
1 INTRODUCTION 
 
In general, the cost of conventional mechanical drilling increases significantly with depth, pri-
marily due to the wear of the equipment, especially in the case of hard rock formations at great 
depths. For this reason, alternative drilling methods based on improved concepts and/or using 
some non-mechanical agents to enhance/replace the mechanical breakage are being searched 
presently. One such method is the thermal jet drilling (Rossi et al. 2018, Song et al. 2019). For 
examples of numerical studies, see Saksala (2018) and Walsh & Lomov (2013). 

Thermal drilling is a method for fragmentation of rocks by applying a high intensity external 
heat source at the rock surface. Rapid heating induces a high thermal gradient, which in turn 
creates a compressive stress state in a thin layer of rock adjacent to the surface. Consequently, 
the favorably oriented inherent microcracks grow (by the wing crack mechanism) parallel to the 
surface and, when the crack reaches the critical strength, a heated fragment buckles and is eject-
ed out as a spall. The spallation is facilitated by mismatching elastic and thermal properties of 
the constituent rock minerals. The rock mass around the heated layer stays cool and thus con-
strains the thermal expansion of the layer. Moreover, the rock immediately below the compres-
sive layer is in tension, which may exceed the tensile strength of the rock. 

Hard crystalline rocks, especially granites, show high spallability. Drilling these rocks is 
challenging with conventional rotary/percussive methods. However, their high spallability 
makes them particularly suitable for thermal drilling. The advantage of thermal spallation drill-
ing versus rotary/percussive drilling is that the former one does not involve any contact between 
rock and drill head. Therefore, thermal drilling allows reducing downtimes related to drill bit 
replacements.   

This paper adopts the idea studied by Yaseen (2014) of enhancing the spalling (by heating) 
process by consequent rapid cooling phase. Rapid cooling, e.g. by a liquid, after the heating, ro-
tates the stress state in the surface layer from compression to tension facilitating the surface 
damage in the rock. However, the effectiveness of the cooling phase requires that the tempera-
ture difference between the surface layer (which was heated) and the bulk rock is high enough. 
Yaseen (2014) solved this problem by lengthening the heating phase up to 60 s, which allowed 

Numerical modelling of thermal drilling of rock by heating-
cooling cycle  

M. Pressacco 
Tampere University, Tampere, Finland 

T. Saksala 
Tampere University, Tampere, Finland 

ABSTRACT: This paper presents a numerical study on thermal drilling of rock. In this context, 
thermal drilling refers to the disintegration of rock surface material when exposed to a heat 
shock consisting of an intensive external thermal flux and consequent rapid cooling. An embed-
ded discontinuity finite element approach is chosen for modelling the rock cracking due to the 
heating-cooling cycle. The underlining uncoupled thermo-mechanical problem is solved by an 
explicit time stepping scheme with mass scaling to increase the time critical time step. Numeri-
cal simulation of a heterogeneous rock sample under axisymmetric conditions demonstrate that 
the drilling by a rapid heating-cooling cycle is a feasible method at conditions where the bulk 
rock is at elevated temperatures. 



the heat to conduct deeper into the surrounding rock and thus enabled the required temperature 
difference between the surface layer and the bulk. However, such a long heating time makes the 
method intolerably slow. Indeed, for this method to be feasible in practice the heating time must 
be very short, say much less than a second. Notwithstanding, if the temperature of the rock bulk 
material is close to the room temperature, extreme cooling methods are required to create a suf-
ficient temperature gradient, to induce more cracks, between the surface layer and the surround-
ing bulk rock. On the other hand, if the bulk rock is already hot, this method seems especially 
suitable.   

In the present study, the thermal drilling by a heating-cooling cycle is numerically studied. 
The numerical method adopted is the embedded discontinuity finite element method. In the nu-
merical example, we assume that the bulk rock is at 200 C and apply a heating-cooling cycle 
with a total duration of 0.2 s on a heterogeneous rock sample under axisymmetric conditions.  

2 THEORY OF THE NUMERICAL MODEL 

2.1 Finite element discretized heat equation and equation of motion  

Modelling of thermal drilling requires solving the underlying thermo-mechanical problem. The 
thermal part is governed by the time dependent heat equation, which can be written in the finite 
element discretized form as (Ottosen & Ristinmaa 2005): 

θ θ Q  Cθ K θ f f  (1) 

where C is the capacitance matrix, Kθ is the conductivity matrix, fθ is the vector that includes 
the external heat flux and the convection, and fQ is the mechanical heating term. These quanti-
ties are defined as:  
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where θ is the temperature, ρ is the density, c is the specific heat, k is the conductivity, h is the 
heat transfer coefficient, Nθ is the temperature interpolation matrix, Bθ is the gradient of Nθ, and 
qn is the normal component of the external heat flux vector, expressed by the Fourier’s law as 

k   q . Finally, the term Q in (2)4 expresses the mechanical heat production through dissipa-
tion and strain rate. This term is ignored as insignificant in comparison to the external flux, 
hence fQ  0 from now on. This assumption makes the thermo-mechanical problem uncoupled 
facilitating its solution significantly (Ottosen & Ristinmaa 2005). 

During the heating phase, the contribution due to natural convection is assumed to be negli-
gible compared to the effects of the external thermal load given by fθ,q. The situation is different 
during the cooling phase, where the convection is forced and thus these terms are not zero.  

The mechanical part of the problem is governed by the equation of motion 

T
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where M is the lumped mass matrix, u is the displacement vector, fint is the internal force vector, 
Bu is the kinematic matrix, σ is the stress, and fext is the external force vector. 

2.2 Explicit scheme for the solution of the uncoupled thermo-mechanical problem 

The uncoupled thermo-mechanical problem defined by Equations (1) and (3) is solved with an 
explicit time marching scheme. The Euler method is employed here resulting in the following 
updates for temperature and mechanical response:  
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First, the temperature is solved by Equation (4)1. Then, an element level loop swept to solve 
the constitutive model (see Section 2.3) for the element stresses and internal force vector. The 
only loading is the thermal strain defined in Equation (6). Finally, the mechanical response is 
advanced by (4)2-4.  

2.3 Rock constitutive model 

The crack description is based on embedded discontinuity finite elements. In this analysis, the 
material is considered to be linear elastic until the tensile strength is reached. A crack is intro-
duced in an element when the first principal stress exceeds the tensile strength of the materi-al. 
A double discontinuity scheme is adopted (Mosler 2005). This is needed to allow a new crack to 
be initiated in an element as a result of the stress rotation in the cooling phase.   

 The components of a multisurface plasticity inspired model governing the softening pro-cess 
at a crack, the traction-crack opening law, are     
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where i is the loading function, 
d

i

t is the traction vector, ni and mi are the normal and the tan-
gent vectors to discontinuity i, while i  and i are the internal variables and their rates (equiva-
lent to crack opening increments i by (5)4). Moreover, s is the viscosity modulus, and σt is the 
elastic limit for stress in tension. Furthermore, the softening moduli hi are defined with the mode 
I fracture energy GIc. The crack opening vectors iα  are defined, analogously to the plastic strain 
in plasticity, as the gradients of the loading functions. Viscosity is introduced to stabilize the 
simulations, not to account for strain rate sensitivity. Finally, the last equations in (5) define the 
consistency conditions. This model can be solved with the standard methods of computational 
plasticity (Mosler 2005).  

The stress tensor, along with the thermal strain, is given by   
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where εtot, εθ are the total and thermal strain tensor, respectively,  is the thermal expansion co-
efficient,  is the temperature difference, and I is the identity tensor. Moreover, the special 
functions φi  are chosen by 

 ,1 ,2,1

,1 ,1 ,2

arg max ,
i i ii i

i

i i i

N NN

N N N


    
 
   
 

nn
 (7) 

The purpose of these functions is to restrict the effect of the displacement jump within the corre-
sponding finite element so that the essential boundary conditions remain unaffected. 

As for the criterion to embed a second discontinuity in an element already having one, the re-
quirement is that these two conditions are simultaneously met: the tensile strength is reached 
and the angle between the principal directions corresponding to the introduction of the first 
crack and the second one is at least 60. If these conditions are satisfied, the second crack is in-
troduced perpendicularly to the first one. 



3 NUMERICAL EXAMPLE: RESULTS AND DISCUSSION 

The numerical approach presented above is applied to simulate the thermal drilling by a cool-
ing-heating cycle. The axisymmetric model with the finite element mesh and boundary condi-
tions as well as a detail from the mineral structure are shown in Figure 1. Therein, random clus-
ters of elements with different material properties represent the mesoscopic heterogeneity. The 
height and the radius of the numerical specimen are both 5 cm, whereas the radius of the heated 
area is 1 cm.  

As discussed in the introduction, the cooling phase must produce a temperature difference of 
hundreds of degrees between the surface layer and the bulk rock in order to induce considerable 
further damage (after the heating). One possibility is to cool the rock surface with liquid nitro-
gen. However, in the present analysis we assume that the initial temperature in the sample is 200 
ºC. This is the case at great depths. However, at great depths the overburden pressure is also se-
vere and should be taken into account in numerical analysis. This topic is, however, beyond the 
scope of the present preliminary study. Moreover, in areas where the geothermal activity has 
surface manifestations (e.g. Iceland), the rock can be hot without considerable overburden pres-
sure.    

The intensity of the applied heat flux is 1.5 MW/m2. The heat transfer coefficient during the 
cooling phase is 20000 W/(m²K) and the temperature of the cooling fluid T∞ = 20 ºC. The dura-
tion of both the heating phase and the subsequent cooling phase is 0.1 s with the total duration 
of 0.2 s.  

 

 
Figure 1. The CST mesh (3649 elements), boundary conditions, and the numerical rock mineral structure. 

 
 

The thermal part and the mechanical part of the problem have largely differing time scales, 
hence the need for mass scaling to speed up the solution in time. The present problem is espe-
cially amenable for extreme mass scaling: numerical tests demonstrated that the response re-
mained virtually identical even when the density for the mechanical part of the problem was 
10000-fold resulting in a critical time step of 100 times larger than that with the original density. 
The new time step thus becomes 1.6 × 10-6 s. The simulation results for the nodal temperature 
evolution and temperature distribution in the rock are presented in Figure 2. 

Table 1 reports the material parameters used in the simulation. 
 

Table 1. Material properties for a typical composition of granitic rock 

Parameter   Quartz Feldspar Biotite 

Percentage in the sample %  33 50 17 

Density ρ kg/m3 2.65 2.62 3.05 

Elastic modulus E GPa 80 60 20 



Poisson’s ratio ν  0.17 0.29 0.20 

Tensile strength σt MPa 10 8 7 

Shear strength σs MPa 50 50 50 
Internal friction angle φ ° 50 50 50 

Mode I fracture energy GIc J/m2 40 40 28 
Thermal expansion coefficient α 1/K 1.60×10-5 0.75×10-5 1.21×10-5 

Thermal conductivity k W/(m·K) 4.94 2.34 3.14 

Specific heat capacity c J/(kg·K) 731 730 770 

 

The temperature at the boundary nodes of the area subjected to thermal loading reaches a 
maximum of  around 400 ºC circa at 0.1 s at the end of the heating phase. The application of a 
cooling fluid for the duration of 0.1 s lowers the temperature at the boundary nodes by 300 ºC, 
from 400 ºC to 100 ºC (see Fig. 2a). The temperature distribution shows that after heating the 
rock surface for 0.1 s, only a thin layer close to the heated surface displays an evident increase 
of temperature.  

 

 
Figure 2. Temperature evolution curves at the boundary nodes of the affected area during the heating and 
the cooling phase (a), temperature distribution in the affected area at the end of the heating phase at 0.1 s 
(b), and at the end of the cooling phase at 0.2 s (c). 

 
 
Figure 3 shows the crack distribution in the sample after the heating (Fig. 3a) and the cooling 
phase (Fig. 3b). Because an element may have two cracks, the first embedded crack in an ele-
ment is plotted in blue while the second is plotted in green. During the heating phase, the cracks 
close to the affected surface, which is under compression, are horizontally oriented, while the 
orientation turns to vertical outside the compressive zone. There, deeper in the rock, the radial 
stress is positive (tension), as can be observed in Figure 4c. Consequently, some elements in the 
areas where both the radial and axial stresses are in tension have two cracks at the end of the 
heating phase.   

At the end of the cooling phase, new cracks perpendicular to the first ones have been initiated 
in the elements close to the surface. Moreover, a close examination of Figure 3 (the magnified 
details) reveals that new cracks parallel to the rock surface in the elements, which did not fail in 
the heating phase, have emerged due to the cooling. Both of these cracks are expected to en-
hance the spalling phenomenon by cutting the flakes formed during the heating phase and thus 
facilitating their ejection out of the surface.    

 



 
Figure 3. Crack distribution at the end of the heating phase at 0.1 s (a), and at the end of the cooling phase 
at 0.2 s (b). 

 
 
Finally, the displacement jump (crack opening) magnitudes and radial stress distributions are 

shown in Figure 4. 
 

 
Figure 4. Displacement jump magnitude (crack opening) distributions and radial stress in the affected area 
at the end of the heating phase at 0.1 s (a)-(c) and at the end of the cooling phase at 0.2 s (b)-(d). 

 
 
Due to the relatively mild temperature rise during the heating phase, the crack openings re-

main quite small, as shown in Figure 4a. The cooling phase has clearly increased the opening of 
some of the old cracks and opened some new cracks, as shown in Figure 4b. According to Kant 
& von Rohr (2016), the minimal temperature rise for spallation to occur in granitic rocks is 
about 550 – 600 C. Thereby, spalling is not predicted during heating in this simulation. How-
ever, after the cooling phase, all the elements in the surface layer have two cracks, perpendicular 
to each other, so that the surface is at least severely damaged.  

4 CONCLUSIONS 

A numerical method based on embedded discontinuity finite elements was presented to simu-
late thermal rock drilling by heating-cooling cycles. The underlying thermo-mechanical prob-
lem, which appeared to be uncoupled due to a highly dominating role of the external heating 



term, was solved with a fully explicit time stepping scheme. As this requires extreme mass scal-
ing to increase the time step in order to enable practical simulations times, a fully implicit 
scheme should be developed in further studies of the present approach. Moreover, temperature 
dependence of the material properties should be included.   

The numerical results demonstrate that thermal drilling by heating-cooling cycles is a feasible 
idea in case the rock mass is already at elevated temperatures. Even if the minimal boundary 
conditions (temperature rise of 550 – 600 C) for spallation were not met in the numerical ex-
ample of a rock sample initially at 200 C, the simulations show that already after the heating 
phase to 400 ºC, a considerable number of cracks formed. Moreover, the consequent cooling 
phase dropped the temperature rapidly below 100 ºC inducing more cracks, some parallel to the 
surface and others perpendicular to it, so that severe surface damage was induced. Therefore, 
the heating-cooling based method seems to be more energy efficient than the heating only based 
drilling.      

The drawback of this method is that for the cooling phase to be effective, a high temperature 
difference between the surrounding bulk rock and the surface layer must be generated. This re-
quirement can be met either by longer heating times or by extreme cooling methods, as dis-
cussed in this paper. The former remedy makes the method unfeasible in practice while the lat-
ter remedy could be a viable solution where such coolants are available. In any case, it can be 
concluded that the simulations and discussions here suggest a thermal drilling guideline: spalla-
tion based drilling (heating only) is used for cold rock with more intensive heating while heat-
ing-cooling cycle based drilling where the rock is hot is preferred.  
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