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Abstract: Hydraulic fracturing is used in the oil industry in order to increase the index of production
and processing in wells whose efficiencies have been dropped due to long-term harvest or the rocks around
the well are low permeable. Since the hydraulic fracturing operation is costly, it is of special importance
to determine the pressure required for hydraulic fracturing and the suitable pump for this operation to the
project managers. In this research, sandstone specimens of Lushan area were used and investigated the
effect of thermal stress on hydraulic fracturing pressure of sandstone. The Hoek triaxial cell was adapted
for a laboratory modelling of hydraulic fracturing. The specimens under study are in the shape of thick-
walled hollow cylinders with an external diameter of 54.7 mm, an internal diameter of 12 mm, and a
height of 108 mm. To study the effect of thermal stress, the tests were conducted on the specimens that
heated up to 100 °C in the furnace at heating process and then cooled in water 5, 10 and 15 °C. Results
indicated that hydraulic fracturing pressure reduced with decreasing Cooling temperature of samples. In
hydraulic fracturing operations, this decreasing fracture pressure causes the pump to be purchased at a lower
pressure production capacity, resulting in lower operating costs. Hydraulic fracturing pressure changes
in the effect of thermal stress were consistent with the variations of velocity of longitudinal waves, dry
unit weight, uniaxial compressive strength and permeability. CT scan images were used to examine micro
cracks changes in the effect of thermal stress and the CT value calculated by the images confirms hydraulic
fracturing pressure variations.

Keywords: Sandstone, Thermal stress, Hydraulic fracturing.

INTRODUCTION

In petroleum reservoirs, source rock is heated and cooled constantly during drilling and extraction
processes. In addition, throughout the extraction process fluids can be pumped artificially into the reservoir
to cause changes in the source rock temperature. According to the theory, if a material is placed in a thermal
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field, a form of mechanical stress is created in it that is called thermal stress. The rocks in the reservoir
usually have a temperature above 100 C. When a cold fluid is injected into the mentioned area during
hydraulic fracturing, thermal stress is created due to the changes in temperature which is calculated based
on Eq. (1).

If there are no cracks in the rock, micro-cracks are formed in the rock due to this thermal stress, causing
a hydraulic fracture to occur under smaller fluid pressure. If the rock has initial cracks, as a result of the
thermal stress, tensile stress is generated at the crack tip in the cooled region. If the amount of this tensile
stress is greater than the tensile strength of the rock, the initial cracks are propagated and the secondary
cracks are formed and the permeability of the source rock increases which leads to an increase in the oil or
gas extraction from the reservoir.

The amount of thermal stress is calculated in an elastic and isotropic material based on Eq. (1) [1]:

o E AT
1_9

Thermal stress = (1)

Where a, 9, E, and AT represent the coefficient of linear thermal expansion, Poisson’s ratio, Young’s
modulus, and temperature change respectively.

The majority of the studies have been conducted on the effect of thermal stress on initial crack
propagation, and in the study of Craig et al. [2] the effect of thermal stress was investigated after hydraulic
fracturing. In this study, the effect of thermal stress on hydraulic fracturing pressure has been investigated,
and in this respect, it can be considered a new investigation. Also, the CT scan has been used to study
specimen damage under thermal stress, which is counted among the advantages of this study.

Materials studied and the method of experiment

The Sandstone block samples from Lushan were transferred to the laboratory. For microscopic
examination, a thin section was prepared from the specimen and examined under a microscope.

The physical and mechanical properties of the specimen including effective porosity, dry weight, uniaxial
compressive strength, Brazilian tensile strength, modulus of elasticity, Poisson’s ratio and cohesive were
determined using the methods proposed by the International Society of Rock Mechanics [2]. To determine
the uniaxial compressive strength, the modulus of elasticity and the Brazilian tensile strength, cores with a
diameter of 54 mm and a length/diameter ratio of 2 were used with a strain gauge for uniaxial compressive
strength and a diameter-to-thickness ratio of 2 for the Brazilian tensile strength. The triaxial tensile test was
carried out to determine cohesion and internal friction angle with the help of Rock Lab Software. Saturation
and immersion methods were used to determine the dry weight and effective porosity of the specimen
(Table 1).

Table 1. Physical and mechanical properties of sandstone

Dry unit weight |  Effective Poisson's Elastic modulus STensHeh UnlaX|a_I
(KN/m®) porosity (%) ratio (GPa) trengt COMPTESSIVe
(MPa) strength (MPa)
21.88 10.27 0.26 17.37 4.59 72.8

To perform a hydraulic fracture test, after specimen preparation, it is placed in the test cell. After placing
the top and bottom caps on the specimen, it is placed in load plates of the jack to apply the axial load.
Then, the tubes of the lateral pressure device and the pressure pump inside the borehole are attached to
the cell. After that, the axial stress and lateral stress are applied to the specimen. After the axial and lateral
stress reached the desired amount, the pressure inside the bore is increased. This pressure is applied until
the pressure inside the borehole drops. This pressure drop indicates that the specimen inside the cell has
fractured. Fig.1 shows the specimens after the fracturing. Fractures are propagated along the vertical axis
of the specimen. Axial stress and lateral pressure applied to the specimens tested as well as heating and
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cooling temperature of specimens at temperatures of 5, 10, 15 °C . Experiments are also performed at
ambient temperature (25 °C) on specimens that were not put in the furnace.

Figure 1. The specimens after fracture

RESULTS

In Figure 2, the mean of fracture pressure from hydraulic fracturing test is presented. The mean of the
fracture pressure of the specimen that was not heated in the furnace and tested at the temperature of the lab
environment (25 °C) is16.61 MPa. The mean of fracture pressures for four specimens that was heated up
to 100 °C and cooled down to 5 °C is 12.99 MPa, for three specimens that were heated up to 100 °C and
cooled down to 10 °C is 14.17 MPa, and for the three specimens that were heated up to 100 °C, and cooled
down to 15 °C is 14.51 MPa. It should be noted that there were 3 experiments conducted in each case as the
experimental results were close together.

As shown in Figure 2, the fracture pressure increases with the increase in cooling temperature of the
specimens heated up to 100 C. In the heating phase, the specimens were heated up to 100 C. At this stage,
the specimens expanded and then contracted during the cooling phase. Based on Eq. (1), it can be said that
thermal stress is higher in the case where specimens are cooled at 5 °C in comparison with the other two
cases, as in this case, the temperature difference becomes 95 °C. Also, because of the specimen expansion
and contraction, the number of micro-cracks increase. The amount of axial stress and lateral pressure is the
same in all experiments. The tangential stress is compressive before the pressure is applied inside the bore.
The fluid pressure inside the bore is necessary for the tangential stress on the inner wall of the cylinder to
transform into tensile stress and hydraulic fracture to occur in the wall. Since the thermal stress is higher in
the case of specimens cooled at 5 °C, the number of micro-cracks of specimens, in this case, is higher while
the tensile strength of specimens is lower compared to two other modes, hence the pressure of hydraulic
fracture lower with the specimens cooled at 5 °C.
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R?=0.9076 ¢ 1451
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Figure 2. The mean of fracture pressure from hydraulic fracturing test
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CONCLUSION
The results can be concluded as follows:

The hydraulic fracturing pressure decreased as a result of the increase in the thermal stress. The
increase in thermal stress occurs due to the reduction in the cooling temperature of the specimen.
This thermal stress increases the number of micro-cracks. Due to the increase of the micro-cracks,
the tensile strength of the specimens decreases. Moreover, Hooke and Willis’s equation also shows
that due to the decrease in tensile strength, hydraulic fracturing pressure is decreased.

The fracture pressures of 100 °C specimens, cooled at temperatures 5, 10 and 15 degrees Celsius,
was reduced by 8.21 %, 14.67 %, and 12.61% respectively, compared to the fracturing pressure of
hollow cylinder specimens that fractured at ambient temperature without heating in the furnace.
The velocity of the longitudinal wave and the dry unit weight was reduced due to the increased
thermal stress.

Uniaxial compressive strength was decreased by increasing thermal stress.

With increasing thermal stress the permeability was decreased due to the damage to the paths that
directed the fluid flow before cooling the specimen. These paths were affected as a result of the
contraction of the specimens.

The CT values obtained from images of the CT scan showed that the damage variable increased with

increased thermal stress, indicating the increase in the number of micro-cracks.
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