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ABSTRACT

Unconventional or enhanced geothermal systems (EGSs) have been recently identified as potential geothermal resources which can be
utilized to extract the heat trapped in the deep geological formations. However, due to the low formation porosity in these systems, an
underground heat exchanger must be artificially created to enhance reservoir permeability. A number of reservoir stimulation techniques
are adopted in EGSs to enhance their permeability, including hydraulic fracturing and thermal fracturing. The aim of the present work is to
provide an in-depth understanding of these reservoir stimulation techniques based on our current laboratory experimental work. Recent lit-
erature on the topic has been comprehensively reviewed, and advanced laboratory tests have been conducted to understand hydraulic and
thermal fracturing techniques under reservoir conditions. Experiments were conducted utilizing the high-temperature high-pressure rock
tri-axial apparatus and quenching treatments were performed by injecting cold water into granite rocks heated to different temperatures.
Flow-through experiments were also conducted on intact and fractured granite rocks and the results were compared to predict production
enhancement upon stimulation. CT scanning technology was employed to determine micro-scale characteristics following stimulation.
Experimental work revealed that the propagation paths and apertures of hydraulic and thermal fractures are controlled by the in-situ stress
and temperature and the heterogeneity of the rock matrix. Although the induced fractures contributed substantial enhancement of reservoir
permeability, they were sensitive to stress and temperature changes due to the larger effective stresses and thermally induced volumetric
expansion.

Keywords: CT scanning, geothermal, hydraulic fracturing, permeability, thermal fracturing.

Técnicas de fracturacion hidraulica y termica para la estimulacion
eficiente en la produccion de energia geotérmica no convencional

RESUMEN

Los sistemas geotérmicos mejorados o no convencionales (EGSs) se han identificado recientemente como recursos geotérmicos poten-
ciales que se pueden utilizar para extraer el calor atrapado en formaciones geoldgicas profundas. Sin embargo, debido a la baja porosidad
de formacion en estos sistemas, se debe crear artificialmente un intercambiador subterraneo de calor para aumentar la permeabilidad del
reservorio. En EGSs se han adoptado un numero de técnicas de estimulacion del reservorio para aumentar su permeabilidad, incluyendo
la fracturacion hidraulica y la fracturacion térmica. El objetivo de este trabajo es proporcionar una comprension profunda de estas técnicas
de estimulacion del reservorio basada en nuestro actual trabajo de experimentos en laboratorio. Se ha hecho una revision exhaustiva de la
literatura reciente en dicha tematica, y se han llevado a cabo ensayos avanzados de laboratorio para entender las técnicas de fracturacion
hidrdulica y térmica bajo condiciones del reservorio. Se llevaron a cabo experimentos utilizando equipos triaxiales para rocas a altas pre-
siones y altas temperaturas y se realizaron tratamientos de temple por inyeccion de agua fria en rocas graniticas calentadas a diferentes
temperaturas. También se llevaron a cabo experimentos de flujo continuo sobre rocas graniticas fracturadas e intactas y los resultados
se compararon con la produccion predicha con estimulacion. Se empled tecnologia de escaneo CT para determinar las caracteristica a
micro-escala que se derivaban de la estimulacion. El trabajo experimental ha revelado que la propagacion de trayectorias y aperturas de
fracturas hidraulicas y térmicas esta controlado por esfuerzos y temperatura in-situ asi como la heterogeneidad de la matriz rocosa. Aunque
las fracturas inducidad contrubuyen sustancialmente al aumento de la permeabilidad del reservorio, eran igualmente sensitivas a cambios
en los esfuerzos y temperatura debido al mayor esfuerzo efectivo y a la expansion volumétrica inducida térmicamente.

Palabras clave: escaneo CT, geotérmica, fracturacion hidraulica, permeabilidad, fracturacion térmica.
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Introduction

The conventional geothermal sector represents less
than 1% of the world’s electricity supply, mainly due
to the limited availability of the resources in tec-
tonic boundaries or volcanic areas. Unconvention-
al geothermal resources have been identified as a
promising energy technology, considering the local-
ized resource accessibility of conventional geother-
mal resources (Hussain et al., 2017). These systems
are identified as hot (>150 °C) and dry crystalline or
dense sedimentary rocks with intrinsic permeability
less than 10 ' m2. As Fig. 1 shows, in order to extract
the thermal energy trapped in these geological for-
mations, water or other transmission fluids must be
circulated through the reservoir. However, due to the
low formation porosity, it is essential to create a large
volume interconnected fracture network connecting
the injection and production wells, allowing the circu-
lation fluid to flow through the artificial reservoir with
a sufficient residence time by engineering means to
enhance the production of the reservoir. Since these
systems are associated with engineering technology

Figura 1. Schematic representation of EGS with induced fractures.

Figura 1. Representacion esquemadtica de EGS con fracturas inducidas.

to enhance their performance, these systems are of-
ten referred to as enhanced or engineered geother-
mal systems (EGSs).

A number of reservoir stimulation techniques are
adopted in EGSs to enhance their permeability, and
hydraulic fracturing, which is commonly used in oil
and gas reservoirs, iswidely employed in the industry.
This technology involves overcoming the fracturing
pressure of the rock with hydraulic pressure by in-
jecting a high-pressure fracturing fluid (usually water
with a small percentage of chemical additives). A large
planar hydraulic fracture is initially created perpendic-
ular to the minimum horizontal stress direction, and
during the opening of this major fracture created by
tensile failure, significant numbers of micro-cracks are
generated through shear failure in the surrounding
rock matrix (Watanabe andTakahashi, 1995). However,
compared to unconventional oil and gas reservoirs,
the prediction of hydraulic fracturing process param-
eters and the hydraulically induced fracture volume is
challenging in the EGS environment, due to the high-
temperature and complex stress conditions.

Thermal fractures

Natural and hydraulic fractures
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Apart from the main hydraulic fracture, the injec-
tion of cold water into hot rock has been hypothesized
to result in additional fractures in the wellbore zone
due to the associated thermal damage.This is referred
to as thermal stimulation technology, and this method
has been employed in underperforming geothermal
wells to enhance near-wellbore permeability (Kitao et
al., 1990). Under elevated thermal gradients, the initi-
ation of propagation of fractures along grain bound-
aries and the grains themselves (inter-granular and
intra-granular) has been identified. This thermal frac-
turing mechanism has been theorized as the differen-
tial thermal expansion of mineral grains which have

different thermo-elastic moduli and thermal conduc-
tivities (Fredrich and Wong, 1986), and the subsequent
rupture of the grain boundaries or grains, depending
on the thermal energy and in-situ stress state. Howev-
er, the physical, mechanical and microstructural alter-
ations of the geothermal reservoir rock upon thermal
stimulation and the associated permeability enhance-
ment under reservoir conditions are not fully under-
stood at present.

The replication of hydraulic and thermal stim-
ulation techniques in a controlled laboratory envi-
ronment provides fundamental insights into this
technology and is the basis of the present research.

Technique Stimulation mechanism

Recommended operational

References

parameters and nature
of induced fractures

Massive water *This method relies on the self-

e Fracturing fluid: water with

(Hogarth et al., 2013; Schill

injection propping of the rock and the small proppant concentration et al., 2015; Huenges, 2016)
potential of shear displacement eViscosity: 1-10 cP
¢ Additional abrasive agents * Proppant concentration:50-200
(sand and low concentrations of g/L
proppants) are used to enhance e [njection rates: up to 150 L/s
conductivity by increasing the e Fractures have long lengths (in
fracture aperture the range of 100m) with low
e |t is recommended to use proppant apertures of approximately
suspending agents and friction- 1 mm and hence low
reducing agents which enhance conductivity
mechanical suspension of proppants
Hydraulic- *This method is associated with ¢ Fracturing fluid: water with (Zimmermann and
proppant stimulation of reservoirs with cross- higher proppant concentration Reinicke, 2010; Huenges,
treatment linked gels together with proppants ¢ Proppant characteristics: 2016)
of a certain size high-strength spheres with a
*This method involves three stages: diameter between 0.4 and 1
- Injection of uncross-linked gel to mm
understand near wellbore problems eViscosity: 100-1000 cP
- Pumping cross-linked gel to ® Proppant
understand fluid leak-off, closure concentration:200-2000 g/L
pressure and fracture geometry; and  (Since reservoir temperature
- Injection of a highly viscous cross- results in destruction of the
linked gel as the main stimulatio cross-linked polymer, higher
*The successes of the treatment concentration is recommended)
depends on the slurry rate and ¢ Fractures have a short length
the concentration, and temporal (about 50-100 m) and a higher
variation of the proppants added aperture (up to 10 mm)
Multistage *This treatment is based on e Generally, water injection (Jung, 2013)
treatment sectioning the wellbore and is performed. Therefore the

stimulating each section
independently

e Sectioning is done to intersect
a maximum number of natural
fissures with a completion string

recommended operational
parameters are as per the first
method.

e Multiple fractures are
generated with each
stimulation enhancing
production of the reservoir

Table 1. Current hydraulic stimulation practices and recommended operational parameters.
Tabla 1. Practicas actuales de estimulacion hidrdulica y parametros operacionales recomendados.
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Experiments were conducted utilizing the high-tem-
perature high-pressure rock tri-axial apparatus availa-
ble in the 3GDeep research laboratory (www.3gdeep.
com) at Monash University, and thermal treatments
were performed by injecting cold water into granite
rocks heated to different temperatures. In addition,
permeability experiments were conducted on intact
and fractured granite rocks to understand the effect
of in situ-stress and temperature changes and predict
production enhancement upon stimulation. High-res-
olution CT scanning technology was employed to
determine the micro-scale characteristics created by
stimulation to reveal the science behind hydraulic and
thermal fracturing. This included understanding the
underlying mechanisms of fracture geometry, fracture
propagation and thermally induced damage. There-
fore, it is believed that the present work will provide
a comprehensive understanding of the stimulation of
geothermal reservoirs and contribute to both geother-
mal research and the industry.

Technological background and literature review

Hydraulic fracturing technology

Hydraulic stimulation involves the injection of
pressurized water below the level of minimum in-situ
stress in order to initiate and propagate new fractures.
The increased pressure in the rock mass reduces the
effective normal stress acting across the rock mass
and natural fractures and promotes tensile fracture
and shearing. Shearing-induced dilation results in the
enhancement of permeability of the reservoir (Gischig
and Preisig, 2015). Appropriate proppant types are
generally employed to prop open the fractures creat-
ed after releasing the applied pressure (Liang et al.,
2016). This method enables the enhancement of the
productivity index (Pl) and the injectivity index () (i.e.
the ratio between production or injection rate and the
driving pressure gradient) up to 100-180%, with frac-
ture lengths ranging from 25 to 100 m, respectively
(Huenges, 2016). The fluid injection rate, the fluid in-
jection method (continuous or intermittent), the prop-
erties of the injection fluid, including the quantity and
quality of proppants and other additives which need
to be included, and the fluid viscosity are the primary
controlling parameters in this technology.

Hydraulic fracturing technology in geothermal reser-
voirs is at the trial-and-error stage and standards for the
treatment and completion of wells have therefore not
been established to date (Huenges, 2016). Generally,
treatment design is site-specific and usually based on
expertise on target section. Therefore, based on the dis-

tinguishable properties of each section, treatments are
carried out individually with hydraulic seals between
sections. Considering past EGS stimulation exercises,
three major hydraulic stimulation techniques can be
identified: massive water injection; hydraulic-proppant
treatment; and multistage treatment. Table 1 summa-
rises current hydraulic stimulation practices and rec-
ommended operational parameters based on lessons
learned in previous EGS projects.

Laboratory-scale hydraulic fracturing experiments

Laboratory-scale hydraulic fracturing experiments
allow the simulation of hydraulic fracturing of real
rock samples (homogeneous samples or samples with
discontinuities) or artificial samples under controlled
stress conditions. Therefore, they provide valuable in-
formation on hydraulic fracturing compared with the
complexities associated with field-scale exercises.

The use of large cube-shaped samples enables
the application of three independent stresses simu-
lating field conditions (Fan and Zhang, 2014; Deng et
al., 2016; Mao et al., 2017). However, it is important to
distribute stresses uniformly throughout the sample
faces and the friction generated between rams and the
sample face is generally eliminated by use of Teflon
sheet or grease as a lubricant. Cylindrical samples are
also used, but in this case bi-axial stress conditions
are simulated (Chitrala et al., 2013; Wanniarachchi et
al., 2017). If natural rock samples are used, it is essen-
tial to core/cut, trim and polish the samples precisely.
Therefore, artificial samples are sometimes prepared
using concrete, cement mortar and Perspex (Fan and
Zhang, 2014; Deng et al., 2016). However, in some sit-
uations it is questionable whether these studies are
applicable to real rock applications in terms of their
material properties (brittleness, cohesion, friction, po-
rosity, permeability etc.). As Sarmadivaleh et al.(2013)
indicate, homogeneous and smooth bore-holes need
to be created to initiate hydraulic fractures. These re-
searchers recommend drilling saturated samples em-
ploying a small drilling speed to ensure minimum
damage to the samples. Alternatively, a hole with an
axial notch can be prepared to facilitate fracture ini-
tiation. The open-hole section is also isolated with a
metal bar which acts as a casing and the injection tube
is then inserted. Some experiments have used glue
forms to ensure a bond between the rock and the met-
al (Sarmadivaleh et al., 2013).

During hydraulic fracturing experiments, it is rec-
ommended to apply the stresses in steps (Sarmadi-
valeh et al., 2013). First, the in-situ stresses and tem-
peratures are applied and then the fluid injection is
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Reference Details of sample Test conditions Major findings
(Zoback et al., Cylindrical sandstone Fracturing fluid-water, room Breakdown pressure for both rocks in-
1977) specimens 6 cm long, 3 temperature, pressurization creases with pressurization rate

cm in diameter
with an axial borehole
2-3 mm in diameter

rate 0.02- 3.0 MNm?%/s

(Blanton, 1982)

12 x 12 x15 inch naturally
fractured blocks of De-
vonian shale and hydro
stone; the angle of ap-
proach of the hydraulic
fracture to the pre-frac-
ture varied

Fracturing fluid-water, con-
stant flow rate of 0.05 cu in-
./s, room temperature

Hydraulic fractures tend to cross pre-ex-
isting fractures only under high differen-
tial stresses and high angles of approach.
Mostly hydraulic fractures either divert-
ed or arrested by pre-existing fractures.
Fracture propagation in the vertical direc-
tion is influenced by bedding planes in
the shale which cause a step-like trace in
the vertical direction

(El Rabaa, 1989)

Rock blocks of 6 x 12 x 18
in. with cased and perfo-
rated boreholes (differ-
ent perforation lengths).
The borehole directions
varied from 0 to 90°

Fracturing fluid-water, injec-
tion rate 10 ml/min, room
temperature

Multiple fractures can be created from
the same perforation interval when per-
foration length= 4D and angle < 75°. The
reorientation process when the angle is
between 35°and 75° creates rough frac-
ture walls.

(Zhou et al., 2008)

300mm cubic mixture
of Chinese cement and
sand blocks. Pre-frac-
tures were created with
different thicknesses
(0.06-1.2 mm) and angles

Guar gum Fracturing flu-
id-guar gum with viscosity of
135 MPa, room temperature
injection rate 4.2x10° m¥%s

In a normal stress regime, fractures
caused with interacting branches be-
cause of pre-existing fracture. Tortuous
fractures are found along the direction of
fracture heightwhen one of the horizontal
stresses is the maximum principle stress.
When scaling laws are applied, stress lev-
el should also scale with the pre-existing
fracture stiffness

(Bunger et al.,
2011)

350x350x350 mm blocks
of a medium grained
gabbro with a 16 mm di-
ameter hole to a depth of
290 mm and 4 notches of
1 mm depth around the
circumference of the hole
with different spacings

Fracturing fluid-water, room
temperature

Near the wellbore complex fractures were
identified, which means breakdown is
not a straightforward process. This com-
plexity persists as the fractures grow, re-
sulting in deviating paths. More branch-
ing notching the wellbore results lower
breakdown pressures and uniformity of
access to the formation due to creation of
additional fractures

(Chitrala et al.,
2013)

Lyons sandstone 4 in. in
diameter and with 0.25
in. hole drilled to mid-
depth

Fracturing fluid- oil (viscosi-
ty 50 cp ,room temperature
flow rate of 10 cc/min.

At lower stresses, the hypocentres in-
dicate a greater stimulated reservoir
volume (AE study). SEM fracture mor-
phology study showed a complex and
non-planar development of the hydraulic
fractures

(Guo et al., 2014)

30x30x 30 cm cubes of
Sichuan shale outcrops
with injection tubes 12.5
cm long and a 5 cm open
hole

Fracturing fluid-water, flow
rate (10- 100 ml/min) and
horizontal in-situ stress (3-9
MPa) room temperature, CT
scanning was done

Flow rate has different impacts on
fracture complexity in hydraulic
fracturing. At low flow rates (<10 ml/
min) hydraulic fractures propagate along
natural fractures. At higher flow rates
(>50 ml/min) deviate from maximum
horizontal stress direction. With higher
horizontal stress difference hydraulic
fractures tend to deviate from natural
fractures
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(Fan and Zhang,
2014)

Cubic  specimens  of
300mm made of cement
and sand. Natural frac-
tures were created with
two groups of orthogonal
cemented fractures

Fracturing fluid-water, room
temperature injection rate
0.10-0.16 ml/s

A greater natural fracture density and
a higher injection rate tend to raise the
treatment pressure. At low injection
pressures hydraulic fractures steadily ex-
tended while higher injection pressures
resulted in unstable fracture propagation

(Fallahzadeh et al.,
2015)

10 and 15 cm cubic
samples made of syn-
thetically manufactured
tight mortar (UCS 79.5
MPa, E-27.7 GPa, tensile
strength 3.5 MPa) with
perforated boreholes

Fracturing fluid-silicon oil
(viscosity 97,700 cp) pres-
sure of 5,000 psi and tem-
perature of 28 °C. flow rate
of 0.05-0.1 cc/min

In a perforated wellbore, the increase in
the stress anisotropy affects the fractur-
ing pressure.

When the axes of perforations are ori-
ented in the directions of perpendicular
to intermediate and maximum stresses
larger fracture initiation and breakdown
pressures are required

(Mao et al., 2017)

1000 x 1000 x1000 mm of
Luhui Granite with 83mm
diameter drill hole drilled
to the centre of sample

Fracturing fluid-water, injec-
tion rate 10 ml/min, room
temperature Acoustic emis-
sions has employed

New cracks initiate from the tip of the
pre-manufactured crack under different
loading conditions. When the horizontal
stress difference approached the average
tensile strength value of the specimens,
the crack propagation path on the surface
of the specimens became irregular.

(Deng et al., 2016)

300x300x300 mm
ment blocks and
pit shaft 30 mm in diame-
ter and 150 mm long

ce-

Fracturing fluid- guar gum
with viscosity of 135 mPa,
room temperature

The notch angle influences the initiation
and propagation directions. When the
notch plane is perpendicular to the di-
rection of the minimum principal in-situ
stress, both the initiation and propaga-
tion directions of hydraulic fractures are
perpendicular to the direction of the min-
imum principal in-situ stress. Otherwise,
the initiation direction of the fracture
is first along the direction of the notch
plane, but the final propagation direction
of fracture turns to perpendicular to the
direction of the minimum principal in-si-
tu stress.The longer the notch length, the
smaller the initiation pressure, and the
faster and farther the fracture propagates.

(Zhou et al., 2018)

200 x 400 mm grey gran-
ite with injection hole
18 mm in diameter and
250 mm long. Fracturing
section 50mm

Fracturing fluid-water. Tem-
perature upto 400 °C with
heating rate of 10 °C/h,
steady increase of pressure

Thermal cracking occurs in the sample
due to high temperature. This results in
reduction of fracture initiation pressure
with increasing temperature.

Table 2. Summary of selected laboratory hydraulic fracturing experiments.
Tabla 2. Resumen de los experimentos seleccionados de fracturacion hidraulica en laboratorio.

initiated. In order to regulate the flow of a large vol-
ume, it is recommended to use a flow restriction de-
vice which can be done by a slightly open needle valve
located close to the injection point (Bunger et al., 2005;
Sarmadivaleh et al., 2013). Table 2 summarises a num-
ber of selected laboratory hydraulic fracturing experi-
ments in terms of their sample description, test condi-
tions and major outcomes.

Thermal fracturing technology

In the case of geothermal reservoirs which experi-
ence continuous thermal stresses due to the injection
of cold fluid into the hot rock mass, injecting fluids
colder than the hot reservoir rock with a period of ther-
mal recovery between each injection scenario can be
expected to cause thermal cracking due to the induced
thermal shock. This can result in potential multiple
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fractures perpendicular to the main fracture (Tarasovs
and Ghassemi, 2011). In addition, it is expected to re-
open existing, possibly sealed, fractures with thermal
stresses. This technique has been utilized in high en-
thalpy reservoirs in volcanic and metamorphic forma-
tions, including in Larderello (ltaly) and the Northwest
Geysers, Coso and Newberry (USA)(Breede et al.,
2013). It is a promising technology in ongoing/future
deep geothermal well-drilling projects, including in
supercritical EGSs which experience large geothermal
gradients.

As a result of thermal stresses, thermally-induced
cracks can be initiated by several mechanisms, includ-
ing the mis-match between the thermo-elastic coeffi-
cients of different minerals, which leads to anisotropic
thermal expansion, heterogeneous thermal gradients,
thermally-induced volumetric expansion and ther-
mo-chemical reactions of the rock mass (Dmitriev,
1972;Wong and Brace, 1979; Fredrich and Wong, 1986;
Heard, 1989; Yasuhara and Elsworth, 2008). According
to Wong and Brace (1979), when the internal stress of
the rock mass exceeds the crack closure pressure with
increasing temperature, thermal cracks are initiated:

o = EAaAT (1)

where, E, Ao , AT is the matrix Young’s modulus,
and the difference of the thermal expansion coeffi-
cient of distinct mineral and temperature difference,
respectively. Large temperature differences associat-
ed with thermal stimulation can result in significant
damage to the rock structure. Induced cracks can be
propagated along mineral boundaries (inter-crystal-
line/granular cracks) or in the minerals themselves
(intra-crystalline granular cracks).

Laboratory-scale thermal fracturing experiments

Compared with laboratory-scale hydraulic fracturing
experiments, thermal fracturing exercises are limited
due to the necessity of appropriate instrumentation.
Recent experimental work by Siratovich et al. (2015)
replicated thermal stimulation by injecting cold water
into a heated rock at 375 °C and 35 MPa. As shown
in Fig. 2(a), the acoustic emission (AE) counts record-
ed during the thermal stimulation process clearly
captured the physical damage to the rock mass upon
injection of cold water. A significant number of AE
counts were recorded during the quenching process
which indicates the initiation and propagation of ther-
mally induced cracks.

Thermal processing of rocks can induce large var-
iations in their mechanical and physical properties,

including a reduction of strength and elastic modulus
and an increase of porosity and permeability. Investiga-
tions of the correlations between the mechanical char-
acteristics of crystalline rocks (compressive strength,
tensile strength, and Young’s modulus) and thermal
treatment have identified a general negative correla-
tion (Heuze, 1983; Dwivedi et al., 2008). However, only a
few studies have focused on the mechanical response
of thermally-stimulated quenched rocks, which is a crit-
ical concern to ensure wellbore integrity (Shao et al.,
2014; Shao, 2015). Fig. 2(b) is a clear representation of
permeability enhancement upon thermal treatment,
and indicates that both porosity and permeability are
enhanced by several orders upon thermal stimulation
(Siratovich et al., 2015).This study was conducted at 325
°C, 20 MPa confining pressure and 145 ml/min injection
flow rate. However, it is important to evaluate the flow
performance of thermally treated samples under differ-
ent stress and temperature conditions, in order to ob-
tain a better understanding of the flow enhancement of
stimulated reservoirs.

In order to determine production enhancement in
geothermal reservoirs an understanding of the con-
nected porosity and throat diameter is essential since
the contribution of isolated pores is meagre for the
fluid transport of low permeable crystalline rocks. A
number of studies have considered enhanced porosi-
ty upon thermal treatment (Wong, 1982; Fredrich and
Wong, 1986; Shao, 2015), and as shown in Fig. 2(c),
the experimental results of Geraud (1994) on granite
samples showed an increment of unconnected and
mixed porosities with increasing temperature. How-
ever, with thermal treatment, the porosity of connect-
ed channels decreased slightly, possibly due to the
induced volumetric expansion. However, this experi-
ment was conducted under slow cooling rates and the
effect of quenching on rock micro-structure remains
poorly understood to date.

Research method
Testing material

Granite specimens were collected from Victoria, Aus-
tralia. The selected granites were a coarse grain type
with grain size ranges between 0.2 mm to 0.5 mm,
with only a few larger grains (> 3mm). Table 3 shows
the physical and petrographic properties of the se-
lected granite under room temperature and pressure
conditions. The mineralogical composition was quan-
titatively obtained from the XRD analysis, and it was
found that the selected granite consists of quartz, K
feldspar, plagioclase, and biotite. A close-up view of
a typical granite sample, a reconstructed 3-D view
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obtained from micro CT experiments and the cross
section are illustrated in Fig. 3. The CT images were
post-processed with AVIZO 9.1 software and different
coloursrepresent different minerals.The green regions
represent the relatively less dense areas (quartz and
feldspar), and the yellow regions represent the highly
dense areas (biotite mineral). Granite specimens were
cored to a 22.5 mm diameter for hydraulic and ther-
mal fracturing experiments and the cylindrical cores
were then cut to 45 mm employing a diamond cutter.
Core samples with visible cracks were discarded. The
sample surface was then smoothed with surface irreg-
ularity less than 10 um by grinding the two surfaces.

High-temperature hydraulic fracturing experiments

Laboratory-scale hydraulic fracturing experiments
were conducted utilizing the high-pressure high- tem-
perature triaxial testing apparatus (Shao, 2015). This
unigue apparatus is capable of injecting fluid up to
165 MPa, with maximum confining pressures of 137
MPa, maximum axial loads up to 1000 kN and temper-
ature up to 350 °C. In order to simulate the wellbore
and to initiate a hydraulic fracture, sample centres
were drilled to mid-depth employing a 3 mm drill bit.
Hydraulic experiments were conducted for different
temperature ranges from room temperature to 300 °C
for different stress conditions (confining pressure up
to 60 MPa). Throughout all the experiments, the axial
load was controlled to apply 2 kN of deviatoric force.
This ensured a larger axial stress than confining pres-
sure, which results in initiation of hydraulic fractures
along the wellbore (vertical plane) (EI Rabaa, 1989).
The target temperature and pressure were applied
and maintained for 3 hours prior to fluid injection to
ensure that a uniform temperature and pressure were
applied throughout the sample prior to the fracturing
experiment. Water was used as the fracturing fluid,
and water at room temperature was injected employ-
ing at a constant rate of 5 ml/min until sample failure.

Thermal fracturing experiments

Quenching treatment was employed to induce ther-
mal fractures, and cold water was injected into the
heated samples to produce a large thermal gradient,
which results in sudden thermal expansions in the
anisotropic rock structure with a number of thermal
cracks. In order to understand the effect of the thermal
gradient, samples were heated to different target tem-
peratures up to 800 °C and the corresponding physi-
cal and mechanical response were studied. Significant
thermal damage was observed beyond 600 °C and

therefore, samples treated under 600 °C were used for
detailed micro-scale experiments (pore-network mod-
elling) and flow-through experiments.

Flow through experiments

Drained permeability tests were conducted to obtain
a quantitative and qualitative measurement of both
intact and fractured (hydraulically and thermally)
specimens. Intact/ fracture permeability tests were
conducted using water injections at different injection
pressures under 30 MPa confining pressure. Through-
out all the experiments, the axial load was controlled
to apply pressure equal to the confining pressure such
that o, = o,. The downstream flow mass was then re-
corded using an electronic balance with the sensitivity
of 0.01g and the corresponding steady-state flow rates
and permeability values were calculated employing
Darcy’s law.

Micro-structural studies

A detailed micro-scale study was conducted employ-
ing micro CT scanning and scanning electron micros-
copy (SEM) with energy dispersive x-ray (EDX) to
understand and quantify the hydraulic and thermal
fracturing. The Imaging and Medical beamline (IMBL)
of the Australian synchrotron was used for the CT
scanning, which allowed higher contrast at high res-
olution (10 pym voxels). The Avizo 9.1 software was
utilized to identify the induced hydraulic and thermal
fractures.The induced fractures were transformed into
a pore network model allowing in-depth understand-
ing of connected and isolated pore channels.

Results and discussion
Hydraulic fracturing experimental results

A typical pressure-time curve corresponding to a hy-
draulic fracturing operation isillustrated in Fig. 4(a). As
shown in the figure, initially a small pressure develop-
ment region can be identified due to the filling of the
wellbore, accessible pores and pre-existing fractures
of the specimen. Next, a linear pressure development
can be identified, referred to as the ‘well-bore pres-
surization’ stage. With the development of sufficient
negative effective stress (confining pressure< injec-
tion pressure), a hydraulic fracture initiates resulting
in release of the fracturing fluid through the induced
fracture. This results in a sudden reduction of fluid
pressure. However, due to the pressure release, the
induced fracture results in a residual pressure. Usual-
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Figure 2. Results of selected thermal fracturing experiments. (a) Crack development during quenching treatment (Siratovich et al., 2015). (b)
Variation of permeability and porosity upon thermal treatment (Siratovich et al., 2015). (c) Porosity measurements after thermal treatment

(Geraud, 1994).

Figura 2. Resultados de experimentos seleccionados de fracturacion térmica. (a) Desarrollo de grietas durante el tratamiento de temple
(Siratovich et al., 2015). (b) Variacion de permeabilidad y porosidad en el tratamiento térmico (Siratovich et al., 2015). (c) Medidas de poro-

sidad después del tratamiento térmico (Geraud, 1994).

ly, this residual pressure is equal to the corresponding
confining pressure (Sarmadivaleh et al., 2013). In or-
der to overcome the closure of fractures, proppants,
which are typically sand or man-made ceramic parti-
cles, are injected. The fluid injection can be continued,
which results in the secondary fracturing stage.The in-
duction of secondary cracks can also be identified with
the later pressure drops of the pressure-time curve.
Fig. 4(b) illustrates selected pressure-time curves
of granite samples fractured under different stress
and temperature conditions. The curves follow the
typical pressure-time relationships of hydraulic frac-
turing tests, as discussed in previous sections. Follow-
ing the linear wellbore pressurization region, sample
fracturing was identified with the sudden pressure
drop, and this was ensured by observing a down-

stream fluid flow. It was observed that the duration
of wellbore pressurization increases with increasing
confining pressure due to the increment of neces-
sary negative effective stress to create the hydraulic
fracture. Interestingly, compared with room tempera-
ture experiments, longer duration of initial pressure
development was observed with high-temperature
hydraulic fracturing experiments for all the confining
pressures. Further, the rate of wellbore pressurization
decreased with increasing temperature. These obser-
vations can be explained by the alteration of fracturing
fluid properties and the rock matrix with increasing
temperature. Although water is injected at room tem-
perature, since the fluid flow line is inside the pressure
cellwhich is under high temperature, it is reasonable to
assume that the water entering the sample is at a cer-
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tain temperature higher than the room temperature but
lower than the cell/sample temperature (considering
the injection rate and duration). Therefore, the viscosity
of the water is lower than that under room tempera-
ture conditions while the compressibility of the water
is higher (Lemmon et al., 2002). However, due to the
temperature difference between the rock and injection
fluid, there is a thermal gradient close to the wellbore
zone, which results in a substantial thermal damage to
the wellbore zone with thermally induced micro-frac-
tures.This enhances fluid leak-off from the granite rock.
These phenomena cause longer initial pressure devel-
opment and a lower rate of wellbore pressurization dur-
ing high-temperature hydraulic fracturing experiments.

Effect of pressure and temperature on breakdown
pressure

The estimation of breakdown pressure and fracture
propagation pressure is essential to identify the op-
timum parameters of the hydraulic process (pumping
requirements and stages of fracturing). These param-
eters depend on the reservoir properties, including
the in-situ stress and temperature as well as the me-
chanical characteristics and mineralogy of the rock.
Fig. 5 summarizes the breakdown pressure values ob-
tained for different temperatures and pressures from
the present laboratory experiments. The figure shows
that the breakdown pressure increases linearly with
confining pressure, while it decreases linearly with in-
creasing temperature. The rate of reduction decreases
with increasing confining pressure. The linear reduc-
tion of the tensile strength of granite with increasing
temperature is analogous with the linear reduction
of the breakdown pressure of granite with increasing
temperature (Kumari et al., 2017).

Two classical hydraulic furcating criteria determine
breakdown pressure based on in-situ horizontal prin-
cipal stresses.The well-known Hubbert and Wills (HW)
criterion (Eq.2) is based on elastic theory for imper-
meable rocks (Hubbert and Willis, 1957), while the
Haimson and Fairhurst criterion (Eq. 3) is based on po-
ro-elastic theory (Haimson and Fairhurst, 1967). This
equation considers the poro-elastic stress induced by
fluid permeation into rocks.

PbZSO'h_JH“f’UT_PO (2)
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where, P, is the breakdown pressure, ¢, is the min-
imum horizontal stress, o, is the maximum horizontal

stress, o, of the formation, Po is the initial pore pres-
sure, and 1 is the poro-elastic parameter which is de-
fined as:

_gii=an) 0<n<05 )
2(1—-v)

where, f§ is the Biot parameter and v is the Pois-
son'’s ratio.

However, considering the high-temperature con-
dition, it is essential to consider the effect of thermal
stresses on the hydraulic fracturing process. Accord-
ing to the theoretical work of Stephens and Voight
(1982), the breakdown pressure of an impermeable
formation under thermal stresses can be estimated as
follows:

aE AT
1—v

Py, — Py = 30y, — oy + 07 —

©)

where, T'is the temperature, v is the Poisson’s ratio,
E is the Young's modulus, and « is the coefficient of
thermal expansion of the formation.

In the present study, under triaxial conditions, the
minimum and maximum horizontal stresses are equal
to the confining pressure (o ). Therefore, assuming wa-
ter can flow through the induced fractures and pores
and combining Equations 3-5, a theoretical relation-
ship for the breakdown pressure for the present con-
dition can be obtained as follows:

p 20, +o0py aEAT 6)
7 21-n) 1-v

In Eq. (5), breakdown pressure is a function of the
confining pressure, temperature, and material proper-
ties of the rock. However, it should be noted that the
material properties of a rock mass (tensile strength,
Young’s modulus, Poisson’s ratio and coefficient of
thermal expansion) are temperature-dependent, and
the injection of cold water into a hot rock formation
may result in thermally induced micro-cracks. Further,
thermal damage can enhance the porosity and perme-
ability of the rock matrix. These complexities have not
been incorporated in estimating the breakdown pres-
sure in Eqg. 6.

An empirical relationship was developed to esti-
mate the breakdown pressure of granite under differ-
ent in-situ stress and temperature conditions for the
present experimental conditions as follows:

P, —

P, —Pa=11230. + a-(T) — 0.009AT 20T <300 (7
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where, temperature and pressure should be pre-
sented in °C and MPa.This equation is analogous with
Eq. 6 with E = 17.5 GPa and v= 0.24, which were ob-
tained from laboratory experiments where B= 1and
a =5.43x10 °C which are reasonable for water and
granite, respectively. However, the estimated pressure
was 25% lower than the result of the theoretical equa-
tion, possibly due to the induced thermal damage, en-
hanced fluid leak-off and change of fluid properties,
which are not incorporated in the theoretical equation.

Fracture propagation during hydraulic fracturing

Understanding fracture geometry and the mechanism
of hydraulic fracture propagation is necessary to un-
derstand the propagation of the fracture system. The
reservoir properties (in-situ stress state, temperature,
mechanical characteristics, and mineralogy), the frac-
turing process parameters (injection flow rate and
stages of fracturing), the properties of the fracturing
fluid (density, viscosity and compressibility) and the
characteristics of discontinuities (presence of natural
fractures, bedding planes, and associated heterogene-
ity) govern the fracture propagation process.

The stress state of the formation is the dominant
factor determining fracture orientation and the mor-
phology. Zoback et al.(1977) found that a hydraulic
fracture is always propagated along the major princi-
pal stress. Further, the difference of horizontal stress-
es determines breakdown pressure, shape, quantity
and fracture propagation (i.e. either single or multiple

fractures)(El Rabaa, 1989). The temperature also plays
a critical role during the hydraulic fracturing process,
such that due to the injection of cold fluid into rock frac-
tures, thermally-induced micro-cracks can be propa-
gated, particularly close to the wellbore (Kumari et al.,
2018). In order to understand the micro-scale features
of hydraulically fractured granite, samples were CT-
scanned at 10 um resolution and the CT images were
enhanced and reconstructed using Avizo 9.2 to under-
stand the fracture profile. Fig. 6 illustrates a selected
3-D profile of hydraulically fractured granite and the
separate fractures after hydraulic fracturing experi-
ments conducted at room temperature and 0.1 MPa
confining pressure. The figure shows that increasing
confining pressure results in a substantial reduction
of the induced fracture aperture due to the closure of
the fracture with the induced normal stresses in the
absence of proppants. In addition, although there are
local variations, the fracture aperture decreases line-
arly with fracture length, due to the reduction of free
energy while the fracture propagates. Different miner-
al constituents affect the fracture propagation differ-
ently, and fractures mainly tend to propagate along
quartz-quartz boundaries, biotite-quartz boundaries,
and along large quartz and biotite grains. In addition,
the CT images confirmed the presence of a perforated
zone with multiple inter-crystalline cracks in the well-
bore zone apart from the main hydraulic fracture un-
der high-temperature hydraulic fracturing. A detailed
discussion of the micro-scale features of hydraulic
fracturing can be found in Kumari et al. (2018).

Mineralogical distribution Mineral

Alpha quartz
Plagioclase
Biotite
K-feldspar
Muscovite
Clinochlore
Other minerals

Bulk density (kg/m?3)

Porosity (%)

Uniaxial compressive strength (MPa)

Young’s modulus (GPa)

Poisson’s ratio

Brazilian tensile strength (MPa)

Chemical formula Composition by weight

Sio, 50
Na-CaAlSi.O, 16
K(Mg.Fe),AlSi,O 15
KAISi,O, 13
ALSi,O, (OH), 2
(Mg,Fe*).ALSi.O, (OH), 2
- 2
2703.4
1.2
120.94
17.13
0.24
7.85

Table 3. Physical and petrographic properties of selected granite under room temperature and pressure conditions.
Tabla 3. Propiedades fisicas y petrogréficas de los granitos seleccionados bajos condiciones ambientales de presion y temperatura en

laboratorio.
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(a) Close-up view of
granite

(b) Re-constructed
micro-CT image of
intact granite

(c) Re-constructed cross
section of intact granite

Figure 3. Selected Australian Strathbogie granite. (a) Close-up view of granite. (b) Re-constructed micro-CT image of intact granite. (c)

Re-constructed cross section of intact granite.

Figura 3. Granito Australian Strathbogie seleccionado. (a) Vista en detalle del granito. (b) Imagen CT reconstruida del granito intacto. (c)

Seccion reconstruida del granito intacto.

Thermal fracturing experimental results

In order to understand the thermal fracturing process,
experiments were conducted by injecting cold water
into heated samples at different target temperatures
from room temperature to 800 °C. The physical, me-
chanical and micro-structural responses of the sam-
ples were investigated, and the experimental results
are summarised as follows.

Physical and mechanical responses of thermally frac-
tured rocks

The physical changes in the granite due to the quench-
ing process were investigated using high-resolution
photographs of the surface of the 2mm thick speci-
mens. Fig. 7 illustrates the appearance of a selected
specimen across a wide range of temperatures (room
temperature to 800 °C). It should be noted that for com-
parison purposes the same granite slice was treated at
different temperatures.The figure shows that the phys-
ical changes of the granite specimens quenched up to

200 °C are insignificant. However, a clear alteration of
the colour of the granite was observed beyond 400 °C
from grey-black to reddish grey-black with increasing
thermal gradient. This physical alteration is attributed
to dehydration of the granite and oxidation of min-
erals (Hajpal and Térok, 2004). Further, a substantial
increment of crack density was observed beyond 400
°C and, the crack density of the specimens was qual-
itatively determined using the open source software
Image J. The crack densities of 400 °C, 600 °C, and
800 °C were calculated to be 4.5%, 7.7%, and 12.3%,
respectively. Under 400°C, mainly inter-granular
cracks were observed while increased temperature
resulted in the extension and increase of the fracture
aperture of the induced cracks and the induction of
new inter- and intra- granular cracks. Interestingly, at
800 °C both macroscopic (fracture aperture > 20 um)
and microscopic fractures (fracture aperture < 20 pm)
were observed which ultimately resulted in the loss of
sample integrity.

Next, the mechanical response of the thermally
fractured granite was investigated by conducting uni-
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Figure 4. Pressure time curves of hydraulic fracturing experiments. (a) Typical pressure time curve in hydraulic fracturing experiment (Sar-

madivaleh, 2012). (b) Selected pressure time curves.

Figura 4. Curvas de tiempo-presion para los experimentos de fracturacion hidraulica. (a) Tipica curva tiempo-presion en el experimento de
fracturacion hidraulica (Sarmadivaleh, 2012). (b) Curvas tiempo-presion seleccionadas.

axial compressive loading. Fig. 8 represents the var-
iation of normalized uniaxial compressive strength
(UCS), elastic modulus and the Poisson’s ratio of gran-
ite at different temperatures. Here the normalization
was performed by dividing UCS, elastic modulus and
the Poisson’s ratio at the target temperature with the
respective material property under room temperature
conditions. It was identified that both the UCS and
elastic modulus decrease non-linearly with increas-
ing temperature. In general, the reductions were in-
significant up 200 °C. However, substantial reductions

were observed at higher temperatures. Due to the
anisotropy of the rock matrix (presence of different
minerals with different thermo-elastic coefficients),
differential thermal expansion may result in initia-
tion and propagation of both inter-and intra-granular
fractures, depending on the induced thermal gradient
(Homand-Etienne and Houpert, 1989). This can result
in the reduction of the strength and elastic properties
of granite, as observed in Fig.8. In addition, a substan-
tial reduction of both UCS and elastic modulus was
observed beyond 600 °C, possibly as a result of the a
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Figure 5. Variation of breakdown pressure for different temperatures and pressures.
Figura 5. Variacion de la presion de ruptura para diferentes temperaturas y presiones.

to B transition of quartz which occurs at 573 °C (Ohno,
1995). In addition, the reduction of UCS and the elastic
modulus were minimal beyond 700 °C due to the loss
of material integrity beyond this temperature.

The Poisson’s ratio of the granite was calculated us-
ing axial and transverse strain plots and it was found
that an initial reduction of the Poisson’s ratio occurred
up to 300 °C, followed by a substantial non-linear in-
crement at higher temperatures. The initial reduction
of the Poisson’s ratio further confirmed the generation
of micro-cracks due to the induced thermal gradient
(Walsh, 1965). However, the transitional characteris-
tics beyond 400 °C demonstrated increment of trans-
verse strain compared to the axial strain, possibly due
to the enhancement of the ductile characteristics of
the material (Greaves et al., 2011). The brittle-ductile
transition of granite has been identified by a number
of authors (Xu et al., 2008; Shao et al., 2014) to be
around 500-600 °C. However, the present study sug-
gests that due to the sudden thermal damage of the
quenching treatment, early transitional characteristics
can be expected at lower temperatures.

Effect of rock micro-structure during thermal fracturing

Next, in order to understand the structural alteration
and corresponding flow enhancement of granite, mi-
cro-scale studies were conducted using SEM and mi-
cro-CT scanning technology. The following section
summarises the results obtained for quenched sam-
ples treated at 600 °C.

Fig. 9 represents selected SEM images of the thin
section treated at 600 °C. Images were taken at differ-
ent magnifications to provide an understanding of the
general and close-up views of the thermally induced
fractures. A significant impact on the rock micro-struc-
ture was observed with both inter- and intra- crystal-
line cracks with fracture apertures ranging up to 30
pm. Generally, the fracture aperture was smaller (<
10 uym) for inter-crystalline fractures compared to the
grain boundary cracks. Next, EDX technology was
combined with SEM imaging and the corresponding
minerals were qualitatively identified. For simplicity,
the selected granite was represented by a three-min-
eral system of quartz, feldspar, and biotite. The XRD
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(a) Propagation of hydraulic
fracture

(b) Separated fracture profile

Figure 6. Re-constructed micro-CT images after hydraulic fracturing. (a) Propagation of hydraulic fracture. (b) Separated fracture profile.
Figura 6. Imagenes CT reconstruidas después de la fracturacion hidrdulica. (a) Propagacion de fractura hidréaulica. (b) Perfil separado por

fractura.

analysis (Table 3) was consistent with this simplifica-
tion, since over 90% of the constituent minerals of
the granite were in these categories (560% quartz, 29%
feldspar and 15% biotite). Next, the thermally induced
fractures were quantified in terms of fracture types
and Fig. 10 summarises the outcomes.

The figure indicates that quartz is the primary
mineral prone to cracking due to thermal treatment
compared with the other minerals. It should be noted
that quartz is the most abundant mineral in this gran-
ite (over 50% by weight) which may be the primary
reason for this observation. However, the normalized
crack numbers with the mineral percentages also con-
firmed that quartz mineral has a higher susceptibility
to cracking compared with biotite and feldspar. Stud-
ies have found a significant volumetric expansion of
quartz compared with the other surrounding miner-
als (Fredrich and Wong, 1986). This may be the cause
of having a larger number of cracks associated with
quartz mineral. It was also identified that biotite min-
eral has considerable vulnerability to fracturing, par-

ticularly as it has intra-crystalline fractures with small
fracture apertures (< 2 um) at high temperatures. This
may be due to thermal damage to the layered mineral
structure of biotite mineral (Fanning et al., 1989).

It was attempted to understand the nature of the in-
duced fracture networks to identify whether they were
connected or unconnected fractures and the flow per-
formance of those induced fractures. CT images of the
thermally treated granite were enhanced and recon-
structed to understand the fracture profile using Avizo
9.2. Fig. 11 illustrates a 3-D profile of a selected 10
mm long section of the thermally treated sample and
the corresponding separate induced fractures. The CT
images confirmed that an unconnected large number
of micro-fractures and an inter-connected micro- and
macroscopic fracture network resulted due to the ther-
mal treatment. Since the fluid transport characteris-
tics are governed by well-interconnected fractures
and large voids, a network of pores and throats was
idealized using the pore network modelling (PNM)
component of Avizo 9.2. Larger throat diameters and
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(a) Intact sample

(c) 600 °C

Figure 7. Appearance of granite after different thermal treatments.

(b) 400 °C

(c) 800 °C

Figura 7. Apariencia del granito después de diferentes tratamientos térmicos.

well-developed flow channels were identified with in-
ter-granular fractures of quartz-quartz minerals while
other fractures contributed smaller throat diameters yet
substantial enhancement of flow channels in the rock
matrix. The volume fraction of the pores in the samples
was 8.5%, which was close to the fracture density calcu-
lated by surface fracture analysis using SEM imaging.
It should be noted that the SEM images exhibit only 2-D
microscopic structures of the surface and are incapable
of providing the 3-D distribution and interconnectivity
of fractures. Therefore, CT image analysis confirmed
that the thermally induced interconnected fractures
would provide major pathways to fluid transport. This
was examined in the next experimental series.

Permeability enhancement due to stimulation

The fluid flow characteristics of intact and fractured
granite were investigated by conducting drain perme-
ability tests at room temperature. The tests were con-
ducted at 10 MPa confining pressure and the effective
stress on the sample was gradually decreased by in-
creasing the injection pressure. It was confirmed that
the steady-state flow rate linearly increased with the
pressure gradient across the sample, and the permea-
bility was calculated by incorporating Darcy’s equation.

Fig. 12 shows the permeability values of different

samples calculated under different in-situ stress con-
ditions. It was found that the permeability is approxi-
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Figure 8. Variation of mechanical properties of granite with different thermal treatments.
Figura 8. Variacion de las propiedades mecanicas del granito con diferentes tratamientos térmicos.

Figure 9. Identification of thermally induced cracks using SEM.
Figura 9. Identificacion de grietas inducidas térmicamente utilizando SEM.
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Figura 10. Cuantificacion de los tipos de fracturas inducidas térmicamente.

mately uniform across the considered effective stress
ranges according to Darcy’s equation. The permea-
bility of the intact specimen under 10 MPa confining
pressure was negligible, at only about 0.1 yD. Sub-
stantial permeability increment was observed with the
fractured specimens, such that 20 times permeably in-
crement was found for the samples hydraulically frac-
tured under room temperature conditions compared
to the intact rock.The incrementwas 1 order higher for
the sample hydraulically fractured at 300 °C under the
same stress conditions. Interestingly, the permeability
of the thermally quenched sample at 600 °C was 4 or-
ders higher than that of the intact specimen.

The experimental results clearly demonstrated
that induced fractures play a crucial role in the flow
characteristics of granite, which has very low intact
permeability. As explained in the previous sections, in
room-temperature hydraulic fracturing experiments,
one single fracture is generally induced. However, in
the absence of proppants the induced fracture can be
closed under large normal stress.This can result in rel-
atively low permeability enhancement although, with
the induced fracture, the permeability is considerably
higher under this condition. However, the injection of
cold water into hot rock can create thermally induced
micro-fractures, particularly in the wellbore zone,
thereby enhancing the porosity of the material. The
present experiments provide evidence that this may
result in substantial enhancement of permeability
compared to the previous condition. The flow perfor-
mance of the material can be significantly enhanced
by the enhanced thermal gradients. As identified by

the CT images, following quenching treatment at 600
°C, the crack density of rock is significantly enhanced,
creating a network of interconnected macro- and mi-
cro-fractures. This results in significant enhancement
of the transport characteristics of granite, which sug-
gests that thermal stimulation combined with hydrau-
lic fracturing may be an important reservoir stimula-
tion technique in the geothermal environment (Kitao
et al., 1990; Flores et al., 2005).

Recommendations for future technology improvement

Geothermal environments are associated with large
confining stresses (usually from 20-60 MPa) and dif-
ferent temperature conditions (100-300 °C) (Breede
et al., 2013). Therefore, the induced hydraulic and
thermal fractures are sensitive to stress and temper-
ature changes and increasing confining pressures
can cause non-linear reduction of permeability due
to the closure of the fractures under greater effective
stresses. In addition, increasing temperature results
in permeability alteration due to thermally induced
volumetric expansion, which leads to enhancement of
the interlock effect and thermally induced damage. To
overcome the re-closure problem, proppants, which
are solid materials in fine particulate form (sand, sand,
ceramic, chemicals, and gel), are generally used. How-
ever, these are not usually small enough to penetrate
existing or generated micro-fractures (particularly
thermal fractures with small fracture apertures) since
these particles usually range from 500 ym to 800 pm
(Liang et al., 2016). The injection of nano-sized parti-
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(a) Separated 3-D profile of thermally
fractured granite

(b) Separated fracture profile

(c) Pore-network model for the selected granite
section

Figure 11. Re-constructed micro-CT images after thermal fracturing. (a) Separated 3-D profile of thermally fractured granite. (b) Separated
fracture profile. (c) Pore-network model for the selected granite section.

Figura 11. Imagenes CT reconstruidas después de la fracturacion térmica. (a) Perfil tridimensional separado del granito fracturado térmi-
camente. (b) Perfil desagregrado de fractura. (c) Modelo de red de poros para la seccion del granito seleccionado.

cles followed by conventional large proppants has
been hypothesized to widen the induced fractures and
allow them to open (Bose et al., 2015). However, the
applicability of nano-proppants for fracture conduc-
tivity improvement under geothermal conditions is
poorly understood to date, and it is essential to assess
their long-term chemical and thermal stability under
geothermal reservoir conditions.

It is critical to enhance and extend hydraulically- and
thermally induced fractures, which may be achieved

by the use of improved fracturing fluids, intermittent
fluid injection at higher pumping rates, increasing the
thermal gradient and cyclic thermal loading. However,
the corresponding permeability enhancement of these
treatments needs to be confirmed based on comprehen-
sive research. It is strongly recommended to combine
micro- and meso-scale experiments to understand the
fundamentals of the coupled process and quantify the
process parameters. Combined experimental studies
can provide knowledge of the underlying mechanisms
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Figure 12. Permeability enhancement upon hydraulic and thermal fracturing.
Figura 12. Aumento de la permeabilidad como consecuencia de la fracturacion hidrdulica y térmica.

and physics of geothermal reservoir rocks in terms of
their fracture and pore geometry, the fluid flow along
these complex geometries, thermally induced damage
and chemical interactions with different fluids. For ex-
ample, micro-scale and meso-scale experiments can be
combined, as discussed in this paper. It is strongly sug-
gested to conduct macro-scale experiments on large
rock samples and then combine the results with field-
scale tests and in-situ reservoir modelling. This would
avoid costly errors in the creation and maintenance of
EGS reservoirs in the industrial context.

Conclusions

This paper discusses hydraulic and thermal stimu-
lation techniques employed in unconventional geo-
thermal systems based on combined meso- and mi-
cro- scale laboratory experiments. Recent literature
on the topic has been comprehensively reviewed,
and future research directions to enhance current
technology have been proposed. The major findings
from the study can be summarised as follows:

* Laboratory hydraulic fracturing experiments
confirm that the breakdown pressure of reser-
voir rock increases linearly with reservoir depth
(confining pressure). With regard to high-tem-
perature experiments, breakdown pressure de-
creases linearly with increasing temperature.
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The fracture propagation path and the aperture
are mainly controlled by the stress state and the
heterogeneity of the rock matrix. CT images con-
firm that one single fracture is induced in room
temperature hydraulic fracturing. However, a
perforated zone with multiple inter-crystalline
cracks is induced in the wellbore zone apart from
the main fracture in high-temperature hydraulic
fracturing.

Increasing the thermal gradient results in the
non-linear reduction of uniaxial compressive
strength and Young’s modulus due to thermal
weakening which is confirmed by microstructur-
al analysis. The initial reduction of the Poisson’s
ratio up to 300 °C is followed by a substantial
non-linear increment at higher temperatures.
Quartz is the primary mineral prone to cracking
due to thermal treatment compared with bio-
tite and feldspar. This is due to the abundance
of quartz mineral and its significant volumetric
expansion compared with the surrounding min-
erals. Further, CT images confirm that an uncon-
nected large number of micro-fractures and an
inter-connected micro- and macroscopic frac-
ture network result due to thermal treatment.

A substantial permeability increment is observed
with fractured specimens, such that 20 times
permeability increment was found for samples
hydraulically fractured under room temperature
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conditions compared with intact rock. The incre-
ment was 1 order higher for a sample hydrauli-
cally fractured at 300 °C under the same stress
conditions. Interestingly, the permeability of a
sample thermally quenched at 600 °C was 4 or-
ders higher than that of an intact specimen.
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