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Abstract

This study focuses on the features of hydraulic fracture propagation in intersecting boreholes in polymethyl methacry-
late blocks in a non-uniform stress field. Glycerol aqueous solution and plasticine were used as the working fluids.
According to linear fracture mechanics, a stress concentrator at the borehole intersection contributes to the beginning
of crack formation, with further crack propagation occurring in the plane containing their axes. The relevance of this
study is due to the search for innovative approaches and the development of technological solutions to address the issue
of effective longitudinal crack formation and its further propagation in a rock mass under unfavourable stress field
conditions. This paper provides a scheme of laboratory stand operation and a general view of the sealing packers used
to isolate a specified interval when performing tests. The graphs of glycerol pressure versus injection time are presented,
and the breakdown pressure in the blocks is specified. The shape of fractures formed during the indentation of plasticine
into the borehole system was investigated. The findings of physical modelling indicate that longitudinal cracks are
predominantly formed in the boreholes. The deviation of the crack trajectory from the vertical plane containing the
borehole axes is primarily affected by the magnitude of the horizontal compressive stress field rather than the increase
in the angle between them. In addition, the angles of inclination of the longitudinal crack plane measured at its inter-
section with the side face of the block are specified.
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Introduction

The emergence and development of hydraulic fracturing (HF) is closely associated with en-
hanced oil recovery from producing wells [1-4]. This approach is commonly used due to the relatively
straightforward underlying principle. The final shape of a crack in rocks largely depends on the di-
rection and magnitude of compressive stresses [5, 6]. During hydraulic fracturing operations con-
ducted at significant depths commonly observed in numerous oil and gas fields, the possible orienta-
tion of the resulting cracks is limited by the maximum vertical stress. In such conditions, the initiation
of a longitudinal crack in a vertical well or a radial transverse crack in a horizontal well is most often
observed.

The implementation of the HF method in mines is complicated by some features. The challenge
in accurately predicting the path of cracks to be formed is due to high horizontal stresses [7, 8] as well as
the impact of nearby underground workings and inseam boreholes on the stress state of the rocks. Addi-
tionally, there are various tasks to be tackled, such as intensifying the methane drainage from coal seams
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[9-12], controlling hard roof collapse [13-16], protecting underground workings from pressure filtra-
tion [17], and conducting in situ stress measurements [18-21]. Of interest are methodological and
technical solutions aimed at increasing heavy oil production by hydraulic fracturing in the Yaregskoye
field, which is developed using the thermal mining method [22].

Increasing the efficiency of the mine modification of the HF method requires establishing the fea-
tures of crack propagation in a non-uniform stress field in laboratory conditions. Most testing systems
used for these purposes are specifically engineered to analyze the initiation of cracks in a core subjected
to axial loading and uniform compression along its side surface [23-25]. Such experimental setups do
not accurately replicate the reservoir conditions and do not allow addressing the problems characteristic
of underground mining.

The increasing popularity of laboratory units that can subject cubic samples to true triaxial loading
is driven by the need for reliable results in hydraulic fracturing physical modelling [26, 27]. Such cubic
samples should be sufficiently large, with an edge length of 150-200 mm or more, to exclude the
influence of edge effects on crack propagation and to incorporate models of underground working or
several boreholes.

The results of previous studies demonstrate that the crack path can be controlled in several ways. For
example, it is possible to use various technical means for cutting initiating slots on borehole walls [28],
performing directional loading or unloading in the target interval [29, 30], creating additional cracks in
advance to alter the local stress field [31], or changing the properties of the working agent [32] and
parameters of its injection into the rock mass [33, 34]. In addition, crack growth direction is influenced
by various factors, such as the complex geometry perforation of the casing, the specific arrangement of
several boreholes of different directions, and the presence of additional sidetracks.

One promising way to create longitudinal cracks is to perform HF in intersecting boreholes.
Cracks are assumed to grow in the plane containing their axes. A similar approach was used in the
development of directional hydraulic fracturing technology, which involves the creation of several
radial boreholes of small diameter from a vertical one and further injection of working fluid into the
formed system [35]. It has been shown that a crack is highly likely to initiate in the plane formed by
radial boreholes, regardless of the stress field within the massif. Additionally, the influence of the
relative position of radial boreholes on fracture propagation was studied [36]. The experimental results
demonstrate that increasing the angle between the borehole axis and the direction of maximum stress
results in a higher breakdown pressure.

A similar solution for the in-mine hydraulic fracturing of a coal seam yielded a high convergence
of the results of mathematical modelling and experimental measurements [37]. The application of the
developed technology was found to reduce the breakdown pressure and allow the direction of the
initial growth of cracks to be controlled.

This study investigates the possibility of longitudinal crack formation between intersecting bore-
holes in a stress field unfavourable for its propagation. During the experiments, such a field was created
by applying the maximum stress perpendicular to the plane containing the borehole axes.

Methods

A laboratory system was developed and implemented to study the HF process in cubic blocks.
This system was installed on the basis of a hydraulic press PG-100. Presented below are the specifics
regarding the operation of the system. The sample compression in a horizontal plane in two orthogo-
nal directions is performed using four flat jacks DN10P10 with a load capacity of 10 tf installed in a
load-bearing frame. A similar jack is fixed on the upper part of the frame to provide loading along
the vertical axis. The sample can be independently loaded in a triaxial fashion by connecting the jacks
separately to the high-pressure manual pump. A more comprehensive description of the laboratory
system design can be found in [38, 39]. A schematic diagram of the system is illustrated in Fig.1, a.
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Fig.1. A schematic diagram of the laboratory system (a) and a plexiglass block in a testing cell
prepared for indentation of plasticine (b)
1 — manual pump; 2 — pressure gauge; 3, 8 — collectors; 4 — shut-off valve; 5 — high-pressure pipelines; 6 — hydraulic flat jack;
7 — sample with intersecting boreholes; 9 — pressure sensor; 10 — laptop computer; 11 — data communication channel;
12 — pressure data logger; 13 — mechanical syringe pump

The collection and recording of data during the experiments were conducted using a pressure
sensor, specifically the MIDA-PI-51P, which was connected to a data logger through a cable. The
logger is equipped with a 24-bit analogue-to-digital converter (ADC), which allows the signal to be
transmitted to a laptop via Bluetooth for further processing and visualization [40].

Physical modelling of hydraulic fracturing was performed in artificial blocks made of
polymethyl methacrylate (plexiglass) with an edge length of 180 mm. Two factors influenced the
choice of materials for this study. The first is optical transparency, which facilitates accurate control
of crack growth without the need for additional technical means. The second is the brittle fracture
that occurs when a crack propagates in the plexiglass. This fracture is characterized by the absence
of any significant plastic component, making it possible to exclude its effect on the final crack path.
The analysis can then focus only on the impact of compressive stresses and the angle between inter-
secting boreholes. The combination of these features and the similarity of the mechanical properties
of plexiglass (compressive strength of about 70 MPa) and rock massif, led to its widespread use in
HF modeling in laboratory conditions [41-43].

Two intersecting boreholes with a diameter of 14 mm were created in each block. One of
the boreholes was vertical, with the other forming an angle y of 30 or 60 deg. The bottom of the
inclined borehole was inside the block, with its head sealed by a device equipped with two rubber
rings (Fig.2, a) [44].

Fig.2. Sealing device for isolating an inclined borehole (a) and a double packer tool (b)
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Two different working fluids were used in the laboratory
experiment: a coloured aqueous solution of distilled glycerol
(GOST 6824-96) and plasticine. In the first case, a vertical
borehole was drilled through the sample, and the fracturing
interval was isolated by a special double packer tool (Fig.2, b).
Glycerol was injected using a mechanical syringe pump. In the
second case, the distance from the bottom of the vertical bore-
hole to the lower face of the block was approximately 20 mm.
The plasticine was pressed by tightening the bolt, with a thread
created in the upper part of the borehole (see Fig.l1,b).
Figure 3 displays the location and type of boreholes in the
block, depending on the working fluid used and the direction
of compressive stresses [44].

In accordance with the main purpose of laboratory tests,
Sxx was specified as the maximum compressive stress in the
experiment. The excess of this particular stress over the others
affects the rate of rotation and the deviation of the formed
longitudinal fracture from the plane defined by the intersecting
boreholes. The features of hydraulic fracture propagation in a
similar problem statement were investigated using numerical ‘s
analysis [45] and physical modelling on sand concrete samples Fig.3. The location and ;;/pe of boreholes
[46]. Table 1 provides the angles y for all manufactured blocks, in the block during fracturing with glycerol (a)
the loading conditions during the physical modelling process, and plasticinsirgtél ifrilercompressive
and the working fluid used for HF [44].

Table 1
The main characteristics of the blocks and experimental parameters

Block Loading conditions, MPa . .
number Angle y, deg 5 5 5. Working fluid

1 30 13 1.0 1.0 Glycerol

2 60 13 1.0 1.0 Glycerol

3 30 1.3 0 1.0 Plasticine

4 60 13 0 1.0 Plasticine

5 30 15 0 1.0 Plasticine

6 60 15 0 1.0 Plasticine

Results and discussion
During the hydraulic fracturing of block 1, two independent cracks were formed within the bore-

holes and partially merged near the stress concentrator (Fig.4, a, b). The resulting fracture exhibited
a distinct deviation from the plane encompassing the axes of the boreholes, with glycerol leakage
observed on the lower face of the block. The breakdown pressure, Py, observed during the experiment
was 11.9 MPa, with the residual pressure measuring 0.6 MPa at the end of the test.

In block 2, the crack was formed at a fairly high pressure of 33.5-37.2 MPa (residual pressure of
0.81 MPa), which is almost three times higher than that recorded for block 1. This significant dis-
crepancy can be attributed to variations in the borehole wall conditions and the structural features of
specific blocks. At the same time, a rather clear longitudinal fracture connecting both boreholes was
formed in block 2 due to virtually no differences between the horizontal stresses Sxx and Syy for such
a high value of Py pressure (Fig.4, c, d). With the deviation of the crack plane from the vertical of
10 deg, the crack was visually observed to extend to the side and bottom faces of the block [44].
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Fig.4. The photographs of the cracks formed during the injection of glycerol in block 1 (a, b) and block 2 (c, d)

Glycerol injection pressure graphs for the cases described are shown in Fig.5. The injection rate
was kept constant at approximately 10 ml/min.

The observed pressure change in block 1 implies that the packers were deformed and compressed
from the load chamber before the crack formation, resulting in a minor depressurization of the interval
isolated by the packers (Fig.5, a). When a maximum pressure of 37.2 MPa was reached in block 2,
the leakage of working fluid from the fracturing interval through the packers was also observed.
Following the cessation of the leakage, a subsequent rise in glycerol pressure due to its injection by
a mechanical syringe pump produced a crack at 33.5 MPa (see Fig.5, b). A lower pressure value may
be associated with irreversible microdestruction of the material around the borehole [47].

In a series of tests, plasticine as the working fluid was indented through the vertical borehole at
Szz = 0. The procedure involved placing and tightly packing the plasticine into intersecting boreholes,
followed by installing the sealing device into the inclined borehole and tightening the metal bolt along
the thread previously cut on the vertical borehole wall. The gradual introduction of plasticine into the
cracks caused enough pressure to break the plexiglass. The breakdown pressure was not recorded.

During the experiments conducted on blocks 3 and 4, the compressive stress ratio was found to
be Sxx = 1.3Syy. During the injection of plasticine, crack formation began in both boreholes, and then
the growing cracks merged into a single longitudinal fracture (Fig.6). Special attention should be
given to the intricate geometry of the resulting cracks, their curvature, and twisting around the bore-
hole, with these effects being more pronounced when y = 60°. The results of other laboratory studies
provided evidence for the creation of branched fracture systems from a single borehole with increasing
viscosity of the working fluid [48].
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Fig.5. Glycerol injection pressure graphs as a function of injection time t for block 1 (a) and block 2 (b)
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Fig.7. The photographs of the cracks formed during the indentation of plasticine in block 5 (a, b) and block 6 (c, d)

According to the test conditions in blocks 5 and 6, the maximum compressive stress Sxx was one
and a half times higher than Syy. At the same time, a similar development of cracks was observed as
in the previous experiment (Fig.7). In block 5, the heterogeneity and delamination in the horizontal
plane owing to the plasticine indentation, the vertical growth of the crack stopped. Previous laboratory
experiments have shown similar findings regarding the interplay between created and pre-existing
cracks under compressive stresses [49-51]. In block 6, the most challenging conditions were created
for the formation of a single longitudinal fracture, with y = 60°. In this case, an incomplete connection
of the boreholes by HF was observed, including due to the rotation of the crack plane growing in the
inclined borehole (Fig.7, c).

In order to assess the influence of experimental conditions on the final shape of the cracks formed
in blocks 3-6, we measured the inclination angle of the longitudinal fracture plane at its exit to the
side face of the block. For convenience, the angle measured from the vertical will be referred to as a,
with its values given in Table 2.

Table 2
The value of angle a for blocks 3-6
Block Loading conditions, MPa
Angle vy, deg Angle a, deg
number S Sy
3 13 1.0 30 29
4 13 1.0 60 36
5 15 1.0 30 44
6 1.5 1.0 60 48
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The findings demonstrate that the crack plane in a non-uniform stress field is more effectively
stabilized when boreholes are closely spaced (y = 30°). The deviation from the vertical plane containing
the borehole axes was estimated to be 29° and 44° at Sy« = 1.3 and 1.5 MPa, respectively. The analysis
of the angles a obtained during the HF of blocks 4 and 5 revealed the following features. Despite
the significantly large distance between the walls of the boreholes far from the concentrator area in
block 4 (y =60°) and the limited potential of this scheme to keep the crack in a given plane,
the angle a was found to be smaller than in block 5 (y = 30°). These results indicate that the com-
pressive stress field parameters have a stronger influence on the deviation of the longitudinal fracture
from the vertical plane containing the borehole axes compared to the increase in the angle v.
The earlier findings demonstrate that, given a uniform stress field, the crack propagation caused by
the indentation of plastic substances tends to occur in the plane of the boreholes or along the initially
specified direction [52].

The features of crack growth established in the paper can be used in practice when designing HF
operations carried out in mine workings. The stresses applied to the cubic sample during tests were
limited by the technical capabilities of the laboratory system and were equivalent to the lithostatic
pressure of rocks at a depth of about 200 m. This corresponds to many mineral deposits extracted
by the underground mining method, including the Yaregskoye field of high-viscosity oil, uranium
deposits of the Streltsovskoye ore field, the Handiza” polymetallic deposit (Uzbekistan),
Mezhegeyskoye, Karagaylinskoye coal deposits and others [53-56].

The ratios between maximum and minimum compressive stresses (1.3-1.5) used in the experiments
are observed in many mined seams and fields. The results of studies of natural stress state in the upper
part of the cross section of domestic and foreign deposits are summarized in [57]. It is noted that
horizontal stresses are widely exceeded over vertical ones in both igneous and sedimentary metamor-
phosed rocks, in some cases by a factor of 10. Similar results are also given in publications [56, 58],
describing the distribution of active stresses in coal mines in China.

The success of the in-mine implementation of the approach studied in this article depends on the
possibility of forming a stress concentrator in the rock mass due to the intersection of boreholes. In
underground workings, this can be achieved by installing an oriented wedge-deflector in a given place
of a horizontal in-seam borehole and then cutting a sidetrack from it [59]. The Y-shaped system of
the borehole and sidetrack created in this way will have the necessary geometry for solving the existing
problem. Then the borehole section with the sidetrack is sealed using a packer and the working fluid
is pumped in. The viscosity of the fluid can be increased by special chemical additives or two-com-
ponent resins with a pre-selected polymerization time [60].

Conclusion

The HF method can be used to significantly improve the development of mineral deposits by
creating cracks in a specific direction. In mine environments, the formation of longitudinal cracks can
be a viable solution to address specific mining issues. This study aimed to explore the potential for
developing longitudinal fractures within a system of intersecting boreholes, especially when the di-
rection of maximum stress was perpendicular to the plane containing their axes.

The experiments revealed the tendency for the cracks to initiate independently in vertical and
inclined boreholes. However, with further growth, they combined and were stabilized by the bore-
holes to form a single fracture, also due to the area close to the concentrator. Under the most unfa-
vourable conditions (Sx = 1.5Syy, y = 60°), the incomplete connection of the boreholes by HF was

* About the activities of the Handiza mine. URL: https://agmk.uz/ru/news/xondiza-koni-polimetallar-ombori (accessed
21.07.2024).
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observed upon plasticine indentation, partially due to the rotation of the plane of the crack growing
in the inclined borehole. Particular emphasis should be placed on the complex geometry of
the resulting cracks, their curvature, and twisting around the boreholes, with these effects more
pronounced when y = 60°.

The physical modelling findings indicate that the parameters of the horizontal compressive stress
field have a greater effect on the deviation of the longitudinal crack from the vertical plane containing
the borehole axes compared to the increase in the angle between them. Measuring the angle of incli-
nation of the longitudinal crack at its intersection with the side face of the block revealed that closely
spaced boreholes (y = 30°) better stabilize the fracturing plane in a given non-uniform stress field.
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