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Introduction
Research studies in the field of laser drilling in petroleum reservoirs especially in perfo-
ration of the casing in shale gas and oil wells have been underway since 1960. The results 
obtained by a huge number of studies show that the laser perforating method is possible 
for deep wells [1, 2], but the application of the technology is still under question. Some 
advantages of laser drilling rock removal are as following:

1. The permeability of reservoir rock increases by creating fractures,
2. Rock is removed by drilling, so it is the most energy efficient,
3. The process is easy on beam fibre optical cable delivery due to low laser power 

required for each spalling beam and,
4. Small rock fragments are readily flushed out by standard well flushing method [3, 4].
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However, in order to take advantage of laser drilling, recent research studies focus on 
the applications of advanced high power lasers for drilling and completion of gas and oil 
wells [5].

Laser effect appears in two steps in rocks, firstly, it creates holes in the rock and sec-
ondary include melting, evaporation, laser beam gases and micro fractures. The high 
temperature associated with laser drilling process continuously changes the physical 
and chemical properties of rocks. A sudden increase in the rock temperature results in 
expansion of its grains. As the closely-packed grains in the rock matrix expand with a 
rapid rise in temperature, they develop thermal stress, fractures and cracks within the 
grains as well as breaking the cementation of adjacent grains. As a result, an affected 
grain will begin to break free from one another [6]. Mechanism of rock drilling by the 
laser is shown in Fig. 1.

Laser rock drilling is a very complex phenomenon that depends on many factors. In 
case of the oil and gas reservoirs, thermo-mechanical stress of rocks under in situ pres-
sure and temperature conditions is the most important key parameter for estimations 
of temperature increase of the rocks around the holes associated to generation of heat 
by laser spallation. The physical properties of rocks, including thermal conductivity, are 
dependent on stress and temperature, so in  situ pressure and temperature conditions 
should be simulated in laboratory measurements and numerical modeling of drill core 
samples. Numerical modelling, however, can establish a virtual experiment and simulate 
the effect of factors that are difficult to study by a real experiment [7]. Several numerical 
studies have been conducted in laser spallation.

Xu et al. [7] modelled laser drilling as in the two-dimensional environment and exam-
ined the chemical and microscopic effects of rock. Agha et al. [8] developed a finite ele-
ment model to predict the rate and depth of penetration during laser machining without 
consideration of melting. This model ignored inhomogeneities within the rock. A more 
inclusive model developed by Walsh et al. [9] focused on the behavior of granitic rock on 
a grain scale level during hydrothermal spallation. Damian et al. [10] modelled thermo-
mechanical effects on laser-rock interaction. They posited how all physical phenom-
ena can be coupled in a comprehensive numerical model. Rehema et al. [11] presented 
a numerical model of laser spallation of heterogeneous granitic rock using the finite 

Fig. 1 Mechanism of creation a hole in the rock by laser
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element method (FEM). The developed model accounts for the presence of micro-cracks 
within the rock and the effect of propagation of these cracks on spallation is investigated 
regarding temperature and stress profiles generated.

There is very little research reported on the effect of confining pressure and type of 
saturation in rock perforating using lasers. Ahmadi et al. [2, 12] examined the effect of 
different types of saturation and lateral pressure on specific energy levels and penetra-
tion rate, But, due to experimental limitations, the distribution of heat and mechanical-
thermal stresses, which were caused by the laser, have not been studied.

In this present paper, the results of numerical modeling are compared with experi-
mental data conducted by Ahmadi et al. The main purpose of this paper is to analyze the 
effect of lateral pressure and type of saturation on thermal and mechanical stresses that 
were induced by ND: YAG laser drilling on rock samples.

Numerical modeling
ABAQUS has been a popular program for modelling laser drilling due to its features 
and capabilities [13–15]. Some of the features include having a user-friendly graphical 
environment, the definition of thermal and mechanical parameters of various materials 
easily, having a full library of mesh partitions required by the type of analysis, ability to 
analyse stress, strain and heat distribution for laser drilling and showing the output of 
modelling graphically with understandable diagrams and figures. In order to understand 
the process of calculations, theoretical analysis of mechanical and thermal stresses using 
the finite element method is given below.

Thermal and mechanical stress analysis

ABAQUS software is based on the finite element method, where the equation of ther-
mal stresses due to laser pulse heating can be achieved through stress–strain relations. 
Assuming that external mechanical stresses are induced on the specimen surface, ther-
mal stress relationships in cylindrical coordinates are as follows [16, 17]:

where, ϕ is the stress function. In the case of plane strain, the strain in the Z-axis is equal 
to zero, and stress is calculated according to Eq. 3, thus [17]: 

where, E, υ and αT are elastic modulus, Poisson’s ratio and coefficient of thermal expan-
sion of rock, respectively. Compatibility equation for axisymmetric mode is as below:

To simplify the calculations, the starred (*) relations are used to indicate a mode of 
equivalent stress. This means that, by applying the coefficients to each parameter, the 

(1)σr =
ϕ

r

(2)σθ =
dϕ

dr

(3)σZ = υ(σr + σθ )× αTET

(4)r

(

dεθ
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+ εθ × εr = 0
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parameter becomes dimensionless. Finally, thermal stress is calculated using the follow-
ing equations:

And the equivalent stress is as follows:

In ABAQUS software, by defining the thermal expansion coefficient (α) for any homo-
geneous solid body, the heat and time-dependent displacement analysis can be imple-
mented [18].

Model geometry and type of elements meshing

Because the sample is loaded with axial symmetry, the model geometry was created as 
axisymmetric or axial symmetry. The models are generated as cylinders with the radius 
of 54 mm and the height of 50 mm. After creating the model geometry, elements type 
are selected. According to mesh surveys, four-node rectangular elements, i.e. CAX4T, 
were used and the model was divided into 2142 elements. In Fig. 2, a view of the model 
geometry and the presumed location of the laser beam as well as coordinates of its start-
ing point are displayed.

In the stress investigation, displacements are saved by ABAQUS at the nodal points 
as a solution variable, and loads are determined as prescribed displacements and forces. 
The temperature–time history resulting from the thermal analysis is used as input to 
the thermal stress analysis. The workpiece is supposed to be an elastic body, which is 
modelled as von Mises elastic–plastic material with isotropic hardening and with a yield 
stress that changes with temperature.

Specifications of the laser are presented in Table 1. To model the laser power, the drill-
ing rate obtained from Ahmadi et al. [2] tests has been considered.

Material properties

The material properties can have a great impact on the accuracy of numerical mod-
elling. Mechanical properties of limestone and granite samples are presented in 
Table 2.

Also, thermal properties of limestone and granite samples in dry, water-saturated and 
oil-saturated conditions are shown in Tables 3 and 4. The amount of coefficient of ther-
mal expansion, specific heat capacity and heat transfer coefficient are obtained through 
thermal properties testing and verified by statistical analysis. To evaluate the thermal 
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expansion coefficient, thermal strain was measured with strain gauges glued to the sam-
ples in an environmental chamber. The measured thermal strain is converted to a ther-
mal expansion coefficient by the relation of temperature to thermal strain. The specific 

Fig. 2 A view of the geometry of model and location for applying laser beam

Table 1 Laser specifications n numerical analysis [2]

Frequency (Hz) Wave length (nm) Pulse width (ms) Blower gas Gas pressure (bar)

30 1064 2 Nitrogen 3

Table 2 Geomechanical properties of samples [2]

Parameter Limestone Granite

Modulus of elasticity (Pa) 16e9 55e9

Poisson’s ratio (ν) 0.25 0.2

Density (kg/m3) 2225 2660

Table 3 Thermal parameters of limestone

Thermal parameters Dry Water-saturated Oil-saturated

Thermal expansion coefficient (m/mK) 8e−6 8.4e−5 3.4e−5

Specific heat capacity (J/kgK) 908 877 872

Heat transfer coefficient (W/mK) 1.21 1.27 1.23

Density (kg/m3) 2225 2245 2242
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heat was measured using the DSC system at room temperature. The results were cali-
brated with Synthetic Sapphire. Heat transfer coefficient was measured with the tran-
sient hot-wire method at room temperature. The result was verified with soda glasses, 
which are well known for their heat transfer coefficients.

Results and discussion
In order to validate the heat distribution results obtained from ABAQUS software, the 
temperature of the models generated by this software was increased to 1200 °C and the 
outputs were compared with the experimental data, as shown in Fig. 3. As it can be seen, 
there is a good agreement between the numerical and experimental results of Salehi 
et al. [6].

The effect of lateral pressure

In order to investigate the effect of different lateral pressures and compare them with 
the previous experimental studies, pressures of 8, 16, 24, 32 and 37 MPa were applied to 
limestone models. Ahmadi et al. [2] results were used to simulate the laser-drilling pen-
etration rates for the model generated by ABAQUS software.

Research indicated that in rock perforating with laser, specific energy (SE) is the most 
important factors. Specific energy is defined as the amount of energy required to remove 
a unit weight of rock [1, 2] and is represented as

(9)SE =
Ei

Vr

Table 4 Thermal parameters of granite

Thermal parameters Dry Water-saturated Oil-saturated

Thermal expansion coefficient (m/mK) 7.9e−6 5e−5 2.2e−5

Specific heat capacity (J/kgK) 800 783 783

Heat transfer coefficient (W/mK) 3.32 3.34 3.37

Density (kg/m3) 2660 2664 2663
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where SE is the specific energy and  Ei and  Vr are the input energy (per joules) and the 
removed volume of the rock (per cubic centimeters), respectively.

Figure 4 shows the specific energy graphs at different lateral pressures for granite 
and limestone samples [2]. According to this figure, a clear trend exists for all three 
conditions of dry, saturated with water, and saturated with crude oil, in which with 
the increase in lateral pressure, the specific energy (SE) consumption increases at the 
beginning of the laser application, and continues at a roughly constant rate to the end. 
Specific energy increases with higher rates at the pressures between 0 and 16 MPa.

A question derived from the experimental results is how much thermo-mechani-
cal stress is induced by laser drilling? Figure 5 shows the stresses generated around a 
hole drilled by laser drilling operation under the different confining pressures for dry 
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Fig. 4 Specific energy-graph at different lateral pressures for samples of granite (a) and limestone (b) [2]
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granite and limestone. As expected, with the increase in the amount of lateral pres-
sure, the thermo-mechanical stresses around the hole was also increased. The sharp 
points in the graphs indicate a sudden change in the temperature and the instant rock 
removal caused by the laser.

One reason for the increase in the stress and strain is associated with thermal stress, 
which is the more significant parameter in spallation of the samples in the laser drill-
ing method. This also means that, over a short time period, the temperature difference 
between adjacent elements is huge. For this reason, the induced stress (thermal stress) 
broke the samples and made the elimination of material easier. With an increase in the 
lateral pressure, the distance between sample particles (grains of rock) decreases and 
leads to an enhancement of the thermal conductivity. An increasing thermal conductiv-
ity causes to decrease the thermal stress, which is another reason for the increase in SE 
and the decrease in rate of penetration (ROP) that is observed with increasing enhanc-
ing confining pressure. Figure  6, for instance, shows the stress distribution formed by 
laser drilling for dry limestone model at a lateral pressure of 32 MPa in two times (10 s 
and 25 s).

Figure 7 shows a graph of temperature versus time under confining pressures of 8, 16, 
24, 32 and 37 MPa for rocks. In these graphs, with the increase in lateral pressure, tem-
perature increases, but no significant changes in temperature can be observed at confin-
ing pressures over 32 MPa. Thus, it can be concluded that the heat distribution in rock 
samples is less sensitive to high lateral pressure changes. Although, in Fig. 7, tempera-
ture changes versus time seem to be relatively stable under different lateral pressures, 
the maximum temperature of the laser at each level of pressure varies.

Although the overall trend of temperature changes on granite and limestone is the 
same, while the maximum temperature and the time of heating and cooling are different. 
Limestone temperature increased sharply and peaked to nearly 1200 °C until 4 s, then 
fell very quickly to the initial temperature during 15 s, whereas the highest temperature 
of granite reached to approximately 1400 °C and the process of heating and cooling con-
tinued around 25 s.

In Fig.  8a, b, respectively, thermo-mechanical stresses and strain diagrams are 
shown for various lateral pressures. As it can be seen, with the increase of pressure, 

Fig. 6 Von Mises stress distribution caused by laser drilling at a lateral pressure of 32 MPa for dry limestone 
sample in a time of 10 s (a) and 25 s (b)
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the value of stress and strain in both rock samples increase. This increase in the von 
Mises stress and strain values are higher in granite samples rather than limestone 
samples. Based on this figure, the thermo-mechanical stress will increase suddenly at 
confining pressure of 16 MPa but will have a slight trend at higher confining pressure.

Effect of saturation type

Saturation effect in samples of limestone and granite on the specific energy of drill-
ing was conducted experimentally by Ahmadi et  al. [12]. Experimental results have 
shown that the types of saturation influence the specific energy, such that water satu-
rated samples required as higher specific energy than heavy oil saturated samples and 
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limestone (b) in point A
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the heavy oil saturated samples need more SE than the dry samples. In Fig.  9, the 
effect of saturation per unit of time is shown for limestone and granite samples.

With regard to the above experimental results, the question arises as what is the rea-
son for the enhancement of the specific energy in saturated samples? Figure 10 is pro-
vided to respond to this query. In Fig. 10, the maximum stress, strain, and temperature 
are shown for the dry, water saturated, oil-saturated conditions of limestone and granite 
samples. Thermal parameters for the dry, water-saturated, oil-saturated conditions were 
defined in the numerical model in order to evaluate the influence of saturation type on 
the mechanical and thermal stresses caused by the laser. As it can be seen, the values 
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of maximum stress and strain that are caused by laser drilling are highest water satu-
rated condition in and lowest in dry condition. By comparing the data from experimen-
tal works and numerical modelling, it can be concluded that the amount of stress and 
strain created by laser drilling are correlated with the amount of specific energy, i.e. the 
amount of thermo-mechanical stress in the rock increase with an increase in the spe-
cific energy. It should be mentioned that there is a direct relation between the increased 
thermal stress and the existence of the porosity and fractures in the samples because, in 
the rock saturation, the absorbed liquid fills the empty spaces of the rock created by as 
porosity and fractures. When the porosity and fractures of a sample increase more liquid 
volume are present in the sample and more laser energy is needed to vaporise this liquid 
and consequently, more thermal stress induced.

As Fig. 10 shows, there is an obvious discrepancy between the temperature of water 
and heavy oil saturated samples compared to the dry ones. The temperature for the 
water saturated samples is less than the heavy oil saturated ones because the vapori-
sation point of water is higher than the oil. Moreover, the thermal capacity of water is 
more than the heavy oil and so vaporisation of water needs less temperature. Another 
reason for this difference is the higher absorption of the laser energy of heavy oil com-
pared to that of water.

As well as, Limestone is more sensitive to saturation than granite and it is because of 
higher porosity of limestone. Not surprisingly, the amount of maximum stress, strain 
and temperature in granite are much more than limestone samples because of the differ-
ent thermal and mechanical properties of these rocks.

Conclusions
Numerical modelling of laser perforation on limestone and granite samples were per-
formed for the study of thermal and mechanical stresses. With an increase in confin-
ing pressure, the thermo-mechanical stress increases rapidly within the range 16 MPa, 
whereas temperature is relatively stable under high lateral pressures over the same 
range. Stronger samples have higher thermo-mechanical stress and strain. In limestone 
and granite samples, higher stresses were generated in the saturated samples compared 
to dry samples as a result of laser drilling, while maximum temperature created in water-
saturated samples are less than dry and oil-saturated samples. It can thus be concluded 
that the thermo-mechanical stress and strain developed in the rock has a direct relation-
ship with the drilling specific energy, in which the quantity of essential specific energy, 
thermo-mechanical stress and strain increases, with an increase in the amount of com-
pressive strength. Also, the finite element method can be considered as an efficient tool 
for analysing temperature and thermo-mechanical stresses induced by laser drilling due 
to fast response and high performance.
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