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Abstract: In this study, a set of laboratory experiments was carried out to study the parameters
of hydraulic fractures induced in the dry and mineral-oil-saturated rocks and compare them with
the geomechanical characteristics of tested samples. We chose sandstone and thermally treated
granite as the materials for research. There are very few known studies related to the mechanical and
acoustic properties of oil-saturated rocks, and even fewer studies describing, in detail, the parameters
of hydraulic fractures generated in oil-saturated rocks. The hydraulic fracture parameters were
determined using a set of independent sensors installed to measure the axial deformation of the
sample (which is directly related to the aperture of created hydraulic fracture), fluid pressure, fluid
volume injected into hydraulic fracture, and localization of acoustic emission (AE) events, generated
during the propagation of hydraulic fractures. Our study focuses on the investigation of the influence
of rock properties, altered by mineral oil saturation and thermal treatment, on such parameters of
hydraulic fracturing as breakdown pressure (BP), fracture aperture, and the resulting roughness
of the hydraulic fracture surface. In addition, we studied the influence of injected fluid viscosity
on the parameters of created hydraulic fractures. It was revealed that the saturation state caused a
reduction in the values of mechanical parameters such as Young’s modulus, compressive strength,
and cohesion, and had a similar reducing influence on the breakdown pressure. The values of HF
parameters, such as fracture width and the volume of fracturing agent injected into the HF, are
higher in the tests for both saturated sandstone and saturated TT granite. However, we found out
that thermal treatment of granite samples led to a much more significant reduction in the values of
mechanical and acoustic parameters than the mineral-oil saturation procedure because it created a
dense network of thermally induced cracks. The results obtained in our laboratory studies can be
taken into account in the modeling of hydraulic fracturing in the field.

Keywords: hydraulic fracturing; acoustic emission; sample saturation; fracturing fluid viscosity;
fracture propagation; fracture surface; P-wave velocity

1. Introduction

Hydraulic fracturing is known as the main method of stimulating oil and gas produc-
tion, when the injection of a mixture of water and chemicals into a reservoir generates a
network of fractures, enhancing hydrocarbon production [1–3]. Complex fracture networks
are formed by the reactivation of natural fractures and creation of new fractures [4]. In
addition, hydraulic fracturing is applicable to the development of an enhanced geothermal
system (EGS) [5,6].

Despite the widespread implementation of hydraulic fracturing and the promising
results of stimulated oil and gas production, the procedure still remains challenging, expen-
sive, and the stimulation may be short-lasting. Due to the varied and unique mechanical
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characteristics of the rock, the geological conditions, and the in situ stress states of each
reservoir, field studies of hydraulic fracturing have become rather complicated. Further-
more, the geological structure of an unconventional reservoir significantly influences the
features of reservoirs. In recent years, unconventional tight sandstone reservoirs with low
permeability have been developed, and a significant number of horizontal wells have been
drilled for multi-stage hydraulic fracturing, to enhance production from the reservoirs [7,8].

As shown earlier, some factors, such as pre-existing natural cracks, bedding planes,
and clay content, can have a significant impact on the efficiency of hydraulic fracturing
operations [9–11], and they must be taken into account while modeling the process. That
is why laboratory experiments can be considered a necessary part of hydraulic fracturing
research, since they can be controlled and reproduced using core samples obtained from
reservoirs [12]. In addition, laboratory experiments are widely used as an excellent method
for verifying the accuracy of numerical simulation results [13].

Numerous studies have examined the effect of water on the mechanical properties
of rocks, and it has been observed that water reduces the compressive strength, tensile
strength, elastic modulus, and cohesion of the rocks; however, the plastic behavior of rocks
is enhanced. The percentage reduction in compressive strength varies from one type of
rock to another and may be up to 90% in saturated mudstone [14], up to 29% in saturated
marble [15], up to 88% in saturated tuff [16], and up to 40% in sandstone [17]. Several
potential mechanisms, including clay mineral softening, the friction weakening effect, and
the influence of pore water pressure have been proposed as the main cause for the observed
reduction in strength mentioned above [18,19].

Furthermore, not only the mechanical properties of the rock but also the acoustic
properties change in the saturated state. The effect of saturation on the compressional wave
velocity has been studied in many papers, demonstrating that higher values of P-wave
velocities were observed for the saturated samples and lower values were observed for
the dry samples (e.g., Boulanouar et al. [20]). The values of shear wave velocities in a
wet, porous material will always be lower than those in the dry material [21]. In addition,
P-wave velocities for wet rocks may be calculated on the basis of a P-wave velocity value
for dry rocks [22]. However, saturation of the sample aggravates attenuation and scattering
of elastic waves. Johnston et al. [23] concluded that the friction of thin cracks and grain
boundaries is the primary reason for seismic attenuation, and the presence of a fluid will
wet the grain boundaries and crack surfaces.

Microseismic observation of hydraulic fractures in formations provides insights into
the fracture growth; however, quantitative microseismic interpretation is often challenging
due to limited data on reservoir characteristics affected by in situ stresses and pre-existing
fractures. Meanwhile, hydraulic fracturing in the laboratory can be used to characterize the
geometry of fractures that occur under different conditions (e.g., stress state) [24]. Reliable
assessment of the characteristics of created hydraulic fractures, such as fracture geometry,
surface roughness, etc., in field conditions is a very complicated task, while the geometrical
characteristics of created hydraulic fractures can be directly determined in a laboratory
test, e.g., by computed tomography [25] or by laser scanning technique [26]. Knowledge of
the roughness and the aperture of the created hydraulic fractures is crucial for arranging
successful proppant delivery. However, in the field, the aperture of hydraulic fractures can
be estimated very roughly, while in the laboratory it is possible to directly measure the
deformation of the sample related to the opening of hydraulic fractures [25,27]. Similarly
to microseismicity recorded in the field, acoustic emissions (AE) can also be monitored in
the laboratory using sensitive, high-frequency data acquisition systems [28].

Almost all reservoirs contain natural fractures [29,30], and the presence of natural
fractures, as well as bedding planes, has a significant impact on the hydraulic fracture
propagation [31]. In order to enhance the productivity of a low-permeability formation,
complex fracture networks should be induced, which are often formed by reactivated
natural fractures and newly created fractures [4]. This produces a large stimulated reservoir
volume (SRV). However, due to the complex morphology of an induced fracture network,
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it is important to assess fracture roughness for proper proppant distribution, slowing down
the rate of hydraulic fracture closure, and improving effective fracture conductivity [32].

Since there are relatively few studies related to the characteristics of oil-saturated
rocks, mechanical and acoustic properties, as well as hydraulic fracture parameters of
oil-saturated rocks remain poorly understood. We also emphasize the importance of
pre-existing microcracks in granite in the process of hydraulic fracturing. Our study
focuses on laboratory observations of hydraulic fractures created in the dry and mineral-
oil-saturated specimens of sandstone and thermally treated (TT) granite, to explore the
effect of oil saturation and fracturing fluid viscosity on mechanical properties, which, in
turn, affect the parameters of the created hydraulic fractures and associated AE. A series
of confined multistage tests were conducted to determine the mechanical properties of
original, thermally treated, and oil-saturated specimens. In addition, hydraulic fracturing
tests were conducted using a set of independent sensors to register the sample deformation,
directly related to the hydraulic fracture aperture, as well as fracturing fluid pressure and
acoustic emission (AE) activity.

2. Materials and Methods
2.1. Experimental Setup

The experiments were conducted in the pseudo-triaxial cell of the MTS-815 loading
frame (Figure 1a) manufactured by the Material Testing Systems Corporation, where
constant axial and confining pressures were maintained during the hydraulic fracturing
induced by fluids injected into the specimen. The parameters of the hydraulic fracture
growth were recorded by three independent systems: (1) the set of acoustic emission
(AE) sensors, glued to the cylindrical surface of the specimen (Figure 1b, green rectangle);
(2) the extensometer used to measure the deformation of the specimen in the axial direction
(Figure 1b, pink rectangle), and (3) the sensors recording the pressure and volume of the
injected fluid. The combination of data obtained from independent systems allows us to
reliably determine the moment of fracture initiation, to estimate the speed of hydraulic
fracture propagation, and to measure the specimen deformation related to the opening
of the hydraulic fracture. After the test, the geometry of the created hydraulic fracture
and the roughness of the hydraulic fracture surface were characterized using a laser
scanning technique.

Figure 1. (a) General view of the MTS 815 servo-hydraulic unit with a downturned chamber;
(b) installation diagram of the axial extensometer (pink rectangle) and the brass housings of the
acoustic emission sensors glued to the sample (green rectangle).
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The sample preparation procedure included the cylindrical specimens coring and
grinding the end surfaces of the specimens with a diamond grinding disk to a flatness
deviation of no more than 0.03 mm. After that, a wellbore of 8 mm dimeter and 60 mm
length was drilled in the center of the specimen, and the metal casing was glued into the
wellbore in such a way as to leave an uncased open-hole section of the rock of 6 mm length
(Figure 2). To simulate the perforation and to specify the direction of fracture development,
a transverse notch was cut 2–3 mm deep in the center of the open-hole section. Before the
sample was installed into the pseudo-triaxial cell, it was sealed with the oil-resistant jacket
separating the confining oil from the sample. The final stage of the sample preparation
procedure was gluing a set of 18 AE sensors to the cylindrical surface of the sample.

Figure 2. Sample loading diagram in the pseudo-triaxial chamber: σ1 = σ2 > σ3.

In the pseudo-triaxial loading frame, two out of the three principal stresses must
be equal, and we chose the loading scheme when the maximum and medium stresses
were applied to the cylindrical surface of the rock (Figure 2). The samples were initially
loaded hydrostatically to a stress state, where σ1 = σ2 = σ3 = 22 MPa were applied to the
sample, and then σ3, applied along the cylinder axis, was decreased to 8 MPa. This loading
scheme allows the study of the initiation of hydraulic fracture growth in the direction
perpendicular to the minimal applied stress σ3 (Figure 2), while σ1= σ2 = 22 MPa were
applied to the cylindrical surface of the rock. It should be noted that with this loading
scheme, the borehole is drilled in the direction of minimum principal stress, and laboratory
hydraulic fracturing can simulate a horizontal well in the field drilled in the σh direction.
The sample expands in the vertical direction, and the sample deformations associated with
the opening of the HF were precisely measured by a vertical extensometer installed on the
cylindrical surface of the sample.

In addition, during our experimental study, Newtonian viscous silicone oil (SO) with
viscosities of 1000 cP, 10,000 cP, and 100,000 cP and non-Newtonian OilGel 40/40 (OG)
with a viscosity decreasing from 1220 cP at 100 rpm to 310.81 cP at 300 rpm (a detailed
description of which was published in [25]) were injected into the specimens to induce a
hydraulic fracture. Mineral oil Multitherm PG-1 (with a viscosity of 46 cP) was used as a
fluid for the saturation of samples in the pseudo-triaxial cell. Initially, a confining pressure
of 2 MPa was applied to the tested specimen, then a vacuum was applied to the sample for
at least one hour to remove the air trapped in the open pore space. Thereafter, a constant
pore pressure of 1 MPa was applied to saturate the sample. The mineral oil Multitherm PG-1
was used for the sample saturation to avoid additional effect of clay swelling in sandstone.
Moreover, the properties of the mineral oil were fully investigated [33]. Additionally, the
sample saturation was confirmed by P-wave velocity measurements along the different
ultrasonic transmission traces.
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2.2. The Fracture Surface Scaning

After the tests, the obtained hydraulic fracture surfaces were scanned by an EinScan
HX handheld 3D scanner (Shining 3D). A hybrid blue laser and LED light source were
integrated into the scanner to increase the efficiency and reliability of the results (Figure 3a).
The high resolution of the images is provided by the minimum point distance of 0.05 mm
and the accuracy is up to 0.04 mm [34]. Analysis of the obtained images of hydraulic
fracture surfaces (Figure 3b) allows the calculation of the roughness and tortuosity of the
fracture surfaces.

Figure 3. (a) The EinScan HX handheld 3D scanner (Shining 3D) [35]; (b) the images of the
sample surfaces.

2.3. Spesimens Description

For our experimental research, three types of rocks were tested: sandstone, un-
heated granite, and thermally treated (TT) granite. Their descriptions are presented in the
following subsections.

Sandstone
Tested samples of sandstone were obtained from the Prirakhtovskoye field (Omsk

region, Russia) (Figure 4). They were taken from a depth of 2426.35–2428.75 m. The
cylindrical samples with a diameter of 77 mm and a length of 105 mm were prepared for
laboratory fracturing experiments. Moreover, four cylindrical samples with a diameter
of 30 mm and a length of 60 mm were prepared for the multi-stage triaxial compression
(MTXC) tests.

Figure 4. The schematic location map of the Prirakhtovskoye field (Omsk region, Russia).

The studied sandstone is a light-grey, fine-grained sedimentary rock. The size of
sandstone grain is up to 0.5 mm. It consists of rounded fine grains of silica (quartz) that are
all of the same size, and it is cemented by clay. It consists of quartz, albite, kaolinite, illite,
and chlorite group. The mineral composition of the samples was analyzed with the X-ray
powder diffraction technique on the Huber G670 diffractometer. The composition of the
sandstone is shown in Figure 5. Sandstones are composed of quartz predominantly. Clay
minerals are represented by illite, kaolinite, and chlorite.
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Figure 5. The results of the XRD analysis of the sandstone samples.

The main sandstone properties are listed in Table 1. The average value of Young’s
modulus of the samples drilled perpendicular to the formation’s layers is 13.61 GPa, and
the average value of Young’s modulus of the samples drilled parallel to the formation’s
layers is 16.87 GPa. The second value is 19% higher than the first one, and it was calcu-
lated by Equation (1). The differences between the other geomechanical parameters are
2%, 15%, 10%, and 5% for Poisson’s ratio, compressive strength, cohesion and friction
angle, respectively.

c =
a − b

b
× 100, % (1)

Table 1. Summary of the mechanical characteristics of the sandstone samples.

Parameter Unit Range a * Range b ** c, %

Depth interval m 2426.48–2428.82 - 2426.54–2427.58 - -
Density ρ g/cm3 2.23–2.32 2.271 2.23–2.32 2.269 0.01
Young’s modulus E GPa 12.45–14.80 13.61 16.03–17.71 16.71 19
Poisson’s ratio ν - 0.08–0.12 0.101 0.08–0.12 0.099 2
Compressive
strength MPa 151.12–175.06 161.78 127.65–160.41 141.25 15

Cohesion C MPa 13.70–18.80 16.28 12.20–17.40 14.80 10
Friction angle ϕ ◦ 35.5–36.5 35.88 33.10–35.20 34.15 5

*—the samples were drilled perpendicular to the formation’s layers; **—the samples were drilled parallel to
formation’s layers.

Unheated granite and Thermally Treated (TT) Granite
The Tashmurunsky granite quarry is located in the Republic of Bashkortostan, Russia.

The rock was cut out from the rock formation without the use of explosives, so we expected
a low density of pre-existing cracks in the original samples. Tashmurunsky granite is
an almost homogeneous igneous rock of light-gray color with a fine-medium-grained
structure. The size of granite grain is 3–5 mm. The mineral composition was determined as
follows: quartz—29%, microcline—40%, plagioclase—25%, biotite—5%, and other—1%.
A comparison of the photos of the unheated and TT granites is shown in Figure 6.

Figure 6. The photos of Tashmurunsky granite samples: (a) unheated sample; (b) thermally treated
at 800 ◦C sample.
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The thermal treatment was applied to the granite sample to create artificially fractured
material to study the process of the fracture initiation and propagation in the highly
fractured rock matrix. The properties of the unheated and TT granite samples are listed in
Table 2.

Table 2. Comparison of properties of the unheated and thermally treated granites.

Unheated Thermally Treated Thermally Treated

Dry Dry Saturated
Porosity, % 1.10 3.97 3.97

Gas permeability, mD 0.01 9.13 9.13
Young’s modulus E, GPa 62.55 21.28 18.24

Poisson’s ratio ν 0.18 0.10 0.06
Compressive strength, MPa 447.62 389.13 333.20

Cohesion C, MPa 24.4 15.6 13.8
Friction angle ϕ, ◦ 57.0 58.0 56

Tensile strength, MPa 5.50 1.84 -
P-wave velocity at Pc = 20 MPa, m/sec 4800 2300 3800

Cylindrical specimens with the following dimensions were prepared for testing: a
diameter in the range of 99–102 mm and a length of 115–116 mm. At room temperature,
the average density of the tested unheated granite is 2.70 g/cm3 and for the dry TT granite,
it is 2.50 g/cm3. The P-wave velocity is 4800 m/s for unheated granite and 2300 m/s for
the dry TT granite.

2.4. Heating Procedure

High-temperature heating was used to create a dense network of cracks in the Tashmu-
runsky granite. Based on the previous publication [36], it is known that the development
of intra-granular cracks begins at temperatures above 573 ◦C, due to the α-β transition of
quartz grains. Before the experiments, the granite samples were heated to 800 ◦C with a
constant heating rate of 2.77 ◦C/min (Figure 7a). It was shown in [37] that the choice of
a constant heating rate of less than 5 ◦C/min enables the avoidance of possible thermal
shock to the rock. The samples were then kept at the target temperature (800 ◦C) for 3 h,
and afterwards, slowly cooled to room temperature in a natural way after turning off the
furnace. A high-precision, electric, fiber-insulated chamber furnace SNOL 30/1300 was
used to heat the samples (Figure 7b).

Figure 7. (a) Heating history graph of the Tashmurunsky granite thermal treatment process;
(b) high-accuracy, electric, fiber-insulated chamber furnace SNOL 30/1300.
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3. Results
3.1. Mechanical Characterisctics of Dry and Mineral-Oil-Saturated Sandstone Specimens

This part of the experiments aimed to examine the mechanical properties of dry
(Figure 8a) and fully mineral-oil-saturated (Figure 8b) sandstones. The multi-stage
tests were conducted at the following confining pressure levels: 8.55; 17.1; 25.65;
and 34.2 MPa. The confining pressure values were calculated using the actual formation
pressure measurements.

Figure 8. Photos of samples before the experiments: (a) dry GM2-001 and (b) mineral-oil-saturated
GM2-002.

The main parameters of the studied sandstone specimens are shown in Table 3. As
noted earlier, the density, effective porosity, and gas permeability of the sample, GM2-002,
were measured before the saturation procedure. The values of density, effective porosity,
and gas permeability were 0.01%, 2%, and 14% higher, respectively, for the GM2-002 sample,
so these samples can also be considered «twins».

Table 3. General information about tested sandstone samples.

Sample Id Length Diameter Weight Density Porosity Gas
Permeability

- - mm mm g g/cm3 % mD

GM2-001 Dry 59.69 29.03 91.531 2.32 12.46 0.59

GM2-002 Saturated 60.99 29.03 93.647 2.32 12.69 0.68

The mineral-oil-saturated specimen has 2% lower Young’s modulus, 5% lower compres-
sive strength, and 7% lower cohesion and 14% higher P-wave velocity than the dry specimen
(Table 4). Thus, mineral oil saturation also affects sandstone’s mechanical properties.

Table 4. Comparison of properties of the dry (GM2-001) and mineral-oil-saturated (GM2-002) sand-
stone specimens.

GM2-001 GM2-002

Young’s modulus E, GPa 14.36 14.13
Poisson’s ratio ν 0.10 0.09

Compressive strength, MPa 175.06 166.67
Cohesion C, MPa 18.8 17.6
Friction angle ϕ, ◦ 36.5 36.0

P-wave velocity at Pc = 8.55 MPa, m/sec 3649 4250
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3.2. Hydraulic Fracture Propagation in Sandstone

Hydraulic fracturing experiments were conducted on the four sandstone specimens
at σ1 of 22 MPa and σ3 of 8 MPa. The horizontal fracture orientation was induced and
controlled by the sample loading scheme; in all tests, the induced fracture was oriented in
the σ1 direction perpendicular to the σ3 direction. Fluids such as non-Newtonian OilGel
40/40 (OG with a viscosity equal to 1220 cP at 100 rpm, which decreases to 310.81 cP
at 300 rpm) and Newtonian viscous silicone oils (SOs with viscosities of 10,000 cP and
100,000 cP) were injected at a constant rate of 5 mL/min. The main experimental conditions
are described in Table 5.

Table 5. Relevant information about the hydraulic fracturing experiments in sandstone specimens.

Sample Id σ1 σ3 Fracturing Fluid Injection Flow Rate Saturation

- MPa MPa - mL/min -

GM4-101 22 8 OG 5 saturated
GM5-101 22 8 SO 10,000 5 saturated
GM6-102 22 8 OG 5 dry
GM7-101 22 8 SO 100,000 5 saturated

Figure 9 indicates a set of parameters recorded during the hydraulic fracturing of
sandstone samples (GM5-101 and GM7-101) by a few independent observation systems.
Figure 9a shows the wellbore pressure (red) approaching a maximum value of 49.8 MPa
at 186.0 s and the cumulative number of localized acoustic emission (AE) signals (purple)
that demonstrated slight acceleration at 185.5 s, or about half a second before the wellbore
pressure approached the maximum value (the breakdown moment) in the test GM5-101. In
contrast to the test GM5-101, the injection of more viscous fracturing fluid caused a slightly
higher maximum value of wellbore pressure (red) which was equal to 53.1 MPa, and the
initiation of acoustic emission (AE) signals (purple) was approximately one second before
the breakdown moment in the test GM7-101. Specimen deformation was measured by two
extensometers, labeled Ext_A (Figure 9b,j, blue) and Ext_B (Figure 9b,j, red), mounted op-
posite each other on the cylindrical surface of each specimen. During hydraulic fracturing,
all stresses applied to the specimens were kept constant, and the LVDT sensor measured
the position of the piston, maintaining a constant stress σ3 applied in the vertical direction
(Figure 9b,j, green). The deformations measured in the tests GM5-101 and GM7-101 (Ext_A,
Ext_B and piston displacement, Figure 9b,j) indicate the initiation of HF at approximately
the same time as the increase in AE activity (Figure 9a,i). Note that all three deformations
were measured independently by three sensors, and their values coincide within 10% of
the difference. Such close correspondence of the experimentally measured values allows us
to conclude that, first of all, the deformation of the sample is directly related to the opening
of the hydraulic fracture confirmed by the onset of AE. Secondly, the close coincidence of
the deformations measured on the opposite sides of the specimens (Ext_A and Ext_B) may
indicate the symmetrical opening of the created hydraulic fracture.

The entire volume of injected fluid can be divided into two components: a linearly
increasing fluid volume, which is associated with the compressibility of the rock and fluid,
the elastic expansion of the hydraulic injection system due to the pressure increase, and
a non-linearly rising fluid volume associated with the cracks-and-pores-filling processes
during the propagation of the hydraulic fracture [27,38]. Figure 9c,k shows the fluid volume
having entered the fracture; this calculated parameter was obtained as a subtraction of
the linearly rising component of the fluid volume from the total fluid volume injected
into the wellbore. Note that the onset of fluid volume increase in Figure 9c,k corresponds
very closely to the independently measured onset of displacements in Figure 9b,k and the
cumulative AE number curve in Figure 9a,i, purple.



Minerals 2023, 13, 777 10 of 32

Figure 9. (a,i) Fluid pressure (red) and the total number of localized AE signals (purple); (b,j) axial
deformations measured by the left (Ext_B, red) and right (Ext_A, blue) extensometers and a curve
demonstrating the piston position (green); (c,k) the volume of fluid injected into the hydraulic fracture;
(d,l) amplitudes of AE signals; (e,f,m,n) horizontal coordinates of the located AE signals in the X and
Y directions, respectively; (g,o) vertical coordinates Z of the localized AE signals; (h,p) distribution of
the distances between the located AE signals and the axis of the sample. All parameters are plotted
versus the time of sample testing.

The remaining four graphs (d–h and l-p) in Figure 9 show the AE parameters recorded
during the test. Each magenta dot in Figure 9d,l shows the amplitude of the localized AE
signal in dB scale, and the blue line in Figure 9d,l shows the amplitudes smoothed in the
sliding window of 25 signals. An increase in the AE signal amplitudes can be seen shortly
after the initiation of the HF, which we associate with the enlargement of the microcracks.
The plots in Figure 9e–f,m–n show the positions of the XY coordinates of the localized AE
events along the horizontal axis of the sample, and in Figure 9g,o the vertical coordinate
along the Z axis of the sample. One can see a very symmetrical propagation of the AE
cloud along the horizontal X and Y coordinates (Figure 9e–f,m–n), while, along the vertical
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Z direction, most of the AE events are localized within a zone of about 20 mm thickness
(Figure 9g,o). The distances between the wellbore (or the sample center) and each located
AE event are presented in Figure 9h,p, indicating an increase in the radius of the created
hydraulic fracture.

It can be seen that the front of the HF propagates toward the sample boundary at
a rate of approximately 3 mm/s and 15 mm/s in the tests GM5-101 (Figure 9h, upper
dashed blue line) and GM7-101 (Figure 9p, upper dashed blue line), respectively. This
considerable difference in fracture propagation rates was caused by the 10-fold difference in
the viscosity values of injected SOs. Note the existence of the rear front of the propagating
hydraulic fracture (Figure 9h,p, lower dashed blue line), indicating the approximately
20-mm-wide radiation of induced AE events within the fracture process zone (FPZ). A
detailed description of the AE localization technique is presented in [27,38]; the accuracy
of the AE event localization in our study was about 5 mm. The position of the sample
boundary is indicated by the horizontal red dashed line in Figure 9h,p, and it can be seen
that the fracture front reached the sample boundary at approximately 188.4 s and 209.0 s in
the tests GM5-101 and GM7-101, respectively, which is indicated by the vertical dashed
blue line in Figure 9. Note that this moment corresponds to the maximal value of the AE
amplitude (Figure 9e,m). A similar correlation of the registration of the maximal value
of the AE amplitudes with HF approaching the sample boundary was observed in [27].
The entire process of HF propagation up to the sample boundary was divided into three
consecutive time intervals, providing an equal number of 576 AE signals for each stage,
labeled stage (a), (b), and (c) in Figure 9. The very last stage (d) in Figure 9 (highlighted by
the yellow rectangle) indicates 584 AE signals localized after the moment when the front of
the FPZ approached the sample boundary. The analysis of the results presented in Figure 9
shows that at the moment marked by the vertical dashed line, the displacements in the
range of 80.6–87.7 µm and 75.4–87.1 µm were recorded in the tests GM5-101 (Figure 9b)
and GM7-101 (Figure 9j), respectively. Additionally, 0.4 mL of 10,000 cP SO and 0.31 mL of
100,000 cP SO were injected into the fracture in the tests GM5-101 (Figure 9c) and GM7-101
(Figure 9k), respectively. These values, experimentally determined by a few independent
sensors, can be used for verification of the radial hydraulic-fracture-propagation models.

Three orthogonal projections of the coordinates of localized AE events are shown
in three rows in Figure 10, divided into four columns corresponding to the consecutive
time intervals indicated in Figure 9 as stages (a) through (d). The spheres depicted in
Figure 10 represent the positions of the AE signals in three-dimensional space; the color of
the spheres corresponds to the time scale shown on the color bar placed at the bottom of
the lower row of projections. The diameter of the spheres is proportional to the magnitude
of the AE signals, calculated as a logarithm of the recorded AE amplitude. The top view
of the orthogonal projections of the AE signal distributions demonstrates the radial shape
of the FPZ propagation (Figure 10, upper row). The locations of the AE events exactly
replicate the shape of the fractures obtained in all the tests performed. Note that in case of
high-viscosity fluid injection, the existence of a lag between the fracture process zone (FPZ)
and the fluid front was experimentally confirmed [39]; however, taking into account the
symmetry of the deformation measured on the sample boundary, one can assume that the
fluid front also propagates radially in the GM5-101 and GM7-101 tests.
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Figure 10. Three orthogonal projections of the AE signal positions within the GM5-101 (a) and
GM7-101 (b) samples, hydraulically fractured by high-viscosity SO injections (10,000 cP for GM5-101
and 100,000 cP for GM7-101).

In the previous test, hydraulic fracturing was induced by the injection of high-viscosity
silicone oil; however, in the field, fluids with significantly lower viscosities are usually used.
Therefore, in the next two tests, we studied the fracturing of similar sandstone samples,
but induced it by injecting diesel-based fluid OG 40/40, which is specially designed for
hydraulic fracturing in the field. Sample GM6-102 was tested in dry conditions, and sample
GM-4-101 was saturated with mineral oil before the fracturing. The test results are shown in
Figure 11. The reason for saturating the specimen is based on the fact that in nature, most of
the rocks in a reservoir are saturated with a formation fluid. The fracture parameters were
determined at the moment when the fracture approached the sample boundary, based on
the analysis of the AE results. In order to determine this moment with the highest possible
accuracy, combined criteria were applied, based on the analysis of spatial distributions of
the AE signals (Figure 11h,p) (indicating the appearance of the AE signals in the vicinity of
the sample boundary), and AE amplitudes approaching the maximum values (Figure 11d,l)
(indicating the appearance of the largest microcracks) were used. It should be noted
that, with the loading scheme used (Figure 2), the minimum principal stress was applied
in the vertical direction and was kept constant during the stages of fluid injection and
propagation of hydraulic fracture. However, during the very fast HF propagation, the
massive piston of the loading frame could not adjust its position in order to maintain
constant σ3 stress. As a result of piston inertia, some increase in the minimum principal
stress was recorded, occurring mainly after the HF approached the specimen boundary.
For all analyzed tests, it was specifically verified that, at the moment when HF approached
the cylindrical surface of the rock, the minimum principal stress increased by less than
10%. According to the parameters shown in Figure 11, the saturated sample (GM4-101) is
characterized by a 13% lower BP and a 70% larger sample deformation than the dry sample
(GM6-102). The maximum value of the AE amplitudes is also slightly lower in the saturated
sample. Although the same fluid was injected into the dry and saturated specimens, the
saturated specimen (GM4-101) demonstrates a larger volume having entered the fracture
(Figure 11k), a larger axial deformation of the specimen caused by the fluid-driven HF
opening (Figure 11j), and a slower speed of HF propagation (Figure 11p).
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Figure 11. (a,i) fluid pressure (red) and total number of located AE signals (purple); (b,j) axial
deformations measured by the left (Ext_B, red) and right (Ext_A, blue) extensometers and a curve
demonstrating the piston position (green); (c,k) the volume of fluid injected into the hydraulic fracture;
(d,l) amplitudes of AE signals; (e,f,m,n) horizontal coordinates of the located AE signals in the X and
Y directions, respectively; (g,o) vertical coordinates of the localized AE signals; (h,p) distribution of
the distances between the located AE signals and the axis of the sample. All parameters are plotted
versus the time of sample testing.

Moreover, the influence of the fluid viscosity on fracture parameters can be analyzed
by comparing the experimental results recorded with the injection of OG (GM4-101) and
viscous SO (GM5-101) demonstrated above. Pumping less viscous OG induces the fracture
at a 33% lower BP and with an almost 40% smaller sample deformation, related to HF
aperture. In addition, the fracture induced by injecting less viscous fluid propagates almost
five times faster in dry sandstone, and almost three times faster in saturated sandstone
than the fracture driven by injecting SO into the saturated sandstone specimen (Figure 9p)
shown above.
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Figure 12 depicts the three-dimensional spatial distribution of the AE signals recorded
during the three experimental stages for the dry sample (GM6-102) and the saturated
sample (GM4-101). The middle column, labeled stage (ab), shows all AE events localized
from the HF initiation to the moment when the HF approached the cylindrical surface of
the rock. As it was shown above, this moment also coincides with the moment of maximal
AE amplitude registration (Figure 11d,l). The left column of plots, labeled stage (a), shows
the initial part of the HF propagation up to the moment when half of the number of the
AE signals localized before the HF approached the surface of the rock, was recorded. Most
of the AE signals recorded during stage (a) were localized near the open-hole section,
with small asymmetry indicating the preferred direction of the initial stage of the HF
propagation. In contrast to the almost symmetrical fracture growth in the dry sample
(GM6-102), the fracture development in the saturated sample (GM4-101) shows significant
asymmetry based on the results of measurements recorded by two observation systems.
According to the located AE events, the fracture growth significantly prevails in the north-
east direction, or in the direction of the installation site of the axial extensometer, labeled
Ext_A (Figure 12b, upper row, blue). The results presented in Figure 11j (GM4-101, right
column of plots) show that the deformation measured by Extensometer A at the moment
when the HF approached the surface of the sample, was equal to 68 µm, whereas at the
same moment, Extensometer B recorded only 31 µm on the opposite side of the sample.
Thus, both the AE and deformation measurements confirm asymmetry of HF propagation
in the sample GM4-101.

Figure 12. Three orthogonal projections of AE signal positions within the GM6-102 (a) and
GM4-101 (b) samples, hydraulically fractured by low-viscosity OG injection.

The left column of the plots, labeled stage (c) (Figure 12), shows the AE activity during
the final stage of the test associated with HF expansion across the entire cross-section of
the sample, followed by the closure of HF. The loading algorithm was designed in such
a way that, after reaching a significant HF opening, the fluid was pumped out of the
wellbore and the loading piston quickly returned the displacement to its initial position,
corresponding to the value of an unbroken sample, ensuring closure of the HF. The AE
signals recorded during stage (c) can be radiated by squeezing rough HF surfaces, which
was directly confirmed by AE Moment Tensor Inversion [27]. The observed difference in
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the number of AE events may be related to the difference in elastic wave attenuation in dry
and saturated samples [40]. Note that the injection of high-viscosity SO in the GM5-101 test
resulted in a significantly higher number of AE events than the injection of lower viscosity
OG in the GM6-102 and GM4-101 samples, as well as in a larger deformation of the sample
and a larger volume injected into the HF (Figures 9 and 11, pink curves). It can be explained
by the creation of HF with a larger aperture during the injection of higher viscosity fluid,
which is consistent with [39]. In all performed tests, the positions of the located AE events
exactly repeat the shape of the obtained fractures (Figure 13).

Figure 13. The specimens GM6-101, GM4-101, GM5-101, and GM7-101 after the experiment.

As shown earlier in Section 3.1, the mineral-oil-saturated sandstone specimen was
characterized by lower values of Young’s modulus, compressive strength, and cohesion
compared to the dry sample of the same sandstone. In hydraulic fracturing experiments,
we found that the saturated sample (GM4-101) had a lower BP value and a wider frac-
ture opening compared to the corresponding parameters for the dry sample (GM6-102).
However, the fracture propagation speed is higher in the dry sample (GM6-102).

3.3. Hydraulic Fracture Propagation in Original (Unheated) and Thermally Treated (TT) Granite

To supplement the results obtained for the sandstone specimens, three granite samples
were prepared and tested with the OG injection (one untreated and two thermally treated
samples), and, in addition, one untreated granite sample was tested with the SO injection
(with a viscosity of 1000 cP). In contrast to the Newtonian SO constant viscosity, the non-
Newtonian OG viscosity significantly decreased from 1220 cP at 100 rpm to 310.81 cP at
300 rpm. Hydraulic fracturing experiments were conducted on the four granite specimens
at σ1 of 22 MPa and σ3 of 8 MPa. The horizontal fracture orientation was induced and
controlled by the sample loading scheme; the induced fracture was oriented in the σ1 plane,
perpendicular to the σ3 plane, in all tests. Fracturing fluids were injected at a constant rate
of 5 mL/min. The main experimental conditions are described in Table 6.

Table 6. Relevant information about the hydraulic fracturing experiments in granite specimens.

Sample Id σ1 σ3 Fracturing Fluid Injection Flow Rate Thermal Treatment Saturation

- MPa MPa - mL/min - -

TG-701 22 8 SO 1000 cP 5 unheated Dry
TG-717 22 8 OG 5 unheated Dry

TG-714h 22 8 OG 5 heated Dry
TG-715h 22 8 OG 5 heated saturated
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At first, let us look at the parameters of HF recorded in the original (untreated) granite
samples fractured by the OG injection (TG-717, Figure 14, left column) and by the SO
injection (TG-701, Figure 14, right column). Similarly to the sandstone tests presented
above, the moment when the HF approached the sample surface was also registered very
close to the moment when the highest AE amplitude was recorded (Figure 14, vertical
blue dash lines). In case of the OG injection (left column), Figure 14a shows that about
1.1 s before this moment, marked by the vertical blue dashed line, an acceleration of AE
activity was recorded (vertical violet dashed line) and about 0.6 s later, an onset of axial
displacement was recorded (Figure 14b, green arrow), indicating that the HF has begun to
open. Note that the onset of fluid infiltration into the HF was observed about 0.3 s later
than the onset of displacement, or just 0.2 s before the HF reached the cylindrical surface of
the rock (Figure 14c, light blue arrow). We interpret these experimental observations by
assuming that propagation of the dry FPZ took place during this 0.3-s interval between
the green and blue arrows. We assume that the OG could not instantly fill all the very
thin microcracks, especially if not all of them were interconnected. It means that probably
during the initial stage of the OG injection, there was a lag between the front of the FPZ and
the fluid front, in correspondence with the results of studies [39,41] where the appearance
of a delay during the injection of viscous fluid was directly confirmed by the results of
ultrasonic transmission measurements.

A very similar combination of recorded parameters was observed in case of SO
injection (with a viscosity of 1000 cP) into TG-701 granite; however, the absolute values of
almost all the parameters were different, as the comparison of the left (fluid OG) and right
(fluid SO) columns of Figure 14 shows. The injection of the fluid into the TG-701 sample
caused the onset of AE activity much earlier than the moment when the HF approached
the rock surface, and upon approaching the surface it showed a significantly larger number
of AE signals (Figure 14i), a larger deformation of the sample (Figure 14j), a larger volume
of fluid injected into the fracture (Figure 14k), and a significantly lower speed of the HF
propagation (Figure 14p). We attribute the difference in all parameters, observed by several
independent recording systems, to the influence of the viscosity of the injected fluid, in
accordance with the results of earlier studies [25,39,41].

Similarly to the tests described above, the fracturing process of the TG-717 and TG-701
samples was also divided into three stages: stage (a) lasted until half of the number of AE
signals localized before the HF approached the surface of the rock was recorded (Figure 14,
light blue rectangle). Stage (b) lasted until the HF approached the cylindrical surface of the
rock (Figure 14, rose rectangle), and stage (c) represents the HF closure stage (Figure 14,
yellow rectangle).

Figure 15 shows three orthogonal projections of the spatial distributions of localized
AE signals corresponding to three stages of HF propagation. During the initial stage (a)
(left column of plots), as well as during the HF propagation up to the sample boundary
(stage (ab), middle column of plots), a predominant south-east direction of HF propagation
can be observed in sample TG-717 (left) and north-east in TG-701 (right). In the case of
the TG7-17 sample, this direction of HF propagation is almost symmetrical in relation
to the installation places of extensometers Ext_A and Ext_B (Figure 15a, upper row of
plots), so the AE results correlate with insufficient difference in the recordings of two
extensometers (Figure 14b left, blue and red curves). In the case of the TG-701 sample,
the initial propagation of the HF was directed toward the Ext_A extensometer location
marked with a blue double-headed arrow, with limited propagation towards the Ext_B
extensometer (Figure 15b, upper row of plots), so there was a significant difference between
the values recorded by both extensometers (Figure 14j right, blue and red curves). Thus,
for both tests, there was a close correspondence between the independent techniques (AE
and deformation measurements). In the case of the TG-701 test, both methods indicated an
asymmetry of the created HF.
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Figure 14. (a,i) fluid pressure (red) and total number of located AE signals (purple); (b,j) axial
deformations measured by the left (Ext_B, red) and right (Ext_A, blue) extensometers and a curve
demonstrating the piston position (green); (c,k) the volume of fluid injected into the hydraulic fracture;
(d,l) amplitudes of AE signals; (e,f,m,n) horizontal coordinates of the located AE signals in the X and
Y directions, respectively; (g,o) vertical coordinates of the localized AE signals; (h,p) distribution of
the distances between the located AE signals and the axis of the sample. All parameters for TG-717
and TG-701 samples are plotted versus the time of sample testing.

Let us turn to the study of the HF properties in thermally treated granites. Samples
TG-714h and TG-715h were treated in the abovementioned heating procedure, up to 800 ◦C,
in order to simulate highly fractured materials. The same viscous OG was injected in
both tests, but sample TG-714h was tested dry and sample TG-715h was fully saturated
with mineral oil prior to hydraulic fracturing. A comparison of the parameters recorded
during hydraulic fracturing of dry TG-714h and saturated TG-715h samples is shown in
Figure 16. It was found that the saturated specimen, TG-715h, demonstrated a 13% lower
BP (Figure 16i, red curves) and an about 58% smaller HF aperture (Figure 16j). These results
correspond well to the results described above for the pair of dry and saturated sandstones.
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Figure 15. Three orthogonal projections of the AE signal positions in the space of the TG-717 sample
hydraulically fractured by OG injection (a) and the TG701 sample fractured by SO injection (b).

It should be noted that a significant leak-off effect was detected during the OG injection
into both thermally treated samples. The slopes of the red dashed lines in Figure 16c,k
indicate that the highest infiltration rate was about 2.8 mL/min for the dry sample TG-714h
(Figure 16c), and about 1.8 mL/min for the saturated sample TG-715h (Figure 16k). Despite
the significant leak-off rate difference, the volume of fluid injected into the fracture was
almost the same: 0.24 mL (dry sample) and 0.28 mL (saturated sample). In addition, we
found out that the fracture propagation rate in the dry sample (Figure 16h) was almost two
times slower than in the saturated sample (Figure 16p). The obvious explanation is the
influence of the fluid infiltration rate on the dynamics of hydraulic fracture propagation.
The injection rate was equal to 5 mL/min in both samples. Taking into account that the fluid
infiltration rates in the dry and saturated samples were 2.8 and 1.8 mL/min, respectively
(Figure 16c); it can be assumed that the fluid flows towards the tip of the hydraulic fracture
in the dry and saturated samples were 2.2 and 3.2 mL/min, respectively. Most likely, this
difference is the cause of the different registered rates of fracture propagation.

In addition, we found several differences in the spatial distribution of AE events in
the dry and saturated samples, as shown in Figure 17. In the saturated sample (TG-715h)
the HF propagated within a small sector, mainly between the south-east and north-east
directions (Figure 17b). In the dry sample (Figure 17a), AE events were distributed in a
wider segment, mostly between the south-east and north directions. Furthermore, 3724 AE
events were recorded in the saturated sample and only 357 signals were recorded in the
dry sample, which corresponds to the number of AE events registered earlier in a pair of
the dry and saturated sandstone specimens. For all studied granite samples, the AE event
distributions coincide with the shapes of the observed fractures (Figure 18).
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Figure 16. (a,i) fluid pressure (red) and total number of AE signals located (purple); (b,j) axial
deformations measured by the left (Ext_B, red) and right (Ext_A, blue) extensometers and a curve
demonstrating piston position (green); (c,k) the volume of fluid injected into the hydraulic fracture;
(d,l) amplitudes of AE signals; (e,f,m,n) horizontal coordinates of the located AE signals in the X and
Y directions, respectively; vertical coordinates of the located AE signals; (g,o) vertical coordinates of
the localized AE signals; (h,p) distribution of the distances between the located AE signals and the
axis of the sample. All parameters are plotted versus the time of sample testing.
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Figure 17. Three orthogonal projections of AE signals positions within the TG-714h (a) and
TG-715h (b) samples, hydraulically fractured by low-viscosity OG injection.

Figure 18. Photos of the TG-717, TG-701, TG-714h and TG-715h specimens after the test.

4. Discussion

In our research, the fracturing process was investigated in the dry and mineral-oil-
saturated rocks, such as sandstone, unheated granite and thermally treated (TT) granite.
Before starting the hydraulic fracturing experiments, we measured the effective porosity
and permeability and carried out a set of triaxial compressive tests to determine the
mechanical and acoustic properties of studied rocks. These characteristics of the dry and
mineral-oil-saturated sandstone specimens are listed in Table 4, and the same characteristics
for the unheated granite and dry and mineral-oil-saturated TT granites are represented
in Table 2. The influence of mineral oil saturation on the strength and elastic properties
of investigated sandstone and TT granite is shown in Figure 19. It was observed that
the mineral oil saturation (Sandstone GM2) caused a small reduction in the values of the
sandstone properties. The values of comprehensive strength decreased from 175.06 MPa
to 166.67 MPa; the values of Young’s modulus decreased from 14.36 GPa to 14.13 GPa.
However, the most significant reduction in values of the granite properties was caused by
high-temperature heating (the value of comprehensive strength decreased from 447.62 MPa
to 389.13 MPa and the value of Young’s modulus decreased from 62.55 GPa to 21.28 GPa),
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while mineral oil saturation demonstrated much less significant influence on the TT granite
properties (the value of comprehensive strength decreased from 389.13 MPa to 333.20 MPa
and the value of Young’s modulus decreased from 21.28 GPa to 18.25 GPa).

Figure 19. (a) Compressive strength versus saturation; (b) Young’s modulus versus saturation.

The comparison of the experimental results of the hydraulic fracture initiation and
propagation in the dry (GM6-102) and mineral-oil-saturated (GM4-101) sandstone speci-
mens demonstrated that parameters such as fracture aperture and fracturing agent volume
were larger, and breakdown pressure was lower in the saturated specimen. In addition, the
comparison of those fracture parameters, obtained in the tests with the dry (TG-714) and
mineral-oil-saturated (TG-715) TT granite samples, showed similar behavior (Figure 20a).
These results are consistent with the previous research [42] and confirm that rocks with a
reduced elastic modulus, caused by saturation and high-temperature heating, can experi-
ence large deformations and require less stress to cause them. Therefore, it is typical for the
saturated and TT specimens to have a wider width of fracture induced by a lower fluid
pressure (Figure 20b).

Figure 20. (a) Breakdown Pressure versus mineral-oil saturation; (b) fracture width versus mineral-
oil saturation.

The analysis of obtained fracturing results revealed a strong correlation between the
mechanical properties of the rock and the parameters of fracture generated in the rock.
The unheated granite is characterized by the highest Young’s modulus and compressive
strength values, and the highest value of BP was predictably observed, similar to [43].
Meanwhile, BP and fracture aperture, as well as their mechanical parameters, decreased in
both mineral-oil-saturated sandstone and TT samples, shown in Figures 21 and 22. The
obtained correlations align well with [42,44–46]. The described findings could be associated
with the preliminary exposure of the rock matrix to saturation and thermal treatment.
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Figure 21. (a) Breakdown pressure versus compressive strength; (b) breakdown pressure
versus cohesion.

Figure 22. (a) Breakdown pressure versus indirect tensile strength; (b) fracture aperture versus
Young’s modulus.

The Mohr–Coulomb circles were plotted and failure criteria were calculated for two
pairs of «twin» sandstone samples. Figure 23 demonstrates a less significant reduction
in cohesion from 18.8 MPa to 17.6 MPa for the dry GM2-001 and mineral-oil-saturated
GM2-002 specimens, respectively. We may suppose that partial losses in cohesion, elasticity,
and strength have been caused by an absorption effect of clay contained in the sandstone
matrix. The presence of clay minerals (illite, kaolinite, and chlorite) in the sandstone mineral
composition was confirmed by the XRD analysis presented in Figure 5.

Figure 23. The Mohr–Coulomb circles for the dry GM2-001 and mineral-oil-saturated GM2-002
«twin» samples.

In addition, the Mohr–Coulomb circles were plotted and failure criteria were calculated
for the unheated (TG-004), dry TT (TG-020), and mineral-oil-saturated TT (TG-029) granite
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samples. The most significant decrease in cohesion values (from 31.4 MPa to 15.8 MPa)
was caused by the high-temperature heat treatment, while the decrease in cohesion values
(from 15.8 MPa to 14.1 MPa), caused by the mineral oil saturation procedure, was much
less significant. The main reason for the losses in elastic and strength properties was a
dense fracture network, which was an outcome of the high-temperature treatment. The
article [47] confirmed that the thermally induced fracture network is a major source of
weakening of the TT granite mechanical properties (Figure 24).

Figure 24. The Mohr–Coulomb circles for the unheated (TG-004), TT (TG-020), and TT and mineral-
oil-saturated (TG-029) granite samples.

The hydraulic fracturing experiments were monitored by a combination of indepen-
dent systems, such as AE monitoring and pressure, volume and deformation sensors.
Such a comprehensive monitoring installation is inaccessible in a reservoir; however, in a
laboratory, as it was revealed, it is possible to measure the changes in fracture parameters
during the growth of hydraulic fracture. The obtained features of fracture development
should be investigated in the laboratory conditions on the target core samples, and the
experimental findings can be used to verify the hydraulic fracture model. The results of
hydraulic fracturing laboratory tests on the sandstone, unheated granite, and TT granite
samples are presented in Table 7.

Table 7. Generalized results of hydraulic fracturing studies.

Sample Id GM4-101 GM6-102 GM5-101 GM7-101 TG-701 TG-717 TG-714h TG-715h

Saturated Dry Saturated Saturated Dry Dry Dry Saturated
Fracturing fluid OG OG SO SO SO OG OG OG

Fluid viscosity µ at
100/sshear rate, cP 1220 1220 10,000 100,000 1000 1220 1220 1220

σ1, MPa 22
σ3, MPa 8

Breakdown pressure Pb, MPa 33.4 38.2 49.8 53.1 58.9 59.40 49.6 43.4
Fluid volume, having entered

the fracture, mL 0.34 0.16 0.4 0.31 0.098 0.28 0.24 0.28

Fracture width, µm 68/31 13.5/19.0 85.6/80.6 75.4/78.2 25/2.4 6.4/8.2 10.5/4.3 20.0/15.0
Fracture propagation velocity,

mm/sec 40 70 15 3 4.4 28 14 24

As for AE monitoring, it provided valuable information about the fracture dynamics
and the stimulated region during a fluid injection. It was demonstrated that the injection
of the high-viscosity fracturing agent, such as SO (a viscosity of 10,000 cP or 100,000 cP),
induced a radial and symmetrical fracture in the GM5-101 and GM7-101 samples. The top
view of the coordinates of the located AE events (Figure 25, upper illustration) displayed
a precise radial shape of the FPZ propagation during the experiment. An injection of
lower viscosity OG induced a less symmetrical spread of the radial fracture front in the
sandstone samples (Figure 25, middle illustration) and narrow-sector fracture propagation
in the granite samples (Figure 25, lower illustration). These findings are consistent with the
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results of the previous study [25], conducted on another granite with a low-viscosity fluid
injection. A comparison of normalized densities of localized AE events in the GM5-101,
GM4-101, and TG-715h samples at the moment when HF approached the sample boundary
is shown in Figure 26. The analysis of the presented AE densities indicated that only in the
case of high viscosity SO injection into the sandstone sample (GM5-101) the created HF had
a symmetrical radial shape (Figure 26a). Hence, both Figures 25 and 26 demonstrate that
the observed fracture shape may significantly differ from radial, which is widely used in
penny-shaped models, because of the prevailing influence of the fracturing fluid viscosity
and the rock matrix.

Figure 25. Top view of the located AE events in the GM5-101, GM4-101, and TG-715h samples.

Figure 26. Top view of normalized density the located AE events in the GM5-101 (a), GM4-101 (b),
and TG-715h (c) samples.



Minerals 2023, 13, 777 25 of 32

Additionally, the activity of AE in the mineral-oil-saturated samples was higher than in
the dry ones. For example, 3711 events were located in the mineral-oil-saturated sample
(GM4-101), whereas only 379 events were observed in the dry GM6-102 sample. Similar
proportions of AE events were also observed in the mineral-oil-saturated TG-715h (3724 AE
events) and the dry TG-714h (357) TT granites. The AE amplitude, as well as a cumulative
number of located AE events, was expectedly higher in saturated samples. The observed
difference may be related to the lower attenuation of elastic waves in fully saturated samples.

The results of P-wave velocity measurements in all tested samples, during the increase
of confining pressure, are shown in Figure 27. P-wave velocities in the dry samples (TG714h,
GM6-102) are the lowest, P-wave velocities in the mineral-oil-saturated samples (TG715h,
GM5-101) are in the middle range of values, and the highest P-wave velocity was recorded
in the unheated granite sample (TG-717) (Figure 27). This means that the correct correlation
of laboratory results and well log data requires the investigation of saturated samples. Note
that the values of P-wave velocities measured in saturated sandstone (GM5-101) and in
saturated thermally treated granite (TG-715h) samples differ by less than 10%, so we believe
that thermally treated granite can be used to model the hydraulic fracture in porous rocks.

Figure 27. The traces of P-wave velocities for the samples versus confining pressure.

Additionally, the comparison of the fracture parameters measured during the injections
of fluids with different viscosities was also analyzed. It was shown (Figure 28) that an
injection of high-viscosity SOs (10,000 cP and 100,000 cP) caused a higher value of BP
and a wider fracture opening. Additionally, injection of less viscous OG with variable
viscosity induced the fracture with a lower BP and a narrower fracture opening. These
observations correlate well with the results of previous research [25,38]. Comparing the
non-Newtonian OG and Newtonian SO with the similar viscosities at 100 rpm, OG-driven
fracturing demonstrated a slightly higher pressure value and a smaller fracture opening,
which can be associated with a significant decrease in viscosity at 300 rpm. The observed
correlation is applicable to the mineral-oil-saturated sandstone and to unheated granite.

The last part of the study describes fracture initiation and propagation in the highly
fractured rock matrix. Studies [48,49] have revealed that the propagation of hydraulic
fractures in a naturally fractured environment is quite complex. The influence of natu-
ral fractures and in situ local stresses on the initiation, propagation, and orientation of
hydraulic fractures in the reservoir during the fracturing process remains an important
issue. To assess the stimulated reservoir volume (SRV) and the efficiency of the field HF
operations, it is necessary to understand how pre-existing discontinuities affect the induced
hydraulic fracture.
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Figure 28. (a) Breakdown pressure versus fracturing fluid viscosity; (b) fracture aperture versus
fracturing fluid viscosity.

The thermally treated (TT) (TG-714 and TG-715) granite specimens were prepared
and tested under the same conditions and the OG-fluid was injected in all three experi-
ments. The samples (TG-714h and TG-715h) were heated up to 800 ◦C with the purpose
of simulating fractured materials. The same viscous OG was injected, but the sample
TG-714 was tested dry, and sample TG-715h was fully saturated with mineral oil before
the injection. Figure 29 shows a comparison of the mechanical data recorded during the
injection of fluid into the dry (left) and saturated (right) TT samples. Red curves in the
upper row of plots in Figure 29 show the pressure in the wellbore increasing linearly at
the initial part of the fluid injection and deviating from the linear trend at a later stage.
The bottom row of plots in Figure 29 shows the volume of fluid injected into the hydraulic
fracture, calculated as described above by subtracting the linear trend of injected volume
increase. Note that there was no increase in AE activity associated with the onset of injected
volume increase, so it could not be related to the initiation of hydraulic fracture. However,
approximately at the same time, marked by the light blue vertical dash line, we observed
the onset of independently measured deformations in both samples (middle row of plots in
Figure 29); therefore, we believe that the increase in the injected volume had to occur due
to the fluid leak-off inside highly fractured samples. The analysis of these blue curves in
the bottom row of the plots in Figure 29 shows that the leak-off began at fluid pressures,
26.7 and 16.5 MPa, and that the fluid infiltration rates at the moment of hydraulic fracture
initiation were 2.8 mL/min and 1.8 mL/min for dry and saturated samples, respectively.
Since the fluid injection rate was equal to 5 mL/min, or higher than the fluid leak-off
rates, both TT samples were successfully fractured, but the presence of infiltration affected
the fluid flow towards the tip of the fracture, that may have resulted in different fracture
dynamics. Therefore, our experimental studies confirmed that the leak-off should be taken
into account during hydraulic fracturing of reservoirs with a high density of natural cracks.

Authors pay much attention to the fracture surface investigation due to the expected
problems with successful proppant transport and distribution along rough HF surfaces.
Analysis of the fracture surface roughness showed that the sandstone (GM6-102) is char-
acterized by the almost flat fracture surface, in contrast to TT granite, which has a much
rougher HF surface (Figure 30). That is why the structure of the rocks should be taken into
account in the field HF simulations.
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Figure 29. Samples TG-714h dry (left) and TG-715h saturated (right): (a,d) fluid pressure (red) and a
total number of AE signals located (purple); (b,e) axial deformation measured by the left (Ext_B, red)
and right (Ext_A, blue) extensometers and a curve demonstrating the loading piston position (green);
(c,f) the volume of fluid injected into the hydraulic fracture. All parameters are plotted versus the
time of sample testing.

Figure 30. Samples GM6-102 (left) and TG-714h (right).

The comparison of the grain sizes of sandstone and TT granite is provided in Figure 31.
The size of sandstone grain is up to 0.5 mm, whereas the size of TT granite grain is 3–5 mm.

Laser scanning of the created hydraulic fracturing surfaces was carried out, which al-
lowed us to obtain 3D images of the fracture surfaces with the accuracy of 50 µm. Figure 32a
shows 2D maps of fracture surface topography, plotted on the basis of laser scanning of
the fractured samples. Figure 32b demonstrates the top-view of AE signals located during
the initial stage of hydraulic fracturing propagation, where the fracture did not reach the
cylindrical surface of the sample, and the fluid did not spread along the cylindrical surface
of the sample below the impermeable jacket and did not cause a change in the stress distri-
bution within the sample. Figure 32c demonstrates the sector of the fracture surface, which
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was selected for the analysis of HF surface parameters on the base of a spatial distribution
of AE events during the initial stage of the experiment (Figure 32b).

Figure 31. The appearance of the sandstone and TT granite.

Figure 32. The top view of (a) 2D fracture surface maps of the samples; (b) localizations of AE
signals recorded during the initial stage of HF propagation; and (c) sectors selected for the analysis of
fracture topography.

The main statistical surface roughness parameters for the dry samples (GM6-102 and
TG-714) are listed in Table 8. The peak asperity height Rp, the average roughness Rm, the
root-mean-square roughness Rrms, and tortuosity were calculated according to formulas
and detailed explanation provided in [25]. The parameter Z1−2 is calculated as a sum of the
biggest positive perpendicular distance from the base plane and the absolute value of the
largest negative perpendicular distance from the base plane. This parameter is three times
larger for the TT granite sample than the one for the sandstone sample. The calculated HF
surface parameters, such as roughness Rrms and tortuosity, show the quantitative difference
between the shapes of created HF surfaces, demonstrated in the photos in Figure 30—TT
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granite sample (TG-714) has larger values of Rrms and tortuosity than the sandstone sample
(GM6-102). In our study, we have demonstrated that the rock structure and grain size have
significant influence on the morphology of the fracture surface.

Table 8. Statistical surface roughness parameters of selected samples.

Sample Id Rp, mm Rm, mm Rrms, mm Tortuosity Z1–2, mm

GM6-102 0.62 0.15 0.19 1.01 1.08
TG-714h 1.90 0.45 0.55 1.10 3.34

5. Conclusions

Laboratory hydraulic fracturing tests were carried out on sandstone and unheated
and thermally treated granite, in both saturated and unsaturated conditions. Experimental
parameters such as breakdown pressure, hydraulic fracture aperture, volume of fluid injected
into the hydraulic fracture, and fracture propagation velocity were measured during the tests
and used to evaluate fracture behavior. The obtained results are summarized as follows:

1. The saturation state of the sandstone and TT granite samples caused a reduction in
values of mechanical parameters such as Young’s modulus, compressive strength,
and cohesion, and an increase in the values of P- and S-wave velocities (acoustic
parameters). The described changes in the values of the mechanical properties of the
studied samples resulted in changes in the values of in hydraulic fracturing parameters.

2. It was revealed that the saturation state had a similar reducing influence on the
breakdown pressure; however, the values of HF parameters, such as fracture aperture
and volume of fracturing agent injected into the HF, are higher in the tests for both
saturated sandstone and saturated TT granite.

3. It has been found that thermal treatment of granite samples led to a much more
significant decrease in the values of mechanical and acoustic parameters than mineral
oil saturation. High-temperature heating led to a creation of a dense network of cracks,
which was confirmed by ultrasonic velocity measurements. The presence of thermally
induced cracks caused the appearance of a leak-off, with its rate becoming significant
at fluid pressures above 16 MPa, and this leak-off was higher in the dry TT granite
than in the saturated one. The most desirable values of HF parameters (lower BP,
wider aperture, lower leak-off) were obtained during the fracture propagation in the
saturated TT granite sample.

4. It has also been found that the injection of a more viscous fluid caused a hydraulic
fracture with a higher value of breakdown pressure and a wider fracture aperture for
both dry and saturated samples.

5. Our experimental studies confirmed that the fluid leak-off should be taken into account
during the hydraulic fracturing of reservoirs with a high density of natural cracks.
In order to create a successful HF in the presence of natural cracks, the rate of fluid
injection should be higher than the rate of fluid penetration into the permeable matrix,
decreasing fluid flow towards the hydraulic fracture tip.

6. In addition, the fracture surface profiles were investigated for sandstone and TT
granite specimens. It was found that rock structure affects the HF surface roughness
significantly. To obtain successful proppant transport and a wide proppant distribution
along the created hydraulic fracture, rock structure should be taken into account
during the process of hydraulic fracturing in field conditions.

7. We found that the mineral oil saturation of the sample resulted in a 14% decrease in the
BP value for both sandstone and TT granite, whereas thermally induced fractures in
the granite sample caused a 20% decrease in the BP value. The results of our laboratory
experiments demonstrate that the saturation state and the presence of pre-existing
fractures can significantly influence HF parameters. Obtained laboratory results should
be taken into account in the modeling of hydraulic fracturing in the field.
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Nomenclature

Symbol Designation Unit
σ1, σ2, σ3 Maximum, medium, minimal principal stress MPa
µ Fluid viscosity cP
ρ Density of rock g/cm3

ϕ Friction angle ◦

ν Poisson’s ratio -
C Cohesion MPa
E Young’s modulus GPa
Pb Breakdown pressure MPa
Pc Confining pressure MPa
Rp Peak asperity height mm
Rm Average roughness mm
Rrms Root-mean-square roughness mm
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