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Résumé 

La fracturation des roches concerne plusieurs applications industrielles, telles que les tunnels, 

l’excavation et l'industrie minière. Les techniques classiques pour fracturer la roche présentent des 

effets indésirables face à leur utilisation dans certaines circonstances. Par conséquent, la fracturation 

par spallation thermique a été suggérée comme une solution alternative. Cette technique produit des 

contraintes de compression dans la roche due à un flux de chaleur intense. Une fois ces contraintes 

dépassent la résistance à compression de la roche, la rupture aura lieu par éjection des petits éclats. 

Cette mode de fracturation thermique nécessite une source d’énergie puissante et elle influence néga-

tivement les conditions du travail. Profitant d'une faible résistance à traction du matériau de roche, le 

présent travail propose une méthode basée sur un chauffage rapide de la matière rocheuse par un 

rayonnement micro-ondes, suivi par un refroidissement rapide par l'eau afin de fracturer la roche. 

Durant ce processus, une dilatation thermique est produite à l'intérieur de la zone traitée, suivie d'une 

contraction thermique. Cette contraction produit des contraintes de traction qui conduira à la rupture 

de la matière de roche. Le processus de chauffage/refroidissement a été analysé grâce à un modèle 

numérique qui décrit les événements physiques et l'influence de différents paramètres. En outre, le 

processus a été examiné expérimentalement du point de vue thermique. 
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Abstract 

The issue of rock fracturing concerns several industrial applications, such as tunneling or ex-

cavation in rock material, extraction of rock blocks and the mining industry. The conventional tech-

niques to fracture the rock material are associated with disadvantages restrict their use in certain cir-

cumstances. Consequently, the fracture by thermal spallation was suggested as an alternative solu-

tion. This solution basically depends on exceeding the compressive strength of the rock material by 

compressive stresses induced by heating effects. This necessitates high temperature at the rock sur-

face, which requires high power supply and it degrades the work conditions. Profiting from low ten-

sile strength of the rock material, the present work proposes a method based on a rapid heating of the 

rock material by microwaves radiation followed by a rapid cooling by water to fracture the rock ma-

terial. During this process, a thermal dilatation is produced within the treated zone, which is then 

followed by a thermal shrinkage. This shrinkage produces tensile stresses, which could lead to frac-

turing the rock material. The heating/cooling process will be analyzed through numerical model de-

scribes the physical events and the influence of different parameters. Experimentally, the process 

will be examined from thermal point of view. 
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General Introduction 

The issue of rock fracturing concerns several industrial applications, such as tunneling or ex-

cavation in rock material, extraction of rock blocks and the mining industry. Generally the industry 

uses two methods for the rock fracturing: explosive and mechanical techniques. The former is used 

in mining industry as well as in tunneling in hard rock in non-urban area, while the latter is used in 

soft rocks as well as in sensitive area where the uses of explosives is prohibited.  Nowadays, the in-

dustry uses the Tunnel Boring Machine (TBM) for the construction of tunnels in almost every type 

of soils, even in hard rocks. In this case, the industry encounters a major difficulty, which is related 

to the cutters damage during tunneling, which requires complex replacement operation. Consequent-

ly the industry is particularly interested by alternative methods for the rock excavation, or the associ-

ation of the conventional cutters to another technology, which could reduce the rock material 

strength and consequently facilitate its excavation. 

The use of a thermal treatment could be a good alternative for the hard rock softening. In-

deed, a process of heating followed by cooling induces compression and extension stresses in the 

rock material, which could exceed the rock strength and consequently lead to the rock damage or 

fracture. The thermal spallation was suggested as an alternative solution in the previous century. This 

technique has been expected to achieve the same penetration rate as the mechanical ones. Several 

theoretical descriptions were proposed to explain the mechanism of the thermal spallation, in particu-

lar by Preston et al.(1934). Spallation results from temperature gradient in the rock material, which 

produces compressive and tensional stresses. When the compressive stresses exceed the compressive 

strength of the rock material, failure occurs and eventually thin spalls are rejected from the rock 

body. 
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As the rock material has generally high compressive strength, powerful heat sources are re-

quired for the generation of high compressive stresses. Different heat sources were tested, such as the 

Flame-jet (Rauenzahn and Tester, 1989) (Potter et al., 2010) and the laser (Farra, 1968) (Rauenzahn 

and Tester, 1989) (Xu et al., 2003) (Xu et al., 2004) (Ahmadi et al., 2011) (Ahmadi et al., 2012). The 

reported power intensity varied between 0.5 and 14.0 MW/m². The induced surface temperature var-

ied between 250 °C up to the melting temperature (900 °C to 1200 °C) where the rock material was 

removed by melting mechanism. 

The high level of power intensity requires high power supply. In addition, the high level of 

temperature leads to poor and insecure work conditions.  Since the tension strength of rock materials 

is largely inferior to that in compression, the use of a thermal process treatment for the creation of 

tension stresses could reduce significantly the energy needed for the rock fracture. This process can 

be accomplished by submitting the rock surface to heating-cooling cycles.  In this thesis, we propose 

a method based on this statement. It consists in a rapid heating of the rock material by microwaves 

radiation followed by a rapid cooling by water. During this process, a thermal dilatation is produced 

within the treated zone, which is then followed by a thermal shrinkage. During the cooling phase, the 

rock shrinkage produces tensile stresses, which could lead to fracturing the rock material. Physical 

processes involved in this treatment are analyzed, in particular the microwaves-rock coupling (heat-

ing phase), coolant-rock interaction (cooling phase) and the thermo-mechanical coupling in the rock 

material.  

The thesis includes five chapters: 

The first chapter includes a literature review. It describes the tunneling methods as well as 

the thermo-mechanical behavior of the rock material. It includes also a literature review of the exper-

imental and numerical researches conducted on the rock thermal spallation. 
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The 2
nd

 chapter presents a laboratory study of the interaction between the rock material and 

a laser radiation. The study is conducted using the laser Nd:YAG. Different laser power parameters 

are tested. The removal rock mechanism by laser and the influence of the laser head velocity will be 

analyzed. 

The 3
rd

 chapter presents the method proposed in this thesis, which is based on a heat-

ing/cooling treatment of the rock material. The chapter presents the numerical model used in the 

analysis of this method as well as the influence of the main parameters on the method performances. 

 The 4
th

 chapter presents a numerical analysis of the rock excavation using the heat-

ing/cooling process in taking into account the rock material damage and a repetitive loading heat-

ing/cooling process. The continuum damage law will be presented as well as its use for the rock frac-

ture using a heating/cooling treatment. 

The 5
th

 chapter describes an experimental study of the heating/cooling thermal treatment of 

the rock material. The experimental setup will be described as well as the experimental results and 

their comparison to the numerical modeling. 
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 Introduction: 1.1

Brief statement of the used tunneling and drilling methods will be presented in this chapter. 

This presentation includes the “Drill & Blast” and “Tunneling Boring Machine TBM” ones. Tech-

nical description of these technologies will be rapidly highlighted. The advantages and disadvantages 

of each will be shortly addressed. Relatively to their major concerns, the thermal treatment of the 

rock material was suggested to be the promising alternative of those technologies in order to bring 

the prospective improvements over their performance. 

Since the rock material is a complex structure that contains pores, flaws embedded in the 

structure, heterogeneous composition, formed under different conditions (temperature, pressure…), it 

is very important to point out the thermal rock behavior and its reaction to thermal treatment. So, the 

variation of the structural, mechanical and physical properties of rock material with temperature will 

be presented in few subsections. 

Then after, a bibliographic analysis of the thermal spallation will be presented. Many aspects 

will be handled: the conception of thermal spallation, results of experiments conducted in this field, 

numerical modeling efforts and the heat sources used to deliver the heat to rock body. As well, dif-

ferent issues either in experimental or modelling works will be addressed, in trying to illustrate and 

understand the physical processes behind the thermal spallation of rocks. 

 Analysis of the conventional tunneling and drilling methods: 1.2

Generally the rock excavation methods are divided into two large families: “Drill & Blast”, 

and mechanical drilling. The latter is furthermore subdivided into partial face (e.g. roadheaders, 

hammers, excavators…) and full face (e.g. TBM, shield, pipe jacking, and micro tunneling). The 

choice of the excavation method depends on many factor should be taken into account (Heiniö, 

1999): Tunnel dimensions, Tunnel geometry, Length of tunnel, total volume to be excavated, Geo-
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logical and rock mechanical conditions, Ground water level and expected water inflow, Vibration 

restrictions and Allowed ground settlements. 

The rock compressive strength is one of the most important factors. The “Drill & Blast” and 

TBMs are reported appropriate for wide range of soils and hard rocks types. The TBM is more ade-

quate for hard rock with strength varies between 30 MPa till 250 MPa. The “Drill & Blast” is con-

sistent with almost all levels of compressive strength greater than 30 MPa (Figure 1.1). 

 

Figure 1.1: Range of methods compared to uniaxial compressive strength (Heiniö, 1999) 

Drill & Blast 

In this method, a predetermined pattern of holes to a selected depth in the rock face of the 

proposed tunnel’s path are primarily drilled. Then after, those are filled with explosives substances 

such as dynamite to be then detonated. Likewise, the rock will be cracked and broken apart. The 

loosened debris or muck is then drove out and hauled away. The drilling and blasting method has a 

cyclic nature that requires a good organized work site as well as a good planning of the each cycle 

during the process to guarantee the security of working staff as well as the rapidity of performance.  

However, this method has many advantages (Palmström, 1996), in particular: 

 It can be applied to nearly any type of rock. 

 It gives great flexibility in the performance of the excavation. 

 The rock support can be installed easily and quickly. 
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The uncertainty in cracks propagation because of blasting largely influences the drilling & 

blasting performance, which is a big concern in the underground constructions. From other side, the 

misalignment in the hole’s drilling can lead to deviate the tunnel path where the rectifying cost is 

high. (Figure 1.2) A illustrates a scheme of one round of drilling & blasting process. 

  

 Figure 1.2: Drill and Blast cycle (Heiniö, 1999) 

Few of disadvantages of drill & blast method are summarized thereafter, which strongly re-

strict its use especially in the urban areas (Palmström, 1996):  

 Production of unpleasant gases and smoke from the explosives, which often leads to poor 

working conditions for the crew. 

 Vibrations on nearby structures. 

 Rough surface gives head loss for water tunnels. 

 The blasting creates new cracks in the rock, which leads to an increase need in the rock sup-

port. 



 

 

10 

Tunnel Boring Machine (TBMs) 

TBMs belong to the mechanical family includes: (a) excavators equipped with ripper teeth, 

(b) hydraulic rams, (c) roadheaders and (d) TBMs of various designs. 

The objective of TBMs is generally to shut off and break the hard rocks in fastest manner 

possible. Thus the concoction of rotating head made the TBMs more efficient and reliable than the 

primitive models conceptually based on the same principle as the percussion drill head. All success-

ful modern tunnel boring machines are equipped with rotating grinding heads and cutting wheels. 

Technically, the disk cutter produces the rock failure in shearing mode forming slabs (chips) 

of rock. The process begins by applying a pressure on these cutters against the rock face. This pres-

sure pulverizes the rock and causes lateral crack to propagate towards the neighboring kerf. Thereaf-

ter the rock begins to be chipped. To get an optimal rendering, kerf spacing and cutter load should be 

suitably parameterized according to the rock type. (Heiniö, 1999) estimated these parameters to be 

standard as 80-110 mm for the space and 250 kN as cutter load for (430 mm) discs (Figure 1.3).  

 

Figure 1.3: Cutting process in TBM (Herrenknecht,2003) 

The performance of the TBMs is strongly associated to the compressive strength of the rocks. 

(Gong and Zhao, 2007) showed that the penetration rate decreases exponentially with the increase in 

the compressive strength of rock material (Figure 1.4).  
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Figure 1.4: The penetration rate with the compressive strength (Gong and Zhao, 2008) 

The “wipeout” is very costing phenomenon in tunneling by the TBM, which is pertaining to 

not detect the bearings failure so that the adjacent cutters becomes overloaded and prematurely fail 

and lead to a chain reaction of multiple cutter failures. The regular replacement of the damaged cut-

ter is indispensable every stop of the TBM to avoid such complete failure of the cutters. The cutter 

on the left quit turning and wore flat. Figure 1.5 shows few damaged cutters those experienced a 

massive bearing failure that resulted in a damaged seal retainer. 

 

Figure 1.5 : Some damaged cutters 
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TBM has the advantages of not disturbing the surrounding texture and resulting in a smooth 

tunnel wall. Besides the aforementioned things in following some of the significant advantages of 

using the TBM excavation are (Palmström, 1996):  

 It requires less rock support. 

 It gives smoother tunnel walls and reduced head loss in water tunnels. 

 Longer tunnel sections can be excavated between adits. 

 It has higher tunneling capacity. 

 It gives better working conditions for the crew. 

The disadvantages of TBM are summarized by (Palmström, 1996):  

 More geological information from the pre-investigation stage is required. 

 It is more sensitive to tunneling problems in poor rock mass conditions. 

 It is a less flexible than drill & blast method. 

 Only longer tunnel sections can be bored more economically (because of larger investment 

and rigging costs) than drill and blast. 

 The TBM may get stuck under squeezing rock conditions. 

The other major concern of the tunneling boring machine is the caused impacts to the whole 

rocky mass where the potential for rock falls, rock slides, or slow inward movement (squeezing) of 

the surrounding rocks are largely worrying the contractors. Consequently, the costs may become 

higher than predicted. 

The above aforementioned concerns push the researchers as well as the engineers to enhance 

and even suggest new technologies. Those are able to affect the rock toughness as same as less de-

structive for the rocky mass and depend on the abrasive property of the rocks to efficiently drill it. 

However, for many years ago the emergent solution was the temperature to stimulate some kind of 

expansion leads to compressive stresses that cause the spallation of the rock.  
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 Thermo-mechanical behavior of rock material: 1.3

This section includes two subsections: (1) analysis the thermal properties and their depend-

ences on the temperature, (2) analysis the variation of physical characteristics with temperature and 

(3) analysis the influence of the temperature on the mechanical behavior. 

1.3.1 The thermal properties: 

Thermal conductivity 

The thermal conductivity (𝜆) is defined as the material ability to conduct the heat. It is ex-

pressed by Fourier's law: 

 
𝑑𝑄

𝑑𝑡
= −𝜆

𝑑𝑇

𝑑𝑥
 Eq 1-1 

Where: dQ/dt is the rate of heat transfer; dT/dx the temperature gradient, 

 Almost all the rocks have basic values of thermal conductivity ranging between 0.1~15 

(W/m.k) comparing to the metal materials of order of few hundreds (W/m.k). Relatively, the thermal 

conductivity is isotropic, but it could be anisotropic into fashions:   

- Mineral anisotropy depending on the arrangement of mineral particles (lineation) in 

the rock sample, and 

- Shape anisotropy, occurring parallel and perpendicular to the plane of bedding, folia-

tion or schistosity of a rock volume.  

The thermal conductivity of the rock materials generally decreases with temperature, 

(Figure 1.6). This reduction could reach 45% for the sedimentary rocks and about 40% for the mag-

matic and the metamorphic ones (Vosteen and Schellschmidt, 2003). 

The thermal conductivity could be affected by the pore water content, porosity and the bulk 

density. The porosity negatively influences the thermal conduction due to decrease in contact surfac-
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es between the grains, (Figure 1.7). The thermal conductivity increases as the grain’s size increases 

(Tavman, 1996).  

 

Figure 1.6: The composition and temperature effects on the thermal conductivity of the different 

rocks types (Vosteen and Schellschmidt, 2003) 

Thermal capacity 

The thermal capacity is the product of the rock density ρ and its specific heat capacity cp. The 

latter ranges from 740 to 850 J.kg
-1

.k
-1

 for the magmatic and metamorphic rocks respectively. it 

could increase to 1050 J.kg
-1

.k
-1

 with increase in the temperature in the sedimentary rocks. In order 

to visualize the temperature dependence of the thermal capacity, the density of rock was considered 

as constant over the temperature range 1-300 °C (Vosteen and Schellschmidt, 2003). Tests revealed 

that the specific heat capacity follows an exponential variation with temperature (Figure 1.8). 

 

Figure 1.7: Thermal conductivity variation with the physical properties (Singha et al., 2007) 
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Figure 1.8: The specific heat capacity and the thermal capacity dependence on the temperature 

(Vosteen and Schellschmidt, 2003) 

The thermal diffusivity 

The thermal diffusivity describes the ability of a material to conduct thermal energy relative 

to its ability to store thermal energy. It is a function of thermal conductivity λ, the density ρ and the 

specific heat capacity cp: 

 𝑘 =
𝜆

𝜌. 𝑐𝑝
 Eq 1-2 

The thermal conductivity decreases with temperature while the specific heat capacity increas-

es with temperature. Consequently, the thermal diffusivity decreases more than the thermal conduc-

tivity with temperature. In the temperature interval (1-300 °C), Vosteen et al. (2003) reported a de-

crease in the thermal conductivity between 25% and 44%, and decrease of 42–54% in the thermal 

diffusivity (Figure 1.9). 
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Figure 1.9: The thermal diffusivity vs temperature (Vosteen and Schellschmidt, 2003) 

1.3.2 Thermal damage in rock Materials: 

In order to understand the rock behavior under high temperature, this section presents the 

thermal damage, in particular the stress-strain diagrams, the development of micro-cracks with in-

crease the temperature, the porosity and the permeability. 

The damage in the mechanical behavior: 

Compressive strength 

Hommand-Etienne et al. (1989) used two granite types (Senones, Remiremont) to study the 

thermal damage in rock materials. The samples were heated slowly at a rate of 50 °C/h up to 300 °C. 

Thereafter the rate was increased to 100 °C/h to reach the maximum temperature. The maximum 

temperatures (200, 400, 500 and 600 °C) were maintained for 5 hr. Statistically, they noticed a very 

slight reduction in the compressive strength 400°C even in few samples the reduction reached 16%. 

Significant drop in strength is observed from 400 °C upwards that attained 44% at 600 °C.  

Later, Takarli et al. (2006) conducted experimental work to investigate also the thermal dam-

age in rocks. The physical and mechanical properties of the samples were measured by destructive 

and non-destructives tests. The samples were heated to the desired maximal temperature, and then 

maintained during 2 hours at this temperature to eventually cooled down to ambient temperature. 

The destructive methods revealed that the compressive strength decreased by 20% with maximum 
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temperature between 105 °C and 500°C. This reduction reached 47% when the sample was heated up 

to 600 °C. As well, they reported a decrease in Young Modulus of 28% and 62% for maxi tempera-

tures 500 and 600 °C respectively, (Table 1.1). 

Table 1.1 : The mechanical properties after the thermal treatment (Takarli and Agbodjan, 2006) 

The mechanical properties after the thermal treatment  

Temperature σc (Mpa) E (Gpa) 

105 °C 244 75 

300 °C 224 62 

500 °C 194 54 

600 °C 128 28 

Tensile strength 

Hommand-Etienne et al. (1989) described the tension test as more specific in determining the 

behavior of the thermally damaged Granite. This test is more sensitive to the increasing of the cracks 

(advantage of the direct loading of the cracks). Figure 1.10 (b) shows the decrease in the tensile 

strength that reached 75%. From 400 °C upwards, the reduction in tensile strength became more pro-

nounced due to the increase in the density of micro-cracking. Furthermore, they reported that the 

tensile strength dropped more rapidly in the more coarse granular size than the fine size. 

Hommand-Etienne et al. (1989) reported also that the treated sample exhibits kind of contrac-

tion in the lateral side at the beginning of the test and then start to expand till the failure. This behav-

ior is totally differentiating from the non-treated sample one that contracts more and more till the 

failure in the side direction Figure 1.10(c). 
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Figure 1.10: The tensile strength variation with the heating treatment (Hommand-Etienne and 

Hourpert, 1989) 

Damage at the microstructure level 

The rock microstructure can be analyzed through three principal indicators: the length of the 

cracks, the width of the cracks and the crack density. Hommand-Etienne et al. (1989) conducted 

SEM observations to study the structural induced damage within the treated samples by using Stere-

oscan SEM 250. Quantitative and qualitative analyses were done to describe the cracks after the 

thermal treatment. 

The length of the crack depends on the initial material structure, the shape and dimensions 

of the crystals. However, at 200 °C a rather notable similarity of inter- and intra-granular crack 

length modes is observed. Up to 600 °C, intra-granular cracking occurs particularly within feldspar 
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where they propagate in straight lines following the cleavages (Hommand-Etienne and Hourpert, 

1989).  

Crack width remarkably increased with pre-cracking temperature. The intra-granular cracks 

are normally less open than the inter-granular ones. This width increases noticeably after the 200 °C. 

The crack exhibits the most significant increase in the width between the 500 °C and 600 °C, they 

reported.  

The density of cracking increases with the intensity of the thermal treatment. Figure 1.11 

shows the variation of the cracking with temperature for large grain size (Senones granite) and small 

grain size (Remiremont granite). For coarser grain, the inter-crystalline cracking is stronger than in-

tra-crystalline up to 500 °C. But between 500 °C and 600 °C, the intra-crystalline cracks increase 

more than inter-crystalline ones. In fine grain size rocks, the inter-crystalline cracks are predominates 

over intra-crystalline ones, which is due to its small grain size, they mentioned.    

 

Figure 1.11: The cracking density with the temperature (Hommand-Etienne and Hourpert, 1989) 

1.3.3 Influence of the thermal treatment on the physical properties: 

The porosity 

Chaki et al. (2008) reported that the porosity generally undergoes non-significant change be-

tween the 105 °C and 500 °C pertaining to the small structural modification at this range of tempera-
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ture. The significant change in porosity happens between 500 °C and 600 °C where the rock witness-

es an important increase in the open porosity because of existing cracks’ growth (Figure 1.12).  

 
Figure 1.12: The porosity variation with the temperature (Takarli and Agbodjan, 2006) 

The Permeability: 

Chaki et al. (2008) stated a similarity between  permeability behavior and the porosity one. 

The permeability exhibits weak variation between 105 °C and 300 °C. This variation becomes more 

pronounced between 300 °C and 500 °C. From 500 °C upwards, a rapid increase in permeability is 

recorded due to the important increase of the connected porosity (Figure 1.13). 

 

Figure 1.13: The permeability vs the temperature (Chaki et al., 2008) 
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The ultrasonic waves  

Concerning the ultrasonic waves, Chaki et al. (2008) and Takarli et al. (2006) reported the 

following : a negative correlation between velocity and the damage induced by the heat treatment is 

observed. The velocity of waves undergoes a weak decrease (<12%) between 105 °C and 300 °C. Up 

to 500 °C, the velocity significantly drops down (more than 32%). Between 500 °C and 600 °C, the 

velocity values loses more than 63% comparing to intact samples (Figure 1.14 (a)). Chaki et al. 

(2008) recorded regular decrease in the central amplitude up to 500 °C. Between 500 °C and 600 °C, 

the energy amplitude of the ultrasonic waves suffered a disastrous decreasing (Figure 1.14 (b)). 

 

Figure 1.14: Evolution of longitudinal wave velocity vs temperature and the energy attenuation 

 Thermal spallation principle: 1.4

“Spall” as a word means to break something into smaller pieces, split or chip. Mechanically, 

spalling occurs at the surface of rock material when large shallow stresses are generated near to the 

surface. This form of spallation can be caused by freezing and thawing, thermal expansion and con-

traction. The thermal rock spallation was firstly designated by (Preston and White, 1934). 

 A strong thermal gradient develops at the surface of the rock as it is heated. Due to the low 

thermal conductivity and high specific heat, a restrain of the temperature in the exposed zone is pro-

duced. With this temperature confinement, the locally heated zone will largely expands comparing to 

the surrounding non-heated zone. Likewise, compressive stresses close to the surface are induced.  
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A more technical definition of thermal spallation was presented by Rauenzahn et.al (1989), 

“spallation is to denote the generation of thin chips, often smaller than a single grain, liberated from 

a rock body perhaps three orders of magnitude larger in scale as a result of much larger heat fluxes 

(0.5-10MW/m²) over relatively short times scales (0.1-1 sec)”.  

On the other hand, many hypothesizes were assumed to interpret the failure mechanism by 

thermal spallation. Rauenzahn (1986) and (1989) conducted a wide bibliographic study to analyze 

the previous works. Norton (1925) emphasized that thermal spallation is due to shear failure. Later 

this theory was sinned by Rauenzahn (1986) who considered it as built on fault physical basis. 

 In the same period, Preston et al. (1934) had corrected the vision of Norton and explained the 

failure as a result of micro-flaws generated during heating and originated from pre-existed flaws in 

rock body so that Preston assigned the failure to thin shallow slab buckling after the extension of the 

flaws due to compressive stresses (Figure 1.15).  

 

Figure 1.15: Simplified scheme of spall formation on surface of a semi-infinite solid (Rauenzahn and 

Tester, 1989) 
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Germanovich (1997) revisited the problem and showed that the compressive stresses are re-

strained in a thin layer near to the heated surface. Below this thin layer, a stable tensile stresses layer 

is formed (Figure 1.16). Some researchers described the failure by mechanical buckling mechanism 

profiting from crack growth around the compressive layer (Cherepanov, 1966) (Kill, 1967), cited by 

(Germanovich, 1997). 

 

Figure 1.16: Schematic distribution of thermoelastic stresses in thermal spallation process 

(Germanovich, 1997) 

Deeny et al. (2008) stated that the sharp thermal gradient results in compressive stresses close 

to the exposed surface related to the local thermal expansion and tensile stresses in the cooler interior 

regions. However, Preston suggested two crucial criterions for causing spallation: 

- Localization effect: the heated zone must be relatively small compared to the whole rock 

surface: the ratio between treated zone and the rock surface is around 10% (Rauenzahn and 

Tester, 1989). 

- Heating rate: the speed of  the heat delivery to rock surface must be high; in such a way that 

the temperature of the treated zone increases compared to its diffusion to the surrounding 

zones (Rauenzahn and Tester, 1989). The heat source types and the delivery modes (con-

duction, radiation…) are crucial factors in thermal spallation process. 

Another factor that influences largely the spallation process is the rock type, in particular, its 

physical as well as mechanical properties. Table 1.2 shows the rock spallapility according to the 

spalling rate and the temperature gradient. 
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Table 1.2: Average rock properties and spalling ratings of some rocks (Rauenzahn and Tester, 1989) 

Rock Rating 𝜷𝒕(× 𝟏𝟎
−𝟔) E(GPa) 𝝆.𝑪𝒑 𝝂 𝝈𝒄(MPa) 𝚫𝑻𝒔 =

𝝈𝒄(𝟏 − 𝝂)

𝜷𝒕. 𝑬
 

Basalt Fair-Poor 4-5 30-50 2.5-3.3 0.22 80-300 (130) 560 

Diorite Good-Poor 6-7 35-70 (60) 3.4 0.25 100-200 (120) 230 

Dolomite Excellent 11-13 50-100 (70) 5.2 0.2 50-150 (100) 95 

Gneiss Good-Fair 5-9 20-70 (40) 2.5 0.22 150-200 (180) 500 

Granite Good-Fair 8-14 20-70 (50) 2.5 0.2 100-250 (200) 320 

Limestone Poor 8-11 10-70 (30) 4.0 0.20 10-200 (80) 230-700 

Marble Fair 7 30-80 (40) 2.5-2.7 0.30 60-200 (100) 250 

Quartzite Excellent 11-15 20-100 (50) 2.7 0.25 140-300 (200) 230 

Sandstone Good-Poor 10-13 7-40 (20) 2.5 0.27 30-250 (180) 550 

Schist Fair-Poor 6 40-90 (50) 2.7 0.15 10-200 (100) 140-280 

Tuff Poor 3-5 1-10 2.7 0.10 10-30 (20) 640 

 Experimental works 1.5

The first research experimental work aimed the analysis of the efficiency of thermal drilling 

spallation (TDS) versus the conventional drilling methods. Then, the experiments aimed at under-

standing the thermal spallation mechanism, specify the geometrical characterizations of the produced 

spalls, optimize the heat flux, determine the temperature beyond what the spallation takes place, re-

quired stresses and exposure time to spall the rock surface, rock type effect on spallation process, 

evaluate the rate of penetration (ROP) and the influence on the physical properties of the rocks (po-

rosity, permeability…).  

Experiments were conducted firstly on the ceramics materials and then they were enlarged to 

brittle materials as granite (Rauenzahn and Tester, 1989).  Norton (1925) was the pioneer in calling 

the thermal shock failure “spall”. He applied on similar clay material bricks sudden cooling after 

been heated. He observed inclined fracture plains by 45° to the heated surface, while he got perpen-

dicular tensional cracks to the cooled surface (resumed by (Rauenzahn, 1986)). Then after, a con-

temporary of Norton, Preston et al. (1934) pointed out the spallation principle when he illustrated 
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that the spallation occurs due to stresses acting on flaws parallel to the heated surface. Likewise, he 

was able to produce thin lamellar in fireclay spheres. 

1.5.1 The Laser as heat sources 

Few years later, Farra.G (1968) conducted analytical and experimental work on the interac-

tion between laser CO2-N2-He (10.6 µm) and the rock material. He observed the mechanical response 

of irradiated marble and granite samples. He reported that the failure induced by laser irradiation is 

due to a combination of several causes: 

- Inter-granular separation due to phase transformation. 

- Gross Chemical changes. 

- Inter-granular corrosion. 

- Gas or water pocket expansion. 

- Inter-granular separation due to anisotropic thermal expansion. 

- Thermally induced stresses leading to failure in compression or tension.  

Experimentally, he deduced that the cracking of samples is due to tensile stresses in tangen-

tial direction where the cracks are formed and propagated in the radial direction of the specimens 

(Figure 1.17). The cracks are related to the maximum tangential stress position beyond the irradiated 

zone. 
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Figure 1.17: Membrane stresses as a function of radius at time of crack initiation (Farra, 1968) 

He introduced a new parameter (Disc Tensile Failure Energy (D.T.F.E)) which represents 

“the amount of laser energy input required to cause tensile failure in a rock disc divided by the vol-

ume of the specimen”: 

𝐷. 𝑇. 𝐹. 𝐸 =
𝐿𝑎𝑠𝑒𝑟 𝑝𝑜𝑤𝑒𝑟 × 𝑇𝑖𝑚𝑒 𝑜𝑓 𝑙𝑎𝑠𝑖𝑛𝑔

𝜋. 𝑅2  × 𝑆𝑝𝑒𝑐𝑖𝑚𝑒𝑛 𝑡ℎ𝑖𝑘𝑛𝑒𝑠𝑠
 

He noticed that in the large discs shaped specimens, irradiated with laser power of 300 watts 

on a spot of 2.5 cm as diameter, the cracks were initiated after 9 seconds. In other words, a radiation 

of 0.4 MW/m
2
 was needed to induce 72 (MPa) as compressive stress in the center of the exposed 

spot (Farra, 1968). 

Later, Rauenzahn et al. (1989) emphasized that the radiation needed to cause the fragmenta-

tion of rock material varies from 0.5 to 10 MW/m
2
. He conducted two series of experiments by using 

two heat sources: the Propane and the Laser.  
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In the propane tests, two types of granites were used (Westerly, Rhode Island and Barre, 

Vermont). The high heat flux is provided by the combustion of propane and oxygen. Tests were fol-

lowed by using a high speed videotaping camera (Spin Physics 2000 video system). The objective 

area was of size of 7.5 cm square. The torch is perpendicularly located over the rock surface and at a 

distance of 15.2 cm or 20.8 cm. More details could be found in (Rauenzahn, 1986). 

Spallation occurred after 2 seconds of exposure. The process had been held to zone of 8-10 

cm in diameter was damaged by spallation. The ejection of spall was violent so that the spalls were 

jumping few feet upward. Spalls had chips shape, 10-20 grains in diameter and one to two grains in 

thickness. 500 °C at the surface was attained within less than 2 seconds. 

Rauenzahn (1989) conducted few series of spallation by laser as heat sources. He used the 

CO2 with wave length of (10.6 µm) to irradiate blocks of granites sawed from the same blocks used 

in flame-jet tests. The heating rate was approximately 1.4 MW/m
2
 on 15 mm spot diameter where the 

initiation of the spallation began after 0.1 to 8.0 seconds. Moreover, he noticed that the spalls were 

more peeled away than ejected from the rock. A partial melting in the lased zone is referred to biotit-

ic mica existence, which prevented the chips to leave the rock surface easily. Thermally, the spalla-

tion temperatures were notably higher than those in flame-jet tests (Table 1.3). 

Table 1.3: Spallation Temperature in Laser and Flame-jet tests (Rauenzahn and Tester, 1989) 

 Barre Granite Westerly Granite 

Flame-jet 472 (K) 473 (K) 

Laser 

100 (W) 710 (K) 520 (K) 

200 (W) -- 1120 (K) 

Xu et al. (2003) conducted thermal spallation tests on Berea Gray sandstone and shale. Those 

samples were irradiated by 1.6 kW pulsed Nd:YAG laser. They showed that each rock type has ap-

propriate laser beam characters to be spalled by. They specified the notion of specific energy (SE) as 
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“required energy to remove a unit volume of rock”. Likewise, they conducted linear tracks test that 

to primarily identify the laser-rock interaction zones. For Berea gray sandstone fives zones were dis-

tinguished: 

- Significant melting/ strongly bonded glassy phase. 

- Surface melting/cracked glassy layer. 

- Scattered surface melting/weakly bonded material. 

- No visible melting/material removed by thermal spallation. 

- Surface scorch/no material removed.  

For shale three zones were identified: deep melting/strongly bonded glassy phase, surface 

melting/crashed glassy layer and no visible melting/thermal spallation (Figure 1.18). 

Two important factors determine the material removal rate: the maximum temperature and 

temperature cycling frequency. Xu et al. (2003) reported that fracture could occur with thermal stress 

lower than the failure strength of the rock because of the cyclic nature of the pulsed laser which 

causes a cyclic compressive/tensile stresses in the rock material.  
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Figure 1.18: Linear tracks tests and the identified zones (Xu et al., 2003) 

Xu et al. (2003) reported the threshold of laser irradiance of 9.2 MW/m
2
 and 7.84 MW/m

2
 for 

samples of Berea Gray sandstone and shale respectively. In the correspondent exposed zones they 

reported a total material removing by the thermal spallation. 

Xu et.al (2004) obtained a hole of 25mm diameter and 100 mm in depth by using laser densi-

ty of 14.15 MW/m
2
 in 80 seconds. The elevated penetration rate was obtained by utilizing the pulsed 

laser burst method (1.6 KW pulsed Nd:YAG). They demonstrated that the thermal spallation en-

hances the rock permeability up to 566% compared to non-lased samples (Figure 1.19). The huge 

increase in the permeability resulted from the clay dehydration and micro-fractures. The micro frac-

tures were related to high temperature gradient as well as the transition phase suffered by quartz in 

sandstone. 
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Figure 1.19: increased permeability in lased samples (Xu et al., 2004) 

Ahmadi et al. (2011) (2012) examined two essential issues the exposure time and the effect of 

saturation on the spallation efficiency as well as the saturation liquid type. Granite and limestone 

samples saturated by water and heavy oil were tested. A laser density 4.85 MW/m
2
 was used to ob-

tain a hole with depth 7.2 mm in 25 seconds on the dry granite samples. They reported that further 

laser energy was required for the saturated rock either by water or heavy oil. A slight decrease in the 

rate of penetration (ROP) can be associated with rock saturation. Figure 1.20 shows the variation of 

(ROP) with specific energy (SE) and the saturation type. 

Ahmadi et al. (2012) addressed the problem of confining pressure and its effects on the per-

formance of laser perforation process. The confining pressure affects negatively the (ROP) and in-

creases the (SE). This effect is related to an increase in the thermal conductivity of the rock because 

of the closure of the gaps between rock grains, which decreases the thermal stress. The local confin-

ing of the temperature in the treated zone is lost by the increase in the thermal conductivity as Pres-

ton’s description recommends.  
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Figure 1.20: Variation of ROP according to SE and saturation liquid type (Ahmadi et al., 2011) 

Ahmadi et al. (2012) showed that the confining pressure increases the strength of the rock so 

that the thermal spallation becomes more difficult. Figure 1.21 shows the variation of the (ROP) with 

the confining pressure for different saturation types. 

 

Figure 1.21: ROP variation with confining pressure in Granite (Ahmadi et al., 2012) 

1.5.2 Microwaves as heat source 

The microwave drilling was much less addressed than laser drilling technologies. Jerby et al. 

(2001) assembled an apparatus for drilling process (Figure 1.22).  
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Figure 1.22:  Scheme of the microwave drilling apparatus and configured hole  (Jerby and Dikhtyar, 

2001) 

The process included softening or melting the material and then the use of concentrator pin 

for drilling.  

Lmdroth et al. (1991) invented a method of hard rock cutting assisted by microwave by com-

bining  the thermal weakening (by microwave radiation) with a mechanical cutter. The energy deliv-

erance is done by irradiation with waves frequency ranges from 900 MHz to 300 GHz (Figure 1.23). 

 

Figure 1.23: Schematic illustration of thermally weakening rock by microwaves (Lmdroth et al., 

1991) 
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 Numerical Modeling of thermal spallation: 1.6

Researchers tried to model thermal spallation process using thermo-elastic stress analysis 

where the stresses are related to the temperature’s change: 

 𝜎 =  −𝛼. 𝐸. Δ𝑇 Eq 1-3 

𝛼 is the thermal expansion coefficient of the material, E is the Young Modulus and Δ𝑇 is the change 

in the temperature of the rock surface. 

Germanovich (1997) modeled the thermal spallation through 2D micromechanical model. 

The thermal spallation was attributed to “successive growth of inherent cracks in the surface layer 

subjected to high thermo-elastic compression”. Two micro-cracks densities near the heated surface 

were used during the modelling: high micro-cracks concentration and low one. Accordingly the criti-

cal temperatures for crack propagation initiation were introduced.  

 𝑇𝑔 ℎ𝑖𝑔ℎ 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 = √
𝜋

𝑎0
 
𝐾𝐼𝑐(1 − 𝜈)

𝛼𝐸
  Eq 1-4 

 𝑇𝑐𝑟 𝑙𝑜𝑤 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 = 
𝐾𝐼𝑐(1 − 𝜈)√∆

2𝑘𝑎0𝛼𝐸
 Eq 1-5 

2𝑎0 is the crack length, 𝑘 =  
2

3𝜋
  , ∆ is the distance between the center of the inclined crack 

and the heated surface, 𝐾𝐼𝑐 is the stress intensity factor of mode I.  

He found that the critical temperature in low micro-cracks density case is higher than high 

micro-cracks density one. This also can be drawn consequently for the critical stresses. He demon-

strated the influence of geometrical characteristics of pre-existed cracks on the critical spalling tem-

perature and penetration rate (Figure 1.24). 
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(Figure 1.25) shows two important issues: the first is the thermal spallation can reach the 

same rate of penetration as the conventional methods. The second is to reach this (ROP), it is neces-

sary to attain elevated temperature near to melting rock one. 

 
Figure 1.24:  Dependence of penetration rate and free surface temperature on the rock structure, (1) 

2a0=0.1 mm, Δ=0.158 mm, (2) 2a0=0.1 mm, Δ=0.5 mm, (3) 2a0=1 mm, Δ=1.58 mm and (4) 2a0=1 

mm, Δ=5 mm 

 

Figure 1.25: Velocity of spalling front advance and surface temperature at the moment of spalling 

(Germanovich, 1997) 

Germanovish (1997) stated that the material spallability is function of two factors the material 

type as same as the heat flux. He reported that “the same material can be non-spallable, poorly 

spallable or highly spallable if the heat flux varies”. 
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Xu et al. (2005) used the Finite Difference Method to simulate the thermal spallation by laser. 

They supposed that the rock spallation takes places every 0.15 seconds. Mathematically, the time 

difference thermo-elastic stress strain is expressed as following: 

 �̇�𝑖𝑗 = 𝜆𝛿𝑖𝑗휀�̇�𝑘 + 2𝜇휀�̇�𝑗 − (3𝜆 + 2𝜇)𝛼�̇�𝛿𝑖𝑗 Eq 1-6 

Where 𝛿𝑖𝑗 is Kronecker’s delta, 휀�̇�𝑘 is the mean strain rate, 𝜆, 𝜇 are Lamé elastic constants.  

They alternated the removed rock density by air density to mimic the removal process. The 

treated zone diameter was 10 mm similar to laser spot size. The obtained penetration depth was 3 

mm comparing to 4 mm recorded in the experiments. The optimal energy viability is corresponding 

to 0.45 seconds as laser-on time (Figure 1.26).  

 

Figure 1.26: Removed rock material for different Laser-on time (Xu et al., 2005) 

More than 1500° K (~1227° C) was reached within 0.45 seconds, which is above the melting 

temperature of almost of the rocks types. On other hand, stresses greater than 200 (MPa) were re-

ported (Figure 1.27). 
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Figure 1.27: Temperature and stress profiles (Xu et al., 2005) 

Walsh et al. (2011) (2012) (2013) addressed thermal rock spallation by investigation the het-

erogeneity influence. They suggested an explicit model to describe the spallation mechanism at the 

grains scale. Voronoi cells method was used to produce the rock heterogeneity. A set of randomly 

distributed points in the space was deployed, since then the bodies of the minerals are formed itera-

tively according to criterions related to their desired volumes. They considered an elastic perfectly 

plastic behavior for the grains. The thermal induced damage in the grains was predicted by using 

Johnson-Cook rule: 

 𝐷 =  ∫
|𝑑휀𝑝|

휀𝑓
 Eq 1-7 

Where: 휀𝑝 is the plastic strain and 휀𝑓 is the strain at failure.  

Considering that the heat transitions in rock is slower than the mechanical fracture one, they 

“artificially” increased the thermal conductivity of the rock by a factor of (10 000) without modify-

ing other thermal properties. They supposed a gradual heating of the surface by flame-jet or hydro-

thermal techniques. The model was implemented in GEODYN software to simulate the spallation of 

Granite. More numerical details can be found in (Walsh et al., 2011). They modeled the grains inter-

face (inter-granular contact) by a “separate, weaker material” with deduced behavior from (Lockner, 

1998) (Lan et al., 2010).  
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They showed that the fracture occurs within the grains as well as at the inter-contact materi-

als. The spall thickness is reported less than one grain diameter (Figure 1.28).  

 

Figure 1.28: Fracture initiation and propagation during heating process (Walsh et al., 2011) 

They assured that high surface temperature is behind fast spalling initiation and producing 

small fragments. The influence of heated surface shape (flat or rough) on spalls geometry and how 

fast the spalls are produced was showed. They mentioned that the flat surface is less probable to frac-

ture than the rough one (Figure 1.29). 

 

Figure 1.29: Damage comparison between flat and rough surface, (Walsh et al., 2011) 

Walsh et al. (2011) confirmed that the confining pressure contributes in larger spalls size pro-

duction but without increase in the penetration rate. This result is in accordance with the experi-

mental works of Ahmadi.  
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The numerical analysis demonstrates that the heterogeneity of the rock is not the sole cause of 

the spallation process. They evoked the huge impacts of micro-porosity the water content in the 

closed pores in increasing the buckling risk. Walsh et al. (2013) proposed a new understanding of the 

traditional thermal rock spallation assisted by buckling theory by adding additional factor such as 

micro-pores and the water content (Figure 1.30).  

 

Figure 1.30: Pore-fluid enhanced spall-production model: the micro-pores serve as site for 

fracture initiation caused by the rapid heating. The expansion of fluid within the pores aids in frac-

ture propagation. Fluid expansion and buckling cause the spall to be removed from the surface. 

(Walsh and Lomov, 2013) 

 Conclusion 1.7

   In conventional tunneling methods, efforts are principally focused on support services as 

well as casting process more than on drilling operation itself. As well, the tripping process of pro-

duced debris away from the work site forms an environmental and funding challenge for operators. 

Additional cost is related to replacing damaged and stuck drilling bits within the rock strata, which 

could be reduced by use of the thermal spallation technique. The thermal rock spallation process 

could present some advantages regarding the mechanical and blasting methods, mainly minimizing 
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the capital time and money costs. The performance of this method could be significantly improved 

using the Laser technique (Olaleye B, 2010). 

In the field of thermal spallation, both the experimental and the numerical works reported the 

use of heat radiation density of (1~14 MW/m²), which is recommended as ideal irradiation density to 

spall a rock. This high relative irradiation intensity is a result of the force needed to propagate the 

pre-existed flaws nearby the treated surface. Consequently, high level of stresses must be exerted on 

the tips of flaws to then after enlarge them until the plate failure by buckling. 

However, the thermal spallation technique still encounters some barriers, in particular the in-

crease in the penetration rate and the minimization of the energy used in this process. In the follow-

ing chapters, we will propose a process which is based on the use of heating/cooling cycle, which 

will improve the performance of this process. 
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2 Laboratory investigation of the rock-

laser interaction 
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 Introduction: 2.1

This chapter presents a laboratory study of the interaction between the rock material and a la-

ser radiation. The study is conducted using the laser Nd:YAG, which operates with wavelength of 

1064 nm and a maximum optical power of 620 Watts . Different laser power parameters will be test-

ed. This study aims at:  

 Describing the mechanism of rock removal using different laser power parameters. 

 Exploring the influence of the velocity of the laser nozzle on the removal rock mechanism. 

 Analyzing the damage localization due to the laser treatment. 

The experiments were conducted in cooperation with the Team of the University of Artois 

(IUT Béthune) of the Laboratoire de Génie Civil et géo-Environnement (LGCgE). 

 Experimental procedures: 2.2

This section presents on the rock material used in this research as well laser drilling system 

and the laboratory results. 

2.2.1 Rock Materials 

Tests were conducted on granite Fontainebleau samples. The samples dimensions are 40mm 

in length, 230 mm in with and 20 mm in thicknesses. Table 2.1 summarizes the physical properties 

of this rock. 

Table 2.1: The thermal and mechanical properties of the tested Granite 

Material 

properties 

Density 
Thermal con-

ductivity 
Specific heat 

Thermal ex-

pansion coeff 
Young Modulus 

Poisson 

ratio 

Kg/m3 W/m.K J/kg.K 1/K GPa  

Granite 2600 1.8 930 7*10
-6 

60 0.25 



 

 

44 

2.2.2 Laser drilling system 

Laboratory tests were conducted using the Laser Nd:YAG, which operates with a wavelength 

of 1064 nm,  a maximum mean laser power of 250 W, a pulse duration between 2-20 ms and pulse 

energy varies between 0 to 20 Joule. The focal length is equal to 75 mm with a 250 𝜇𝑚 minimum 

spot size. The frequency ranges between 10 and 12 Hz. No specific set up was used to defocus the 

laser beam to the desired spot sizes. The end of the nozzle was at 1 cm distance from the rock sur-

face. Some tests were conducted on a fixed sample and a moving laser nozzle. 

Figure 2.1 shows the experimental setup that contains the laser machine, the power generator 

and the system of the sample fixation under the nozzle. Table 2.2 provides the measured parameters 

during the linear track tests. 

2.2.3 Experimental program: 

The experimental program includes three groups: 

 Group 1: Experiments conducted with fix laser head and different laser power parameters 

(tests: 1to 4). 

 Group 2:  Experiments conducted with moving laser head (constant velocity) in addition to 

different laser characteristics (tests: 5 to 8). 

 Group 3: Constant laser power level and variant laser head velocity (tests: 9 to 11). 

 

 

 

 



 

 

Laboratory investigation of the rock-laser interaction 

45 

Table 2.2 : The parameters of Laser Nd:YAG 

Test group 

No 

of 

test 

Energy per 

pulse 

(Joule/pulse) 

Pulse 

width 

(ms) 

Frequen-

cy 

Laser power 

peak (kW) 

Average power 

of pulsed laser 

(Watts) 

The velocity 

of the Laser 

head (mm/s) 

Fix laser head 

with maximum 

exposure time of 

10 seconds 

1 3.2 2 10 1.6 32 0 

2 10.14 8 10 1.2675 101.4 0 

3 20.5 15 10 1.3666 205 0 

4 20.1 15 10 1.34 201 0 

constant laser 

head velocity 

with different 

power levels 

5 20.1 15 10 1.34 201 0.4 

6 20.1 15 12 1.34 241.2 0.4 

7 15 2 12 7.5 180 0.4 

8 17.99 2.5 12 7.196 215.88 0.4 

Constant laser 

power with in-

creasing velocity 

9 17.99 2.5 12 7.196 215.88 1.73 

10 17.99 2.5 12 7.196 215.88 7.7 

11 17.99 2.5 12 7.196 215.88 16.66 

 

 
Figure 2.1: a) The Experimental setup used in the test, b) The arrangement of the sample under the 

laser nozzle 



 

 

46 

 Laboratory results  2.3

2.3.1 Group 1  

This group includes 4 tests, which were conducted with fix laser head and different laser 

power parameters. Figure 2.2 shows the results of the first three tests.  It can be observed that the 

laser treatment has insignificant effect on the rock surface. The traces of the laser can’t be easily dis-

tinguished on the rock surfaced. Burnt area was slightly identified at the borders of the treated spots. 

The penetration in tests (1, 2) can be considered as 0 mm where neither the power characteristics nor 

the exposure time allowed the laser to leave more deep effect. In test 3 the effect was more pro-

nounced than in tests 1 and 2 but the penetration depth was lower than 0.5 mm.  

In the fourth test, the effect of the laser treatment was deeper that observed with tests 1,2 and 

3. The penetration treatment was between 1 and 2 mm. However, the rock material was efficiently 

removed but with the molten zone (Figure 2.3). In this test the laser was applied on the border of the 

sample. After the sample cooling, the material had been removed by hand pressure around the mol-

ten zone. 

 

Figure 2.2: Results of the tests: 

Test 1: power peak 1.6 kW, average power 32 watts, nozzle velocity 0.0 mm/s 

Test 2: power peak 1.2675 kW, average power 101.4 watts, nozzle velocity 0.0 mm/s 

Test 3: power peak 1.366 kW, average power 205 watts, nozzle velocity 0.0 mm/s 
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.  

Figure 2.3: The molten border due to laser treatment in test (4): power peak 1.34 kW, average power 

201 watts, nozzle velocity 0.0 mm/s 

2.3.2 Group 2  

This group includes 4 tests (5 to 8), which were conducted with moving laser head at a con-

stant speed (0.4 mm/s). In these tests, we observed a significant influence of the laser treatment. 

Tests 5 and 6 were conducted with 20.1 Joule/pulse and a laser power peak 1.34 kW. The frequency 

was equal to 10 and 12 Hz, respectively. The penetration depth varied along the treatment. Some 

zones appeared intact because of the large pulse width. The penetration depth varied according to the 

grain type along the treatment line. The penetration was deeper in mica grains than in quartz grains. 

The material was mostly removed by melting mechanism where glassy phase formed on the surface 

of the rock due to the quartz grains melting. We observed that the zone with removed material was 

re-filled by the recrystallization of the molten material. 

Figure 2.4 shows the result of test 6. We observe that the influence of the laser treatment ex-

ceeded the trajectory of the laser beam. An area 3 to 4 mm in width can be identified by the naked 

eye over both sides of the laser line passage. The penetration depth varied between 0 to 4 mm. 

Tests 7 and 8 used higher power laser peak than tests 5 and 6 (7.5 kW) with 15 and 18 joule per 

pulse, respectively. Figure 2.5 shows the results of these tests. The rock material was strongly mol-
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ten, but without any material removal by spallation. The material was mostly excluded by melting. 

The color changed over the treated zone. It varied between yellow and dark red. The color change 

could be attributed to the transition phase in the quartz (α to β) or to the burn of the organic impuri-

ties in the rock structure. 

The molten material apparently belongs to the mica grains. We observed that the molten ma-

terial refilled the space of the remove material. In some zones, the molten material recrystallized into 

to more resistant material than the original. By the end of the test we observed that the rock material 

was largely damaged in the zone adjacent zones to laser trajectory (Figure 2.6). We also observed a 

in the area adjacent to the laser trajectory, a high density of cracks parallel to the laser trajectory. 

These cracks propagated largely in depth under the laser beam path. Since the thermal stress and the 

melting energy for fusion are proportional to the temperature (Xu et al., 2003), the fracture in the 

adjacent area was due to the restriction of the high temperature within this area.   

 

Figure 2.4: The Laser trace and the identified zones in test (6) power peak 1.34 kW, average power 

241.2 watts, nozzle velocity 0.4 mm/s 



 

 

Laboratory investigation of the rock-laser interaction 

49 

 

Figure 2.5: Cracks in tests: 

 Test 7 right: power peak 7.5 kW, average power 180 watts, nozzle velocity 0.4 mm/s 

Test 8 left: power peak 7.196 kW, average power 215.88 watts, nozzle velocity 0.4 mm/s 

 

Figure 2.6: Damage induced in the area adjacent to the laser trajectory (test 8) 

2.3.3 Group 3 

This group includes 3 tests (9, 10, 11) which were conducted with three velocities of the laser 

beam (1.73, 7.7 and 16.6 mm/s). Figure 2.7 shows the impact of these tests on the rock samples. It is 

evident that the velocity of the laser nozzle influenced largely the laser removal performance. The 

increase in the velocity of the laser nozzle leaded to a gradual transformation of the impact of the 
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laser treatment from continuous linear to continuous punctual. This change could be attributed to the 

non-correspondence between the relaxation time of the laser and the velocity of the laser head.   

Xu et al. (2004) perforated a rock sample with rotational velocity of 60°/s (i.e. 8 m/s) using 

Nd:YAG laser with an average power of 1600 watts. The maximum velocity 16.66 mm/s was real-

ized with an average laser power of laser 216 watts, which is smaller than 1600 watts. From other 

hand, Xu et al. (2004) reported that the melting take place beyond 600 Watts but in our study we 

found that the material removed by melting with lower energy level. In order to get similar linear 

continuous effect as in test 9 with laser head velocity as in the test (11) (16.66 mm/s), the frequency 

of the pulsed laser should be increased to 115 Hz and the average power per pulsed laser should also 

be increased to 2068 Watts. 

 

Figure 2.7: Results of tests:  

Test 9: power peak 7.196 kW, average power 215.88 watts, nozzle velocity 1.73 mm/s 

Test 10: power peak 7.196 kW, average power 215.88 watts, nozzle velocity 7.7 mm/s 

Test 11: power peak 7.196 kW, average power 215.88 watts, nozzle velocity 16.66 mm/s 
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 Conclusion  2.4

This chapter included a laboratory investigation of the laser-rock material interaction in order 

to explore the possibility of the use of the laser for rock fracture.  The results of the experiments can 

be summarized as follows: 

 The use of the laser could lead to rock material removal, but generally by melting process. 

 The recrystallization of the molten rock material refills the space created by the laser treat-

ment; consequently the removal of the rock material becomes more difficult. 

 The use of the laser causes thermal damage in an area adjacent to the radiated zone. 

 The velocity of the laser nozzle largely influences the rock removing process by laser. With 

the increase in this velocity, the trace of the laser becomes discontinuous in form of dotted 

line.  
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 Introduction: 3.1

The use of the heating/cooling process for rock fractures induces additional benefits in the process of 

rock fractures regarding the use of only the heating process. For instance, the heating and cooling 

thermal cycle will induce a cycle of compression/extension stresses, which will accelerate the rock 

material fracture and alteration.  

Ross (1964) has invented an excavating apparatus based on this idea. This apparatus combined: high 

pressure, high temperature and superheated steam. He reported that this technique could penetrate 

the hardest granite with ten to twenty feet per hour as rate of penetration. The technique consists of 

three minutes of heating the rock surface and then the liquid nitrogen at 321 °F (-200 °C) strikes the 

preheated rock surface. Likewise the rock undergoes a thermal shock in a fraction of a second. The 

attained stresses were reported to be of order of one million pounds per square inch (~6900 MPa). 

In this chapter we propose to analyze a similar method, which uses microwave radiation for 

heating and the water for cooling. This chapter includes presentation of the proposed method, fol-

lowed by the numerical model used for the analysis of this method and finally analysis of the major 

parameters influence the method efficiency.  

 Description of the heating/cooling method  3.2

The process consists of two stages. The first stage concerns heating; the treated zone will be 

heated to temperature lower than that of the transition brittle-quasi brittle. The heat flux shouldn’t be 

intensive, in order to allow the temperature penetration and the expansion of the rock material in the 

heated area relatively to the surrounding non-heated zone.  

The second stage concerns the rock cooling using water. The heating power has been cut off 

and immediately the cooling stage starts before that treated zone relaxes and loses the restrained heat. 

The use of water in cooling leads to a sharp decrease in the temperature and to the creation of tem-
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perature gradient and the inversion of stresses from compression to extension. The treated zone 

strongly contracts and experience tensile stresses. 

During the heating phase, the increase in the temperature  reduces the tensile strength of the 

rock (Hommand-Etienne and Hourpert, 1989), which has a positive effect on the rock fracture in the 

treated zone. The coolant type and the temperature play major roles in stresses conversion process. 

The heat convection coefficient of coolant will describe the rate of the cooling process. The coolant 

temperature largely affects the energy dissipation and consequently the magnitude of the tensile 

stresses.  The stresses penetration beneath treated surface is affected by both the coolant fluid and its 

temperature. 

At the end of the cooling stage, the treated zone is expected to be spalled out by tension fail-

ure. The cyclic nature of the process has a major role in achieving an important penetration depth. 

Figure 3.1 presents a schematic illustration of the fracture process, which will be analyzed in the fol-

lowing subsections. 
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Figure 3.1: Illustration scheme of the whole process, a) heating by microwaves, b) heat transfer dur-

ing heating phase, c) heat transfer during cooling phase, d) the expected damaged zone. 

 Numerical modeling of the heating/cooling fracture process 3.3

3.3.1 Presentation of the numerical model 

Analysis of the heating/cooling fracture process includes the following physical modeling 

(Figure 3.2):  

- The interaction between the electromagnetic waves and the rock medium.  
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- The heat transfer within the rock material during the heating phase as well as the cooling 

phase. 

-  The mechanical response of the rock to the heating/cooling process. 

The interaction between the rock material and the electromagnetic waves requires the consid-

eration of the wave transmission through the rock media, the wave absorption, the waves reflection 

at the rock surface and waves attenuation. 

 The heat transfer in the rock media is complex. Because the rock material is a porous medium com-

posed of grains, pores filled by gas and water, which affect the heat transfer. In this work, the rock 

material is considered as a homogeneous continuous media. The cooling phase consists in the heat 

exchange between the rock and the coolant where the heat convection is predominant. Depending on 

the type of coolant, other events; are expected to occur, such as boiling and evaporation. The rate of 

cooling largely affects the change of compressive stresses into tensile ones.  

The mechanical behavior of the rock material will be described through thermo-elastic model, 

where the material will be considered as elastic, isotropic and homogeneous one. The evolution of 

stresses due to the thermal dilatation (during heating) and contraction (during cooling) will be stud-

ied. The variation of the stresses due to different stages of the thermal process will be discussed as 

well the penetration depth.  
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Figure 3.2: The physical events during one cycle of examined thermal treatment 

3.3.2 The microwaves-rock material interaction 

 Micro-waves could be used as a radiation source in crushing rocks or concrete demolishing 

(Jerby and Dikhtyar, 2001). Electromagnetic waves are created by the vibration of an electric charge. 

This vibration creates a wave, which has both an electric and a magnetic component. The interaction 

between the rock material and the electromagnetic wave includes wave reflection, transmission and 

absorption. The absorptivity designates the ratio between the absorbed energy and the incident ener-

gy. The Absorptivity changes during the heating process and is a function of the rock’s properties as 

well as the properties of the electromagnetic wave. 

The wave-material modeling should take into consideration the following: 

- Electromagnetic waves: intensity, wavelength (λ), angle of Incidence (α), polarization p 

(parallel or perpendicular to the plane of incidence). 
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- Material: Composition (e.g. pure metals, alloys, polymers, ceramics, composites, etc.), Tem-

perature (T), Surface roughness, Surface and bulk defects and impurities (e.g. dust particles, 

abrasives, cracks, pores, oxides, etc.) 

Electromagnetic waves propagation through the rock material is described by Maxwell’s 

equations. A solution to the wave equation for the electric field E(z, t) in the case of a plane wave 

propagating along the z-axis can be written (Hewson, 1970): 

 
𝐸(𝑧,𝑡) = 𝐸0. 𝑒

−(
𝑤
𝑐
)𝑘𝑧 . 𝑒𝑖(

𝑤
𝑐
)𝑛𝑧. 𝑒−𝑖𝑤𝑡 Eq 3-1 

Where E0 is the amplitude of the field strength, (n) the index of refraction, (k) the extinction 

coefficient, (w) the angular frequency of the wave and c is the light velocity in the medium. The first 

exponential on the right hand side describes an attenuation (damping) of the wave, whereas the last 

two represent the characteristics of free propagation. As the intensity of an electromagnetic wave is 

proportional to the square of the amplitude of electric field, the intensity will decrease over distance 

when the wave is passing through an absorbing medium. 

The optical constants (n) and (k) can be calculated from the complex dielectric permittivity: 

 
𝜖 = 𝜖1 − 𝑖𝜖2 Eq 3-2 

 𝑛2 =
𝜖1 +√𝜖1

2 + 𝜖2
2

2
 Eq 3-3 

 𝑘2 =
−𝜖1 +√𝜖1

2 + 𝜖2
2

2
 Eq 3-4 

The power density absorbed by the rock material is related to the electric field (Wu, 2002): 

 𝑝𝑑𝑖𝑠 = 𝑤𝜖2|𝐸(𝑧,𝑡)|
2
 

Eq 3-5 
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The dissipated energy is equivalent to the absorbed energy by the material. The Lambert's ex-

pression governs the absorbed energy (Zhou et al., 1995):  

 I(𝑧) = 𝐼0e
−2𝛼.𝑧 = 𝐼0. 𝑒

−
𝑧
𝐷𝑝 Eq 3-6 

Where I0 is the incident power density, and z is the power penetration depth beneath the irra-

diated surface, and the Dp the depth at which the power drops to (1/e) from its original value, Dp 

=1/2α.  The Attenuation coefficient is expressed as a function of the dielectric properties and the 

wave length: 

 
α =

2. 𝜋

𝜆
.
√휀

′. [(1 + 𝑡𝑔2(𝛿))
1
2 − 1] 

2
 Eq 3-7 

 

 𝑡𝑔(𝛿) =
휀′′

휀′
            {

𝜆 𝑤𝑎𝑣𝑒 𝑙𝑒𝑛𝑔𝑡h

휀′′   𝑙𝑜𝑠𝑠 𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑓𝑎𝑐𝑡𝑜𝑟

휀′    𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡

} 
Eq 3-8 

The material’s absorptivity A is expressed as:  

 𝐴 = 𝑙𝑜𝑔 [
𝐼0
𝐼(𝑧)
] = log (𝑒𝛼𝑧) = 𝛼. 𝑧. log (𝑒) 

Eq 3-9 

3.3.3 Heat transfer in the rock material 

The heat transfer in the rock material is governed by the general equation of heat transfer: 

 𝜌. 𝑐.
𝜕𝑇

𝜕𝑡
= 𝛻. (k𝛻𝑇) + Q 

Eq 3-10 

Where :  

- T(x,y,z,t) : Temperature (°K) 
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- ρ : Density of the rock (kg/m
3
) 

- C : Specific heat of the rock (J/kg.K) 

- k : Thermal conductivity of the rock (W/m.K) 

- t : Time (sec) 

- Q : Volumetric heat generation (W/m
3
) expressed in the equation (Eq 3-5). 

The heat exchange with the surrounding environment is governed by the expression: 

 q = −ℎ𝐶 . (𝑇𝑠 − 𝑇𝑖𝑛𝑓) Eq 3-11 

Ts denotes the temperature t the rock surface, Tinf is the temperature of the external fluid and  

ℎ𝐶  is the coefficient of the heat exchange between the coolant and the rock surface. 

The thermal process is composed of two stages. In the first one, the rock surface is heated up 

to a desired temperature. According to the power density, rock composition and exterior temperature, 

the treated rock surface will reach the desired maximal temperature after certain time. During this 

stage the heat exchange with the surrounding environment occurs with the air at ambient tempera-

ture. The temperature is restrained in a small zone beneath the treated spot, because of the low ther-

mal conductivity and diffusivity of the rock material. 

The second stage concerns the cooling process using water as coolant. The temperature de-

creases at a certain rate, which depends on the difference between the rock temperature and the cool-

ant temperature as well as the rate of energy dissipation from the rock material. The dissipation pro-

cess is directly related to the exchange heat coefficient between the rock surface and the coolant as 

well as the nature of the coolant.  

Figure 3.3 presents a scheme of the temperature variation during the heating/cooling process.  
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Figure 3.3: Temperature expected profile on the treated rock surface 

The efficiency of the heating/cooling process depends mainly on the heat exchange coeffi-

cient and the temperature of the coolant. In the following section we give a description of the influ-

ence of these two factors. 

Coefficient of the heat exchange 𝒉𝑪 

At the end of the heating phase, the temperature of the rock surface is largely higher than that 

of the coolant liquid (water). The heat transfer occurs by boiling (Karwa, 2012). This process is 

called the “quenching process” in the metallurgy industry. The heat transfer in boiling occurs by 

phase change process, which results in rapid vapor bubble formation, their growth and departure 

from the surface. Four distinguished heat transfer regimes can be observed during boiling at the heat-

ed surface (Figure 3.4): film boiling, transition boiling, nucleate boiling and single-phase natural 

convection. 
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Figure 3.4: Nukiyama’s curve presented by (Karwa, 2012) 

Film boiling occurs when the surface temperature Ts ≥ Ts,rewet. It is characterized by a stable layer of 

vapor, which is formed between the heated surface and the liquid. Vapor is generated at the liquid-

vapor interface and then escapes into the liquid above. The end of this regime is referred to the Lei-

denfrost point [4] or the minimum heat flux point or the rewetting point. The heat flux and the sur-

face temperature at this point are referred to the rewetting heat flux, qs,rewet, and the surface rewetting 

temperature, Ts,rewet, respectively. 

Transition boiling is an unstable intermediate regime between nucleate boiling and film boiling. It 

occurs when the surface temperature ranges between Ts,CHF and Ts,rewet. The boiling mode fluctuates 

between nucleate boiling and film boiling. At the end of this regime, the heat flux reaches its maxi-

mum value. 

Nucleate boiling is a two-phase natural convection process. During this phase, the bubbles nucleate, 

grow and leave the heated surface. The end of this zone is marked by the onset of nucleate boiling 

called (ONB) point. 
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Single-phase natural convection occurs at low surface temperature. At this temperature, the vapor 

bubble immediately condenses in sub-cooled liquid t. The main mode of heat transfer here is the nat-

ural convection. 

The boiling film reduces the contact between the liquid and the solid (Karwa et al., 2011). 

Consequently low cooling rates will be obtained because of continuous insulation between the liquid 

and rock surface. Through the transition-boiling regime, the absorbed heat flux decreases below the 

critical heat flux, because of a thin layer of low thermal conductivity of vapor (Karwa et al., 2011). 

Figure 3.5 describes the different regimes of heat transfer during the cooling process. 

 

Figure 3.5: Cooling profile over the time (Karwa, 2012) 

The efficiency of the proposed thermal process largely depends on the efficiency of the cool-

ing stage, which consists in the increase in the rate of heat exchange. Consequently, the nucleate 

boiling is privileged in the process. Due to the imperfection of the rock surface, the bubbles begin to 

rise due to buoyancy forces and may merge with other isolated bubbles to form jets or columns. Be-

cause the detaching bubbles are quickly replaced by liquid, the effective thermal conductivity of the 

fluid layer close to surface is high (Comsol, 2011). 
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Faghri et al. (2006) indicated that the heat transfer mechanisms in the nucleate boiling include: 

- Transient heat conduction from the heating surface to the adjacent liquid. 

- Natural convection on inactive areas of the heating surface. 

- Evaporation from the micro layer underneath the vapor bubble.  

Consequently the heat flux during the nucleate boiling is the sum of three corresponding heat 

flux of the previous mechanism:  

 𝑞𝑡𝑜𝑡𝑎𝑙 = 𝑞𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 + 𝑞𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 + 𝑞𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛 
Eq 3-12 

After the calculation of this heat flux the heat exchange coefficient can be calculated accord-

ing to (Faghri and Zhang, 2006): 

 𝑞𝑡𝑜𝑡𝑎𝑙 = ℎ𝑐(𝑇𝑠 − 𝑇𝑠𝑎𝑡)  
Eq 3-13 

𝑇𝑠 is the surface temperature, 𝑇𝑠𝑎𝑡 the water saturation temperature (100 °C). Figure 3.6 illustrates 

the dependency of the heat exchange coefficient on the heat flux. Two zones can be distinguished: 

the first concerns the evaporation process (a) while the second corresponds to boiling (b) (Karwa, 

2012). 

 

Figure 3.6: Heat transfer coefficient variation with the heat flux 
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The issue of cooling by water has been mainly addressed using experimental research, be-

cause the numerical modeling of the nucleate boiling is complex. In this work we use a simplified 

model based on the equivalent heat transfer coefficient for the cooling phase. Gorenflo (1993), cited 

by (Faghri and Zhang, 2006), suggested the following expression for the heat exchange coefficient: 

 ℎ𝐶 = ℎ0. 𝐹𝑃𝐹 . (
𝑞"

𝑞0
"
)

𝑛𝑓

. (
𝑅𝑝

𝑅𝑝0
)0.133       ,    0.0005 < 𝑝𝑟 < 0.95 Eq 3-14 

- ℎ0: is the reference heat transfer coefficient at fixed reference conditions. 

- 
𝑝

𝑝𝑟
 is the reduced pressure 

- 𝑝𝑟0 = 0.1,  𝑅𝑝0 = 0.4 𝜇𝑚, 𝑞0
" = 2 ∗ 104 𝑊/𝑚² 

- The pressure correction factor is: 

𝐹𝑃𝐹 = 1.73𝑝𝑟
0.27 + [6.1 +

0.68

1−𝑝𝑟
]𝑝𝑟
2              for the water 

- The exponent: 

𝑛𝑓 = 0.9 − 0.3𝑝𝑟
0.3                        for the water 

- The surface roughness 𝑅𝑝 is in 𝜇𝑚 and it takes the value 0.4 for unknown surface roughness 

this factor is expected to have a crucial influence on the cooling process. 

- 𝑞" is the heat flux (𝑊/𝑚²). 

The maximum temperature of the rock surface and the coolant temperature  

Both the maximum temperature of the surface and the coolant temperature largely control the 

dissipation of the heat energy. When the water touches the heated surface, it heats up till the satura-

tion point. At this point, it begins to evaporate. Both the temperature and nature of the coolant vary 

during this process. Figure 3.7 shows the water temperature variation with the heat energy during the 

different phases. 
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Figure 3.7: Water temperature variation with heat energy and the corresponding phases 

3.3.4 Thermo-mechanical behavior of the rock material 

During the heating process, the treated zone locally expands and creates compressive stresses 

within the treated zone. The compressive stresses could exceed the crack initiation limit. For the 

granite, this limit is around  30%~39% of the compressive strength (Vasconcelos and Lourenço, 

2008) (Eberhardt, 1998). The pre-existed micro-cracks within the rock material extends in parallel to 

the treated surface according to the compressive stresses direction (Preston and White, 1934) 

(Rauenzahn, 1986) (Eberhardt, 1998) (Figure 3.8).  

 

Figure 3.8: Crack propagation during compression 
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During the cooling process, the treated zone dramatically shrinks because of the high-energy 

dissipation rate. Shrinkage creates tensile stresses within the treated zone. The previously initiated 

micro-cracks in the heating phase become concentration points of the tensile stresses. These micro-

cracks propagate perpendicularly to the tensile stresses direction (Eberhardt, 1998) (Figure 3.9). 

When the tensile stresses exceed the tensile strength of the rock, the fracture is created in the rock.  

 

Figure 3.9: Crack propagation during tension 

 The heating phase induces a reduction of the tensional strength of the rock material, which 

could attain 33% (Hommand-Etienne and Hourpert, 1989). This reduction facilitates the rock frac-

ture. Figure 3.10 presents a schematic illustration of the rock removal procedure due to the presence 

of inherent crack within the rock material. 
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Figure 3.10: Schematic illustration of the removing rock process, a) Intact rock, b) Crack 

propagation due to compressive stresses in parallel to the treated surface during heating phase, c) 

Crack propagation due to tensile stresses during cooling phase and d)The removed part of the rock 

body 
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At the mesoscopic level, the rock material is composed of different grains with different per-

centage. These grains differ by volume, physical and thermal properties as well as the mechanical 

ones. This heterogeneity induces a heterogeneous distribution of the stresses at the grain scale (Van 

de Steen et al., 2003). During the heating phase, the crystals of the rock expand differentially due to 

the difference in the coefficient of thermal expansion and induce inter or intra granular cracks 

(Walsh and Lomov, 2013) (Walsh et al., 2012) (Hommand-Etienne and Hourpert, 1989). The size of 

the grains has a significant role in the creation and development of cracks. In large crystals the intra-

crystalline are dominant, but in small grains the inter-crystalline are predominant.  

During cooling phase, the crystals contract also differently according to their different vol-

ume and thermal expansion. This differential contraction induces tensile stresses at the crystals and 

the cementation. Failure occurs when the tensile stresses exceed the strength of the crystals or the 

cementation. The processes of damage initiation, accumulation and interaction are primarily tensile 

(Lan et al., 2010). 

The size of the damaged zone is related to the penetration of the temperature beneath the 

treated surface as well as the rate of the energy dissipation. The penetration depth is expected de-

pends on the cooling rate. The amplitude of the tensile stresses depends on the difference between 

the maximum temperature of the heated surface and the coolant temperature  

However, to simplify the numerical model, the behavior of the rock material is described us-

ing an isotropic linear elastic constitutive law:  

 𝜎𝑖𝑗 = 𝐶𝑖𝑗𝑘𝑙.(휀𝑘𝑙 − 𝛼∆𝑇𝛿𝑘𝑙) Eq 3-15 

𝐶𝑖𝑗𝑘𝑙 is the elastic modulus tensor, 𝛼 is the thermal expansion coefficient, T is the temperature, 𝛿𝑘𝑙 is 

the Kronecker delta. 
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Both temperature and pressure influence the thermal expansion coefficient. The latter in-

creases with the increase in the temperature (Huotari and Kukkonen, 2004) and decreases with the 

increase in the confining pressure (Heuze, 1983). 

 

Figure 3.11 Thermal expansion coefficient variation with temperature (Heuze, 1983) 

 

 Numerical model  3.4

The heating/cooling process was analyzed using software COMSOL MULTIPHYSICS 4.2. 

COMSOL Multiphysics is a powerful interactive environment for modeling and solving the scientific 

and engineering problems. Variety of physical modules is provided in the software. It has the capaci-

ty to assembly many conventional models for one type of physics to form one multiphysics model 

and eventually solve the coupled physics phenomena and do so simultaneously. The variables, ex-

pressions, or numbers can be directly applied to solid and fluid domains, boundaries, edges, and 
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points by means of powerful mathematical tool of the PDEs and ODEs modules. COMSOL Mul-

tiphysics then internally compiles the set of the equations those represent the entire model. 

Figure 3.12 and Figure 3.13 show the boundary condition as well as the mesh used in the 

analysis. Thanks to the material and boundary condition of symmetry, a 2D axisymmetric finite ele-

ment model was used. Three modules were used in the modelling: the electromagnetic waves module 

to model the propagation of the microwaves within the sample, the heat transfer module to model the 

temperature distribution in the rock material and the solid mechanics to analyze the mechanical re-

sponse of the rock material. The modules were interconnected through common variables: 

 The electromagnetic waves stimulation was related to heat transfer by the variable in the 

equation (Eq 3-5) that represents the heat source term in heat transfer equation (Eq 3-10). 

The treated zone was considered as the entry of the waves to the sample. 

 The boundary conditions in the heat transfer model were considered through the heat ex-

change coefficient during each phase (heating, cooling) by the use of the equation (Eq 3-

11). The non-treated sides were considered in contact with the air around the sample. 

 Once the temperature distribution is obtained, it will be used by the solid mechanics to solve 

the mechanical problem through the use of thermal expansion coefficient. The behavior of 

the material was considered isotropic elastic one. The displacements at the bottom of the 

sample were constrained. Other sides had free displacements. 

Free triangular mesh was used in the model. The mesh was extra fine under the treated sur-

face and got coarser towards the extremities of the sample. The frequency domain solver was used to 

solve the electromagnetic equations. The time dependent solver was used to solve the heat transfer 

and mechanical problems. The time stepping was selected by the use of backward differentiation 

formula (BDF) that is a multistep formula based on numerical differentiation for solutions to ordi-

nary differential equations. The solution was computed by using 2th-grade polynomial in terms of 
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backward differences. The time interval used to store the solution was selected to be 1.0 second in 

the heating phase and 0.01 second in the cooling phase. 

 Application to granite sample  3.5

3.5.1 Presentation of the sample properties and boundary condition 

The numerical model is used for the analysis of the thermal treatment of a granite simple 40 

mm in diameter and 40 mm in height. The treated zone has circular shape 5 mm in radius. The poros-

ity of the granite is about 1% so we can neglect it, even though it is expected to enhance the rock 

removal (Walsh and Lomov, 2013). The dielectric and loss dielectric factors of the granite are taken 

equal to 5.753 and 0.1, respectively (Ulaby et al., 1990). The attenuation coefficient is equal to 

1.0785 (1/m). Table 3.1 summarizes the granite properties (Lockner, 1998) (Vosteen and 

Schellschmidt, 2003) (Seipold and Huenges, 1998) (Chaki et al., 2008). The heat convection coeffi-

cient hc of the air that surrounds the sample is equal to 10 W/m
2
.K. The surrounding air temperature 

is 25 °C. The initial temperature of the rock is 25 °C. 

Table 3.1 Granite properties used in the simulation 

Material properties 

Density 
Thermal con-

ductivity 
Specific heat 

Thermal ex-

pansion coeff 
Young Modulus Poisson ratio 

Kg/m3 W/m.K J/kg.K 1/K GPa  

Granite 2600 1.8 930 7*10
-6 

60 0.25 
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Figure 3.12 Presentation of the mode, the initial and boundary conditions 

 

Figure 3.13 The adopted geometry and mesh 
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The coefficient of the heat exchange over the treated zone varies according to the phase heat-

ing or cooling (Figure 3.14). In the heating process this coefficient is equal to 10 W/m².K while dur-

ing the cooling phase, it is calculated according to (Eq 3-14).  

 

Figure 3.14 Variation of the heat exchange during the thermal treatment 

3.5.2 Numerical results 

Results concern both the thermal and mechanical responses.  

3.5.2.1 Thermal response  

Figure 3.15 shows the variation of the temperature in the treated zone. The temperature 

reaches 340 °C after 50 seconds of heating. During the cooling process, the temperature rapidly 

drops to (110 °C) after 1 second of cooling, while the temperature of the surrounding environment 

reaches (100 °C) after 10 seconds. This rapid drop of the temperature is strongly related to the coef-

ficient of the heat transfer ℎ𝐶 .  
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Figure 3.15 Temperature profile over the treated zone 

Figure 3.16 shows the temperature variation at different times of the thermal process (t = 50, 

51, 52, 53, 54 sec). We observe that the temperature is largely restrained within the treated zone.  

The maximum temperature is reached at the center of the sample with attenuation towards the non-

treated zone. The temperature reaches 190 °C at the borders of the treated spot, and 120° C at 1 mm 

from the border (curve A, Figure 3.16). 

During the cooling phase, the temperature at the heated spot drops rapidly to 110 °C after one 

second (curve B). In the non-treated zone the cooling process occurs but at lower rate than the heated 

spot. At the extremity of the sample, the temperature stays quasi-stable due to the weak conductivity 

of the rock material.  
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Figure 3.16: Temperature variation over the radial distance of treated surface 

The variation of the temperature with the distance beneath the treated zone is shown in 

(Figure 3.17). During the heating phase, the rate of the temperature increase with depth is higher than 

that with the horizontal distance. This is related to the nature of the heating resources (microwaves). 

During the cooling phase, the temperature of the subsurface areas decreases rapidly up to 2 mm in 

depth. Under this depth, very slight change in temperature is recorded. From thermal point of view, 

the cooling effect is confined to 2 mm under the treated surface. 

Figure 3.18 shows the temperature profiles in the subsurface areas. We observe that the pro-

files are similar to that at the surface of the treated area. A difference of 30 °C is recorded between 

the maximum temperatures of two layers. That means a temperature gradient of 60 °C /mm. 
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Figure 3.17: Temperature variation with the depth beneath the treated surface 

 

Figure 3.18: Temperature profiles in the subsurface areas under the treated surface 
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Influence of the heating period 

 Figure 3.19 shows the influence of the heating period on the variation of the temperature at 

the surface of the treated area. The maximum temperature increases with the increase in the period of 

heating. The increase is important up to 50 sec, but then reduces. After 50 seconds of heating, the 

maximum temperature reaches 340 °C while after 200 seconds it reaches 390 °C. That means addi-

tional heating during 150 seconds results in a temperature increase of 50 °C.  

These results recommend a heating time of 50 seconds. This time is less than that suggested 

by (Ross, 1964), which is equal to three minutes. After the 50 seconds the temperature does not un-

dergo significant variation. So this period of heating could be described as the yield time to get the 

maximal temperature i.e. below this period the desired max temperature would not be reached and no 

micro-cracks would be initiated where it needs 44 seconds to initiate cracks in the granite (Finnie et 

al., 1979).  

 
Figure 3.19: Temperature profile due to different time of heating just between (25 and 200 seconds). 
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Influence of the Heat exchange coefficient and the coolant temperature  

The heat exchange coefficient between the heated surface and the coolant is a crucial factor in 

the cooling process. Analyses were conducted with 7 coolants (Table 3.2) where heat exchange coef-

ficient varies between 4 and 113000 W/(m
2
.K). 

Table 3.2 :  Heat convection coefficient values (Vlachopoulos and Strutt, 2002) 

Type of coolant W/m².K 

Air free convection 4 to 28 

Water free convection 300 to 1500 

Air forced convection 4 to 570 

Water forced convection 300 to 17000 

Oil forced convection 50 to 2000 

Boiling Water 3000 to 60000 

Condensing Water vapor 5000 to 113000 

 

 Figure 3.20 shows the influence of the heat exchange coefficient on the variation of the tem-

perature at the surface of the heated area. We observe an important influence of this coefficient. At 

low values of this coefficient, the temperature decreases slowly. After 10 sec, it does not reach the 

coolant temperature. With this low value of the heat exchange coefficient, the heat will be transmit-

ted to the surrounding area before the effect of cooling reaches the subsurface areas. Consequently, 

we cannot obtain the objective of changing the compressive stresses into tensile stresses. At high 

values of the heat exchange coefficient, the temperature drops very quickly at the surface. Conse-

quently we obtain good performance of the process at high values of the heat exchange coefficient. 

Figure 3.21 shows the influence of the temperature of the coolant on the variation of the tem-

perature at the heated surface. It shows that the decrease of this temperature from 100 to 20°C does 
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not affect the instantaneous drop of the temperature at the beginning of the cooling process, but it 

affects the temperature at the end of the cooling process. Since the instantaneous drop constitutes the 

major factor in the efficiency of the process, the temperature of the coolant (in the range 20 - 100 °C) 

is not important in determining the cooling profile. As the temperature difference between the at-

tained maximum temperature and the coolant temperature is expected to have the major effect on the 

mechanical response, the maximum temperature could be risen by increase in the power intensity to 

maintain the same effective temperature difference. 

 
Figure 3.20 Temperature profile according to different values of heat exchange coefficient 

Influence of the power intensity on the temperature profile:  

Figure 3.22 shows the power intensity variation on the temperature profile. The increase in 

the power intensity from 0.15 MW/m² to 0.45 Mw/m² caused an increase in the maximum tempera-

ture from 340 °C to 975 °C.  
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Figure 3.21 Coolant Temperature influence on the temperature profile 

 

Figure 3.22: The Temperature profile according to different power intensity 
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3.5.3 Mechanical response 

The mechanical response of the sample will be investigated according to the following issues:  

- The capacity to transform the compressive stresses into tensile ones during the heat-

ing/cooling process. 

- The penetration of the tensile stresses. 

- The influence of some parameters on the efficiency of the heating/cooling process. 

3.5.3.1 Reference case  

Figure 3.23 shows the distribution of the radial stress at the surface of the sample at different 

times (t = 50, 51, 52, 53 and 54 sec).  We observe that at the end of the heating stage (curve A), the 

treated area is totally submitted to compression. This result is consistent with the Preston description 

(1934). The magnitude of the compressive stress attains 70 (MPa) at the center of the treated area. In 

the non-treated area, we observe compression radial stress up to 20 mm from the sample center. The 

variation of the radial stress agrees with the observations of Farra (1968). At this level of compres-

sive stress, the crack initiation threshold of the granite is theoretically attained, which is experimen-

tally estimated to be between 20~30% of the compressive strength (Vasconcelos and Lourenço, 

2008) (Eberhardt, 1998). Therefore, the sample is potentially damaged and the micro-cracks are the-

oretically initiated and a reduction in the compressive strength is expected to be 16% (Hommand-

Etienne and Hourpert, 1989) (Chaki et al., 2008). 

Immediately after the cooling phase, we observe an important change in the radial stress. In 

the treated area, the radial stress change from compressive stress to tensile stress. At the center of the 

sample, the tensile stress reaches 25 MPa. Toward the outside of the treated area, we observe a drop 

of the tensile stress, but we do not observe a change to compressive stress. The amplitude of the radi-

al stress decreases with time. After 4 sec of cooling (curve C), the radial stress at the center of the 

sample drops to 5 MPa. 
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Figure 3.24 shows the distribution of the tangential stress at the surface of the sample at dif-

ferent times (t = 50, 51, 52, 53 and 54 sec).  We observe that at the end of the heating stage (curve 

A), the treated area is submitted to “negative” tangential stress. The magnitude of this stress attains 

70 (MPa) at the center of the treated area. In the non-treated area, a “positive” tangential stress is 

noticed. Immediately after the cooling phase, we observe an important change in the tangential 

stress. In the treated area, the tangential stress changes from “negative” to “positive” stress. At the 

center of the sample, the tangential stress reaches 25 MPa. Out of the treated area, we observe a 

small variation in the tangential stress. The amplitude of the tangential stress in the treated area de-

creases with time. After 4 sec of cooling (curve C), the tangential stress at the center of the sample 

drops to 5 MPa. 

 
Figure 3.23: Radial stress variation over the treated zone at different moments 



 

 

86 

 
Figure 3.24: Tangential stress variation over the treated surface at different moments 

Figure 3.25 presents the spatial distribution of both the temperature and radial stress in the 

sample at t = 50 and 51 sec. At the end of the heating stage (t = 50 sec, figure a), we observe a con-

centration of the high temperature in the zone close to the treated zone (till 5 mm of depth). In the 

beginning of the cooling phase (t = 51 sec, figure b), the temperature of the treated area drops to 120 

°C; the temperature of the non-treated zone becomes higher than in the treated area. 

Concerning the radial stress, we observe at the end of heating phase (t = 50 sec, figure c) 

compressive stress in the zone close to the treated area with a magnitude, which decreases with the 

distance from the treated area. At the beginning of the cooling phase (t = 51 sec, figure d), we ob-

serve a change from compression to tension in a small zone close to the surface of the treated area, 

while tensile stress stays in the other zone. 
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Figure 3.25: a) Temperature spatial distribution at the second 50, b) Temperature distribu-

tion at the second 51, c) Radial stress distribution at the second 50, d) Radial stress distribution at 

the second 51 second 

3.5.3.2 Parametric analysis  

Influence of the heat exchange coefficient 𝒉𝒄 

A parametric study was conducted to illustrate the influence of the heat exchange coefficient 

on the stress distribution. Analyses were conducted with power intensity = 0.15 MW/m², heating 

time = 50 seconds and coolant temperature = 100 °C. Figure 3.26 shows the influence of hc on the 

stress distribution. We observe that the change in hc influences both the nature of the radial stress 

(compressive or tensile) as well as the magnitude of this stress. At low values of hc (20 and 50 

W/(m
2
.K), the cooling phase does not transform the radial stress from compression to tension. While 
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at high values of hc (1500 W/(m
2
.K)), we observe a transformation of the radial stress from com-

pression to tension. The amplitude of the tensile stress depends on the value of hc. 

 

Figure 3.26: The effect of heat exchange coefficient on the conversion process 

Figure 3.27 illustrates the variation of the stress with the value hc. At the beginning of the 

cooling phase (t = 51 sec), we observe tensile stress for hc higher than 3000 W/(m².K), while we 

observe compression stress for hc lower than 500 W/(m².K). 



 

 

Use of the heating/cooling process in rock fracture: Numerical analysis 

89 

 

Figure 3.27: variation of stress value with heat exchange coefficient after cooling start (moment: 51 

sec) 

Influence of the power intensity 𝑰 

The increase in the power intensity affects the heating and cooling phases (Figure 3.28). At 

the end of the heating phase, it leads to an increase in the compressive stress due to the increase in 

the maximum temperature. In the beginning of the cooling phase (t = 51 sec), the increase in the 

power intensity induces an increase in the tensile stress as well as in the extension of the area sub-

jected to tensile stress. 

Figure 3.29 shows the influence of the power intensity and the induced tensile at t = 51 sec. 

We observe a linear variation between these parameters. A high level of irradiation leads to high 

temperature in the treated zone. This elevated temperature could exceed the melting point of the rock 

material and negatively influences the performance of the thermal treatment. 
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Figure 3.28: Influence of the power intensity on the conversion process 

 

Figure 3.29: The relationship between power intensity and the induced tensile stress (at moment: 51 

sec) 

Influence of the coolant temperature 𝑻𝒆𝒙𝒕 
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Figure 3.30 presents the influence of the coolant temperature on the stress variation during 

the heating/cooling process. It shows that the decrease in the coolant temperature from 100 to 20° C, 

induces an increase in the tensile stress in the treated area as well as in the extension of the zone sub-

jected to tensile stress. Figure 3.31 shows the variation of the amplitude of the tensile stress with the 

coolant temperature. It shows a linear variation between these parameters. The decrease of the cool-

ant temperature from 100 to 20°C leads to an increase in the tensile stress from 23 to 55 MPa.  

 

Figure 3.30: Influence of the coolant temperature on the conversion process 
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Figure 3.31: Variation of induced tensile stress with coolant temperature (at moment: 51 sec) 

3.5.3.3 Penetration depth (PD) 

The penetration depth is a crucial parameter in the thermal process. It describes the efficiency 

of the proposed method. The depth of the thermal damage by heating was estimated to one or two 

grains size (Rauenzahn and Tester, 1989) and (Walsh et al., 2011) (Walsh et al., 2012).  

Figure 3.32 shows the variation of the radial stress with depth at different time intervals t = 

50, 51, 52, 53 and 54 sec. At the end of the heating phase, compression is induced in the sample up 

to 10 mm in depth. During cooling phase, three zones can be observed: the contracted zone, the 

compressed zone and low tensile stress zone. In the first zone, the tensile stress is largely restrained 

in the superficial layers beneath the treated zone. The tensile stresses in this zone show quasi-linear 

variation with depth (from 0 MPa to 25 MPa). Below this depth, a part of the sample is still submit-

ted to compression (between 5 MPa to 45 MPa). The last zone is submitted to lows tensile stress. 

A simple criterion is used to evaluate the penetration depth. This criterion is related to the 

change in the nature of the stress (from compression to extension). Figure 3.33 shows the variation of 

the penetration depth during the cooling phase. We observe firstly an increase in the penetration 

depth. It increases up to 0.40 mm during the 3 first seconds (t = 53 sec). Then it decreases gradually 
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and disappears after 7 sec of cooling. The low value of the penetration depth (0.4 mm) could be at-

tributed to: 

- The coolant (Water at 100 °C) is unable to create the required difference between the pre-

heated spot temperature and the coolant temperature; this difference is important to transform 

the compressive stress into tensile stress. In other words, the energy extraction in this case is not 

sufficient.  

- The maximum reached temperature at the end of the heating phase is not sufficient to gener-

ate the desired temperature gradient. 

 

Figure 3.32: Radial stress profile with the depth of the sample at different moments 
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Figure 3.33: Variation of penetration depth over the cooling time 

Influence of the irradiation density 

Figure 3.34 shows the influence of the irradiation density on the penetration depth. At lower 

irradiation level (0.15 MW/m
2
), the penetration depth is low (0.4 mm). The increases in the irradia-

tion density induce an increase in the penetration depth. At high irradiation energy (> 0.35 MW/m
2
), 

the penetration depth increases up to 1 mm. However,  at high radiation density (0.45 MW/m² ) the 

heating phase induces a temperature close to the melting point of the rock material (between 900 °C 

and 1200 °C.), which is not recommended for spallation. Figure 3.35 shows a quasi-linear variation 

between the penetration depth and the irradiation intensity.  
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Figure 3.34: Variation of penetration depth with time due to different irradiation density 

 
Figure 3.35: The maximum attained penetration depth as a function of the power density 

Influence of the heat exchange coefficient hc 

Figure 3.36 shows the influence of the heat exchange coefficient on the penetration depth. We 

observe an increase in the penetration depth with the increase in hc.  

The increase in the penetration depth is significant when hc increases from 20 and 15000 

W/(m².K), then the increase in the depth becomes very low beyond 15000 W/(m².K). 
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Figure 3.36: The profile of the penetration depth over time due to the variation of heat exchange 

coefficient 

Influence of the coolant temperature 

Figure 3.37 (a) and (b) show the influence of the coolant temperature on the penetration 

depth. We observe an increase in the penetration depth with the decrease in the coolant temperature. 

At high values of the latter (100 and 80 °C) the penetration depth is low (0.6 mm), at a coolant tem-

perature of 60°C, the penetration depth increases to 1 mm, and attains 1.8 mm at a coolant tempera-

ture of 20°C.  

 
Figure 3.37: a) Evaluation of the penetration depth according to different coolant temperatures, b) 

Variation of maximum attained penetration depth with coolant temperature 
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Influence of heating period 

Figure 3.38 (a) and (b) show the influence of the heating period on the penetration depth. We 

observe an increase in the penetration depth with the increase in heating period. At low values of the 

heating period  of the latter (25 and 50 sec °C) the penetration depth is low (0.4 mm), at heating pe-

riod of 150, the penetration depth increases to 0.8 mm, and attains 1.35 mm for a heating period of 

300 sec. 

 
Figure 3.38: a) variation of penetration depth profile according to different heating period, b) varia-

tion of penetration depth with heating period 

 Summary and conclusion 3.6

This chapter included a numerical investigation of the efficiency of the heating/cooling pro-

cess in rock material fracture. It showed that the heating stage induces compressive stresses around 

the heated surface, which could exceed the rock compressive strength and consequently lead to rock 

fracture or to the initiation/development of micro-racks. The cooling phase transforms the compres-

sive stresses into tensile stress in a zone close to the treated area. This change in the nature of the 

stresses could amplify the rock fracture or the initiation/development of micro-cracks, because the 

rock strength to tensile stresses is lower than that to compressive stresses.  
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Parametric analysis showed that the efficiency of the thermal treatment depends on the fol-

lowing parameters: the density of the irradiation energy, the period of the heating phase, the heat 

exchange coefficient and the temperature of the coolant.  

The increase in the energy irradiation density has positive influence on both the thermal and 

mechanical aspects. It leads to an increase in the maximum temperature, in the penetration depth as 

well as in the compressive and tensile stresses.  Consequently it has a positive role in the rock treat-

ment. However, a high level of irradiation density could lead to rock melting; attention should be 

taken to avoid this phenomenon. The increase in the heating period has an important influence on the 

penetration depth. The increase of this period from 25 sec to 300 sec leads to an increase in the pene-

tration depth from 0.2 mm to 1.35. 

Analysis showed also an important role of the heat exchange coefficient. The increase of this 

coefficient leads to an increase in both the tensile stress and the penetration depth. The temperature 

of the coolant affects also the magnitude of the tensile stresses as well as the penetration depth. The 

decrease of this temperature from 100° C to 20° C leads to an increase of about 400% in the penetra-

tion depth. 

The repetition of the heating/cooling process leads to a cyclic change in the stresses around 

the treated area from compressive to tensile stresses. This cyclic change plays an important role in 

the rock deterioration. In the following chapter, we present a deep analysis of this phenomenon. 

 

 

 



 

 

 

 

 

 

 

 

Chapter 4 

4 Analysis of the cyclic thermal pro-

cess and its influence on the penetra-
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Analysis of the cyclic thermal process and its influence on the penetration rate 

 Introduction 4.1

In the previous chapter the rock fracture due to the heating/cooling process was analyzed us-

ing an elastic linear model for the rock material. Since both the heating/cooling process and the in-

duced strains (stresses) induce damage in the rock material, analysis should take into account this 

damage. In addition, we have considered only one cycle of heating/cooling. Since this cycle leads to 

a rock spallation in the treated area with only 1 mm in depth, we have to repeat this cycle in order to 

reach significant excavation depth. 

This chapter presents a numerical modeling of the rock excavation using the heating cooling 

process taking into account the rock material damage and the repetitive loading heating/cooling pro-

cess. 

In the first part of the chapter, we present the numerical model used in the analysis with a par-

ticular focus on the damage law, then the application of this model to the first heating/cooling cycle 

and finally its application to the following cycles. 

 Presentation of the adopted continuum damage model 4.2

4.2.1 The damage Constitutive law 

The rock materials have generally brittle behavior. Their fracture is usually represented by the 

formation of new micro-cracks or the propagation of the existing cracks due to either mechanical or 

thermal loadings. The initiation, propagation and coalescence of these micro-cracks result in the deg-

radation of the rock material strength and relatively its mechanical properties Like the Young modu-

lus. Since the mechanistic theories of failure promotes the initiation of the fracture due to the concen-

tration of stresses on the tips of the pre-existing flaws within the intact material, the thermal spalla-

tion of rocks theory was completely established on this idea. Similarly, the induced damage by the 
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proposed Heating/Cooling process to induce the Rock Fracture (HCRF) will be analyzed by the use 

of the same theories. 

The cracks in the rock material are classified in four types:  

- Grain boundary cracks (crack associated with grain boundaries). 

- Intra-granular cracks (cracks which lie totally within the grain). 

- Inter-granular cracks (cracks which extend from a grain boundary crossing into anoth-

er grain). 

- And multi-granular cracks (cracks which cross several grains and grain boundaries). 

The modeling of the crack initiation, propagation and coalescence process in the brittle mate-

rial like rocks is very complex where many factors influence the initiation and propagation process in 

the rock structure like: 

- Critical crack length 

- Critical crack orientation 

- Direction of crack propagation 

- The stability of crack propagation and so many others. 

However, the continuum damage mechanics was suggested to evaluate the induced damage 

within the rock material mechanical as well as thermal loads. The continuum damage mechanics was 

first introduced by (Kachanov, 1958) and further developed by (Lemaitre, 1985) (Kachanov, 1986) 

(Chaboche, 1988). The damage process has been taken into account by introducing the damage vari-

ables into the constitutive equations of the system (Liang et al., 2006). 

In this chapter the continuum damage mechanics will be used to evaluate the induced damage 

by the proposed heating/cooling process.  
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Damhof et al. (2008) isotropically modeled the transient temperature damage in granular 

coarse grained refractory material by using elasticity-based (thermal shock) damage. The proposed 

damage law took into account the dependencies of the damage parameters on the temperature. The 

maximum attained temperature was the leading parameter of the induced thermal damage within the 

material where an isotropic thermal expansion due to the uniform temperature was assumed. They 

associated the thermal damage to the local mismatches in elastic and thermal properties of the rock 

components. Likewise, they proposed to model the thermal damage the variable 𝑑𝑡ℎ: 

 𝑑𝑡ℎ = 1 + sin(
1

2
𝜋 (3 − (

𝑘𝑡ℎ − 𝑘𝑡ℎ,𝑖
𝑘𝑡ℎ,𝑐 − 𝑘𝑡ℎ,𝑖

)

𝜙

)) 
Eq 4- 1 

Where: 𝑘𝑡ℎ represents the attained maximum temperature. 𝑘𝑡ℎ,𝑖: denotes the initial tempera-

ture for thermal damage and 𝑘𝑡ℎ,𝑐 denotes the critical temperature for thermal damage. When 𝑘𝑡ℎ  

approaches 𝑘𝑡ℎ,𝑐 the thermal damage would become 1.0. The calculated damage variable was about 

0.4 corresponding to 1500 °C at the treated surface after 10 seconds of exposure (Damhof et al., 

2008). 

The previous form and similar ones of damage variable can’t be used in the evaluation of the 

damage induced by the proposed heating/cooling treatment. In heating phase, as the temperature in-

creases the strains will also increase so that the damage will evolve. Whilst in cooling phase, the 

temperature decreases and consequently the evolved strains in heating phase will regress so that no 

damage will be evolved in this stage paradoxically with the propositions of the heating/cooling 

mechanism. The main degradation in the rock material strength is expected to occur during cooling 

phase due to extensile stresses exceed the tensile strength of the rock material. 

Relatively, the evolution of the thermal damage should be evaluated depending on the change 

in the state of stresses from compressive (heating phase) to extensile (cooling phase). In the follow-

ing paragraphs, the adopted constitutive damage law stresses based will be presented. 
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The adopted damage law depends on that was described by Zhao et al. (2005). He developed 

a continuum damage mechanics based constitutive model to simulate the failure and the impact re-

sistance of laminated and monolithic automotive glazing subjected to head impact.  

An isotropic damage was employed to introduce the degradation in the material due to dam-

age process. The stiffness matrix of the damaged material is expressed as next: 

 
𝐾𝑖𝑗𝑘𝑙
𝑑 = 

(1 − 𝐷)𝐸0
2(1 + 𝜈)

(𝛿𝑖𝑙𝛿𝑗𝑘 + 𝛿𝑖𝑘𝛿𝑗𝑙) +
(1 − 𝐷)𝐸0𝜈

(1 + 𝜈)(1 − 2𝜈)
(𝛿𝑖𝑗𝛿𝑘𝑙) Eq 4- 2 

𝐸𝑜 and 𝜈 are initial Young modulus and the Poisson ratio. D is the isotropic damage variable. 

The damage component consider one basic damage mode (Sun and Khaleel, 2004): Damage 

caused by principal normal stress components that manifests as an opening mode of failure (mode I). 

The damage caused by maximum shear stress components (mode II) was neglected. Since the 

mode II crack propagation was usually dominated by the mode I growth in the experimental scale so 

that there is a common perception that normal tensile stress is the only driving force for crack propa-

gation (Melin, 1986 cited by Sun and Khaleel, 2004). 

The damage due to normal principal stresses was assumed to obey to simple linear damage 

evolution law in harmony with the failure mode I. This is expressed as: 

 

𝐷𝑖 =

{
 
 
 

 
 
 

0                      𝜎𝑖 ≤  𝜎𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑

𝜎𝑖 − 𝜎𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑
𝜎𝑐𝑟 − 𝜎𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑

    𝜎𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 < 𝜎𝑖 < 𝜎𝑐𝑟

   1                     𝜎𝑖 ≥ 𝜎𝑐𝑟                

 
Eq 4- 3 

Where: 𝜎𝑖 is the principal stress component, 𝜎𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 is the threshold of damage initiation 

and 𝜎𝑐𝑟 is the critical damage value. Since the failure behaviors of rocks under tension and compres-
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sion are different so that the suffix (i) denotes either the tensile or compressive stresses (Liang et al., 

2006). 

In the experimental works, the thermal damage during heating phase was already determined 

to reach 30% at this level of temperature 340 °C (Hommand-Etienne and Hourpert, 1989). In addi-

tion, the objective of the present analysis is to evaluate the induced damage by the cooling effect. So 

the induced damage by compressive stresses won’t be taken into account in the calculation. Like-

wise, the damage due to extensile stresses will only be evaluated during the cooling phase. 

The isotropic material degradation will be modeled as loss of the material stiffness:  

 �̃� = (1 − 𝐷𝑡)𝐸 Eq 4- 4 

Where: E is the Young’s modulus of the intact material. 𝐷𝑡 is the induced damage by the ex-

tensile stresses. 

The irreversibility of the cracking and damage process was taken into account through a 

comparison between the actual calculated damage value at the time increment nth and the corre-

sponding value of the preceding time increment (n-1)th using the relationship:  

 𝐷𝑖 = max (𝐷𝑖
𝑛, 𝐷𝑖

𝑛−1) Eq 4- 5 

4.2.2 The computational model and damage implementation in Comsol 

The numerical model used in this analysis is similar to that used in the previous chapter (sec-

tion…). A 2D-axisymmetric coupled electromagnetic waves, heat transfer and solid mechanics finite 

element model was used to simulate the whole process in the Comsol Multiphysics. Additional vari-

ables were added to consider the damage evolution as well as the stiffness and the strength degrada-

tion. Figure 4.1 shows the flowchart of the used algorithm to calculate the damage.  

No damage was considered during the heating phase so no degradations in the stiffness or the 

strength were taken into account. Whilst during the cooling phase, the damage was allowed to evolve 
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due to tensile stresses. Once the temperature and the stresses were analyzed in the model, the damage 

evaluation process started according to (Eq 4-3). If the principal extensile stress exceeds the thresh-

old of the crack initiation 𝜎𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑, the damage starts to evolve. Thereafter, the stiffness and the 

strength of the rock material were consequently updated due to the actual caused degradation to be 

used later in the next time step calculation. The rock material behavior is elastic-brittle. 

To maintain the durability of the achieved damage, numerical procedure was conducted. This 

procedure consists of examining the time derivative of the evolved damage [d(D, t)]. If this time de-

rivative is positive the damage calculation will continue otherwise the damage calculation will stop 

and the previous time step damage value will be considered in the following time step calculation. 

We used “the effect of the internal memory” of COMSQL to save and retrieve the damage 

value.  
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Figure 4.1: Flowchart of the followed algorithm to calculate the damage 
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 Analysis of the first cycle of the heating/cooling process: 4.3

4.3.1 The application model: 

Figure 4.2 illustrates the 2D axisymmetric model with the initial and boundary conditions. 

Analyses are conducted on the granite material. Table 4.1 summarizes the mechanical and thermal 

properties used in the analysis. 

Table 4.1: Thermal and mechanical properties of the Granite 

Material properties 

Density 
Thermal con-

ductivity 
Specific heat 

Thermal ex-

pansion coeff 
Young Modulus Poisson ratio 

Kg/m3 W/m.K J/kg.K 1/K GPa  

Granite 2600 1.8 930 7*10
-6 

60 0.25 

 

The damage evolution was limited to the mechanical properties represented by Young’s 

Modulus. No damage was considered into the thermal neither into the physical properties of the rock 

material. Concerning the thermal treatment: heating period of 50 seconds, initial power intensity of 

0.15 MW/m², heat exchange coefficient 14000 W/m².K, coolant temperature 40 °C were considered 

in the model.  

The tensile strength of the granite was taken as 10 (MPa) at the ambient temperature. The 

crack damage initiation threshold was inductively extracted from the work of (Hommand-Etienne 

and Hourpert, 1989). This value was taken as 30% of the tensile strength of the rock material where 

this proposition as well agrees with the results of (Eberhardt, 1998) (Vasconcelos and Lourenço, 

2008). 

Free triangular mesh was used in the model. The mesh was extra fine under the treated sur-

face and got coarser towards the extremities of the sample. The time stepping was selected by the use 

of backward differentiation formula (BDF). The time interval used to store the solution was selected 
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to be 1.0 second in the heating phase and 0.2 second in the cooling phase to optimize the calculation 

time. 

 

Figure 4.2: The 2D axisymmetric model and the initial and boundary conditions 

4.3.2 Results: 

Figure 4.3 shows the evolution of the damage variable during the heating/cooling cycle at the 

surface of the treated area. As expected, the heating phase does not induce damage. The latter is in-

duced during the cooling process. The damage variable increases rapidly during cooling. It attains 

about 0.6 after one second of cooling and 0.98 after 4 seconds. We observe that the rock material at 

in the treated area is totally damaged after 4 seconds of cooling. 
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Figure 4.3: Damage variable variation over the time of treatment, Subfigure: damage variation dur-

ing cooling phase 

Figure 4.4 shows the variation of the radial stress at the treated surface during the heat-

ing/cooling process after damage evolution (b) and its comparison with the results obtained in the 

previous chapter (without considering the rock damage) (a). The degradation in radial stress is evi-

dent over the treated spot where the value of the stress approaches the zero at the end of cooling pe-

riod.  

The damaged spot size is close to that predicted in the previous chapter (6 mm in radius). 

This size measures after the adoption of the damage constitutive law 5.5 mm. The value of the radial 

stress dropped sharply after four seconds of cooling. At the beginning of the cooling phase, the radial 

stress didn’t decrease significantly until a very high level of damage. This matter is related to the size 

of the finite element in the model as well as the choice of the damage law itself (Ozbolt and 



 

 

111 

Analysis of the cyclic thermal process and its influence on the penetration rate 

Ananiev, 2007). As the finite element size gets finer, the material behavior shows more plastic be-

havior than brittle one. 

 

Figure 4.4: Radial stress variation at the treated surface: a) without damage, b) with damage during 

different moments of cooling process 
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Same behavior can be observed in the variation of tangential stress over the treated surface 

(Figure 4.5). The damage influence on the adjacent areas around the treated zone is more pronounced 

through the tangential stress than in the radial one. As well, the damage occurred in the non-treated 

zones where the tangential stress decreased significantly. 

 

Figure 4.5: Tangential stress variation at the treated surface during different moments of cooling 

process 
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Figure 4.6 shows the evolution of the damage variable at different depths of the sample axis. 

At depth of 1 mm, we observe an evolution of the damage variable similar to that at the sample layer, 

but with a delay of about 3 sec, which is due to the delay of the heat transfer in the sample. At this 

depth, the damage variable reaches 1 after 8 seconds.  At depth = 1.1 mm, we observe an attenuation 

of the damage variable evolution. The damage variable increases at a lower rate than that at the sam-

ple surface with a maximum value of 0.8 after 8 seconds. At a depth of 1.5 mm, the damage variable 

undergoes small increase with a maximum value of about 0.2 mm. 

The damage decreases with depth because of the weak thermal rock diffusivity that has nega-

tive role in delivering the cooling effect to the deepest layers. In addition, the coolant temperature 

doesn’t stay as at the start of cooling phase so that the coolant loses his ability to extract more energy 

from preheated rock material. 

 

Figure 4.6: damage evolution in the subsurface layers beneath the treated spot 

Figure 4.7 shows the evolution of the damage in the axis of the simple during the heat-

ing/cooling process. 



 

 

114 

 

Figure 4.7: Damage evolution beneath the treated surface (centroid line) 

We observe that damage variable increases rapidly near the treated surface and decreases 

sharply to zero at depth higher than 1.65 mm. After ten seconds of cooling, the rock is totally dam-

aged in a layer 1 mm in thickness below the treated area  (damage variable = 1). 

Figure 4.8 shows the variation of the depth of the damaged layer during the cooling phase 

under the center of the treated spot. We observe a rapid increase in this depth during the 5 first sec-

onds (it attains 1.5 mm), followed by a lower rate increase up to 8 seconds (depth = 1.6 mm) and 

then stabilization at 1.65 mm. 

Comparing to the penetration depth predicted in the previous chapter, the penetration depth 

after adopting the damage law is increased by approximately 20% of its values to step up from ~1.4 

mm to ~1.65 mm. 
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Figure 4.8: Penetration depth of damage under the treated zone 

Figure 4.9 shows the variation of the Young’s Modulus during the cooling process. 

 

Figure 4.9: Young ‘modulus degradation with the damage variable 

Figure 4.10 shows the lentil, which is removed from the rock sample by the thermal process 

(totally damaged). This lentil could be approximated by a disk 1 mm in depth and 5 mm in radius 

(the radius of the treated surface). This lenticular shape of the removed material eliminates the taper-
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ing problem associated to thermal rock removal by laser technique (Olaleye B, 2010) (Xu et al., 

2004) where the formed hole in the sample takes the shape of the laser beam (Gaussian for example) 

(Xu et al., 2005). 

 

Figure 4.10: The estimated removed rock material after the thermal treatment during the first cycle 

Figure 4.11 shows the influence of the temperature of the coolant on the variation of the dam-

age penetration (thickness of the damaged zone). For a coolant temperature = 100°C, we observe a 

stabilization of the penetration damage after 1 second at 0.5 mm. For a coolant temperature = 60°C, 

stabilization occurs after 5 seconds at a penetration depth of 1.1 mm.  For a coolant temperature = 

40° C, stabilization occurs after 7 seconds at penetration of 1.6 mm. This result shows an important 

increase in the damage penetration with the reduction of the coolant temperature. 
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Figure 4.11: Variation of the damage penetration depth with different coolant temperatures 

 Analysis of the second cycle of the heating/cooling process 4.4

4.4.1 Numerical modeling 

The second cycle of the thermal treatment starts after the end of cooling phase of the first cy-

cle. Analysis is conducted on a modified geometry of the sample (Figure 4.12), because of the re-

move of the zone damaged during the first cycle. The state of the sample (temperature, stresses, 

damage, Young’s modulus) at the end of the first cycle is considered as an initial condition in the 

analysis of the second cycle. These initial conditions were recalled through (.txt) file format which 

relates the variables values by the coordinates of the mesh elements. The quality of the retrieved data 

is auto-controlled by Comsol according to these notions: coarser, fine, extra fine. The latter was 

used. Relatively, difference between the final state due to first cycle and the initial conditions for the 

second cycle was observed (5%). 

The heating period was reduced in comparison with the 1st cycle, because of the energy 

stored in the sample during the first cycle. Potentially, reaching the same temperature difference be-

tween the maximum temperature and the coolant temperature is required to get the same penetration 

depth as in the first cycle. So to determine this appropriate heating period in the second cycle, we 
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divided the heating period into sections each for 25 seconds. Two intervals were obtained the first [0, 

25] seconds and the second is [25, 50] seconds. Then after, the calculation was conducted for the 

mean values of each interval. The maximum temperature and the penetration depth in each step were 

retrieved and compared with those in the first cycle. Then each interval was divided into two new 

intervals and the calculation was again conducted for the mean values and so on. The process was 

repeated until the convergence between the maximum temperature and the penetration depth in the 

first cycle was obtained. 

The optimal heating period corresponding to the conditions at the end of the first cycle was 

determined as 25 seconds. This optimal heating period can be reduced if the power intensity is in-

creased. The cooling period was fixed to 10 seconds as in the first cycle. 

 

Figure 4.12: Scheme of the adopted geometry for the second cycle analysis 

4.4.2 Results  

Figure 4.13 shows the temperature variation during the heating/cooling treatment at the sur-

face of the treated area. Compared to the first cycle, the heating period is reduced by a half. Which 

means that the energy used in the second cycle is equal to 50% of that used in the first cycle. We 

observe that the temperature profile in the second cycle is similar to that of the first cycle. We ob-
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serve a rapid increase in the temperature, which attains 325°C is reached in 25 seconds. The variation 

of the temperature during the cooling phase is similar to that of the first cycle. 

 

Figure 4.13: Temperature profile during the cyclic application of the thermal treatment 

Figure 4.14 shows the variation of the damage variable at different depths in the sample axis 

and its comparison with results obtained during the first cycle. At the treated surface, the damage 

variable attained the value of 1.0 directly after cooling. At depth 0.5 mm, the damage started to 

evolve after one second of cooling and reached the value 1.0 after 6.0 seconds after cooling. At depth 

1.0 mm, the damage evolved after 3.0 seconds and reached the maximum value (0.95) after 7.0 sec-

onds of cooling. At depth 1.1 mm, the damage value recorded 0.75 that is lower than what is record-

ed in the first cycle at the same depth. 

Comparing to the first cycle, the damage evolved in identical manner at the treated surface as 

well as at the deeper depths. The totally damaged rock material thickness in the second cycle was 

slightly smaller than what was removed in the first one (5%). 
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Figure 4.14: damage variation with process time at different levels under the treated surface: a) first 

cycle, b) second cycle 

Figure 4.15 shows the variation of the damage penetration and its comparison with results ob-

tained during the first cycle. We observe that the maximum attained penetration depth is about 1.65 

mm which is equal to what has been achieved in the first cycle. A layer of 0.95 mm thickness is 

completely damaged at the end of the second cycle.  



 

 

121 

Analysis of the cyclic thermal process and its influence on the penetration rate 

 

Figure 4.15: Damage evolution during the first and second cycles 

Likewise, at the end of the second cycle another cylinder of dimensions of 10.0 mm in diame-

ter and 0.95 mm in depth was completely removed. Consequently, the created hole within the sample 

counts 10.0 mm in diameter and 1.95 mm in depth. 

Comparing to the hole perforated by laser that measures 3.4 mm in diameter and 5.8 in depth 

with energy supply equal to 2.75 kW (Ahmadi et al., 2011), the proposed mechanism succeeds to 

remove more significant quantity of rock material by use more less energy supply. 

Whilst the reported damage by heating approached 0.12 due to 550 °C at the treated surface 

(Walsh et al., 2011), a complete damage of the rock material was predicted by the proposed heat-

ing/cooling process by the use of maximum treated surface temperature of 340 °C and sudden cool-

ing process. 

Concerning the penetration rate, it potentially attained a value of 0.02 mm/s in the granitic 

rocks. This penetration rate is relatively weak comparing to actual penetration rate recorded by the 
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conventional mechanical techniques. This may be explained by that the penetration depth of cooling 

effect is proportional to the many factors as the thermal diffusivity of the rock material and the cool-

ing period (Tarasovs and Chassemi, 2012). 

The whole removed portion of the sample at the end of the second cycle is illustrated in 

(Figure 4.16). 

 

Figure 4.16: The removed rock material after the second cycle 

 Conclusion 4.5

This chapter included the consideration of rock material damage in the analysis of the heat-

ing/cooling process. Constitutive damage law was implemented in 2D axisymmetric finite element 

environment. The damage was supposed to occur in the cooling phase, which generated tensional 

stresses. 

The cyclic nature of the proposed process was analyzed.. In the first cycle, damage occurred 

in the sub-layers near the treated surface. The damage penetration reached 1.65 mm. A layer with 1.0 

mm of depth was completely damaged by tension. 

In the second cycle, the heating period was reduced by a half with regard to the first cycle: It 

took 25 seconds using 0.15 MW/m² power intensity and 40 °C of coolant temperature.  The penetra-
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tion depth at the end of the second cycle was approximately similar to that achieved in the first cycle 

(1.65 mm). The completely damaged layer was 0.95 mm in depth. 

The penetration rate is estimated to 0.02 mm/s in the granitic rock. However, this penetration 

rate was determined using strong simplifications. The incorporation of these simplifications in the 

fracture and penetration process should be verified using experimental works or (and) additional nu-

merical analyses. 
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5 Thermal laboratory study of the heat-
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Thermal laboratory study of the heating-cooling fracture process in rock material 

 Introduction: 5.1

This chapter presents a laboratory study of the thermal phenomena, which occurs during rock 

fracturing using heating-cooling process. The chapter describes first the experimental setup used in 

this study with a particular focus on difficulties encountered in the use of a thermal source as well as 

in monitoring the thermal parameters. Tests were conducted in two phases: the heating phase and the 

cooling phase. The latter was conducted using water at either 20 ° C or at 100 °C. The influence of 

the coolant temperature will be analyzed. The experimental results were compared to the numerical 

modeling presented in the 3
rd

 chapter. 

 Description of the experimental setup and procedure  5.2

Figure 5.1 shows the experimental setup used in this study. It includes a heating/cooling dis-

positive and a monitoring system to follow the temperature variation in the rock sample during the 

heating/cooling process. 

5.2.1 Heating/cooling dispositive  

A heat gun was used as a heating source. It produces a hot air flow on the surface of the rock 

sample. Compared to the microwaves radiation heating, this process is slow. Consequently, it leads 

to heating the adjacent non-treated zones. In this case the heating mechanism occurs by convection. 

Tests were conducted using the hot air gun brand Metabo HE 23-650, whose power is equal to 2300 

Watts. The air speed varies between 150 to 500 l/min. The temperature of the air at the nozzle open 

varies between 50 and 650 C°. The air temperature can be regulated with interval of 50 °C. The hot 

air can be concentrated over a circle of 1 cm in diameter. The cooling phase was conducted by water 

pulverization on the surface of the rock sample either at 20 °C or at the boiling point (about 100 °C). 
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Figure 5.1: Experimental set up used in the study of the heating-cooling process in rock material 
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Thermal laboratory study of the heating-cooling fracture process in rock material 

5.2.2 Thermal monitoring system 

The temperature variation in the rock sample was followed using mineral-insulated Inconel 

600 sheathed thermocouple. This thermocouple is 0.5 mm in diameter and 150 mm in length. Data 

was recorded at 0.01 sec time interval using the data recorder DN3100 V2. 

The dispositive included also a thermography and infra-red camera, which is a "photon count-

ing device". Depending on the amount of received photons, it returns an electrical voltage expressed 

in digital level (DL). The radiation source emits a photon flow, which is then captured by a receiver. 

The letter transforms the incident flux into electrical voltage, which is then converted to temperature 

using a calibration curve. 

The matrix camera FLIR titanium SC7000 was used in this work. It uses InSb sensor and 

640x512 pixels with optional waveband of 1.5-5 microns. It was calibrated in the temperature inter-

val (-20°C - 3000°C). The integration time varies between 400 ns and 20 ms. The frame rate varies 

between 5 Hz to 96 Hz. An integration time of 60μs was selected for the short-term events. 

The calibration process could be conducting using tow operating modes: simple calibration 

and complete calibration. The former consists in the determination of the camera’s response to series 

of known reference temperatures point in the black body. The latter uses the same strategy, but in 

addition it considers the influence of the internal temperature of the camera on the measurements. 

The first mode was used in this work. In order to eliminate the effect of the camera internal tempera-

ture, the camera was turned on during four hours before conducting any test. 

Each point in the calibration curve is characterized by two values the black body temperature 

and the digital level returned by the camera. The points were determined with a temperature interval 

of 25 °C of the black body temperature. In order to get these points, the black body temperature was 

raised to the required level and then the measurements of the camera were saved throughout 100 im-

ages. Thereafter the mean value of DL for these 100 images was calculated. Figure 5.2 shows the 
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calibration setup. The calibration required about 5 hours. Image treatment was conducted to elimi-

nate the bad pixels. Figure 5.3 shows an example of the calibration curve in the temperature interval 

(5- 70 °C). 

 

Figure 5.2: Camera calibration setup 

 

Figure 5.3: Camera calibration curve 
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5.2.3 Experimental protocol  

Tests were conducted on granite samples, which were 250 mm in length, 40 mm in width and 

20 mm in height. Thermocouples were fixed in holes 1 mm in diameter and 1mm in depth. They 

were not used in the treated spot, because of the difficulty of their fixation on the rock sample under 

high temperature condition. Figure 5.4 shows the scheme of the thermocouples installation. 

 

Figure 5.4: Scheme of thermocouples installation 

Tests were conducted according to the following protocol:  

 Fixation of the sample under the heat gun nozzle and adjusting the distance between 

the nozzle and the sample surface (Figure 5.5). 

 Fixation of the thermocouple on the rock surface. 

 Conduction of the heating phase. 

 Conduction of the cooling phase using water pulverization.  

 The evolution of the temperature was registered during the test. 

 Five images per second were taken using the infrared camera. The data acquisition 

was conducted at 0.01 sec time interval. 
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Figure 5.5: Experimental setup   

 Results and discussion 5.3

Tests were conducted on granite samples. The cooling phase was realized using water at ei-

ther 20°C or near the water boiling temperature (100 °C). 

5.3.1  Test with cooling water at 20 °C 

Two tests were conducted using cooling water at 20 ° C. Below a presentation of the results 

of these tests as well as their comparison with the numerical modeling. 

5.3.1.1 Thermocouple data 

Figure 5.6 shows the temperature measured by the nearest thermocouple to the treated zone 

before and after smoothing process. It can be observed that the temperature increased from the rock 

temperature up to 50 °C and then it stabilized. This phase is related to the operation conditions of the 

heat gun. Then, the temperature increased rapidly to 250 °C, and then slowly to 290 °C.  During the 

cooling phase, we observe first a rapid decrease in the temperature down to 100 °C followed by a 

slow decrease down to 60 °C. 
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Figure 5.6: Temperature variation measured by the thermocouple (Test with water at 20 °C) 

Figure 5.7 presents the temperature of the rock surface variation with time during the second 

test. At the beginning of the test once can notice that the thermocouple indicated a temperature about 

100 °C because the second test was conducted directly after the first one without allowing the ther-

mocouple to cool down. The maximum attained temperature for the rock surface was 286 °C.  

During the cooling phase, the poured water reached the position of the nearest thermocouple 

to the treated zone. Likewise, the temperature dropped instantaneously to reach to 35 °C. This rapid 

drop of temperature by less than one second is related to the high heat exchange rate between the 

rock surface and the coolant. Thereafter, the temperature increased to attain water saturation point 

(100°C) during 20 sec and then decreased with time until the end of process to reach eventually 60 

°C. 
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Figure 5.7: Temperature profile from the second sample cooled down with fresh water (~20 °C) 

5.3.1.2 Thermography data 

The use of the thermograph encountered the following difficulties:  

- The high water absorption of the infrared radiation, consequently, during the cooling phase 

the camera cannot be used. 

- The camera calibration was conducted in the temperature interval (50 - 500 °C), due to the 

black body temperature controller. During the experimental work we used integration time 

of 60 µs which leaded to the camera saturation, when the temperature reached 275 °C.  

Figure 5.8 shows the thermal images at end of the heating phase. According to thermocouple 

readings, the temperature at the sample the surface reached 291 °C at the end of heating phase. The 

saturation of the camera occurred at 275 °C. Consequently, at the center of the treated zone where 

the temperature was higher than the saturation level, the thermal camera did not well capture the 

temperature. We replaced the pixels with DL values higher than 14000 by the mean value of DL in 
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each image. This default appeared in the heat gun itself and even at the center of treated center just 

for very short time. Temperatures lower than 50 °C were also not well captured, because of the cam-

era saturation. 

 

Figure 5.8: Temperature distribution on the rock surface during the last second of heating:  

a) and b): temperature distribution just before turning off the heat gun, 

c) and d) represent temperature distribution before water pulverization  

Figure 5.9 shows the thermal images during the water pulverization (a, b) and after one sec-

ond (c) and two seconds of cooling phase. We observe the presence of water in the treated zone, 

where the infrared radiation was totally absorbed. Consequently the measurement in this zone is re-

lated to that of the water. It was more efficient to use water spray to guarantee less water layer thick-
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ness and higher visibility for the thermal camera. As known the cooling by water spray can reach 

high heat exchange rate as the boiling one (Faghri and Zhang, 2006). 

 

Figure 5.9:  Temperature distribution at the beginning of cooling phase: 

a) and b): temperature distribution during the water pulverization  

c): temperature distribution after 1 sec of cooling 

d): temperature distribution after 2 sec of cooling 

5.3.1.3 Comparison with numerical modeling 

Figure 5.10 shows a comparison between the experimental results with the numerical model-

ing presented in the 3
rd

 chapter. We observe similar trends during the heating and cooling phases, but 

with significant gap between the temperature values, which could be related to the lack of quantita-

tive knowledge of the complex environment of the test and the difficulty of well considering the ex-

perimental condition in the numerical modeling. 
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Figure 5.11 shows the variation of the heating and cooling rates deduced from the experi-

mental and numerical results in the non-treated zones. We observe a good agreement concerning the 

maximum cooling rate: the experimental value is equal to 30 °C/sec, while the numerical one is 

equal to 23 °C/sec. 

 

Figure 5.10: Comparison between the numerical and experimental temperature results 

 

Figure 5.11: a) Experimental heating and cooling rates, b) Numerical heating and cooling rates 
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Figure 5.12 shows a comparison between the numerical results (for coolant temperature of 

~20 °C and ~100 °C) and the experimental ones only during the cooling phase and within the treated 

zone. Once can see a good agreement between the slopes of the curves. The difference between the 

measured and the numerical solution in case of fresh water (20 °C) is related to non-consideration of 

the water amount in the numerical modelling. However, these experimental results confirm exceed-

ingly from thermal point of view the presented numerical results presented in the previous chapters. 

 

Figure 5.12: Comparison between numerical and experimental results in the cooling phase 

The heating and cooling rates deduced from the second test are presented in (Figure 5.13). 

The high cooling rate happened when the rock surface temperature reached the 200 °C i.e. below the 

max recorded temperature by 86 °C. This difference between the maximum temperature and the 

temperature at which the maximum cooling rate occurs is close to that predicted in the numerical 

model which is about 91 °C. 
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A fair agreement can be observed between the deduced values of cooling rates from second 

test (Figure 5.13) and the numerical modelling (Figure 5.14). The difference between them is about 

17 %.  

 

Figure 5.13: Heating and cooling rates during the second test 

 

Figure 5.14: Heating and cooling rates within the treated zone 
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5.3.2 Test with cooling water at 100 °C  

The second part of the tests was conducted using cooling water at 100 ° C. Unfortunately, this test 

was conducted without temperature monitoring. The presentation will focus on naked comparison 

with tests conducted with cooling water at 20 °C. 

When the fresh water (~20 °C) was used, small pool of water was formed over the preheated rock 

surface. Then, the water temperature increased up to boiling. At this moment, small bubbles (diame-

ter less than 1mm) started to leave the rock surface to join the air vapor. This process occurred dur-

ing ten seconds. After that, the bubbles decreased gradually, and the water pool stabilized over the 

rock surface. During the test with hot water (~100 °C), the phase of water heating to the saturation 

point disappeared completely. Indeed, the hot water boiled at contact with the rock surface. Big bub-

bles were formed over the rock surface (Figure 5.15). The bubbles had a radius of approximately 1 

cm. Few seconds after, the bubbles decreased leading to a stable water pool over the rock surface. 

 

Figure 5.15: Bubbles formation during cooling phase by hot water at (~100 °C) 
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 Conclusion 5.4

This chapter presented an elementary experimental study of the thermal heating/cooling pro-

cess on granite rock material. Water was used in the cooling phase. The study focused on the tem-

perature evolution during the test and the evolution of the water phase at the surface of the rock sam-

ple. The temperature variation was followed using thermocouples and an infrared camera. Difficul-

ties were encounter in the use of the camera, because of the high absorption by water of the infrared 

radiation. Both qualitative and quantitative results were obtained with tests conducted using cooling 

water at 20° C, while only qualitative results were obtained with the test conducted with cooling wa-

ter at 100° C. 

During the heating phase, tests showed a rapid increase in the temperature (up to 250 °C), fol-

lowed by a slow increase up to the maximum temperature (around 290 °C). During the cooling phase 

and concerning the first test, we observe first a rapid temperature decrease (about 100 °C), followed 

by a slow decrease down to 60 °C. Whilst in the second test, the temperature dropped instantaneous-

ly after the coolant pouring from 286 °C to 35 °C. The test conducted using cooling water at 100 °C, 

showed that the disappearance of the water heating to the saturation point, because, the water boiled 

at the contact of the rock surface. 

The experimental results of the test conducted using cooling water at 20 °C was compared to 

the numerical modeling conducted in the 3
rd

 chapter. Experimental trends were well reproduced. 

However, an important gap between the numerical and experimental results was observed during the 

cooling phase. This gap could be attributed to the lack of a good quantitative knowledge of the ex-

perimental condition and the complexity of the phenomena under consideration. 
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Conclusion 

Conclusion 

This thesis included the development and analysis of a thermal process for the rock material 

fracture. The process consists in locally heating the rock material surface using microwaves radiation 

followed by cooling this surface by water. During the heating phase, the treated zone is subjected to 

compressive stresses, which could lead to crack initiation in the rock material. During the cooling 

phase, the rock material is subjected to shrinkage, which could lead to extensile stresses and rock 

fracture by extension. This process was analyzed by means of both coupled numerical modelling and 

laboratory experiments. 

The numerical model takes into consideration the coupled physical phenomena, in particular 

the microwaves-rock coupling (heating phase), the coolant-rock interaction (cooling phase) and the 

thermo-mechanical coupling in the rock material.  

Numerical simulations were conducted using the software Comsol Multiphysics. Parametric 

analysis showed that the efficiency of the thermal treatment depends on the following parameters: 

the density of the irradiation energy, the period of the heating phase, the heat exchange coefficient, 

and the temperature of the coolant. 

The increase in the irradiation density leads to an increase in the maximum temperature and 

in the penetration depth. The increase of the heating period from 25 sec to 300 sec leads to an in-

crease in the penetration depth from 0.2 mm to 1.35 mm. The increase of the heat exchange coeffi-

cient leads to an increase in both the tensile stresses and penetration depth. The temperature of the 

coolant affects also the magnitude of the tensile stresses as well as the penetration depth. The de-

crease of this temperature from 100° C to 20° C leads to an increase of about 400% in the penetration 

depth. 
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 The efficiency of the cyclic heating/cooling process was analyzed using a continuum damage 

constitutive model. The consideration of the rock damage in the analysis of the heating/cooling pro-

cess leaded to an increase of about 20% in the penetration depth. The consideration of the rock dam-

age leaded to 50% energy saving in the 2
nd

 cycle. The rate of penetration in the granitic rock was 

estimated to 0.02 mm/s. 

The experimental work confirmed the viability of the heating/cooling process from the ther-

mal point of view. The experimental cooling curve agreed with the numerical modelling. The exper-

imentally recorded cooling rate was also close to that predicted in the numerical modeling. However, 

this study should be pursued using adequate experimental equipment to improve our knowledge of 

the physical complex phenomena involved in the heating/cooling process. 

The numerical modeling was conducted on homogeneous rock material. However, the rock 

material is a multiphasic porous material, which has generally high heterogeneity. The latter is gen-

erally favorable for the creation of heterogeneous stress distribution, which could improve the effi-

ciency of the proposed method; this issue constitutes a good axe for future researches. 

The proposed method presents high advantages, its use in engineering is promising, but yet 

requires technological development for its adaption to field working condition. 
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