechanisms. 
The minimum specific energies (energy required to 
remove unit volume of rock, SE, kJ/cm3) for two 
typical reservoir rocks tested in this study are listed in 
Table 1. One can see that rock removal mechanisms 
can be changed between spalling and melting through 
controlling either the specific power or exposure time. 
Spalling mechanism required smaller specific energy. 
It is also shown in the table that pulsed Nd:YAG laser 
with 1/4 of CO2 laser average power could provide 2.5 
times higher specific power. Lower average laser 
power kept rock removal staying in spalling range. 
Firing laser beam at same spot for too long, as shown 
in Table 1 for shale from 0.5-second exposure time to 
1.0 second, melted the rock. This caused increase of 
the specific energy. This implies that some relaxation 
time between laser bursts is needed to avoid melting. 
Figure 1 plots the data form the tests on shale samples 
for the spalling only range. The data shows that 
increase of specific power decreases the specific 
energy for spallation. This result provides a guideline 
for selection of laser power and laser beam spot size 
for the most efficient spallation rock removal, that is 
maximum specific power ought be used for laser rock 
removal provided that spallation precedes melting. In 
oil well rock drilling, rate of penetration (ROP) is an 
important variable used for evaluation of different 
drilling devices. ROP is related to specific power and 
specific energy by 

 ROP =
Pc

SE
 (cm/s) 

 Figure 2 shows a convenient graphical representation 
of this relationship by Jaeger and Cook [13] to which 
the new data point for laser spalling operation and 
future operation range are added. The laser spalling 
operation point was determined by using the highest 
specific power of 4217 W/cm2 and the resulted specific 
energy of 0.52 kJ/cm3 from shale data in Table 1. It is 
pointed out by Figure 2 that to increase ROP of rock 
breaking, one should use techniques that have high 
specific power and low specific energy. Laser 
spallation shows 8 –100 times faster ROP than that of 
the conventional rock breaking techniques because it 

has specific power as high as that of flame jets which 
is the highest among the conventional methods and 
specific energy as low as that of most conventional 
methods. With better laser head and assisting purging 
system designs in the future, ROP could be pushed to 
even higher level as shown as in future operation range 
(7) in Figure 2.  

Application of Laser Spallation to Oil Well 
Drilling. 

The above laser spalling technique can be used to 
efficiently drill large diameter holes such as oil wells. 
Each laser beam can spall a shallow hole as big as the 
spot size usually 1.27 cm in diameter. To cover large 
diameter area (Diameter of oil well can be 20 cm or 
larger), either the small spot size beam has to be 
scanned or multiple such beams are overlapped. 
Overlapping multiple beam method for drilling large 
diameter and deep hole is schematically shown in 
Figure 3. Since some relaxation time is needed for 
avoiding melting of rock, the overlapped beams will 
fire on the rock sequentially or in groups to create a 
layer of nearly circular work face of a desired diameter. 
The rock fragments from this layer will be 
instantaneously removed with the help of the purging 
and flushing system. Then laser beams will fire again 
to spall the second layer of rock. Layer by layer, a deep 
hole will be drilled out until the designed depth reaches. 
The advantages of the laser spallation technique are 
three-folds: (1) Rock is removed by spallation, so it is 
most efficient, (2) required laser average power is low, 
so it is easy on requirement for beam fiber optic 
delivery, and (3) small rock debris or fragments are 
easily flushed out by standard flushing method. 
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Figure 1. Graph of specific energy as a function of laser average power in spallation only range
for pulsed Nd:YAG lasing on shale samples with beam exposure time of 0.5 seconds and beam
spot size of 1.27 cm. 
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Figure 3. Schematic showing overlapping multiple small laser beams method to drill
large diameter and deep hole. 
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Figure 2. A comparison of various techniques for rock drilling and boring in terms of rate of penetration,
specific power and specific energy. (1) Percussive drills (small holes); (2) Rotary drills; (3) Drill-and-blast
tunneling; (4) Raise-and-tunnel-boring machines; (5) Flame jets; (6) Laser spallation; (7) Future laser
spallation  
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