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Abstract

Purpose. The research aims to use experimental and theoretical studies in assessing the nature of fracture of cracked crys-
talline mass samples with a complex structure in the brittle-plastic area under the action of triaxial loading.

Methods. To assess the influence of physical-mechanical properties of a cracked crystalline mass and its structural peculi-
arities on the change in the nature of its fracture, experimental studies were conducted on rock samples. Samples were taken
from the faces of preparatory workings in uranium mines, tunnels of the subway under construction (the city of Dnipro) and
from the benches of granite quarries in Ukraine. The tests were conducted using proven methods in accordance with current
government standards. During the testing process, the samples and the nature of crack formation were assessed synchronously
using a GAOSUO P scanning microscope, and their characteristics were assessed using acoustic emission (AE) method and
CT-scanning with an industrial Micro-CT scanner, the results of which were processed using Avizo software.

Findings. During testing of the samples, it was found that their uniaxial compressive strength and fracture mode are simi-
lar. Tests have revealed several types of crack inclination angles depending on bedding. With an increase in the value of o3, the
values of g1, and o, increase almost linearly, while the values of 1, and o4 of the samples first decrease, and then increase with
an increase in the f value. It was revealed that between the crack opening and the stress state of the crack surfaces at stresses o
and o, additional strain of the sample is formed exclusively in the direction of a3.

Originality. It was determined that during testing of samples, the value of o3 has a significant influence on the “stress-
strain” curve characteristics with different values of £. Then, an increase in o3, gi-03, €1, €3, & values indicates the ability to
resist external loads and strains when testing cracked rock samples. It was proven that when 63 is low, the linear elastic compo-
nent in the “stress-strain” curve section has a greater proportion than in the yield curve section with an increase of o3.

Practical implications. The research conducted served as a basis for further development of theory and methods in fracture
mechanics of cracked (stratified) crystalline mass, disaster prediction during mining operations in the construction of mine
workings and tunnels at mining enterprises.
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1. Introduction

Increase in the volume of constructing underground
structures and large-section workings (main line tunnels on
railways and subways in cities, mine workings in deep mines
and quarries), especially in difficult mining-geological condi-
tions [1]-[3], ensuring the stability of bench slopes during
mineral extraction in quarries [4], [5], mining of coal [6], [7]
and shale gas [8], [9] in conditions of crystalline rock mass
with a complex structure — all require the improvement of
existing and development of new resource-saving technolo-
gical solutions for fracturing and processing of minerals with
surface and underground cycles of operations.

The results showed that complex-structured crystalline
masses differ from structurally homogeneous rock masses by
a marked natural anisotropy of physical-mechanical proper-
ties, the presence of both vertical and horizontal crack sys-
tems of varying intensity, with alternating sections of highly
cracked and almost monolithic strong rock. It was deter-
mined that the existing bedding planes with varying bedding
angles in them have a significant influence on their mechani-
cal characteristics, crack propagation, and fracture condi-
tions. In this case, the horizontal-stratified rock mass is also
characterized by transverse isotropy, within which there are
structurally weakened complex-structured planes, both paral-
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lel to the structural plane and perpendicular to it, alternating
with soft and hard layers. In addition, in its natural state,
such a rock mass has many cracks, which leads to its charac-
teristic anisotropy under the action of forces and strains [10]-
[13]. Therefore, it is very important to study the influence of
the angles and direction of crack propagation (bedding) on
the anisotropic behaviour of a complex-structured crystalline
(stratified, cracked) mass.

Due to the intensive mining of minerals occurring close
to the surface, their reserves were depleted, prompting fur-
ther development of wunderground mining at deeper
levels [14]-[16]. As the depth of mining increases, the stress-
strain state (SSS) of the rock gradually changes from brittle
to plastic behaviour [17], [18]. Therefore, experimental and
theoretical studies limited to a fragile area are insufficient to
meet the needs of deep-horizon mining technologies [19].
Furthermore, numerous in-situ stress measurements demon-
strated that the SSS in surrounding stratified cracked, com-
plex-structured rocks at great depth exhibits significant three-
dimensional (3D) anisotropy, commonly referred to as true
triaxial stress state [20]-[22].

With the creation of new digital experimental equipment,
research methods, computer data processing technologies,
numerous tests were conducted on true triaxial compression
to study the mechanical behaviour of various rocks, such as
sandstone [23]-[27], slate [28], marble [29]-[31], granite
[32]-[34], coal [35],[36], concrete [37],[38] and cement
stone [19], [20]. Under true triaxial loading, rocks exhibit
stress-induced anisotropy and their response to ‘‘stress-
strain” [19], [20], [39]. As the intermediate principal stress
increases, the corresponding strain changes from tension to
compression. In addition, both the intermediate principal
stress and hydrostatic pressure influence the three-level path
of principal strains in space [20]. The true triaxial strength
characteristics are explained by a non-monotonic initial in-
crease, followed by a decrease in them as the intermediate
principal stress increases [21]-[23]. Strength is closely relat-
ed to stress state parameters [22], including intermediate
principal stress, the Noda-Lode parameter (coefficient) [40],
and hydrostatic pressure.

In recent years, domestic [41]-[44] and foreign scientists
have conducted a series of mechanical tests under various
stress states using modern SHPB testing machines, digital
photography, acoustic emission, computed tomography, and
other testing equipment, focusing on the anisotropic mecha-
nical behaviour of complex-structured crystalline mass. They
conducted a large series of studies on the macro- and micro-
mechanical properties, energy dissipation characteristics, and
the mechanisms of fracture development of stratified
(cracked) crystalline rock mass. Convincing research results
have been obtained. For example, Aliabadian et al., and Zhao
et al. [45], [46] used the Digital Image Correlation (DIC)
method to study the initiation, propagation, and penetration
of cracks in stratified sandstone using the Brazilian splitting
test method. Li et al. [47] conducted dynamic and static tests
on the adhesion of stratified coal rocks and used computed
tomography to characterize the internal morphology of coal
rock cracks with different § values. Sun et al. [48] conducted
Type 1 fracture tests on NSCB coal samples with different
sizes and S angles, using an improved semicircular bending
test, and studied the effect of sample size and £ value on
fracture viscosity and fracture mode of coal seam. Wang et
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al. [49] investigated the uniaxial compressive strength of a
stratified crystalline rock mass at various strength ratios and
revealed a correlation between the difference in strength of
the lithological unit, the percentage soft rock content, and the
uniaxial compressive strength of alternating stratified crystal-
line mass of soft and hard rocks. Wen et al. [50] used an
SHPB testing device to conduct splitting tests on composite
rocks with different values of f angles using the dynamic
Brazilian method, and also studied the crack growth mode of
samples in conjunction with high-speed digital camera sys-
tem recording. Gao et al. [9][9] developed an elastic-plastic
model with mixed initial and stress-induced anisotropy for a
cracked (stratified) crystalline mass and, in combination with
the strength criterion of crystalline material and the plane of
layers, derived an anisotropic fracture formula for a cracked
crystalline mass. Huang et al. [51], [52] obtained a new aniso-
tropic viscoelastic-plastic model that can describe the three-
stage anisotropic characteristics of a cracked (stratified) crys-
talline mass creeping, and then, the Mohr-Coulomb and Hoek-
Brown criteria were derived. Two transverse isotropic strength
criteria based on Jager's weak plane theory and maximum
axial strain were determined. Xia et al. [53] developed a mi-
croscopic damage criterion applicable to a cracked (stratified)
complex-structured crystalline mass within the framework of
the Non-local Macro-Meso-scale Damage (NMMD) theory.

In practical design and construction of engineering ob-
jects, the mechanical characteristics of rocks and the laws of
origin and propagation of micro-cracks form the basis for
assessing the stability of stratified crystalline rock mass. 3D-
visualization of the distribution, propagation and evolution
characteristics of micro-cracks has always been a focus of
research in rock mechanics. The most commonly used meth-
od is numerical calculation, but the evolution of crack growth
obtained by numerical calculation is difficult to reconcile
with the actual growth of rock cracks under load conditions.

To reveal the characteristics of micro-cracks in a strati-
fied crystalline mass, scanning electron microscopy, acoustic
emission and computed tomography were used in mechanical
tests to study the anisotropic behaviour of a complex-
structured crystalline mass [54], [55]. However, existing
studies typically describe the morphology of micro-cracks in
accordance with the morphology of macro- and micro-cracks
after fracture and do not provide an accurate description and
quantitative analysis of the evolution of micro-cracks. The
process of rock fracture is in fact a phenomenon of instability
caused by the energy applied during the loading process.
Deformation and fracture of rocks are closely related to the
transformation of their energy, and the laws of energy evolu-
tion can more accurately reflect the nature of deformation
and fracture of rocks [56], [57].

In connection with the above, conduct of true triaxial exper-
imental and theoretical studies in brittle-plastic area, in which a
cracked complex-structured crystalline mass is examined as a
research object, based on the mechanism of energy dissipation
and the fracture modes of stratified crystalline masses at vari-
ous values of crack development angles (bedding), applied
load and 3D-imaging of micro-crack development inside a
sample throughout its height, is a relevant scientific and ap-
plied task. The research results may contribute to the further
development of the theory basics and methods of mechanics of
cracked (stratified) crystalline mass fracture, disaster predic-
tion during mining operations at mining enterprises.
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2. Materials and methods

2.1. Selection and preparation of samples for testing

To conduct tests under triaxial stress state of a cracked
complex-structured crystalline mass and to assess the influence
of physical-mechanical properties and its structural peculiari-
ties on the change in the fracture nature, experimental studies
were carried out in laboratory and in-situ conditions.

The main stages of preparing a complex-structured crys-
talline mass for testing are as follows. Rock samples (lumps)
for testing were collected outside the zone of influence of
technological processes of mineral mining in the preparatory
workings of the Central SE VOSTGOK uranium mine, main
line of the subway under construction (Dnipro), and on the
benches of Ukrainian granite quarries — Sivach, Novopavlov-
sky, and Kapustiansky — for mining construction raw materi-
als. The rocks in these masses are located in a tectonic-
metasomatic zone with faults in the form of a monolithic
crystalline granite mass of complex structure, medium crack-
ing, and a strength of 12-18 to 20 points.

From selected lumps close to a cube shape with a linear
size of ®350 mm, models were produced in laboratory condi-
tions by cutting the lumps on a stone-cutting machine with a
450 mm diameter diamond disc. For tests to determine the
physical-mechanical properties, the samples were shaped into

cubes with a rib size of 40 + 2 mm, and the influence of triaxial
stress state was tested on a cracked complex-structured crystal-
line mass with a rib size of 100x100x100 mm. Fifteen models
were prepared for tests (three models for each type of rock).
The faces of the samples were treated with grinding powder,
with their curvature not exceeding 0.05 mm. The end surfaces
(faces) of the samples were controlled using a gauge (caliper)
along two mutually perpendicular faces. The deviation of the
faces from parallelism was no more than £0.1 mm.

For a detailed analysis of test results on determining the
physical-mechanical properties of complex-structured crystal-
line rock mass and calculating its main characteristics, such as
density, uniaxial compressive strength, longitudinal and
transverse wave velocity, Poisson's ratio, and Young’s modu-
lus, test methods were used in accordance with current gov-
ernment standards [58]-[61]. The main parameters of the
acoustic and physical-mechanical characteristics of the stud-
ied rock samples are given in Table 1. To confirm the ade-
quacy of the obtained experimental results for the prepared
complex-structured crystalline mass for real geological condi-
tions, the results of uniaxial compression tests of the prepared
samples were compared with each other. It was found that
their uniaxial compressive strength and the fracture mode of
the crystalline mass are similar. The obtained test data con-
firm the good consistency of the proposed method results.

Table 1. Physical-mechanical properties of rocks

Ultimate strength

Density, - — - — Longitudinal Poi , Young’s
No Rock type (p-103) n un1ax1.al m un1§1x1a1 wave velocity oisson s modulus
’ Ka/m? > compression tension (V). /s ratio, v (E), GPa
5 (Geompr), MP2 _(Giens), MPa »): g

1 Pink coarse-grained granite 2.80 180.0 5.6 4350 0.22 19.2

2 Red coarse-grained granite 2.55 210.6 6.5 5100 0.28 16.6

3 Pegmatoid granites 2.60 150.0 4.6 6300 0.25 17.6

4 Albitite on granites 2.98 255.0 8.0 6380 0.23 13.0

5 Coarse-grained granite 2.61 138.8 4.3 6400 0.36 16.3

2.2. Scheme of the experiment

To test triaxial compression of cracked complex-
structured crystalline masses, a mechanical system for load-
ing samples of non-uniform component (multi-gradient)
triaxial compression was used: a bench for self-sustaining
fracture of rock samples, developed at the M.S. Poliakov
Institute of Geotechnical Mechanics (IGTM) of the Nation-
al Academy of Sciences of Ukraine.

The test bench layout is shown in Figure 1. It consists
of a closed working chamber (Fig.2a), the volume
of which changes in accordance with the change in the
sample volume (Fig. 2b), the ability to create in three
mutually perpendicular directions (coordinates x;, yi, z:)
of a loaded system — hydraulic cylinders — independent
stresses similar in value and direction to rock mass stres-
ses with simultaneous fixation of strains by displacement
strain gauges.

The test object in this research was coarse-grained red
granite, which is an exclusively collective type of rock in a
complex-structured crystalline mass, for example, in the
conditions of driving the mine workings at the Central Mine
(SE VOSTGOK), main line of the subway under construc-
tion (Dnipro, Ukraine) and granite masses in quarries for
mining construction raw materials (Ukraine).

:

Figure 1. Test bench layout: 1 — container with working agent —
industrial oil; 2 — pressure pump; 3 — pressure gauges;
4 — pressure reducing valves; 5 — support plates of the
bench; 6, 7— hydraulic loading rod vertical and hori-
zontal, respectively; 8 — granite sample; 9 — bench con-
trol panel; 10 — data logger; 11 — computer

(b

Figure 2. Exterior view of the working chamber (a) for loading
samples and a granite sample (b)
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At the construction sites of underground structures (mine
workings, tunnels), several fault zones were uncovered in the
direction of their driving, according to geological survey data,
where the crack planes in the fault zones show various dip
angles ranging from 70 to 90°. Rock types in the fault zones
correspond to the rocks near the mine working contours, and
the cracks in the crystalline mass are filled (healed) with
quartz aggregates within their boundaries (Fig. 3).

.*\'L'

Figure 3. Microphotograph of an oriented petrographic thin
section of coarse-grained red granite with cracks in
mineral grains

The granite selected for testing has a homogeneous mi-
neral composition with medium cracking. The uniaxial com-
pressive strength (ocompr) and uniaxial tensile strength (rens)
of rock samples were 210.6 and 6.5 MPa, respectively
(Table 1). The crack geometry in natural crystalline rock
mass is complex, and crack opening, roughness and direction
have a significant influence on the nature of fracture.

During triaxial compression testing of crystalline mass
samples, several types of crack inclination angles were iden-
tified depending on bedding, namely =0, 15, 45, 75, 90°.
In accordance with the actual rock mass SSS conditions in
mine workings during sample testing, four types of limiting
pressures were assumed, namely o3 =5, 10, 15 and 20 MPa.
In this case, the average principal stress value can be repre-
sented by two extreme principal stress values, namely:

o =0.5(O‘1+O'3)+/1(O'1+O'3).

@)

Then the Noda-Lode index (coefficient) for principal
stress strains can be represented as:

=

where:

012 02 2 03;

o) — vertical principal stress perpendicular to bedding
(crack);

o, and o3 — horizontal principal stresses parallel to bed-
ding (crack).

The test procedure is as follows:

1. The prepared test sample is placed on the load platform
of the working chamber and a preliminary load of 0.5 MPa is
applied to the sample by moving the upper load plate and
supplying a working agent (hydraulic oil) to the working
system of the vertical hydraulic cylinder, followed by fixing
it on the test sample face surface.

2.0n the working surface of the bench pump unit,
through the hydraulic system for supplying the working
agent (industrial oil) and for regulating the oil pressure in the

(02 -03)

)
(01 —03)
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system, DR20 5 50 Y type pressure reducing valves are used,
with which the working pressure in the system for testing is
set independently for each hydraulic cylinder (vertical and
horizontal) according to the pressure control device (manom-
eter) readings, equal to 40 MPa. After preparing the system
for testing with the application to the sample of the corre-
sponding values of the limiting all-round pressure on all axes
at a level of 5 MPa/min, loading is performed at a loading
rate of 0.005 mm/s until the sample is fractured.

3. Simultaneously with conducting triaxial compression
tests on samples, our research used a microscopic method to
assess crack formation and their composition [62] using a
modern GAOSUO P digital scanning microscope with
600-1200X digital zoom (manufactured by GAOSUO),
equipped with a built-in 4.3 or 7-inch TFT-display that can
be rotated 90° relative to the studied surface of the tested
sample, a high-resolution video camera (12 Mpx) with a
32 GB SD memory card (Fig. 4a). The peculiarity of this
microscope is its ability to automatically capture video and
record the process of sample fracture at the macro level.
During testing, the microscope on a stand was attached to the
test bench base in the direction of fixed (clamped) test bench
chamber plate with a pass-through window simulating the
mine working contour, followed by scanning of the sample
faces under triaxial loading.

4. To assess the characteristics of micro-cracks in a strati-
fied (cracked) crystalline mass in mechanical tests with vary-
ing SSS parameters in rock samples, an effective method of
real-time rock fracture monitoring — acoustic emission (AE)
method — was used. The exterior view of the device for
measuring the amplitude and frequency of AE propagation
(manufacturer: DiSP Physical Acoustics Corporation, USA)
is shown in Figure 4b.

(b)

Figure 4. Instruments used in the research: (a) GAOSUO P digital
scanning microscope — 600-1200 X; (b) device for mea-
suring the amplitude and frequency of AE propagation

In this research, triaxial compressive stresses were tested
on samples of five granite types (Table 1) using a test bench
developed at the IGTEM NAS of Ukraine (Fig. 1). For the
tests, the minimum principal stress values (o3) were deter-
mined, namely 5, 10, 15, 20 MPa, and the intermediate prin-
cipal stress (o2) varied from one test cycle to another at the
same o3 value. AE signals, their frequency and amplitude
were recorded using six NANO-type resonant narrow-band
sensors with a response frequency of 125 (750) kHz and
2/4/6 preamplifiers. Six AE sensors were uniformly fixed on
six load plates: three rigid and three movable in six direc-
tions around the sample with Di sensor coordinates equal to
(xi, vi, i) (i=1,2, 3,4, 5, 6 — sensor numbers). Without pre-
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liminary wave velocity measurement [63], a localization
method was used during the experiments to obtain the true
location of AE signal emissions. The results of recording the
AE signals and their control in granite samples were pro-
cessed using AE-win software.

In this research, it was assumed that for sensors with co-
ordinates (x;, yi, zi), the signal transmission start time is ¢,
and the arrival of the P-wave at sensor Diis #; (i=1, 2, 3, 4,
5, 6), under the following condition:

(i =x) + (v =y +(z-2)" = (4-10 ),

where:

v — an indicator of the unknown P-wave velocity along
the path of propagation.

Furthermore, when at least four sensors are activated,
Equation (3) can be used to determine the coordinate of the
radiation source, that is, (x, y, z) inside the sample space, by
filtering the acceptable value of the AE signal.

The following setup tests were performed prior to expe-
riment. Thus, o; was applied along the z-direction, o> — along
the y-direction, and o3 — along the x-direction, respectively.
The load control mode was set to a loading rate of 0.3 MPar/s.
The procedure for conducting setup tests is as follows:

— to hold the rock sample in the chamber in its initial po-
sition, an initial load of 1 MPa (o1, 02, 03) was applied in the
direction of the x, y, z axes, and then these three loads (o1, 02,
03) were increased until o3 reached the pre-fracture value
of the sample;

—loads o1 and o, on samples along the y and z axes
were increased until o, reached its limit value, while o3 was
kept constant;

—load values o1 were increased to values at which the
rock sample is fractured, while loads o> and o3 were
kept constant.

After the sample is fractured, the axial load is stopped by
removing the limiting pressure and the damaged sample is
removed from the load chamber. After triaxial compression
tests are completed, the fractured granite samples are exa-
mined using computed tomography methods to study the
behaviour of an anisotropic complex-structured crystalline
mass. To study the structure, nature of crack formation and
changes in the properties of an anisotropic complex-
structured crystalline mass, and to obtain high-resolution
images of the fractured sample at the microscopic level, an
industrial Micro-CT scanner from the manufacturer GE
Healthcare was used.

3

2.3. Energy calculation method

In triaxial compression tests, the total energy of the strati-
fied rock mass U, includes: energy Uy generated at the hy-
drostatic pressure stage, axial energy U generated by the
work of vertical stress during mechanical testing, and nega-
tive work Us performed by the all-round pressure on the
sample. The calculation formula is as follows [64]:

(3 =x) + (3 =) +(z-2) =2 (510’ 4)

| a3
Ut=U1+U3+U0=J-O'd€1+2.[03d€3+U0. (5)
0 0
During mechanical testing, U; is converted into elastic
energy U,, accumulated in the samples, which can be re-
leased, and dissipated energy Uy, consumed by the expansion
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of internal cracks and friction during the development of
damage and rupture of the sample. Then the calculation for-
mula can be represented as:

U =U,;+U,; (6)

(7

e

L|:612 + 2632 —2/1(2010'3 + 032 ):| ,
2E,
where:

1 — the Poisson’s ratio;

E, — modulus of elasticity under de-stressing.

From a microscopic perspective, the development of rock
fracture process involves the initiation, expansion and, final-
ly, the unification of internal micro-cracks into macroscopic
cracks. To reflect the change in dissipative energy at peak
strength in a triaxial compression test, the ratio of dissipated
energy Uy, at peak strength to total energy U, is determined
as the dissipation rate D, that is:

P

p=—4.
uf

®)

2.4. Method for calculating crack opening under conditions
of volumetric stress state of a crystalline rock mass

It was found [65], [66] that between crack opening and
the stress state of the crack surfaces at stresses o1 and o3,
additional sample strain is formed exclusively in the o3 direc-
tion, without creating additional stress in the rock sample
(Fig. 5). Consequently, this research is conducted based on
the approach proposed above.

G,
Fracture

0,

Figure 5. Schematic representation of triaxial stress state in a
cracked crystalline rock mass

Suppose that when o2 = g3, the volumetric strain can be
represented as:

E,=&11T&E +& =TIU(O'I+O'2).

)

Then the stress g1 and o> applied in the direction o3 looks

as follows:
y7,
——&, +& |=0.
(1—2/1 Y SJ

E
03 =——
1+ u

Then it is possible to schematically represent the stress
curve and analyse it in a cracked crystalline rock mass under
triaxial stress state (Fig. 6).

Thus, in the curve, o, and o, represent the normal stress
and lateral stress on the crack surface, respectively. e — is the
width of the crack opening in the horizontal direction.

(10)
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lac, law
Rock
Ao, Ao,
Au=Au-Au,

-

llleblttalel £

hy e hz

Figure 6. The nature of stress distribution in a cracked crystalline
rock mass under triaxial stress state

hy and hy (Fig. 6) are the widths of the rock on either side
of the crack. The analysis revealed the following assumptions:

—the rock mass strain and its fracture are subject to
Hooke’s general law;

— crystalline mass strain in the normal crack direction
consists of rock skeleton strain () and crack strain (uc).
The total displacement (4u,) in the normal crack direction is
equal to the sum of rock skeleton displacement (4u,) and
crack displacement (4u.). In this case, compression is con-
sidered a positive action for tensile strain — a state of tensile
stress and shear stress.

Given these assumptions, a new method for calculating
crack strain can be proposed in this research. Normal crack
strain can be determined as the difference between the total
crystalline mass strain in the normal direction of the crack
plane and the rock strain in the normal direction of the crack.
Then the crack strain can be represented by the expression:

h+h + h+h
AT 4 2Ag,,

Au. = Au, — Au
¢ ! sin @

an

" sin@
where:

6 —is an angle between the crack and the horizontal
direction of the applied load;

Ae, — is the total crystalline mass strain at normal crack
direction;

Ae, — is rock skeleton strain at normal crack direction.

Then the normal and lateral stresses on the fracture plane
can be expressed as:
{O’n:O'ICOSH-i-O'?,SiHQ. (12)

o, =0;sin@—o3cosb

Suppose that o, = g3, then the increment in the cracked
crystalline mass strain in the normal direction can be
expressed as:

1

Agy = [Aan —,u(AO'T +A0; )] , (13)

f+r

where:
Er+—the modulus of elasticity of a cracked crystalline mass.
When rock skeleton layers shift in a direction normal to
the crack, its strain can be expressed as:
1
A, =E—[Aan+AP—y(Ao,+Ao—3)], (14)
r
where:
E . — the rock skeleton elasticity modulus;
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AP — the pressure difference between the inlet and outlet
of fluid on the surface of the rock skeleton and crack under
triaxial stress state.

Then, substituting Equations (12), (13), (14) into Equa-
tion (11), it is possible to obtain the total fracture strain:

hy+h
E,sin6@

Au, = )([Aan —,u(AO'T — Aoy )]— AP

(15)

_ h] +h2 +e _ h] +h2
Ep,.sin@ E,sin0

Previous comprehensive studies conducted by Sun and
Lin [67] showed an exponential correlation between the
width of crack opening during its tension and rupture (shear)
and normal strain. An equation was proposed to describe the
variation relationship between normal strain under tensile
stress and shear stress with crack opening width described by
Expression (16):

e=¢ exp(—ﬂ%} )

n

(16)

where:

eo — the initial crack opening width;

A — a coefficient influencing the normal crack strain.

Then, according to the proposed method of this research,
the ratio between normal stress and stiffness in the above
equation can be simplified by replacing normal strain in the
formula for calculating the crack opening width, namely:

(17)

In this equation, &, characterizes the influence of lateral
stress and normal stress on crack rupture (shear) strain:

Ag, = A.uc .
esind
It follows that by substituting Equations (15), (18) into
Equation (17), we obtain the order for calculating normal
strain for the crack opening width, taking into account the
influence of the crack inclination angle based on elasticity
theory [68], [69]:

[AO',, —,u(AO', + 4oy )]

ena

e, =eyoexp(—Ae,).

(18)

e=e,,exp—A “Z

re,

€,, =e,sinf

3. Results and discussion

In the practice of studying mechanical characteristics of
rocks, the laws of formation and expansion of micro-cracks
form the basis for assessing the stability of cracked crystal-
line mass. 3D-visualization of the characteristics of micro-
crack distribution, propagation and development has always
been a focus of attention and a major challenge in rock me-
chanics research. The most commonly used method is nu-
merical calculation, but the crack growth evolution obtained
by numerical calculation is difficult to reconcile with the
actual crack growth in rock under load.

Scanning electron microscopy, acoustic emission and
computed tomography were used to identify the characteris-
tics of micro-cracks in cracked rock mass during mechanical
testing and to study the anisotropy of the cracked complex-
structured rock mass [54], [55]. However, existing studies
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generally describe the morphology of micro-cracks qualita-
tively, based on the morphology of macro- and micro-cracks
after fracture, and do not contain a precise description and
quantitative analysis of the evolution of micro-cracks. The
process of rock fracture is in fact a phenomenon of energy
instability. The strain and fracture of rocks are closely related
to the conversion of their energy, and the laws of energy
release can more accurately reflect the nature of rock strain
and fracture [57][57], [58].

A cracked, complex-structured rock mass was selected as
the object for testing of triaxial compression. Mechanical
tests used methods to determine physical-mechanical proper-
ties, while the anisotropy of the cracked rock mass was stud-
ied using computer tomography methods with an industrial
Micro-CT scanner from manufacturer GE Healthcare. Based
on the energy release mechanism, the fracture mechanism of
cracked mass samples at different crack inclination angles £
and applied load o3 was analysed. “Stress-strain” dependences
were constructed for tension of a cracked rock mass (Fig. 7).
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Figure 7. Typical “stress-strain” dependences for tension in a

cracked rock mass with various crack inclination angles
p and applied load 63: a—f=0°%b—f=15°

It was determined that in tests on a triaxial stress state,
the value o3 has a significant influence on the characteristics
of the “stress-strain” curve of a cracked rock mass.

At different values of f and o3, the compaction stage of
the samples is relatively short, which is not obvious when
compared to the overall process of change in the “stress-
strain” curve. This means that the prepared samples are rela-
tively dense, with few internal pores and initial cracks.

The value o3 has a significant influence on the strength and
strain characteristics of samples with different values of f.
Thus, with an increase in 03, 01-03, €1, €, & and a correspon-
ding increase in all-round pressure and strain, cracked rock
samples become capable of resisting external loads and strains.
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When o3 is small, the linear elastic component has a
greater proportion in the “stress-strain” curve section than in
the yield curve section as the o3 increases. The yield stage is
a larger proportion, indicating that the higher the o3 value,
the higher the plastic strain ability of the sample, and the
slopes of the “stress-strain” curves at different § values also
show obvious changes.

Based on the physical-mechanical properties of cracked
samples of complex-structured crystalline rocks (Table 1),
the influence of £ and o3 on the peak stress (o1,) and peak
differential stress (o,q) of the sample was studied, as presen-
ted in Figures 8 and 9, respectively.

90

Figure 8. Peak stresses in cracked rock masses at various values
of p and o3

04/MPa

90y

Figure 9. Peak differential stresses in cracked rock masses at
various values of f and o3

With an increase in the value of o3, the values of o1, and
og increase almost linearly. That is, the resistance of samples
to strain and fracture increases with increasing o3 value. The
values of g1, and og of the samples first decrease and then
increase with increasing f. For different values of o3, the
maximum values of g1, and o4 are usually achieved at f = 0°
or 90°, and the minimum values — at § = 60°. The ratio be-
tween the strength parameters o1, and o4, £ and o3 are
approximated by the regression equation and the coefficient
of determination, namely:

O1p =55.64-1.34- f+5.07-03 -0.00153-03 + 20)
+0.0129- B% —0.050- 02, R2 = 0.9; ’
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0, =49.25+0.17- B+4.07-05 —0.00158- 05 —
~0.029- 2 ~0.050- 53 +0.00031- 8%, R =0.95

When analysing the “stress-strain” process, it becomes
clear that the strain of triaxial compression of cracked granite
can be divided into five stages.

Stage I — the compaction stage, characterized by strain in
the cracked crystalline mass, which is essentially the same as
in the undamaged rock mass.

Stage II — elastic strain stage shows a noticeable increase
in the crack initiation stress o.; of the crystalline mass as the
all-round pressure and crack angle increase.

Stage III — stage of steady expansion of cracks, stable
expansion of composite cracks and the appearance of new
cracks lead to a slower compression rate of volumetric crys-
talline mass strain. During this period, the degree of crack
compression increases as the crack angle decreases, and the
volumetric crack reduction becomes more evident at in-
creased all-around pressure.

Stage IV — stage of rapid crack development, characterized
by a significant increase in circumferential strain. When the
fracture angle is 90 and 80°, the volumetric crystalline mass
strain gradually changes from compression to expansion with
increasing axial strain, but the degree of expansion decreases
with increasing all-round pressure. On the contrary, when the
fracture angle reaches 70°, the crystalline mass retains re-
duced volumetric strain, and this reduction becomes more
significant with increasing all-around pressure.

Stage V — the post-peak fracture stage, during which the
residual stress o, increases with higher all-round pressure
and fracture angle. In particular, when fracture angle is 90°,
the residual strength approaches that of an intact crystalline
rock mass.

ey

To assess the characteristics of micro-cracks and macro-
cracks in a cracked (stratified) crystalline mass in mechanical
tests with varying SSS parameters in rock samples, an effec-
tive method of real-time rock fracture monitoring was used —
the acoustic emission (AE) method. The exterior view of the
equipment for measuring the amplitude and frequency of AE
propagation is shown in Figure 4b. The test procedure is
described in Section 2.

To identify AE signals (events) during testing, the occur-
rence and propagation of micro-cracks until they form mac-
ro-cracks, which subsequently contribute to rock fracture.

During testing, data were obtained on the count of AE
signals and changes in stress state at various axial loads: 5,
10, 15, and 20 MPa. The obtained data were processed in
Microsoft Excel environment and were used to construct
dependences of changes in the temporal characteristics of the
count of AE signals and compression stress at different axial
loads. Figure 10 shows typical time characteristics of AE
count and compression stress, for example, at an axial load of
5 MPa with an application rate of 1, 0.3, and 0.05 mm/min.
Under various load disturbance conditions, three typical stag-
es were recorded in the number of acoustic emission oscilla-
tions of a granite sample during triaxial compression: a quiet
period, an eruption period, and post-peak release period. The
quiet period corresponds to the compaction stage and the
elastic stage of the loaded sample. In this case, when o varied
from 50 to 93% of its peak value, the AE signal frequency
and AE activation frequency values decreased significantly,
and AE entered a quiet period, with a large dispersion in the
distribution of the quiet period. The duration was 93-452 s,
the average value was 239.79s, and the dispersion was
114.81. The stress at the beginning of the quiet period was
27-91% of the maximum stress (average value — 69%).
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Figure 10. Time-varying characteristics of AE count and compressive stress under an axial load of 5 MPa at different loading rates:

(a) 1 mm/min; (b) 0.3 mm/min; (c) 0.05 mm/min

During this period, the initial cracks inside the sample
gradually close under the action of limiting pressure. Since
the sample structure is relatively stable, the strain predomi-
nates due to the recoverable elastic strain, with a small total
count of AE signals and their amplitude. The energy applied
by the loaded triaxial compression system is mainly conver-
ted into elastic energy accumulation in the sample, and there
is only a small amount of energy dissipation caused by crack
friction, while the energy release effect is weak. The crack
propagation stage and the stress drop stage of the loaded
sample together constitute the crack rupture period. During
this period, with a continuous increase in axial stress, new
micro-cracks begin to appear inside the sample, facilitating
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further expansion and penetration of the initial cracks. The
network of cracks gradually develops and ultimately forms a
macroscopic crack surface that dominates during fracture.
This process is accompanied by the generation of a large
count of AE signals, which causes an explosive increase in
the number of acoustic vibrations. In this case, the elastic
energy accumulated in the sample is steadily released
through crack propagation. When the sample reaches peak
stress, the crack penetration rate is maximum, and the count
of acoustic vibrations also reaches its maximum value. The
post-peak release period corresponds to the residual strength
stage after the stress drop in the granite sample. With the
formation of a macroscopic fracture surface and a sharp
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decrease in stress levels, the crack propagation activity inside
the sample significantly weakens, and the acoustic emission
signal demonstrates rapid attenuation or even disappears com-
pletely. This period represents a transitional process from peak
strength to complete fracture, and its total duration is short.
When conducting tests for triaxial compression of sam-
ples in our research, we used a microscopic method to assess
crack formation, width, depth, and composition [61] using a
modern GAOSUO P digital scanning microscope with
600-1200x digital zoom (manufactured by GAOSUO),
Figure 4a. Using these microscope characteristics during
testing process, synchronous video recording was performed
in automatic mode with rough and precise regulation, recording
the process of sample fracture at the macro level with object
magnification from 0 to 1200%. To do this, the microscope
on a stand was attached to the bench base in the direction of
fixed (clamped) bench chamber plate with a pass-through
window simulating the mine working contour, followed by
scanning the faces of the sample with an area of 10x10 cm
under triaxial loading. Based on the results of scanning the

fracture process of samples at the macro level, the results of
sample fracture were obtained and all cracks were identified
(Fig. 11). The characteristics of cracks after testing cracked
crystalline mass samples are given in Table 2.

Figure 11. The nature of crack development after testing granite
samples for triaxial compression: (a) medium-cracked
granite; (b) slightly-cracked granite

Table 2. Results of microscopic analysis of rock samples after triaxial compression test

Density Number of cracks in

No. Rock type Sampling location (0-103), Crack .Crack the field of view of
3 depth, um  width, pm .
kg/m the microscope, pcs
. . . PRIJSC “Sivach” Quarry,
1 Pink coarse-grained granite Cherkasy Oblast 2.80 90 5-10 5
. . Kapustiansky Quarry,
2 Red coarse-grained granite Kirovohrad Oblast 2.55 70 10 2
. . Ingulskaya Mine, the city
3 Pegmatoid granites of Kropyvnytskyi 2.60 100 5-6 5-8
4 Albitite on granites Ingulskaya Mine, the city —, gq 150 8-10 3-5
of Kropyvnytskyi
. . Novopavlovskyi Quarry,
5 Coarse-grained grey granite Kirovohrad Oblast 2.61 80-90 8-10 5

To obtain CT-scanning results of the all-round pressure
influence on the fracture modes of cracked crystalline masses,
granite samples with a crack inclination angle f§ =45° were
selected. After completing the triaxial compression tests, the
axial load is stopped by removing the limiting pressure, and
the damaged sample is removed from the load chamber for
examination using CT-tomography methods to study the be-
haviour of the anisotropic complex-structured crystalline mass.

To study the structure, nature of crack formation and
changes in the properties of an anisotropic complex-
structured crystalline mass, and to obtain high-resolution
images of the fractured sample at the microscopic level, an
industrial Micro-CT scanner from the manufacturer GE
Healthcare was used. The results of CT-scanning of the frac-
tured granite samples were processed using Avizo software
and were used to subsequently obtain a 3D-image reconstruc-
tion of the micro-cracks inside the fractured sample (Fig. 12).

The figure shows that there is a good correlation between
the main crack after 3D-reconstruction and the macro-
fracture modes of the samples. In addition to the main crack,
secondary cracks inside the samples are also widespread, and
both the main crack and the secondary cracks jointly influ-
ence on the change in the crack growth rate (verack). As o3
value increases, veacer Value first increases and then decreases.
When o3 is 10 and 20 MPa, the v value reaches its maxi-
mum and minimum values, respectively.
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Figure 12. 3D-reconstruction of stratified rock samples based on
computed tomography: (a) 3 =5 MPa; (b) 63 =10 MPa;
(c) 63=15 MPa; (d) 63 =20 MPa
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4. Conclusions

This research is devoted to conducting true triaxial experi-
mental and theoretical studies in the brittle-plastic area, in
which a cracked complex-structured crystalline mass is exa-
mined as a research object. Based on the identified energy
release mechanisms and fracture modes of stratified crystal-
line masses at different values of crack development angles
(bedding) and applied load, 3D-images of micro-crack devel-
opment throughout its height inside the sample were obtained.

The results show that as the limiting pressure increases, the
ability of the sample to accumulate energy increases. The o3
value has a significant influence on the anisotropy coefficient
and the fracture energy value at peak strength of the samples.

Under the influence of the crack (layer) inclination angle,
the fracture modes of cracked crystalline rock samples exhibit
three typical characteristics with increasing o3 value. The
anisotropy coefficients of energy values at peak strength of
rock samples vary greatly in their sensitivity to £ value. The
sensitivity of dissipative energy to f value is the highest,
while the sensitivity of elastic energy to f value is the lowest.

The results of CT-scanning and 3D reconstruction of
cracked (stratified) rock samples at a crack inclination angle
of f=45° show that the reconstructed main crack corre-
sponds well to the macro-modes of sample fracture. Due to
the combined action of the main crack and secondary cracks,
the crack growth rate first increases and then decreases as the
o3 value increases.

The development of AE events during rock fracture has a
clear three-stage structure: the initial quiet period is charac-
terized by the predominance of elastic strain, with weak
acoustic emission activity; during crack propagation period, a
macroscopic crack forms with the primary crack penetration,
and the acoustic emission parameters increase exponentially
and reach an extreme value at peak stress. The attenuation
period after the peak decreases rapidly as the stress reduces.

At constant limiting pressure, increasing the loading rate
reduces the count of AE events, but significantly increases
the value of peak energy release and exacerbates sample
fracture. At the same loading rate, a decrease in the limiting
pressure simultaneously increases the count of AE events and
the intensity of energy release, which leads to an increase in
the degree of the sample damage.

The research results can provide a theoretical basis for
further development of the fracture mechanics of cracked
(stratified) crystalline mass, disaster prediction during mining
operations at mining enterprises.

Author contributions

Conceptualization: OI, RK, KI; Formal analysis: RK;
Funding acquisition: OI, KI; Investigation: OI, LN, IP, VK,
RK, KI; Methodology: LN, IP, RK; Project administration:
KI; Resources: IP, VK; Software: OI, LN; Supervision: IP,
VK, KI; Validation: VK; Visualization: OI, LN, VK; Writing —
original draft: LN, IP; Writing — review & editing: OI, RK,
KI. All authors have read and agreed to the published version
of the manuscript.

Funding

Research was conducted according to complex program
of the National Academy of Sciences of Ukraine on the nu-
clear energy development “Development of scientific bases

68

and improvement of methods and means of increasing the
efficiency and safety of mining operations in uranium ore
mining” (No. GR 0117U004231) and the agreement on
scientific-technical cooperation between M.S. Poliakov Insti-
tute of Geotechnical Mechanics of the National Academy of
Sciences of Ukraine, Dnipro University of Technology,
Cherkasy State Technological University and AGH Universi-
ty of Science and Technology.

Acknowledgements

We thank the colleagues from the National Academy of
Sciences of Ukraine for their support. We also acknowledge
the contributions of researchers from M.S. Poliakov Institute
of Geotechnical Mechanics of the National Academy of
Sciences of Ukraine, Dnipro, University of Technology,
Cherkasy State Technological University and AGH Universi-
ty of Science and Technology, Poland.

Conflicts of interests
The authors declare no conflict of interest.

Data availability statement

The original contributions presented in the study are
included in the article, further inquiries can be directed to the
corresponding author.

References

[1] Chen, Z., He, C., Xu, G., Ma, G., & Yang W. (2019). Support mecha-
nism and mechanical behavior of double primary support method for
tunnels in collapsed phyllite under high geostress conditions: A case
study. Bulletin of Engineering Geology and the Environment, 78(7),
5253-5267. https://doi.org/10.1007/s10064-019-01479-1

Cheng, Q., Xiao, S., Liu, T., Chen, T., Li, S., & Wei, A. (2021). Twin
tunneling-induced deep-seated landslide in layered sedimentary rocks.
Bulletin of Engineering Geology and the Environment, 80(12), 9071-
9088. https://doi.org/10.1007/s10064-021-02482-1

Man, J., Zhou, M., Zhang, D., Huang, H., Chen, J. (2022). Face stabil-
ity analysis of circular tunnels in layered rock masses using the upper
bound theorem. Journal of Rock Mechanics and Geotechnical Engi-
neering, 14(6),1836-1848. https://doi.org/10.1016/j.jrmge.2021.12.023
Tan, X., Ren, Y., Li, T., Zhou, S., Zhang, J., & Zhou, S. (2021) In-situ
direct shear test and numerical modeling of structural planes of shale
with thick silty intermediate layer along the bedding slope. Inferna-
tional Journal of Rock Mechanics and Mining Sciences, 143, 104791,
143. https://doi.org/10.1016/j.ijrmms.2021.104791

Sun, X., Pang, S., Qin, K., Shi, T., Zhu, C., & Tao, Z. (2022). Analysis of
blasting vibration signal of high steep anti-dip layered rock slope. Journal
of Mountain Science, 19, 3257-3269. https://doi.org/10.1007/s11629-022-
7414-6

Chen, J., Liu, W., Chen, L., Luo, Y., Li, Y., Gao, H., & Zhong, D.
(2020). Failure mechanisms and modes of tunnels in monoclinic and
soft-hard interbedded rocks: A case study. KSCE Journal of Civil Engi-
neering, 24(4), 1357-1373. https://doi.org/10.1007/s12205-020-1324-3
Krukovskyi, O.P., Kurnosov, S.A., Makeyev, S.Y., & Stadnychuk,
M.M. (2023). Determination of the reliability of mine support equip-
ment considering its deformation risks. Strength of Materials, 55(3),
475-483. https://doi.org/10.1007/s11223-023-00540-5

Suo, Y., Chen, Z., Rahman, S., &Song, H. (2020). Experimental and
numerical investigation of the effect of bedding layer orientation
on fracture toughness of shale rocks. Rock Mechanics and Rock Engi-
neering, 53, 3625-3635. https://doi.org/10.1007/s00603-020-02131-1
Gao, M., Gong, B., Liang, Z., Jia, S., & Zou, J. (2023). Investigation of
the anisotropic mechanical response of layered shales. Energy Science
& Engineering, 11(12), 4737-4754. https://doi.org/10.1002/ese3.1611
Lisjak, A, Grasselli, G, & Vietor, T. (2014). Continuum-discontinuum
analysis of failure mechanisms around unsupported circular excavations in
anisotropic clay shales. International Journal of Rock Mechanics and
Mining Sciences, 65, 96-115. https://doi.org/10.1016/j.ijrmms.2013.10.006

[3]

[3]

9]

[10]



https://doi.org/10.1007/s10064-019-01479-1
https://doi.org/10.1007/s10064-021-02482-1
https://doi.org/10.1016/j.jrmge.2021.12.023
https://doi.org/10.1016/j.ijrmms.2021.104791
https://doi.org/10.1007/s11629-022-7414-6
https://doi.org/10.1007/s11629-022-7414-6
https://doi.org/10.1007/s12205-020-1324-3
https://doi.org/10.1007/s11223-023-00540-5
https://doi.org/10.1007/s00603-020-02131-1
https://doi.org/10.1002/ese3.1611
https://doi.org/10.1016/j.ijrmms.2013.10.006

O. Ishchenko et al. (2026). Mining of Mineral Deposits, 20(1), 59-70

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

Han, Z., Qiao, C., & Xu, H. (2017). Analysis of strength anisotropy of
rock mass with a set of persistent joints. Journal of China University of
Mining & Technology, 46(5), 1073-1083.

Yang, Z., Gao, Y., & Wu, S. (2018). Study of the influence of joint pa-
rameters on rock mass strength based on equivalent rock mass technology.
Journal of China University of Mining & Technology, 47(5), 979-986.
Cheng, J., Yang, S., & Yin, P. (2018). Experimental study of the
deformation and strength behavior of composite rock specimens in un-
loading confining pressure test. Journal of China University of Mining
& Technology, 47(6), 1233-1242.

Xie, H., Ju, Y., Gao, F., Gao, M., & Zhang, R. (2017). Groundbreaking
theoretical and technical conceptualization of fluidized mining of deep
underground solid mineral resources. Tunnelling and Underground Space
Technology, 67, 68-70. https://doi.org/10.1016/].tust.2017.04.021

Wang, H., Wang, Z., Wang, J., Wang, S., Wang, H., Yin, Y., & Li, F.
(2021). Effect of confining pressure on damage accumulation of rock
under repeated blast loading. International Journal of Impact Engi-
neering, 156, 103961. https://doi.org/10.1016/].ijimpeng.2021.103961
Ni, Y., Wang, Z., Li, S., Wang, J., & Feng, C. (2024). Numerical study
on the dynamic fragmentation of rock under cyclic blasting and differ-
ent in-situ stresses. Computers and Geotechnics, 172, 106404.
https://doi.org/10.1016/j.compgeo.2024.106404

Wong, T., & Baud, P. (2012). The brittle-ductile transition in porous
rock: A review. Journal of Structural Geology, 44, 25-53.
https://doi.org/10.1016/1.jsg.2012.07.010

Liu, J., Jia, W., Duan, H,, Li, X., & Xia, K. (2024). Experimental study
on the deformation and failure characteristics of cement stone under
true triaxial stress state. Construction and Building Materials, 449,
138397. https://doi.org/10.1016/j.conbuildmat.2024.138397

Xu, Y., Xiao, J., Liu, J., & Xia, K. (2024). True-triaxial strength char-
acteristics of cement stone subjected to sulfuric acid corrosion: An ex-
perimental and theoretical study. Construction and Building Materials,
444, 137877. https://doi.org/10.1016/j.conbuildmat.2024.137877

Liu, J., Li, X., Xiao, J., Xie, Y., & Xia, K. (2024). Three-dimensional
strength criterion for rocks: A review. Energy Reviews, 3(4), 100102.
https://doi.org/10.1016/j.enrev.2024.100102

Vachaparampil, A., & Ghassemi, A. (2017). Failure characteristics of
three shales under true-triaxial compression. International Journal of
Rock  Mechanics  and  Mining  Sciences, 100,  151-159.
https://doi.org/10.1016/j.ijrmms.2017.10.018

Chen, Z., Huang, L., Yan, L., Li, S., Cai, H,, Li, Y., & Luo, X. (2024).
Characterising mechanical properties and failure criteria of steel slag aggre-
gate concrete under multiaxial stress states. Construction and Building Ma-
terials, 424, 135903. https://doi.org/10.1016/j.conbuildmat.2024.135903
Lu, D, Du, X., Wang, G., Zhou, A., & Li, A. (2016). A three-
dimensional elastoplastic constitutive model for concrete. Computers &
Structures, 163, 41-55. https://doi.org/10.1016/j.compstruc.2015.10.003
Cao, Z., Liu, J., Xiao, J., Zhang, J., & Xu, Y. (2024). Strength charac-
teristics and energy evolution of cement stone under true-triaxial load-
ing conditions. Construction and Building Materials, 432, 136690.
https://doi.org/10.1016/j.conbuildmat.2024.136690

Feng, C., Wang, Z., Wang, J., Fu, J., & Lu, Z. (2024). The mechanism of
low strain rate and moderate principal stress effects in triaxial prestressed
marble under lateral impulsive load. Soil Dynamics and Earthquake En-
gineering, 184, 108860. https://doi.org/10.1016/j.s0ildyn.2024.108860
Liu, J., Li, X., Wang, C., Xu, Y., & Xia, K. (2024). A three-
dimensional elastoplastic constitutive model incorporating Lode angle
dependence. Geomechanics for Energy and the Environment, 38,
100567. https://doi.org/10.1016/j.gete.2024.100567

Song, Z., Zhang, Z., Ranjith, P. G., Zhao, W., & Liu, C. (2022). Exper-
imental study on the influence of hydrostatic stress on the Lode angle
effect of porous rock. International Journal of Mining Science and
Technology, 32(4), 727-735. https://doi.org/10.1016/j.ijmst.2022.02.007
Jiang, H. (2017). A failure criterion for rocks and concrete based on the
Hoek-Brown criterion. International Journal of Rock Mechanics and
Mining Sciences, 95, 62-72. https://doi.org/10.1016/j.ijrmms.2017.04.003
Wu, S., Zhang, S., & Zhang, G. (2018). Three-dimensional strength estima-
tion of intact rocks using a modified Hoek-Brown criterion based on a new
deviatoric function. International Journal of Rock Mechanics and Mining
Sciences, 107, 181-190. https://doi.org/10.1016/].ijrmms.2018.04.050

Ma, X., Rudnicki, J.W., & Haimson, B.C. (2017). The application of a
Matsuoka-Nakai-Lade-Duncan failure criterion to two porous sand-
stones. International Journal of Rock Mechanics and Mining Sciences,
92, 9-18. https://doi.org/10.1016/j.ijrmms.2016.12.004

Rudnicki, J.W. (2017). A three invariant model of failure in true triaxial
tests on Castlegate sandstone. International Journal of Rock Mechanics and
Mining Sciences, 97, 46-51. https://doi.org/10.1016/}.ijrmms.2017.06.007

69

[32]

[33]

[34]

[35]

[36

[}

[37]

[38]

[39]

[40

[

[41

—

[42

—

[43

—

[44

finar

[45]

[46

—

[47]

[48]

[49

—

[50]

Chemenda, AL, & Mas, D. (2016). Dependence of rock properties on
the Lode angle: Experimental data, constitutive model, and bifurcation
analysis. Journal of the Mechanics and Physics of Solids, 96, 477-496.
https://doi.org/10.1016/j.jmps.2016.08.004

Lee, Y.-K., Pietruszczak, S., & Choi, B.-H. (2012). Failure criteria for
rocks based on smooth approximations to Mohr-Coulomb and Hoek-Brown
failure functions. International Journal of Rock Mechanics and Mining
Sciences, 56, 146-160. https://doi.org/10.1016/1.ijrmms.2012.07.032
Jiang, H. (2018). Simple three-dimensional Mohr-Coulomb criteria for
intact rocks. International Journal of Rock Mechanics and Mining
Sciences, 105, 145-159. https://doi.org/10.1016/1.ijrmms.2018.01.036
Shin, H., & Kim, J.-B. (2015). Physical interpretations for cap parameters
of the modified Drucker-Prager cap model in relation to the deviator stress
curve of a particulate compact in conventional triaxial testing. Powder
Technology, 280, 94-102. https:/doi.org/10.1016/j.powtec.2015.04.023
Vicente da Silva, M., & Antdo, AN. (2023). A new Hoek-Brown-
Matsuoka-Nakai failure criterion for rocks. International Journal
of Rock Mechanics and Mining Sciences, 172, 105602.
https://doi.org/10.1016/j.ijrmms.2023.105602

Xie, H., Gao, M., Zhang, R., Peng, G., Wang, W., & Li, A. (2018).
Study on the mechanical properties and mechanical response of coal
mining at 1000 m or deeper. Rock Mechanics and Rock Engineering,
52(5), 1475-1490. https://doi.org/10.1007/s00603-018-1509-y

Feng, C., Wang, Z., Wang, J., Lu, Z., & Li, S. (2024). A thermo-
mechanical damage constitutive model for deep rock considering brit-
tleness-ductility transition characteristics. Journal of Central South
University, 31(7), 2379-2392. https://doi.org/10.1007/s11771-024-
5700-x

Li, M., Lu, J.,, Xie, H., Gao, M., Gao, H., Shang, D., & Jiang, C. (2024).
Nonlinear mechanical and 3D rupture morphology of saturated porous
sandstone under true triaxial stress. Rock Mechanics and Rock Engi-
neering, 57(9), 6837-6859. https://doi.org/10.1007/s00603-024-03884-9
Aleksieiev, A.D., Revva, V.N., & Riazantsev, N.A. (1989). Fracture of
rocks in volumetric compression stress field. Kyiv, Ukraine: Naukova
dumka, 168 p.

Vasiliev, L.M., Vasiliev, D.L., & Malich, N.G. (2021). Self-
organization of forms of destruction of rock samples during their
compression, London, United Kingdom: Lap Lambert Academic Pub-
lishing, 243 p.

Vasiliev, L.M., Vasiliev, D.L., Malich, M.G., & Anhelovskyi, O.0.
(2017). Analytical method for calculating and charting “stress-
deformation” provided longitudinal form of destruction of rock samples.
Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 3, 74-80.
Vasyliev, L.M., Vasyliev, D.L., Nazarov, O.E., Malich, M.G., &
Katan, V.O. (2021). The method for determining the parameters of the
diagrams of a truncated-wedge destruction of cylindrical samples of
rocks. Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 1,
47-52. https://doi.org/10.33271/nvngu/2021-1/047

Vasyliev, L., Malich, M., Vasyliev, D., Katan, V., & Rizo, Z. (2023).
Improving a technique to calculate strength of cylindrical rock samples
in terms of uniaxial compression. Mining of Mineral Deposits, 17(1),
43-50. https://doi.org/10.33271/mining17.01.043

Aliabadian, Z., Zhao, G. F., & Russell, A. R. (2019). Crack develop-
ment in transversely isotropic sandstone disks subjected to Brazilian
testing observed using digital image correlation. International Journal
of Rock Mechanics and Mining Sciences, 119, 211-221.
https://doi.org/10.1016/1.ijrmms.2019.04.004

Aliabadian, Z., Zhao, G.F., & Russell, A.R. (2019). Failure, crack initia-
tion and tensile strength of transversely isotropic rock using the Brazilian
test. International Journal of Rock Mechanics and Mining Sciences,
122, 104073. https://doi.org/10.1016/].ijrmms.2019.104073

Li, J., Zhao, J., Gong, S.Y., Wang, H.C., Ju, M.H., Du, K., & Zhang, Q.B.
(2021). Mechanical anisotropy of coal under coupled biaxial static and
dynamic loads. International Journal of Rock Mechanics and Mining
Sciences, 143, 104807. https://doi.org/10.1016/].ijrmms.2021.104807
Sun, Z., Zhao, Y., Gao, Y., Gao, S., Elmo, D., & Wei, X. (2024).
Effect of size and anisotropy on mode I fracture toughness of coal.
Theoretical and Applied Fracture Mechanics, 129, 104170.
https://doi.org/10.1016/j.tafmec.2023.104170

Wang, Z., Wang, M., Zhou, L., Zhu, Z., Shu, Y., & Peng, T. (2022).
Research on uniaxial compression strength and failure properties of
stratified rock mass. Theoretical and Applied Fracture Mechanics, 121,
103499. https://doi.org/10.1016/j.tafmec.2022.103499

Wen, S., Huang, R., Zhang, C., & Zhao, X. (2023). Mechanical behavior
and failure mechanism of composite layered rocks under dynamic ten-
sile loading. International Journal of Rock Mechanics and Mining
Sciences, 170, 105533. https://doi.org/10.1016/1.ijrmms.2023.105533



https://doi.org/10.1016/j.tust.2017.04.021
https://doi.org/10.1016/j.ijimpeng.2021.103961
https://doi.org/10.1016/j.compgeo.2024.106404
https://doi.org/10.1016/j.jsg.2012.07.010
https://doi.org/10.1016/j.conbuildmat.2024.138397
https://doi.org/10.1016/j.conbuildmat.2024.137877
https://doi.org/10.1016/j.enrev.2024.100102
https://doi.org/10.1016/j.ijrmms.2017.10.018
https://doi.org/10.1016/j.conbuildmat.2024.135903
https://doi.org/10.1016/j.compstruc.2015.10.003
https://doi.org/10.1016/j.conbuildmat.2024.136690
https://doi.org/10.1016/j.soildyn.2024.108860
https://doi.org/10.1016/j.gete.2024.100567
https://doi.org/10.1016/j.ijmst.2022.02.007
https://doi.org/10.1016/j.ijrmms.2017.04.003
https://doi.org/10.1016/j.ijrmms.2018.04.050
https://doi.org/10.1016/j.ijrmms.2016.12.004
https://doi.org/10.1016/j.ijrmms.2017.06.007
https://doi.org/10.1016/j.jmps.2016.08.004
https://doi.org/10.1016/j.ijrmms.2012.07.032
https://doi.org/10.1016/j.ijrmms.2018.01.036
https://doi.org/10.1016/j.powtec.2015.04.023
https://doi.org/10.1016/j.ijrmms.2023.105602
https://doi.org/10.1007/s00603-018-1509-y
https://doi.org/10.1007/s11771-024-5700-x
https://doi.org/10.1007/s11771-024-5700-x
https://doi.org/10.1007/s00603-024-03884-9
https://doi.org/10.33271/nvngu/2021-1/047
https://doi.org/10.33271/mining17.01.043
https://doi.org/10.1016/j.ijrmms.2019.04.004
https://doi.org/10.1016/j.ijrmms.2019.104073
https://doi.org/10.1016/j.ijrmms.2021.104807
https://doi.org/10.1016/j.tafmec.2023.104170
https://doi.org/10.1016/j.tafmec.2022.103499
https://doi.org/10.1016/j.ijrmms.2023.105533

O. Ishchenko et al. (2026). Mining of Mineral Deposits, 20(1), 59-70

[51] Huang, S., Zhang, J., Ding, X., Han, G., Yu, P., & Fan, X. (2024). A [59] State Standard 12730.0-2020. (2020). Concretes. General require-

three-dimensional anisotropic creep model for predicting the time- ments for methods of determination of density, moisture content, water
dependent deformation of layered rock mass. Rock Mechanics and absorptions porosity and water tightness. Kyiv, Ukraine.

Rock Engineering, 57(5), 3577-3600. https://doi.org/10.1007/s00603- [60] State Standard 21153.2-84. (1984). Rocks. Method for determining the
023-03745-x ultimate strength in uniaxial compression. USSR.

[52] Huang, S., Zhang, J., Ding, X., Zhang, C., Han, G., Yu, G., & Qu, L. [61] State Standard 21153.7-75. (1975). Rocks. Method for determining veloci-
(2024). Investigation of anisotropic strength criteria for layered rock ties of propagation of elastic longitudinal and transverse waves. USSR.
mass. Journal of Rock Mechanics and Geotechnical Engineering, [62] Zuievska, N.V. (2012). Change of the hardness characteristics of
16(4), 1289-1304. https://doi.org/10.1016/j.jrmge.2023.06.006 granite blocks depending on method obtain. Journal of Donetsk Mining

[53] Xia, X., Wang, X., Lu, G., Gu, X., Lv, W., Zhang, Q., & Ma, L. Institute, 1(30)-2(31), 417-476.

(2024). A new nonlocal macro-micro-scale consistent damage model [63] Dong, L., Li, X., Tang, L., & Gong, F. (2011). Mathematical functions
for layered rock mass. Theoretical and Applied Fracture Mechanics, and parameters for microseismic source location without
133,104540. https://doi.org/10.1016/j.tafmec.2024.104540 pre-measuring speed. Chinese Journal of Rock Mechanics and Engi-
[54] Wang, S., He, C., Xu, G., Bai, R., Shu, Y., Wang, J., Yue, J., & Zhang, W. neering, 30, 2057-2067.
(2024). Investigating failure modes and Micro-Crack classification [64] Wang, X., Zhao, Y., Gao, Y., Sun, Z., Liu, B., & Jiang, Y. (2023).
in Mao phyllite under notched Semi-Circular bend testing. Theoret- Energy evolution of anthracite considering anisotropy under high con-
ical and  Applied Fracture  Mechanics, 130, 104319. fining pressure: An experimental investigation. Rock Mechanics and
https://doi.org/10.1016/j.tafmec.2024.104319 Rock Engineering, 56(9), 6735-6759. https://doi.org/10.1007/s00603-

[55] Liu, K., Zou, L., Guo, T., Guo, C., Yang, J., & Zhang, Y. (2024). Frac- 023-03398-w
ture behavior and acoustic emission characteristics of layered sandstone [65] Kong, Y., Zhu, Z.D., & Ruan, H.N. (2018). Stress-seepage coupling
with a bedding-parallel crack. Theoretical and Applied Fracture Me- characteristics of jointed rock mass under three principal stresses. Rock
chanics, 131, 104344, https://doi.org/10.1016/].tafmec.2024.104344 and Soil Mechanics, 39(6), 2008-2016.

[56] Zhang, J., Du, R., Chen, Y., & Huang, Z. (2023). Experimental inves- [66] Kong, Y., Ruan, H.N. (2017). Advances in research of coupling
tigation of the mechanical properties and energy evolution of layered characteristics of seepage and stress in rock mass with a single
phyllite under uniaxial multilevel cyclic loading. Rock Mechanics and joint. Journal of Hydroelectric Engineering, 36(11), 111-120.
Rock Engineering, 56(6), 4153-4168. https://doi.org/10.1007/s00603- https://doi.org/10.11660/slfdxb.20171112
023-03279-2 [67] Sun, G.Z., & Lin, W.Z. (1983). The compresstional deformation law of

[57] Gao, M., Liang, Z., Jia, S., Zhang, Q., & Zou, J. (2023). Energy evolu- rock mass structure surface and a constitutive equation of rock mass
tion analysis and related failure criterion for layered rocks. Bulletin of elastic deformation. Chinese Journal of Geology, 18(2), 177-180.
Engineering  Geology and the Environment, §82(12), 439. [68] Landau, L.D., & Lifshitz, EM. (1986). Theory of elasticity. Oxford,
https://doi.org/10.1007/s10064-023-03445-4 United Kingdom: Elsevier, 197 p. https:/doi.org/10.1016/C2009-0-25521-8

[58] State Standard 21153.0-75. (1975). Rocks. Sampling and general [69] Timoshenko, S., & Goodyear, J.N. (1979). Theory of elasticity. Co-
requirements for the methods of physical testing. USSR. lumbus, United States: McGraw Hill Book Company, 560 p.

JocaigxeHHs1 MexaHi3My pyiiHyBaHHSI KPMCTAJIIYHOI0 MACUBY CKJIaJHOI 0yJ10BM B YMOBaX TPEeXBiCHOI0 CTHCKAHHS
O. Ienko, JI. Hogikos, 1. [Tonomapenko, B. Konograut, P. Kinami, K. Iienko

Meta. ExcriepuMeHTaNbHIMHU Ta TEOPETUIHUMHE JIOCHTIPKEHHSIMH OL[IHUTH XapakTep pyHHYBaHHS 3pa3KiB TPIIIMHYBAaTOTO KPUCTATIYHO-
T0 MacUBY CKJIQJIHOI OYZOBH Ha KPUXKO-TDIACTHYHIN AUISHIIL TIPH iX TPUBICHOMY HaBaHTaXXCHHI.

Metoauka. [[71s OLiHKH BIUIUBY (hi3MKO-MEXaHIYHUX BJIACTUBOCTEHl TPINIMHYBAaTOr0 KPHUCTANIYHOIO MAacCHBY Ta HOTO CTPYKTYpPHHX OCO-
6nMBOCTE Ha 3MIiHY XapakTepy HOro pyiHyBaHHS OyJ0 NMPOBEAEHO EKCIIEPUMEHTANIbHI JOCIIKEHHs Ha 3pa3kax TipChbKUX MOpin. 3pa3ku
BitOMpanucs y BHOOSX MiATOTOBYMX BUPOOOK YPAHOBHX IIAXT, TYHENSIX METPOIOJIiTeHy, o Oyayerbes (M. JIHINPO) Ta Ha yCcTymax rpaHit-
HHX Kap’epiB Ykpainu. BunpoOyBaHHS npoBoguiIHCs anpoOOBaHMMH METOJAMH 3TiHO 3 YNHHUMH JEp)KaBHUMU CTaHIapTaMu. Y mporeci
BHNIPOOYBaHb 3pa3kiB 1 xapakTep (GOpPMYBaHHS TPIIIUH OLIHIOBAJIN CHHXPOHHO MIKPOCKOIIYHAM METOJOM CKaHYIOYHM MiKPOCKOIIOM THITY
GAOSUO P, a ix xapakTrepucTHKH — MeTo1oM akycTuaHoi emicii (AD) i KT-ckanyBanHs mpomucioBuM Mikpo-KT ckanepom, pe3ynbTaTi
SAKHX 00poOIsuTHCh 32 moromoroto I10 Avizo.

PesyabTaTn. Y mporeci BUNpoOyBaHb 3pa3KiB 0yJ0 BCTAHOBIICHO, IO IXHS MII[HICTh HA OJHOBICHE CTHCKAHHS Ta PEXHUM pyHHYBaHHS
61M3bKi MK co0010. BunpoOyBaHHSIMHU BHSBIICHO KiNbKa THUIIB KyTiB HaXMJIy TPIIIMH 3aJISKHO BiJ HalulacTyBaHHS. 3i 301JIbLICHHSAM 3Ha-
YeHHs 03 3HaYEHHS 01p Ta 04 MPAKTUYHO JiHIHHO 301LIBIIYIOTHCS, @ 3HAYCHHS 01p TA 04 3pa3KiB CIIOYATKy 3MEHIIYIOTHCS, a MOTIM 301IbIIy-
I0TBCS 31 301IBLIIEHHSIM 3HAa4YeHHs . BCcTaHOBNIEHO, 1110 MK PO3KPUTTIM TPIIIMHU Ta HANPY)KEHUM CTaHOM ITOBEPXOHb TPIIIMHU PH HaBaH-
Ta)XeHHI 01 Ta 02 PopMyeThCs ToaaTKOBa AedopMallist 3pa3ka BUKIIOUHO Y HAMIPSIMKY 03.

HayxoBa HoBu3Ha. BcTaHOBIeHO, 1m0 npH BUNPOOYBAaHHSAX 3pa3KiB 3HAYEHHS ©3 3HAYHO BIUIMBAE HA XapaKTEPUCTHKH JiarpaMu
“Hampy>keHHA-gedopManisa” 3 pisHUMHU 3HadeHHsAMH f. Tomi, 30UIbIIEHHS TOKa3HUKIB 03, 01-03, €1, €3, & MOKA3y€e 3MaTHICTb YMHUTHU OIIip
npu BHNPOOYBAaHHSIX TPINIMHYBAaTHX 3pa3KiB TiPCHKHX TOPiI 30BHIIIHIM HaBaHTaXCHHSM 1 aedopmamisMm. J[oBeneHo, IO TpH MaloMy
3HAUCHHI 03 JIiHIHHA TPY’KHA CKJIAJ0BA JUTHHUII AlarpaMu “HanpyKeHHs-IedopMartis” Mae Oiblry 9acTKy, HK JUTBHHUI KPUBOI INTHHHOCTI
31 301IBIIIEHHSAM 3.

IIpakTHyHa 3HAYNMiCTb. BUKOHAHI TOCTIIKEHHS MOCTYKHIM OCHOBOIO IS OJIAJIBIIOrO PO3BUTKY TEOpii Ta METOIIB y MeXaHilli py#-
HYBaHHsI TPIIIMHYBATOroO (IIapyBaTOr0) KPUCTANIYHOTO MAaCHUBY, TPOTHO3YBaHHs KatacTpo( MpH BeJCHHI MpHUYUX poOiT y nepion Oy/iBHU-
[TBa FiPHUYMX BUPOOOK i TyHEIB Ha MiINPHEMCTBAX TPHUY0J00yBHOT TPOMHUCIOBOCTI.

Knwuogi cnosa: zipcoka nopoda; cucmema mpugicHozo HA8aAHMANCeHHs,; Kpucmaniunuii macus, axycmuuna emicis; KT-ckanysanns;
ougepenyianbHi HanPyIceHHs.
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