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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 σ3, the 

values of σ1p and σd increase almost linearly, while the values of σ1p and σd of the samples first decrease, and then increase with 

an increase in the β value. It was revealed that between the crack opening and the stress state of the crack surfaces at stresses σ1 

and σ2, additional strain of the sample is formed exclusively in the direction of σ3. 

Originality. It was determined that during testing of samples, the value of σ3 has a significant influence on the “stress-

strain” curve characteristics with different values of β. Then, an increase in σ3, σ1-σ3, ε1, ε3, εv values indicates the ability to 

resist external loads and strains when testing cracked rock samples. It was proven that when σ3 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 σ3. 

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. 

Keywords: rock; triaxial load system; crystalline mass; acoustic emission; CT-scanning; differential stresses 

 

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 underground 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 β values. Sun et al. [48] conducted 

Type I fracture tests on NSCB coal samples with different 

sizes and β angles, using an improved semicircular bending 

test, and studied the effect of sample size and β value on 

fracture viscosity and fracture mode of coal seam. Wang et 

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 β 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 Jäger'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 100×100×100 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 

No. Rock type 

Density, 

(·10-3), 
kg/m3 

Ultimate strength 
Longitudinal 

wave velocity 
(Vp), m/s 

Poisson’s 

ratio,  

Young’s 

modulus 
(E), GPа 

in uniaxial  

compression 

(compr), МPа 

in uniaxial 

tension 

(tens), МPа 

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. 2а), 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 xi, yi, zi)  

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 
 

(a) (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). 

 

 

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 (σcompr) and uniaxial tensile strength (σtens) 

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 β = 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 σ3 = 5, 10, 15 and 20 МPа. 

In this case, the average principal stress value can be repre-

sented by two extreme principal stress values, namely: 

( ) ( )2 1 3 1 30.5     = + + + .          (1) 

Then the Noda-Lode index (coefficient) for principal 

stress strains can be represented as: 

( )
( )

2 3

1 3

2
 


 

 −
=  

−  

,              (2) 

where: 

σ1 ≥ σ2 ≥ σ3; 

σ1 – vertical principal stress perpendicular to bedding 

(crack); 

σ2 and σ3 – 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. On 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 

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. 

 

(a) (b) 

  

Figure 4. Instruments used in the research: (a) GAOSUO P digital 

scanning microscope – 600-1200 Х; (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 (σ3) were deter-

mined, namely 5, 10, 15, 20 МPа, and the intermediate prin-

cipal stress (σ2) varied from one test cycle to another at the 

same σ3 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, yi, zi) (i = 1, 2, 3, 4, 5, 6 – sensor numbers). Without pre-



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

 

63 

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 (xi, yi, zi), the signal transmission start time is t0, 

and the arrival of the P-wave at sensor Di is ti (i = 1, 2, 3, 4, 

5, 6), under the following condition: 

( ) ( ) ( ) ( )
2 2 2 22

0i i i ix x y y z z v t t− + − + − = − ,      (3) 

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, σ1 was applied along the z-direction, σ2 – along 

the y-direction, and σ3 – along the x-direction, respectively. 

The load control mode was set to a loading rate of 0.3 MPa/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 (σ1, σ2, σ3) was applied in the 

direction of the x, y, z axes, and then these three loads (σ1, σ2, 

σ3) were increased until σ3 reached the pre-fracture value  

of the sample;  

– loads σ1 and σ2 on samples along the y and z axes  

were increased until σ2 reached its limit value, while σ3 was 

kept constant; 

– load values σ1 were increased to values at which the 

rock sample is fractured, while loads σ2 and σ3 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. 

2.3. Energy calculation method 

In triaxial compression tests, the total energy of the strati-

fied rock mass Ut includes: energy U0 generated at the hy-

drostatic pressure stage, axial energy U1 generated by the 

work of vertical stress during mechanical testing, and nega-

tive work U3 performed by the all-round pressure on the 

sample. The calculation formula is as follows [64]: 

( ) ( ) ( ) ( )
2 2 2 22

0i i i ix x y y z z v t t− + − + − = − ;      (4) 

31

1 3 0 1 3 3 0
0 0

2tU U U U d d U


   = + + = + +  .      (5) 

During mechanical testing, Ut is converted into elastic 

energy Ue, accumulated in the samples, which can be re-

leased, and dissipated energy Ud, consumed by the expansion 

of internal cracks and friction during the development of 

damage and rupture of the sample. Then the calculation for-

mula can be represented as: 

t d eU U U= + ;               (6) 

( )2 2 2
1 3 1 3 3

1
2 2 2

2
e

v

U
E

      = + − +
  

,        (7) 

where: 

μ – the Poisson’s ratio; 

Ev – 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 Udp at peak strength to total energy Utp is determined 

as the dissipation rate D, that is: 

p
d

p
t

U
D

U
= .                 (8) 

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 σ1 and σ2, 

additional sample strain is formed exclusively in the σ3 direc-

tion, without creating additional stress in the rock sample 

(Fig. 5). Consequently, this research is conducted based on 

the approach proposed above. 

 

 

Figure 5. Schematic representation of triaxial stress state in a 

cracked crystalline rock mass 

 

Suppose that when σ2 = σ3, the volumetric strain can be 

represented as: 

( )1 2 3 1 2
1 2

Е



     

−
= + + = + .         (9) 

Then the stress σ1 and σ2 applied in the direction σ3 looks 

as follows: 

3 3 0
1 1 2

Е



  

 

 
= + = 

+ − 
.        (10) 

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, σn and σx represent the normal stress 

and lateral stress on the crack surface, respectively. e – is the 

width of the crack opening in the horizontal direction. 
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Figure 6. The nature of stress distribution in a cracked crystalline 

rock mass under triaxial stress state 

 

h1 and h2 (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 (ur) and crack strain (uc). 

The total displacement (Δut) in the normal crack direction is 

equal to the sum of rock skeleton displacement (Δur) and 

crack displacement (Δuc). 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: 

1 2 1 2
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where: 

θ – is an angle between the crack and the horizontal  

direction of the applied load; 

Δεn – is the total crystalline mass strain at normal crack 

direction; 

Δεr – is rock skeleton strain at normal crack direction. 

Then the normal and lateral stresses on the fracture plane 

can be expressed as: 
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Suppose that σ2 = σ3, then the increment in the cracked 

crystalline mass strain in the normal direction can be  

expressed as: 

( )3 3
1

n
f rЕ
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+

 = − +  ,       (13) 

where: 

Ef + r – 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: 

( )3
1

r n
r

P
Е

      = + − +  ,      (14) 

where: 

E r – the rock skeleton elasticity modulus; 

ΔP – 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: 
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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): 

0 exp n

n

e e
K




 
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 

,            (16) 

where: 

e0 – the initial crack opening width; 

λ – 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: 

( )0 expn n ne e = − .           (17) 

In this equation, εn characterizes the influence of lateral 

stress and normal stress on crack rupture (shear) strain: 

sin

c
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= .             (18) 

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]: 
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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 

https://www.sciencedirect.com/science/article/pii/S0038080625000642#e0070
https://www.sciencedirect.com/science/article/pii/S0038080625000642#e0075
https://www.sciencedirect.com/science/article/pii/S0038080625000642#e0080
https://www.sciencedirect.com/science/article/pii/S0038080625000642#e0065
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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 β 

and applied load σ3 was analysed. “Stress-strain” dependences 

were constructed for tension of a cracked rock mass (Fig. 7). 

 

(a) 

 
 

(b) 

 

Figure 7. Typical “stress-strain” dependences for tension in a 

cracked rock mass with various crack inclination angles 

β and applied load σ3: а – β = 0°; b – β = 15° 

 

It was determined that in tests on a triaxial stress state, 

the value σ3 has a significant influence on the characteristics 

of the “stress-strain” curve of a cracked rock mass. 

At different values of β and σ3, 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 σ3 has a significant influence on the strength and 

strain characteristics of samples with different values of β. 

Thus, with an increase in σ3, σ1-σ3, ε1, ε3, εv and a correspon-

ding increase in all-round pressure and strain, cracked rock 

samples become capable of resisting external loads and strains.  

When σ3 is small, the linear elastic component has a 

greater proportion in the “stress-strain” curve section than in 

the yield curve section as the σ3 increases. The yield stage is 

a larger proportion, indicating that the higher the σ3 value, 

the higher the plastic strain ability of the sample, and the 

slopes of the “stress-strain” curves at different β values also 

show obvious changes. 

Based on the physical-mechanical properties of cracked 

samples of complex-structured crystalline rocks (Table 1), 

the influence of β and σ3 on the peak stress (σ1p) and peak 

differential stress (σрd) of the sample was studied, as presen-

ted in Figures 8 and 9, respectively. 

 

 

Figure 8. Peak stresses in cracked rock masses at various values 

of β and σ3 

 

 

Figure 9. Peak differential stresses in cracked rock masses at 

various values of β and σ3 

 

With an increase in the value of σ3, the values of σ1p and 

σd increase almost linearly. That is, the resistance of samples 

to strain and fracture increases with increasing σ3 value. The 

values of σ1p and σd of the samples first decrease and then 

increase with increasing β. For different values of σ3, the 

maximum values of σ1p and σd are usually achieved at β = 0° 

or 90°, and the minimum values – at β = 60°. The ratio be-

tween the strength parameters σ1p and σd, β and σ3 are  

approximated by the regression equation and the coefficient 

of determination, namely: 
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3

55.64 1.34 5.07 0.0015

0.0129 0.050 , 0.9;

р

R

    

 

= −  +  −  +

+  −  =
;    (20) 



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

 

66 
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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 σci 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 σcr 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. 

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 σ1 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 239.79 s, 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%). 

 

(a) (b) (c) 

  
 

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 

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  

600-1200× 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 10×10 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. 

 

(a) (b) 

  

Figure 11. The nature of crack development after testing granite 

samples for triaxial compression: (а) medium-cracked 

granite; (b) slightly-cracked granite  

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

No. Rock type Sampling location 

Density 

(·10-3), 

kg/m3 

Crack 

depth, μm 

Crack 

width, μm 

Number of cracks in 

the field of view of 

the microscope, pcs 

1 Pink coarse-grained granite 
PRJSC “Sivach” Quarry, 

Cherkasy Oblast 
2.80 90 5-10 5 

2 Red coarse-grained granite 
Kapustiansky Quarry, 

Kirovohrad Oblast 
2.55 70 10 2 

3 Pegmatoid granites 
Ingulskaya Mine, the city 

of Kropyvnytskyi 
2.60 100 5-6 5-8 

4 Albitite on granites 
Ingulskaya Mine, the city 

of Kropyvnytskyi 
2.98 150 8-10 3-5 

5 Coarse-grained grey granite 
Novopavlovskyi Quarry, 

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 β = 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 (vcrack). As σ3 

value increases, vcrack value first increases and then decreases. 

When σ3 is 10 and 20 МPа, the vcrack value reaches its maxi-

mum and minimum values, respectively. 

(a) (b) 

  

(c) (d) 

  

Figure 12. 3D-reconstruction of stratified rock samples based on 

computed tomography: (a) σ3 = 5 MPa; (b) σ3 = 10 MPa; 

(c) σ3 = 15 MPa; (d) σ3 = 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 σ3 

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 σ3 value. The 

anisotropy coefficients of energy values at peak strength of 

rock samples vary greatly in their sensitivity to β value. The 

sensitivity of dissipative energy to β value is the highest, 

while the sensitivity of elastic energy to β value is the lowest. 

The results of CT-scanning and 3D reconstruction of 

cracked (stratified) rock samples at a crack inclination angle 

of β = 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 

σ3 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. 
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Дослідження механізму руйнування кристалічного масиву складної будови в умовах трехвісного стискання 

О. Іщенко, Л. Новіков, І. Пономаренко, В. Коновал, Р. Кінаш, К. Іщенко 

Мета. Експериментальними та теоретичними дослідженнями оцінити характер руйнування зразків тріщинуватого кристалічно-

го масиву складної будови на крихко-пластичній ділянці при їх тривісному навантаженні. 

Методика. Для оцінки впливу фізико-механічних властивостей тріщинуватого кристалічного масиву та його структурних осо-

бливостей на зміну характеру його руйнування  було проведено експериментальні дослідження на зразках гірських порід. Зразки 

відбиралися у вибоях підготовчих виробок уранових шахт, тунелях метрополітену, що будується (м. Дніпро) та на уступах граніт-

них кар’єрів України. Випробування проводилися апробованими методами згідно з чинними державними стандартами. У процесі 

випробувань зразків і характер формування тріщин оцінювали синхронно мікроскопічним методом скануючим мікроскопом типу 

GAOSUO Р, а їх характеристики – методом акустичної емісії (АЭ) і КТ-сканування промисловим Мікро-КТ сканером, результати 

яких оброблялись за допомогою ПО Avizo. 

Результати. У процесі випробувань зразків було встановлено, що їхня міцність на одновісне стискання та режим руйнування 

близькі між собою. Випробуваннями виявлено кілька типів кутів нахилу тріщин залежно від напластування. Зі збільшенням зна-

чення σ3 значення σ1p та σd практично лінійно збільшуються, а значення σ1p та σd зразків спочатку зменшуються, а потім збільшу-

ються зі збільшенням значення β. Встановлено, що між розкриттям тріщини та напруженим станом поверхонь тріщини при наван-

таженні σ1 та σ2 формується додаткова деформація зразка виключно у напрямку σ3. 

Наукова новизна. Встановлено, що при випробуваннях зразків значення σ3 значно впливає на характеристики діаграми  

“напруження-деформація” з різними значеннями β. Тоді, збільшення показників σ3, σ1-σ3, ε1, ε3, εv показує здатність чинити опір  

при випробуваннях тріщинуватих зразків гірських порід зовнішнім навантаженням і деформаціям. Доведено, що при малому  

значенні σ3 лінійна пружна складова дільниці діаграми “напруження-деформація” має більшу частку, ніж дільниці кривої плинності 

зі збільшенням σ3. 

Практична значимість. Виконані дослідження послужили основою для подальшого розвитку теорії та методів у механіці руй-

нування тріщинуватого (шаруватого) кристалічного масиву, прогнозування катастроф при веденні гірничих робіт у період будівни-

цтва гірничих виробок і тунелів на підприємствах гірничодобувної промисловості. 

Ключові слова: гірська порода; система тривісного навантаження; кристалічний масив; акустична емісія; КТ-сканування; 

диференціальні напруження 
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