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Abstract: In the last decade, the negative impact of hydraulic fracturing fluids on the reservoir
properties has been noted, which has led to the new trend of improving characteristics and developing
new hydraulic fracturing fluids. As an alternative option to the traditionally used cross-linked fluids
based on guar solution, in our laboratory we have tested fluids having a branched spatial structure,
which allowed them to hold and transport proppants, despite the low viscosity of this kind of
fluids (100–200 mPa·s measured at 100 s−1). Existing theoretical models of hydraulic fracture (HF)
propagation have some limitations in predicting the influence of fracturing fluids on reservoir
properties. Unfortunately, in situ experiments in the target reservoir are difficult and expensive. Thus,
laboratory experiments can be considered as a reasonable alternative for testing new fluids, since they
can provide comprehensive information about the properties of the created HF before the application
of a new hydraulic fracturing technique in the field conditions. This paper presents the results of an
experimental study of hydraulic fracturing of granite samples in laboratory conditions. The injection
of water- and oil-based unconventional fracturing fluids was performed to study the influence of
fluid rheology on the dynamics of the hydraulic fracture propagation process and parameters of the
created HF. We have found that the fracturing fluid viscosity affects the parameters of the created HF,
such as aperture, propagation velocity, breakdown pressure, and HF surface tortuosity. The obtained
relationships can be taken into account for Hydraulic Fracture modelling, which may increase the
efficiency of the hydraulic fracturing in the field conditions.

Keywords: hydraulic fracturing; acoustic emission; fracture propagation dynamics; fracturing fluid
rheology; fracture tortuosity

1. Introduction

Hydraulic fracturing is one of the most effective treatments to create a cracks’ network
and improve formation permeability. Currently, this technique is widely used in different
fields. For example, the application of hydraulic fracturing allows us to achieve economi-
cally productive quantities of energy in the Enhanced Geothermal System [1]. Hydraulic
fracturing can also increase hydrocarbon productivity for various unconventional types
of rock formations [2]. The main agent or force in the fracturing process is the selected
fluid and its composition. Nevertheless, the injected fluid composition can significantly
influence properties of water-sensitive reservoirs, especially those with a high content of
expandable clay [3]. Unfortunately, existing theoretical models of HF propagation have
some limitations regarding prediction of the influence of fluids on reservoir properties, and
in situ experiments in the target reservoir are difficult and expensive. Thus, laboratory
experiments are a reasonable alternative, which could provide comprehensive information

Energies 2022, 15, 3858. https://doi.org/10.3390/en15113858 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en15113858
https://doi.org/10.3390/en15113858
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0001-9943-3057
https://orcid.org/0000-0002-1753-1743
https://orcid.org/0000-0001-5029-5933
https://orcid.org/0000-0001-6894-1446
https://doi.org/10.3390/en15113858
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15113858?type=check_update&version=2


Energies 2022, 15, 3858 2 of 27

about the dynamics and properties of created HF before the field application of a certain
hydraulic fracturing technique [4].

Importantly, each unconventional reservoir is unique and has its own permeability
properties, composition, and formation pressure, which require an individual design of the
hydraulic fracturing procedure. For example, multistage hydraulic fracturing technology,
which is widely used for the development of the American Bakken formation, is not
applicable for the Bazhenov formation [5], owing to the fact that water-based fluids can
cause a number of negative consequences, such as PV clogging, clay destabilization and
emulsion formation, and changes in wettability. These agents are considered as typical
for traditional formations, however, it could be critical for the Bazhenov formation due to
extremely low pore-permeability properties of the formation matrix [5].

For the last decade, a diverse number of fracturing fluids have been developed and
applied. The most commonly used fracturing fluids are water-based, such as slickwater
and gel- and polymer-based fluids because of their low price and easy manufacturing.
For a successful and efficient hydraulic fracturing process, the choice of fluid is based
on the following key parameters: compatibility of the injected fluid with the rocks and
fluid of the target formation, the ability to create fluid pressure sufficient to form the
well-connected network of cracks (fractures), as well as easy removal of the working
fluid after the fracturing [6]. In some cases, after the fracturing operation, it can also
be problematic to obtain a flow from the hydrocarbon reservoir because of the existence
of an almost impermeable zone within the rock. Such a filter-cake effect can be caused
by incomplete destruction of chemical bonds of the viscoelastic system after hydraulic
fracturing and can require injection of high-quality breakers [7]. In addition, the fracturing
fluid must be viscous and elastic enough to hold and transport the proppant well within
the created HF, which is the basis of their sand-carrying and sand-holding ability [8]. In
addition, multistage hydraulic fracturing requires a large volume of high-quality water,
which makes it ecologically consuming and impractical [9]. Flowback fluid cannot be
simply re-used, because it contains a high level of contamination, including heavy metals,
therefore fracturing fluid requires considerable cleaning and treatment [10].

A reasonable solution to the described problems would be to modify existing fracturing
agents. A number of new waterless fracturing technologies, such as liquefied petroleum gas
(LPG) fracturing, nitrogen foam fracturing on hydrocarbon base, CO2 foam fracturing [11],
liquid/supercritical CO2 fracturing, gas fracturing and cryogenic fracturing using fluid
N2 [12] were developed. Additional data can be found in the reviews [13–16].

Before industrial application of new fluids in the field conditions, the testing of fluids
in laboratory conditions could be useful [17]. Existing works are mainly focused on the
laboratory hydraulic fracturing experiments with promising waterless fracturing fluids
such as liquefied and supercritical gases. In case of Liquid nitrogen (LN2) injection, thermal
stress plays a significant role in reducing a fracture initiation and propagation pressure by
generating enormously high-tensile hoop stress and causing extensive rock damage [18,19].
Injection of supercritical carbon dioxide (CO2) demonstrates a strong thermal gradient,
generating local tensile stress in the rocks surrounding a borehole [20].

In addition, waterless fracturing technologies have been actively considered due
to concerns arising from the heavy use of water. Alternative fracturing fluid as Liquid
nitrogen can be directly obtained by separating and compressing nitrogen gas from the
air, minimizing the cost for fluid transportation. Based on the results of experimental
investigation, cryogenic fracturing using liquid nitrogen is demonstrated as a formation-
damage-free stimulation technology that can effectively generate fractures in shale and
sandstone reservoir rocks [21]. The authors of [22] provide a state-of-the-art review on sev-
eral non-aqueous fracturing techniques focusing on the mechanism, merits and drawbacks,
modeling, experiments, and field studies.

Despite all the advantages of waterless hydraulic fracturing with liquefied gas injec-
tion, this technique mainly induced complex fractures [23]. The fracture surface roughness
is an essential characteristic of the hydraulic fracturing process and has not been fully
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explored. The surface asperities play a significant role in proppant flow and settlement,
fluid leak-off, and fracture tip movement. It has been shown that the transport and distri-
bution of proppant particles within tortuous fractures can be problematic [24]. The results
of the study [25] indicate that the rock fabric and the heterogeneity of the rock matrix are
significant factors influencing the initiation and propagation of the fracture.

In the current study, we investigated the influence of unconventional fracturing fluids’
rheology on the fracture propagation parameters. These fluids are based on viscoelastic
surfactants (VES) [26–33] and synthetic polymers such as polyacrylamide (PAA) [34–36].
Additionally, in the current laboratory study we injected gelled oil-based system, prepared
by the method described in [37].

In our research, we studied the dynamics of created hydraulic fracturing as well as
the parameters of fractures and topography of created surfaces. During our experiments,
we have found that the unconventional fracturing fluid viscosity influences the number
of formed fracture parameters, such as aperture, the propagation velocity, breakdown
pressure, and finally tortuosity. The obtained correlations can be taken into account for the
Hydraulic Fracture modelling, which may increase the efficiency of the hydraulic fracturing
in the field.

2. Materials and Methods
2.1. Material Description

In the presented study, we investigated the influence of fluids with different properties
on the parameters of created fractures. For experimental modeling we decided to choose a
homogeneous rock material with a low permeability, close to the permeability of unconven-
tional reservoirs, high values of modulus and strength. We chose Pokostovsky granite as a
modelling material and, first of all, we measured the geomechanical parameters (Young’s
modulus, compression and tensile strength, etc.) listed in Table 1. In addition, before the
tests, we determined the granite permeability by nitrogen gas (DarcyPress setup). We
have found that the obtained characteristics are close to those of unconventional reservoir
materials, therefore we decided that granite may satisfy the goal of the study.

Table 1. Physical properties of rock samples.

Average
Porosity, %

Average Effective
N2Permeability, nD

Young’s
Modulus E, GPa Poisson’s Ratio Tensile Strength,

MPa
Comprehensive
Strength, MPa Cohesion, MPa Friction

Angle, Grad◦

1.22 656.4 68.79 0.22 7.2 364.20 28 44.2

Granite blocks were collected from the Pokostovsky quarry (Ukraine) (Figure 1)
and were then used as the material for laboratory experimental modeling for hydraulic
fracturing tests.
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Pokostovsky granite is a homogeneous light-gray igneous rock with a medium-grained
structure (Figure 2). Some parts of this rock can also contain 50–60 mm associations of
black minerals—schliers. The mineral composition was determined by X-ray powder
diffraction (XRD) analysis, which was specially made for the Pokostovsky granite specimen:
Quartz—42.9%, Oligoclase—31.8%, Microcline—20%, Biotite—5.3%.
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Figure 2. Cross-section of Pokostovsky granite.

For our tests, we prepared cylindrical samples of the Pokostovsky granite: 100 mm
in diameter and 108–111 mm in length (Table 2). Then, the end surfaces of the specimens
were ground using a diamond grinding disc to a maximum flatness deviation of no more
than 0.03 mm. To simulate a horizontal wellbore (cased well and open-hole sections), a
hole with a diameter of 8 mm was drilled from the top to the specimen’s center. A metal
tube of 6.35 mm diameter was glued into this hole (cased well section), with a section that
was 10 mm long in the central part of the cylinder left open (open-hole section).

Table 2. Geometrical parameters of specimens.

Sample Id Diameter, mm Length, mm Weight, g Density, g/cm3

WG-716 99.31 108.24 2288.44 2.73

WG-717 99.26 108.88 2299.70 2.73

WG-721 99.43 109.10 2304.35 2.72

WG-722 99.61 110.84 2355.62 2.73

2.2. Experimental Setup

The tests were carried out on a pseudo-triaxial hydraulic fracturing apparatus that was
manufactured by the Material Testing Systems Corporation (MTS-815), which is described
in detail in the article [25]. During the laboratory experiment, the process of fracture
propagation was monitored by several independent systems, such as Acoustic Emission
(AE), a set of extensometers directly measuring axial deformation of sample, and sensors
that registered pressure and volume of the fluid injected into the fracture (Figure 3). The
high-precision Extensometer consists of two pairs of pins (Extensometers A and B), which
were installed symmetrically directly on the sample’s lateral surface. In addition, there is
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a sensor measuring the piston displacement, which controls the sample extension in the
vertical direction. We made all hydraulic fracturing tests with constant stresses applied to
the sample, therefore, in the current configuration, vertical extension is related to fracture
opening and fluid filling.
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The sample loading procedure was based on experimental approaches presented in
previous publications of [25,38,39]. The sketch of the cylindrical sample loading is shown
in Figure 5. At the beginning, a confining pressure was applied to the cylindrical sample
until the maximal principal stress had been reached, thereafter, the vertical component of
applied stress was reduced, providing vertical orientation of the minimal principal stresses
σ3. Once the desired stress state was achieved, the system was left to stabilize before the
fluid injection. After approximately 20 min, the fluid was injected into the open section of
the borehole at a constant injection rate of 5 mL/min. This injection rate was chosen for our
experiments on the base of previous laboratory studies [25,40].
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Figure 5. Sketch of stresses applied to the cylindrical sample with a vertical well for fluid injection
(left) and a scheme of stress state orientation along the horizontal well in a rock mass (right) [41].

It should be noticed that the well is drilled in the direction of minimal principal stresses
to simulate a horizontal wellbore in the field (σh). In the described configuration of the
sample loading, it is possible to study the relationship of the hydraulic fracture surface
topography with the viscosity of the injected fluid, which could be included in modeling of
the fluid flow in the hydraulic fracture.

2.3. Fracturing Fluids

In our experiments, we used different types of non-Newtonian fluids for hydraulic
fracturing on water and oil basis. The fluids were provided by the department of the inter-
national scientific center “Rational development of liquid hydrocarbon planet’s reserves” at
the National University of Oil and Gas “Gubkin University” within the World-class science
center (WCSC) collaboration. The injection rate for the presented experiments was constant
and equal to 5 mL/min.

Water-based fluids are represented by two compositions in Table 3. One of them is a
non-polymer composition and the other is a liquid based on a synthetic polymer.

Table 3. The composition of fracturing water-based fluids *.

PAA Suspension
(Gelling Agent
PolyGel), L/m3

Ampholytic Surfactant
(NEFTENOL-VES), L/m3

Structuring
Reagent (R s−1),

L/m3

Clay
Stabilizer,

L/m3

Demulsifier,
L/m3

Destructor,
kg/m3 Sample Id

Liquid based on
synthetic polymer 8.00 - - 2.00 2.00 0.50 WG-717

Non-polymer
composition (VES) - 70.00 18.00 - - - WG-716

* Chemical producer: Joint-Stock Company Small Innovative Enterprise of the Gubkin University
“Petrohim-Service”.
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Compositions of diesel-fuel-based fluids are listed in Table 4. Himeko N gelling agent
is a mixture of organic orthophosphoric esters. Himeko N activator is a micellar solution of
iron sulfate. The complex also includes a destructor.

Table 4. General description of the fracturing fluids composition.

Himeko N Gelling
Agent, L/m3

Himeko N
Activator, L/m3 Destructor, kg/m3 Sample Id

Low viscous OilGel 7/7 7.00 7.00 - WG-722

High viscous OilGel 40/40 40.00 40.00 - WG-721

Diesel fuel was taken as the hydrocarbon basis for the preparation of the oil-based
fluids. Compositions are listed in Table 4. Himeko N gelling agent is a mixture of organic
orthophosphoric esters. Himeko N activator is a micellar solution of iron sulfate. The
complex also includes a destructor. In this study, the destructor additive was not used due
to the short time of the experiment.

The rheology of the non-Newtonian fluids are shown in several figures (Figures 6–8).
The viscosities of all three fluids declined with increasing shear stress. They are approxi-
mated by the power trend lines. The OilGel 7/7 viscosity decreased most rapidly, while the
PolyGel viscosity showed the smallest decrease (Figure 6). Studies of rheological parame-
ters were carried out on a rotational viscometer Grace M5600 with cell/bob combination
R1/B5.
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Shear stress increased with the shear rate, most significantly for PolyGel, followed by
VES and OilGel 7/7. The increase of shear rate of OilGel 7/7 was insignificant (Figure 7).

The most viscous of the listed fluids is OilGel 40/40 (Figure 8). The left plot showed
a decline in viscosity with increasing shear rate with good power approximation, while
shear stress did not significantly depend on shear rate (the red linear trend is theoretical)
because of its structural features.
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3. Results
3.1. Injection of the Non-Polymer Composition Based on Ampholyte Surfactant
(NEFTENOL-VES)

Sample WG-716

For this experiment, viscoelastic surfactant fluid was used. The fracturing fluid
composition is presented in Table 3.

Furthermore, the hydraulic fracturing process was divided into stages. Stage (a)
describes the fracture initiation and propagation until the pressure reached the maximum
value. Stage (b) ends when the hydraulic fracture reached the surface of the cylindrical
sample (blue dashed line) based on AE analysis. Stage (c) demonstrates the process of
fracture closure, which is initiated by increasing Sigma3 until it approaches Sigma2 value.
Detailed figures, describing parameters recorded during the hydraulic fracture propagation
in WG-716 sample, comprising the initiation, growth and fracture closure, are provided
below (Figure 9).

The upper figure (Figure 9a) describes the propagation of the hydraulic fracture
until the moment when the maximum value of the fluid pressure in the fracture reached
57.3 MPa. It was registered at the moment of 295.15 s and highlighted with a red dashed
line (Figure 9a, red). After the peak value, a rapid pressure drop in the well is observed.
Approximately at the moment of 295 s, we observed the beginning of an increase in the
cumulative number of acoustic events (Figure 9a, purple), and the pressure value there
was 52.2 MPa. This moment (a green dashed line on the graph) happened 0.15 s before
the maximum breakdown pressure. The results of the measurements of piston position
indicating the sample extension in the vertical direction, which is related to fracture opening
in the current configuration, is shown in Figure 9b, green. It appears to be noisier than the
high-precision extensometers, installed directly on the lateral sample surface symmetrically
to the sample axis. Extensometer B was able to measure the extension of the sample of
around 0.15 microns (Figure 9b, red curve) at the moment of wellbore pressure breakdown.

The fluid volume, filling in the hydraulic fracture, is shown in Figure 9c. This param-
eter was calculated by subtraction of the linear trend of the pressure curve, provided in
the first figure (Figure 9a, red) from the calculated volume of the fluid injected into the
well. Details of this parameter calculation were presented in Ref. [25]. At the moment
of maximum fluid pressure, we were unable to record the fluid volume injected into the
hydraulic fracture, above the noise level.

The coordinates’ distribution of located events presented in Figure 9d,e demonstrates
that the fracture propagated almost symmetrically in the X and Y planes. The distribution
of AE events in a vertical projection shows their localization at the level of the open-hole
section (50 mm from the base) (Figure 9f). The last plot (Figure 9g) reveals the variation
of distances between located acoustic events and the wellbore (the specimen center). The
distribution shows propagation of the cluster of AE events in time towards sample surface
(along the sample radius) and the linear trend indicates the moment of hydraulic fracture
exit on the cylindrical surface. The rate of AE signals propagation, which can be assumed
to be equal to the velocity of fracture propagation, is approximately 100 mm/s.

In Figure 10, three orthogonal projections of located AE signals are presented. The
time of the experiment within the corresponding stage is shown with the color of AE dots
from the corresponding palette, and the AE signal relative amplitude is shown with the
circle size. The top view of the located AE events coordinates displays the change of the
fracture propagation pattern. During stage (a), before the wellbore pressure breakdown,
only several single acoustic events are observed in the south-east (S-E) sector. During
stage (b), we recorded an increase of acoustic events number, and almost uniform spreading
in the cross-section of the sample (in a horizontal plane). The fracture closure stage (c)
demonstrates the total scattering of AE events across the whole cross-section.
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Figure 9. Sample WG-716: (a) fluid pressure (red) and the total number of AE signals located (purple);
(b) axial deformations measured by the left (Ext_B, red) and right (Ext_A, blue) extensometers and
a curve demonstrating loading piston position (green); (c) the volume of fluid injected into the
hydraulic fracture; (d,e) horizontal coordinates of the located AE signals in the X and Y directions,
respectively; (f) vertical coordinates of the located AE signals; (g) distribution of the distances
between located AE signals and the axis of the sample. All parameters are plotted versus the time of
sample testing.
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Figure 10. Three orthogonal projections of positions of AE signals in the space of the WG-716 sample.

The side view depicted in Figure 10 confirms almost symmetrical HF propagation in
the horizontal direction since AE events were located at both sides of the wellbore, approxi-
mately at the position of the open-hole section. At the last stage, AE events were located
within a small-angle sector and were well-aligned with the formed fracture (Figure 11).
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Figure 11. The specimen WG716 after the experiment (left) and AE event localization (right).

3.2. Injection of the Water-Based Synthetic Polymer Solution (PolyGel)

Sample WG-717

For this experiment, the fluid based on synthetic polymer (Table 3) was used.
The hydraulic fracturing process was also divided into stages. Stage (a) is completed

when the injected fluid started to penetrate the hydraulic fracture (vertical blue dashed
line). Stage (b) ends at the moment of the maximum injection pressure, or at the break-
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down moment. Stage (c) is fracture closure. The figure describing the hydraulic fracture
propagation parameters recorded for WG-717 sample are provided below (Figure 12).
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Figure 12. Sample WG-717: (a) fluid pressure (red) and the total number of AE signals located
(purple); (b) axial deformation measured by the left (Ext_B, red) and right (Ext_A, blue) extensometers
and a curve demonstrating loading piston position (green); (c) the volume of fluid injected into the
hydraulic fracture; (d,e) horizontal coordinates of the located AE signals in the X and Y directions,
respectively; (f) vertical coordinates of the located AE signals; (g) Distribution of the distances
between located AE signals and the axis of the sample. All parameters are plotted versus the time of
sample testing.
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The upper figure shows the fluid pressure in the fracture (Figure 12a, red), and the
curve’s maximum at 71.7 MPa, registered at the moment of 282.73 s, is marked by a red
vertical dashed line. Approximately at the moment of 281.58 s, we observed the AE
activation (Figure 12a, purple). This moment (green dashed line) happened 1.15 s before
the maximum breakdown pressure, when the fluid pressure was 71.3 MPa. It should
be noted that the time interval from the fracture initiation (AE activation point) to the
maximum fluid pressure in this experiment is much longer than in the previous one (it
was recorded for only 0.15 s for the WG-716). The sensor measuring the piston position
(Figure 12b, green) indicated a more significant/substantive increase of the sample size in
the vertical direction (of around—2.2 microns) than in the previous test. At the moment
of the maximum fluid pressure, we recorded the fluid volume injected into the hydraulic
fracture of around 0.017 mL (Figure 12c).

The coordinates’ distribution of located AE events presented in Figure 12d,e shows
that during this test the hydraulic fracture propagated asymmetrically; unidirectional
growth in the number of acoustic events in the X and Y planes predominates. The position
of localized AE signals in the vertical direction was approximately at the level of the open-
hole section (48 mm from the base) (Figure 12f). Importantly, in contrast to the WG-716
sample, when the HF reached the surface after the breakdown moment, for this experiment
WG-717, it happened almost at the time of the maximum pressure. According to Figure 12g,
calculated fracture propagation velocity was about 40 mm/s.

Three orthogonal projections of the located AE signals are shown in Figure 13. In
stage (a), namely at the moment when fluid started entering the HF, there is a slight
accumulation of acoustic events in the south-east (S-E) direction from the well. At stage (b),
at the moment of wellbore pressure breakdown, a larger number of acoustic events are
located, which occupied 1

3 of the cross-sectional area of the sample. The predominant
direction of crack propagation is also south-east (S-E). Stage (c) shows the process of
fracture closure, AE events are recorded over the entire cross-sectional area.
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The side view projections presented in Figure 13 confirm the almost unidirectional
(south-east) development of the hydraulic fracture in the horizontal direction during the
first two stages. Only at the last stage of the process were the AE events located on both
sides of the wellbore, slightly inclined in southern projection, approximately at the level of
the open-hole section. The localization of AE events is well comparable to the real fracture.

3.3. Injection of Diesel Fuel-Based Fracturing Fluid with Gelling Complex Grade “N” (OilGel
40/40; OilGel 7/7)

Sample WG-721

For this experiment, viscous waterless OilGel 40/40 fluid (Table 4) was used. The
HF process was also divided into stages. Stage (a) describes the fracture initiation and
propagation until the beginning of fluid penetration into the fracture, indicated by a curve
of fluid volume in Figure 14c (blue dashed line). Stage (b) finishes at the maximum pressure
value (red dashed line). Stage (c) demonstrates the process of fracture closure. Detailed
figures describing hydraulic fracture propagation in WG-721 sample are provided below
(Figure 14).

The upper figure demonstrates the hydraulic fracture pressure curve. Its maximum
value reached 39.9 MPa at the moment of 302.60 s (Figure 14a, red). Approximately at the
moment of 299.10 s we observed the initiation of the increase of the cumulative number
of acoustic events (Figure 14a, purple). This moment (purple dashed line) happened
3.50 s before the breakdown pressure. It is important to notice that fracture propagation
was significantly asymmetrical (Figure 14e). In addition to the analysis of AE spatial
distribution, it was also confirmed by independent measurements of sample deformations
done by two extensometers symmetrically installed on the opposite points on the cylindrical
specimen surface. Extensometer_A (Figure 14b, green) indicated an increase in the size of
the sample of only around 0.2 microns, while at the same time Extensometer_B (Figure 14b,
red) measured a significantly larger deformation of about 4.0 microns. The sensor of the
loading piston displacement (Figure 14b, blue) allowed to measure a value of around
2.0 microns, which is close to the average between two extensometers.

Fluid started penetrating the hydraulic fracture at approximately 301.60 s (Figure 14c).
Note that it is a couple seconds later than the HF was initiated. At the moment of maximum
fluid pressure (302.60 s), we recorded the fluid volume injected into the hydraulic fracture,
which is about 0.026 ml.

The coordinates’ distribution of the located AE events (Figure 14d,e) shows that the
fracture propagates significantly asymmetrically (horizontal red dashed lines). Unidirec-
tional HF growth predominated in the X and Y planes (Figure 14d,e), and was confirmed by
AE events distributions. In the vertical direction, AE signals demonstrated their localization
approximately at the level of the open-hole section (47 mm from the base) (Figure 14f). The
hydraulic fracture propagation velocity for this experiment was 15 mm/s (Figure 14g).

Figure 15 shows three orthogonal projections of the positions of the located AE signals.
The top view of the coordinates of the located AE events displays the fracture propagation
relative to the wellbore. The experiment is characterized by an almost radial crack opening,
shifted in the southern (S) direction. At stage (a), there is an almost unidirectional acoustic
events accumulation with a predominance of their number in the southern (S) orientation
from the well. This fracture opening direction closely corresponds to the results of dominat-
ing Extensometer_B measurements (Figure 14b, red). At stage (b), the shift of the located
signals cloud in the south-west (SW) direction is more confident and only several events
were observed in the northern (N) direction. In addition, asymmetrical fracture growth
was confirmed by extensometers: the southern Ext_B determined 4.0 microns vertical
disclosure and the northern Ext_A showed only 0.2 microns. Despite the unidirectional
fracture growth and opening, it has an almost radial pancake-like shape, shifted from the
center of the sample. Stage (c) shows the process of fracture closure, AE events are recorded
over the entire cross-sectional area.
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Figure 14. Sample WG-721: (a) fluid pressure (red) and the total number of AE signals located (pur-
ple); (b) axial deformations measured by the left (Ext_B, red) and right (Ext_a, blue) extensometers 
and a curve demonstrating loading piston position (green); (c) the volume of fluid injected into the 

Figure 14. Sample WG-721: (a) fluid pressure (red) and the total number of AE signals located
(purple); (b) axial deformations measured by the left (Ext_B, red) and right (Ext_a, blue) extensometers
and a curve demonstrating loading piston position (green); (c) the volume of fluid injected into the
hydraulic fracture; (d,e) horizontal coordinates of the located AE signals in the X and Y directions,
respectively; (f) vertical coordinates of the located AE signals; (g) distribution of the distances
between located AE signals and the axis of the sample. All parameters are plotted versus the time of
sample testing.
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Figure 15. Three orthogonal projections of positions of AE signals in the space of the WG-721 sample.

The side view presented in Figure 15 also confirms the predominately south-west (SW)
hydraulic fracturing propagation in the horizontal direction. Only at the last stage (c) were
the AE events located on both sides of the well at the level of the open-hole section. The
localization of AE events provides good representation of the formed fracture.

Sample WG-722

For this experiment, low viscous OilGel 7/7 fluid (Table 4) was used. The hydraulic
fracturing process was also divided into the same stages as in the previous test (WG-721).
Detailed figures describing hydraulic fracture propagation in WG-722 sample are provided
below (Figure 16).
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Figure 16. Sample WG-722: (a) fluid pressure (red) and the total number of AE signals located (pur-
ple); (b) axial deformations measured by the left (Ext_B, red) and right (Ext_A, blue) extensometers
and a curve demonstrating piston position (green); (c) the volume of fluid injected into the hydraulic
fracture; (d,e) horizontal coordinates of the located AE signals in the X and Y directions, respectively;
(f) vertical coordinates of the located AE signals; (g) distribution of the distances between located AE
signals and the axis of the sample. All parameters are plotted versus the time of sample testing.



Energies 2022, 15, 3858 18 of 27

The upper plot shows the fluid pressure in the fracture (Figure 16a, red). At the
moment of 219.60 s, the breakdown pressure of 39.23 MPa was registered. Soon after
the peak value, a rapid drop in pressure in the wellbore was observed (Figure 16a, red).
Approximately at the moment of 218.00 s, we noticed the initiation of AE activity (Figure 16a,
purple). This moment (purple dashed line) happened approximately 1.50 s before the
breakdown pressure was reached. This interval was shorter than in the previous experiment
(WG-721). Extensometer_B allowed to measure the increase in the size of the sample of
around 0.9 microns at the moment of fluid pressure breakdown (Figure 16b, red).

Fluid began to enter the fracture starting from the 219th s of the experiment (Figure 16c).
This moment is indicated by a blue arrow and a vertical dashed blue line. The obtained
results show that fluid started entering the fracture approximately 1 s after the initiation
of the HF, marked by a vertical red dashed line. At the moment of breakdown pressure
(219.60 s), we recorded the fluid volume injected into the hydraulic fracture approximately
equal to 0.01 mL.

The coordinates’ distribution of the located events (Figure 16d,e) shows that the
fracture propagated more or less symmetrically. In the X and Y planes, acoustic events were
oriented almost uniformly in two directions (horizontal red dashed lines). The positions
of AE signals in the vertical direction demonstrate their localization in the upper part of
the open-hole section (approximately at 57 mm from the base) (Figure 16f). The last plot
(Figure 16g) demonstrates the speed of AE cloud propagation, which turned out to be
about 20 mm/s.

Figure 17 shows three orthogonal projections of the positions of the located AE signals.
This experiment is characterized by a relatively symmetrical radial crack opening, slightly
shifted from the sample center at the initial stage (a), towards the east (E) and south-east
(S-E) directions. At stage (b), the symmetry of the cloud of located acoustic signals is
observed. Stage (c) shows the process of fracture closure, AE events are recorded over the
entire cross-sectional area.
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The side view shown in Figure 17 confirms the horizontal fracturing development
in the initial stage, propagating mostly in the western direction of the sample. However,
already at the second stage of the process, AE events were located on both sides of the well
in the upper part of the open-hole section. The location of AE events correlates well with
the actual fracture.

The photos of granite specimens with formed horizontal fractures are presented in
Figure 18.
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4. Discussion

We present the results of our laboratory study of the hydraulic fracturing dynamics
in low permeability granite samples with the analysis of hydraulic fracture characteristics
measured during the test and post-test analysis of the created fracture topography. It has
been found that the hydraulic fracturing behavior during the injection of two water-based
fluids with relatively similar viscosity (non-polymer fluid (VES) ~81 cP and PolyGel fluid
~95 cP) varies significantly.

In the case of viscoelastic surfactant fluid injection (WG-716 sample), the initiation of
AE had been observed 0.15 s before the maximum pressure was reached. At the moment of
breakdown, only 9 AE signals were registered. It should be noted that the HF tip reached the
surface of the sample after the breakdown point. The AE signal cloud propagation velocity,
which corresponds to the HF propagation velocity, was approximately 100 mm/s. The value
of the axial deformation of the WG-716 sample and the volume of fluid injected into the
fracture were insignificant (Table 5). This fracture behavior is typical for low-viscosity fluids
such as water [42]. Presumably, the viscoelastic surfactant fluid had sufficient mobility and
began to fill in the hydraulic fracture at the first moment of its initiation, which led to a
pressure drop in the well.

In the case of injection of PolyGel fluid (WG-717 sample), the hydraulic fracture
behaved quite differently. The AE initiation had been detected more than 1 s earlier than
the maximum pressure in the well was reached, and significantly earlier than in the WG-
716 test. The acoustics in this experiment was much more active, namely 97 signals were
recorded at the time of maximum pressure. Importantly, the moment of HF reaching the
surface practically coincided with the maximum pressure. The AE signal cloud propagation
velocity was approximately 40 mm/s. The fracture opening (about 2.2 µm), which was
determined using the axial displacement sensor, is also significantly larger in case of
PolyGel than in case of VES injection. These observations are in good agreement with the
conceptual model proposed in [42], indicating that PolyGel fluid composition behaves like
a higher viscosity fluid in comparison with VES fluid, causing slower propagation of HF
with a larger aperture. Due to the small opening of the fracture tip, PolyGel fluid did not
completely fill in the formed crack (the volumes of different fluids recorded at the moments



Energies 2022, 15, 3858 20 of 27

of maximum fluid pressures are presented in Table 5). Analysis of experimental results led
to the assumption that in the case of PolyGel injection, at first the dry microcracks were
formed (Figure 12, green dashed vertical line), and approximately 1 s later, fluid started
penetrating them (Figure 12, blue dashed vertical line). In case of VES fluid injection, the
appearance of new cracks and their filling with the fluid happened almost simultaneously
(Figure 9).

Table 5. Generalized results of geomechanical studies.

Sample Id WG-716 WG-717 WG-721 WG-722

Type of fluid Non-Newtonian

Base of agent/fluid Water-based Oil-based

Fracturing fluid Non-polymer
composition (VES) PolyGel OilGel 40/40 OilGel 7/7

Injection rate, mL/min 5

Sigma 1, MPa 37 22

Sigma 3, MPa 23 8

Fluid viscosity (100 s−1), cP 81 95 1220 102

Breakdown pressure, MPa 57.30 71.70 39.90 39.23

Fracture aperture, µm 0.15 2.2 4 0.9

Fluid volume into the fracture, ml ~0 0.017 0.026 0.01

HF propagation velocity, mm/s 100 40 15 20

Time of the fluid filled the fracture before
breakdown, s - - 1 0.6

Time interval from the AE initiation till the
breakdown, s 0.15 1.15 3.50 1.50

The comparison of experimental results using the injection of diesel-fuel-based fluids
with different viscosities (114 cP and 1728 cP) also shows a significant variation. The
fracturing agent was chosen to be of the same components with different concentrations in
order to gain notable differences in fluids viscosity.

For the high viscous oil-based hydraulic fracturing fluid (sample WG-721) we got a
3.5 s time interval from the moment of AE initiation to the point of maximum pressure
(39.9 MPa). The fracture opening during this time was 4 µm (according to the values
measured by extensometer B, Table 5). However, filling the crack with high viscous fluid
took only 1 s (Figure 14). Therefore, there is an assumption that for 2.5 s of the experi-
ment WG-721, a dry crack slowly grew (the propagation velocity of localized events was
15 mm/s) and reached the surface before the breakdown moment. Based on these facts, it
can be assumed that there was a gap between the position of a fracture tip and the front of
OilGel 40/40, which was unable to fill in all formed microcracks due to high viscosity and
poor mobility of the fluid.

In the second experiment (sample WG-722) with the low viscosity oil-based hydraulic
fracturing fluid, the AE initiation was registered 1.5 s before the breakdown (39.23 MPa).
The opening of the formed fracture at the time of the pressure peak was only 0.9 µm (ac-
cording to the values measured by extensometer B, Table 5). The filling of the fracture with
the fluid took 0.6 s, moreover, the fluid volume injected into the fracture was insignificant.
Despite the fact that the time from the crack initiation to the failure was much less than in
the previous experiment with the higher viscosity fluid, the lower-viscosity fluid spread
and filled the fracture, thereby resulting in its growth at the rate of 20 mm/s (Table 5).

In our study, we demonstrated that the volume of the fluid entering hydraulic fracture
depends on the measured fracture width (aperture) and this relationship could be associated
with the fluid viscosity (Figure 19). These results are in a good agreement with Ref. [42],
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indicating a larger HF aperture with higher fluid viscosity. PolyGel (WG-717) demonstrates
the behavior of a high viscosity fluid.

Energies 2022, 15, x FOR PEER REVIEW 22 of 28 
 

 

Ref. [42], indicating a larger HF aperture with higher fluid viscosity. PolyGel (WG-717) 
demonstrates the behavior of a high viscosity fluid. 

 
Figure 19. Illustration of the correlation between the fracture width and the fluid viscosity. 

In addition, the dynamics of HF propagation were investigated. We have found that 
the HF propagation velocity is highly dependent on the injected fluid viscosity. Figure 20 
indicates that injection of lower viscosity fluid induces HF propagation with a higher 
speed. It can be explained by the high mobility of the low-viscous fracturing fluids, and 
their ability to easily fill in the microcracks in the fracture process zone. The relationship 
obtained in the laboratory experiments may be considered for the HF modeling in the 
field conditions, potentially increasing the reliability of the modelling. 

 
Figure 20. The relationship between injected fluid viscosity and fracture propagation velocity. 

Direct measurements of the HF opening and tortuosity of HF surfaces have signifi-
cant difficulties in the field. However, they are the key parameters for choosing the opti-
mal proppant size, providing successful proppant delivery into the HF. We investigated 
the relationship between the formed fracture surface parameters and the viscosity of the 
fracturing fluid. 

In our study, X-ray tomographic scanning of the fractured samples was performed, 
allowing us to determine the 3D shape of the fracture surface geometry with the accuracy 
of 60 µm. The upper row of plots in Figure 21 shows the top-view of AE signals localized 
during the initial stage of HF propagation, whereas the middle row shows 2D maps of 
fracture surface topography, plotted on the basis of X-ray analysis of fractured samples. 
We suppose that after the moment when the HF approached the cylindrical surface of the 
sample, the fluid should be spreading along the cylindrical surface of the sample below 
the impermeable jacket, and, most likely, it can change the stress distribution within the 

Figure 19. Illustration of the correlation between the fracture width and the fluid viscosity.

In addition, the dynamics of HF propagation were investigated. We have found that
the HF propagation velocity is highly dependent on the injected fluid viscosity. Figure 20
indicates that injection of lower viscosity fluid induces HF propagation with a higher
speed. It can be explained by the high mobility of the low-viscous fracturing fluids, and
their ability to easily fill in the microcracks in the fracture process zone. The relationship
obtained in the laboratory experiments may be considered for the HF modeling in the field
conditions, potentially increasing the reliability of the modelling.
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Direct measurements of the HF opening and tortuosity of HF surfaces have significant
difficulties in the field. However, they are the key parameters for choosing the optimal
proppant size, providing successful proppant delivery into the HF. We investigated the
relationship between the formed fracture surface parameters and the viscosity of the
fracturing fluid.

In our study, X-ray tomographic scanning of the fractured samples was performed,
allowing us to determine the 3D shape of the fracture surface geometry with the accuracy
of 60 µm. The upper row of plots in Figure 21 shows the top-view of AE signals localized
during the initial stage of HF propagation, whereas the middle row shows 2D maps of
fracture surface topography, plotted on the basis of X-ray analysis of fractured samples.
We suppose that after the moment when the HF approached the cylindrical surface of the
sample, the fluid should be spreading along the cylindrical surface of the sample below
the impermeable jacket, and, most likely, it can change the stress distribution within the
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sample, influencing the shape of the created fracture. Therefore, we decided to analyze the
shape of HF created only before the exit of the HF to the cylindrical surface of the rock, or
during the initial stage of HF propagation towards the surface only. The pattern of the HF
surface created during the initial stage of HF propagation was estimated on the basis of AE
localization presented in Figure 21, the upper row, and the corresponding sector of the HF
surface was selected for the roughness analysis, as the lower row of Figure 21 shows.
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Figure 21. The top view on: (a) localizations of AE signals recorded during initial stage of HF
propagation (b) 2D fracture surface maps of the samples and (c) sectors selected for the analysis of
fracture topography.

We define the rough fracture surface as an assembly of elements with various asperity
heights, slope angles, aspects, and statistical values [43]. We take the sector file (xyz),
approximate it with the best-fit plane, and calculate the distance of each element to this
best-fit plane (Figure 22). The detailed technique for obtaining a best-fit plane of the 3D
point fracture surface is represented in [44].

For this part of the study, we applied statistical expressions directly to the scanned
3D surface data (Equations (1)–(3)). The peak asperity height Rp, the average roughness
Rm, and the root-mean-square roughness Rrms, where zi is the height of the ith point and
za—the mean height of the elevation plane, which is discretized by n points, were obtained
(Table 6). The statistical parameters provide a direct comparison between samples, aiding
to distinguish the different surface topographies quantitatively [45].

Rp = max|zi − za|, (1)

Rm =
1
n

n

∑
i=1
|zi − za|, (2)

Rrms =

√
1
n

n

∑
i=1

(zi − za)
2. (3)
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Table 6. Statistical surface roughness parameters of selected samples (Equations (1)–(3)).

Parameter WG-722 WG-716 WG-717 WG-721

Rp mm 2.29 1.94 2.21 1.92

Rm mm 0.62 0.55 0.61 0.65

Rrms mm 0.76 0.67 0.75 0.74

Tortuosity - 1.47 1.41 1.43 1.33

Fluid viscosity (300 s−1) cP 35.58 49.75 55.19 310.81

The tortuosity is defined as the total fracture length along a pathway divided by the
direct length of the two ends in the reference area. In order to measure the total fracture
length, the subset of points lying along the steepest line was extracted, and then the sum
of 3D distances between adjacent points was obtained. To get the tortuosity value, this
sum was divided by the sum of 2D distances between adjacent points of the same subset
(Table 6).

We have found that the shape of the created fracture is dependent on the fracturing
fluid viscosity. We observed that the fracture induced with the most viscous fluid had the
least tortuous surface (Figure 23). Consequently, the tortuosity decreased with the increase
in fracturing fluid viscosity, which is in compliance with Refs. [46,47]. The fracture surface
for the WG-722 sample that fractured with the least viscosity fluid has the highest tortuosity
magnitude (1.47) and, as a consequence, the most complicated shape of the surface. On
the other hand, the fracture surface for the WG-721 specimen has the least tortuosity value
(1.33). It can be elucidated by the injection of a high viscosity fluid, creating a smoother
surface in comparison with the lower viscosity fluid injection.

The distributions of Probability Density Function versus the height of asperities above
the fitted plane are presented in Figure 24. It can be noticed that the Probability Density
function can be characterized by the normal Gaussian distribution (best fit Gaussian). Thus,
the calculated Rrms roughness can be justified [44] (Figure 24).
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5. Conclusions

In this research, we studied hydraulic fractures created in granite samples by the
injection of several unconventional fracturing fluids. The main objectives of the study
were the investigation of fracture propagation dynamics and direct measurement of several
parameters characterizing created fractures, aiming at the application of relationships
discovered in laboratory tests for the further modeling. We obtained the following results:
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(1) For our experiments, we used two water-based systems (non-polymer composition
(VES), PAA (PolyGel)) and two non-aqueous (OilGel 7/7, OilGel 40/40) fluids for
the HF initiation. In contrast to the traditionally used cross-linked liquids based
on guar solution, they have a structural difference. It is generally accepted (in Rus-
sian service companies) that the fracturing fluid must have a viscosity of at least
350 mPa·s at 100 s−1 for proper proppant retention and transport. The described flu-
ids have a branched spatial structure, which allows to hold and transport the proppant
despite their low viscosity (100–200 mPa·s at 100 s−1). Moreover, hydraulic fracturing
induced by injection of these systems had not been previously tested in laboratory
conditions. The fluids were provided by the department of the international scientific
center “Rational development of liquid hydrocarbon planet’s reserves” at the National
University of Oil and Gas “Gubkin University”;

(2) We measured hydraulic fracture opening width and the volume of fluid injected into
the fracture at the moment of wellbore pressure breakdown. We have found a good
correlation between these parameters and viscosity values. Initially, the results of two
tests with water-based fluids were compared. The behavior of the fracture created by
injection of the non-polymer composition (VES) demonstrated quick propagation,
minor opening, insignificant volume of fluid filling the fracture, and low breakdown
pressure. This behavior of hydraulic fracture can characterize the injection of low-
viscosity fluids. In case of PolyGel fluid injection, the hydraulic fracture propagated
more slowly, the extensometers registered a bigger opening width, and hydraulic
fracture occurred at the highest maximum pressure among the tests.

In addition, we have found that the hydraulic fracture behavior during the injection of
diesel-fuel-based fluids with different viscosities varies significantly. The test with OilGel
7/7 (102 cP) demonstrated results corresponding to a low viscosity fluid: a minor fracture
aperture, an insignificant volume of fluid filling the fracture, lower breakdown pressure,
and fast HF propagation velocity. In contrast, the HF induced by OilGel 40/40 (1200 cP)
demonstrated the widest fracture aperture, a significant volume of fluid filling the fracture,
and the slowest propagation velocity. The peak pressure was higher. Finally, our findings
that the higher breakdown pressure value corresponds to the higher viscosity of the injected
agent are in a good agreement with the previous publication [42].

(3) It has also been revealed that the topography of the created fracture surface is related
to the viscosity of the fracturing fluid too. We have observed that the fracture induced
by the most viscous fluid had the least tortuous surface. Based on the data of our
study, the tortuosity decreased with the increase in fracturing fluid viscosity, which is
in good agreement with [46,47];

(4) The observed relationships should be taken into account during modeling of the
hydraulic fracture propagation. This may lead to the creation of more realistic models,
and as a result, to an increase in the efficiency of the field hydraulic fracturing.
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