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Abstract
Joints often have a significant influence on material characteristics. The discontinuities’ coalescence mechanism and 
complex jointed rock mass structure as a composite need to be further explored. In this study, compression and shear 
tests were carried out on a jointed rock mass. The purpose of the jointed rock mass behaviour study was to determine the 
deformation-strength dependencies and to determine the parameters for a quantitative assessment of the joints’ influ-
ence on mechanical characteristics. The results show that compression strength depends on the materials’ structure, and 
there is a detailed description of the joints’ orientation influence on stress-strain dependencies during compression ex-
periments. The numerical method used in this study could be used for the modelling of composite materials and their 
properties.
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1. Introduction

A rock mass and its mechanical properties are the 
main object of study for solving problems of rock me-
chanics. In a rock mass there is a redistribution of the 
stress state as a result of the development of underground 
space, so a prerequisite for geomechanical studies is to 
obtain a set of data on the stresses, structural parameters 
and mechanical properties of the rocks and the rock 
mass itself, which is composed of rocks. This issue is 
fundamental and is considered when solving any practi-
cal geomechanical problem. In laboratory conditions, it 
is possible to obtain rock sample parameters and the 
geotechnical task is to obtain the mechanical parameters 
of a jointed rock mass. The mechanical properties of the 
rock mass are quantitatively less than those of the rock 
sample. The rock mass is characterized by the existence 
of distributed joints whose properties and geometry 
strongly affect the mechanical behaviour of jointed rock 
masses (Yang et. al., 2015). It is of great importance to 
study the failure process and scale the effect of the joint-
ed rock mass in the field of rock mechanics and mining 
engineering (Wang et. al., 2016).

Specific conditions of rock formation and bedding 
convey the structural and mechanical features which 
cannot be determined in practice by tests of samples 
separated from the rock mass. The experimental results 

of rock mechanical properties are paradoxical from the 
point of view of classical theory. Deformation modules 
determined upon compression of large prisms of the 
rock mass were by 50-100 times lower than those deter-
mined for regular samples and the coefficient of trans-
versal deformation was higher than 0.5 (Stavrogin and 
Protosenya, 1985). These results can be explained only 
by accounting for the specific features, specific for the 
rock mass under its conditions of its natural existence. 
The presence of discontinuities in the jointed rock mass 
is the main reason for quantitative mechanical property 
differences. The formation of rock discontinuities is 
generally associated with tectonic processes, magmatic 
activity, sedimentation, and weathering processes (Yan-
uardian et. al., 2020).

Real rocks are always characterized by a structure 
comprised of grains interacting along various defects, 
cracks, and pores. The heterogeneity of a medium al-
ways adds significant divergence between the experi-
mental results and classical theories. It has been experi-
mentally established that the strength of real materials is 
always by 102-103 times lower than the theoretical 
strength calculated by the condition of overcoming the 
interactions between single atoms of the crystalline lat-
tice. Experimental studies were carried out by Volkov 
(Volkov, 1960) Brady (Brady, 1969; Brady, 1970), and 
others (Barton, 2013; Sánchez-Martín et. al., 2020; 
Smirnova et. al., 2021).

The heterogeneity of a jointed rock mass exerts a sig-
nificant influence on its mechanical behaviour, which is 
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stipulated by numerous reasons: heterogeneity of com-
position and physical state caused by lithological varia-
tions of the rock mass, the layering pattern, orogeny, 
discontinuities, including separate large violations and 
the crushing zone, as well as weathering, hydrogeologi-
cal regime, heterogeneity of the stress state of the rock 
mass related to natural and technogenic factors, scale 
heterogeneity, stipulated by qualitative and quantitative 
differences of rock properties in selected bulks of vari-
ous sizes.

Studies of strength, deformation, and destruction of 
rocks are based on experiments. The most complete data 
on strength, deformation, and destruction of rocks under 
volumetric stress state with consideration for the influ-
ence of deformation speed, moisture content, tempera-
ture, and filtrating properties are presented in the mono-
graphs (Stavrogin and Protosenya, 1979; Mirzaev et. 
al., 1984; Stavrogin and Protosenya, 1985; Stavrogin 
and Protosenya A.G., 1992).

Under the action of static and dynamic loads, the 
rocks around mining areas are transferred into an ulti-
mate state and destroyed under conditions of heteroge-
neous volumetric stress state; in addition, dynamic de-
struction of rocks occurs in the form of rock and sudden 
bumps. Therefore, the issues of the stability of under-
ground facilities with consideration for the jointing of a 
rock mass are especially important for the mining indus-
try (Trushko, 2019; Kozlovskiy, 2021; Kiselev et. al., 
2021). Their solution influences investments in mining 
projects, mining technologies, the safety of mining op-
erations, and the profitability of mining companies (Mo-
rozov et. al., 2019). The mentioned issues are related to 
the analysis of geomechanical processes in rock masses 
using equations of state from the initiation of loading 
and up to complete loss of bearing capacity upon varia-
tion of the stress state. Herewith, it is nearly impossible 
to analyze the superlimit stage of the deformation of a 
rock mass under laboratory or natural conditions.

Nowadays, scientific investigations based on real and 
virtual experiments are intensively carried out. Numeri-
cal simulation provides a cardinally different approach 
to the solution of the predetermined problems in com-
parison with the aforementioned approaches since it al-
lows for the introduction of a higher number of active 
factors and a more real state approach for the rock mass 
(Stavrogin and Protosenya, 1979; Ignatiev et. al, 
2019). Such research of geomechanical predictions leads 
to a reduction of geotechnical risks caused by a high 
level of uncertainties (Korshunov et. al, 2020).

At present, the design concepts of underground facili-
ties and mining areas are deeply modified. Designers 
and developers are not satisfied with designing by anal-
ogy comprised of the reproduction of previous success-
ful underground structures. Moreover, complicated con-
ditions of underground construction (permafrost, high 
seismic activity, high depths, geotectonic phenomena, 
etc.) leave few possibilities to design by analogy.

At the same time, requirements for the development 
of underground structures, their substantiation, corre-
spondence to physical essence of the phenomena and 
mechanical processes become more and more stringent. 
Designing is no longer based on empirical equations, but 
the application of numerical methods of solid-state me-
chanics upon the solution of actual engineering tasks is 
widely accepted.

Taking this into account, a jointed rock mass should 
be reasonably considered as a noncontinuous and aniso-
tropic medium during the analysis of mechanisms of its 
destruction. From a practical point of view, it is impor-
tant to have an idea of the real distribution of stress and 
strain tensors in the rock mass, so it should be concluded 
that the solving of geomechanical problems in the joint-
ed rock mass requires a special approach to the design. 
In this paper, we consider first-order anisotropy due to 
the ordered bedding of rocks in the form of a series of 
blocks separated by tectonic fractures.

2. �Experimental studies of mechanical 
properties of rock

Hard monolith rocks characterized by the nearly com-
plete absence of, or at least 2-3 explicit systems of tec-
tonic discontinuities were selected for studies based on 
petrographic and strength properties. Studies of the se-
lected hard monolith rock characterized by a nearly 
complete absence of discontinuities were carried out un-
der uniaxial compression of cylindrical (the length of the 
cylinder was equal to 2-2.5 of its diameter, the diameter 
was from 50 to 70 mm) and cubic samples (50´50´50 
mm). Tests were performed according to the Russian 
standard «Rocks. Methods for determination of axial 
compression strength». Fifty-two (26 for samples from 
Tekeli Mine and 26 for Krivoi Rog Basin Mine (see Fig-
ure 1)) uniaxial compression tests were performed on 
rock samples. Cylindrical samples were produced of 
cores. In order to measure longitudinal and transversal 
deformations, DC resistance sensors were fixed on the 
side surfaces of samples. The load was increased step by 
step during the tests. The ultimate strengths of mined 
rocks upon uniaxial compression varied in the range of 
160-330 MPa. Such a wide range of variations of 
strength properties was attributed to the variance of 
rocks in terms of material composition and properties of 
structure and texture. Shaly bedded rocks were charac-
terized by a significant divergence of strength properties. 
Herewith, with a decrease in the general strength of 
rocks, this difference became more noticeable, i.e. the 
anisotropy coefficient of rock decreased upon compres-
sion (see Figure 1). The anisotropy coefficient was de-
fined as the ratio of the ultimate strength of rocks upon 
loading parallel to the lamination plane and the ultimate 
strength under loading perpendicular to the lamination. 
Figure 1 illustrates variations of the anisotropy coeffi-
cient for rocks of various material composition based on 
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the data for Tekeli Mine (blue circles in Figure 1) and 
Krivoi Rog Basin (orange squares in Figure 1, Mirzaev 
et. al., 1984). Tekeli Mine is located 310 km from Al-
maty and 40 km from Taldykorgan (Kazakhstan), Krivoi 
Rog Basin is in the Dnepropetrovsk region of Ukraine.

Rocks with a uniaxial compression strength (UCS) 
less than 200 MPa have explicit discontinuities of tec-
tonic origin, in terms of the quantitative-mineralogical 
composition and tectonic features, these rocks are char-
acterized by their variety and distinguished by an in-
creased content of carbonaceous, clayey and similar ma-
terials which reduce the cohesion between grains and 
crystals. The presence of the above factors is the reason 
for the manifestation of the uniaxial compression 
strength anisotropy for rocks with UCS less than 200 
MPa (see Figure 1).

Rocks with a UCS of more than 200 MPa are charac-
terized by solidity, the absence of discontinuities. This 
characteristic of hard rock is the reason for the less pro-
nounced anisotropy of uniaxial compression strength in 
average 0.7-0.95 (see Figure 1).

2.1. �Rock destruction during uniaxial compression 
tests

The MTS816 rock mechanics experimental system 
(see Figure 2) was used to investigate the strength of  
the rock. The MTS Model 816 system is engineered for 
rock mechanics research testing that involves rock sam-
ples. It can be configured for uniaxial, triaxial or direct 
shear testing, and its compact frame is easy to locate in 
the lab. The examples of rock samples are shown in Fig-
ure 3 (a) with rock stratification across the sample axis 

Figure 1: Variation of anisotropy 
coefficient of rock strength upon 

uniaxial compression

Figure 3: Rock samples: (a) - rock stratification across the 
sample axis, (b) - rock stratification along the sample axis

Figure 2: MTS816 rock mechanics experimental system
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and Figure 3 (b) with rock stratification along the sam-
ple axis.

The diagrams of deformation of hard rock samples 
under load are shown in Figure 4 and Figure 5. The 
tests were performed with sample unloading at the elas-
tic stage of deformation aimed at the determination of 
the most correct dependence of deformation at the sub-
limit stage. The axial main stress Δσ1 is shown on the 
vertical axis. The right side of the horizontal axis shows 
relative deformations (linear deformations along the 
vertical) ε1, the left side shows relative transversal defor-
mations ε2 (linear deformations in horizontal plane). εi is 
determined by Equation 1:

	 � (1)

where:
εi	 – �the main axial deformations ε1 or ε2;
Δεi	 – �the relative elongation along the considered di-

rection;
εf	 – �the deformation determined by variations along 

the considered direction;
εb	 – �the initial size of tested sample.

2.2. �Analysis of over limit stage of hard rock 
deformation

Analysis of the complete stress-strain diagrams, in-
cluding the super limit region is located beyond the ulti-
mate strength which makes it possible to detect the over-
all reserve of bearing capacity, while taking into account 
this ultimate case when failure surfaces are formed in the 
material with a complete loss of coherence, and the re-
sistance against external loads is generated by friction 
forces on the surface of destruction. These considera-
tions result in the assumption that a jointed rock mass 
can be hypothetically simulated by the model of a rock 
sample at the super limit deformation stage, when failure 
takes place along the generated weakening surfaces. 
Therefore, further stages were devoted to analysis of the 
super limit deformation stage of rock.

A highly rigid press provides the possibility to control 
deformation beyond the ultimate strength, that is, to ap-
ply such an amount of power to a sample which is suf-
ficient for its destruction. Therefore, a sample in a rigid 
press never has a dynamic nature of destruction. Defor-
mation takes place without sound and dynamic effects 

Figure 4: Uniaxial rock 
compression perpendicular to 
stratification

Figure 5: Uniaxial rock 
compression parallel to 

stratification
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up to a complete loss of bearing capacity. After the 
achievement of ultimate strength in a low rigid press, a 
sample is deformed by elastic energy accumulated in the 
loaded parts of the press. Thus, the process becomes un-
controllable. The sample is destroyed violently and 
sometimes explosion-like. This takes place because the 
amount of accumulated energy is high. This leads to dy-
namic effects accompanying the failure of brittle mate-
rial. The experimental data (see Figure 6) were obtained 
through the use of a press with a rigidity of 2·1010 N/m, 
which was provided by a solid metal frame, wedge load-
ing self-braking pair, and pulsed hydraulic system in the 
body.

The experimental data on strength and deformation 
properties of rocks are summarized in Table 1: Young 
module E, module of decrease M, ultimate strength and 
ultimate elasticity, deformations  and , and Poisson 
ratio .

Material brittleness is determined by the decrease 
slope of a deformation curve at the superlimit stage of 
deformation. The module of decrease of brittle rocks 
upon uniaxial compression can be more than two times 
higher than Young’s module of these rocks, which is 
generally in the range of 105 MPa.

2.3. �Numerical geomechanical model of jointed 
rock mass failure

Numerical approaches with the application of discrete 
medium mechanics make it possible to consider using 

them for the analyzation of the complexity of structures 
designed in a jointed rock mass, and the necessary con-
dition for this is detailed information about the geologi-
cal structure and the rock mass structure at this site. Un-
derground space during mining or during the implemen-
tation of projects of underground construction can 
include the existing facilities interacting between each 
other or being designed with a complex spatial location. 
Conventional methods of geomechanical analysis based 
on analytical and semi-empirical procedures partially al-
low for the consideration of the features of development 
of geomechanical processes in the vicinity of under-
ground facilities. The application of numerical methods 
for the analysis of complex spatial structures of under-
ground facilities with the required high reliability is not 
a completely solved issue, where the accumulation and 
analysis of knowledge are still in progress, however, this 
approach has extremely important advantages (Min et. 
al., 2003). Numerical analysis, contrary to classic proce-
dures, is well adopted to solve 3D problems (Ivars et. 
al., 2011; Yang et. al., 2015). At present, the capacity of 
modern highly efficient equipment allows for the predic-
tion of the expected geomechanical processes in the vi-
cinity of underground facilities of complex 3D configu-
ration without significant simplifications, with consid-
eration of the stages of their construction and 
complicated behaviour of the rock mass (Esmaieli et. 
al., 2010).

Numerical models and predictions are analysed in 
this work using the theory of elasticity, plasticity, and the 

Figure 6: Stress as a function of 
deformation of rocks: (biotite 

granite (1), biotite plagiogranite 
(2), plagiogranite (3), diabase (4))

Table 1: Experimental mechanical properties of rocks

№ Rock type 
1 Biotite granite 55 185 175.0 144.0 0.63 0.63 0.17
2 Biotite plagiogranite 57 417 293.0 250.0 0.36 0.36 0.24
3 Plagiogranite 60 800 335.0 290.0 0.2 0.2 0.18
4 Diabase 67 1300 295.0 260.0 0.28 0.28 0.22
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theory of destruction. The experimental methods are 
used for various aims:

•	 to obtain and to verify physical equations of state 
and determination of quantitative mechanical prop-
erties of rocks and rock masses;

•	 to analyse models of behaviour of rock mases, 
which can hardly be analytically predicted;

•	 to verify assumptions upon construction of flow-
charts and to introduce empirical coefficients into 
predictions in order to compensate imperfections of 
these flowcharts;

•	 to analyse qualitative and quantitative deformation 
patterns of a rock mass using numerical models 
(Amadei, 1988).

During elastic deformations in a rock mass, the exist-
ing jointing system is being developed. It should be 
mentioned that the value of failure deformations of high-
ly jointed rocks is 50-100 times higher than the failure 
deformations obtained under laboratory conditions for 
rocks, which can be attributed to determining the influ-
ence of discontinuities, properties along contacts. As 
demonstrated by the studies under natural conditions, 
the existence of numerous cracks significantly weakens 
the elastic properties of a rock mass. The coefficient of 
weakening of elastic properties (the ratio of the ultimate 
elasticity to the ultimate strength of a sample) varies in 
the range of 0.02-0.16. The elasticity module decreases 
for hard low-jointed rocks by 8-15 times and for high-
jointed rocks by 250-400 times (Mirzaev et. al., 1984).

The formulated problem was solved by mathematical 
simulation using the finite element method in Simulia 
Abaqus software where the rock strength was deter-
mined by the Coulomb conditions, and the mechanical 
behaviour along the interaction contact of rock blocks 
was described by the Barton nonlinear strength criterion. 
The jointing systems were selected for analysis, which 
generated mass structure with the block sizes from 
0.02×0.05×0.03 m to 0.3×0.5×0.4 m and from 
0.4×1.3×0.5 m to 1×1.5×1 m. The constructed geome-
chanical models were applied for the selection and de-
velopment of a predicting flowchart: the model for pre-
determined initial and boundary conditions; the size of 
the considered area was selected, and the method of 
analysis of the occurring mechanical processes in the 
mass was determined.

From a practical point of view, attention should be 
paid only to the analysis of complete stress-strain dia-
grams of the rock mass including its descending (super 
limit) branch. This condition is possible when a jointed 
rock mass is simulated in discrete formulation.

While applying the proposed procedure, a rock mass 
is considered as a discrete medium, and a numerical ex-
periment is carried out according to the flowchart of pre-
set deformations. Upon implementation of the flowchart 
of preset deformations, when vertical movements are 
applied to a sample of a jointed rock mass fixed on an 
absolutely rigid plate, the stresses on contact between 

the rock blocks in the sample increase, which leads to 
rock mass sample deformations, and propagation of 
shearing discontinuities. If the stresses exceed the ulti-
mate value, the links between the blocks are broken, the 
blocks are capable of moving regardless of each other, 
leading to the development of deformations and failure 
of the discrete medium. In order to analyse the anisot-
ropy of a jointed rock mass’s mechanical properties, the 
numerical models were constructed with a width of 4 m 
and a height of 8 m, where the discontinuities’ inclina-
tion angle rotated at an increment of 15°. These studies 
were performed with hard rocks characterized as fol-
lows: ρ= 2760 kg/m3, elasticity module E=50 GPa, Pois-
son ratio ν = 0.255, angle of internal friction φ = 27°, and 
cohesion c = 30 MPa.

3. Results

3.1. �Simulation of mechanical interactions between 
rock slabs along a discontinuity

The mechanical processes occurring in a jointed rock 
mass are characterized by increased deformation, which 
is expressed in exceeded relative deformations regard-
ing a reference rock sample. This takes place due to the 
movement of structural blocks regardless of each other. 
Herewith, on the contact between them, which can be 
continuous, pointwise, or local, friction forces (shearing 
stresses) appear. To correlate vertical stresses acting 
along a normal to crack plane and friction forces, Barton 
developed the first nonlinear strength criterion based on 
numerous experiments (Barton, 2013).

The following mechanical performances were experi-
mentally determined upon contact interaction of rock 
blocks: the residual angle of internal frictions was 28°, 
cohesion was 4.9 kg/m2, and the compression strength of 
the discontinuity wall was 20 MPa. The results of shear 
tests are illustrated in Figure 7.

Therefore, it would be reasonable to describe the be-
haviour of rock on interaction contact between blocks 
along a discontinuity by using the Barton nonlinear 
strength criterion (Barton, 2013). Since cohesion of 
rock on a discontinuity surface is nearly absent, in the 
case of continuous surfaces of extended cracks, the 
shearing stresses can be accepted only by friction. Shear 
resistance in this case will be described by Equation 2:

	 � (2)

where:
JRC	 – �the coefficient of discontinuity roughness;
JCS	 – �the compression strength of a discontinuity 

wall, MPa;
σn	 – �the normal active stress, MPa;
φres	 – �the residual angle of friction, degrees.
Studies have demonstrated that upon impingement of 

two rough surfaces, the surface area of real contacts is 
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nearly zero and the contact stresses occur only in con-
tacting points. With an increase in normal load, the sur-
face area of contact increases because of the elastic 
deformation of roughness irregularities and their sub
sequent destruction. The Barton nonlinear strength crite-
rion applied to the surface contacts of rock blocks 
(Equation 2) upon simulation in Simulia Abaqus soft-
ware allows for the obtainment of high agreement with 
experimental data, the error is not higher than 0.5%.

3.2. �Numerical experiments of uniaxial 
compression of jointed rock mass

Jointed rock masses as subjects of investigations are 
characterized by a significant mechanical feature: the 
existence of stress state before the initiation of mining 
works. This feature complicates the application of an 
analytical solution, and in the case of discrete formula-
tion of the problem, the solution is impossible. The ini-
tial stress state of a rock mass is, in general, a function of 
spatial and time coordinates. Thus, the factors influenc-
ing on its formation should be reasonably subdivided 
into those acting constantly and everywhere and those 
acting temporarily and locally. The authors consider 
only the first case, namely: gravitational field, physic-
mechanical properties, and structural and mechanical 
features. This work discusses the progressing regime of 
jointed rock mass failure, which is manifested in a com-
paratively long time interval and its results are a gradual 
release of energy characterized by an increase in the 
number of discontinuities and their propagation along 
and inside rock blocks.

During deformation, first micro shears take place, 
which lead to the formation of tearing microcracks (Ya-
kovlev et. al., 2021). At the next deformation stage, 
strengthening takes place leading to an increase in 
stresses in the mass. Then the shear deformations are ac-
companied by the generation of voids and an increase in 
the volume. These two processes determine the ultimate 
strength of the jointed rock mass. Therefore, at the initia-

tion of loading, the deformation of rock mass is linear 
(see Figures 8 to 15). When the ultimate elasticity is 
achieved, regions of irreversible deformations appear, 
which continue up to the ultimate strength correspond-
ing to the maximum load. At this stage, shears along the 
contacts between rock blocks are developed, and the 
main shear surface is generated (see Figures 9, 11, 13, 
15). After the maximum load, a region of superlimit de-
formation appears, which continues up to the ultimate 
residual strength. Therefore, the rock mass is destroyed 
over the generated main slip surface with maximum 
shearing stresses and regions of higher stresses.

An increase in strength with lateral pressure can be 
attributed to internal friction which increases with lateral 
pressure. Based on the results of numerical experiments, 
the following conclusions can be obtained: the rock 
mass is destroyed by shear and fracture, with the fracture 
stress, residual strain and shear orientation angle de-
pending on the type of stress state and the angle of slope 
of the joint in the rock mass with respect to the horizon-
tal plane. The higher the lateral pressure, the higher the 
shear resistance along the contact between rock blocks. 
Faults are the reasons for the nucleation of shear discon-
tinuities during deformation of the rock mass. The con-
centration of stresses on the surface of defects leads to 
the formation of shear fractures.

The physical meaning of the stress region constrained 
between the ultimate elasticity and the ultimate strength 
is that a certain number of shear planes are selected here. 
Separate elements located between them do not partici-
pate in residual deformation but behave as a continuous 
medium experiencing only elastic deformations. The 
aforementioned behaviour of the jointed rock mass upon 
deformation was experimentally confirmed under labo-
ratory conditions using pressure equipment (Mirzaev et. 
al., 1984).

Figure 16 compares the results of the numerical ex-
periment of volumetric compression (lateral pressure of 
30 MPa) of the jointed rock mass (2) with the results of 
uniaxial compression of the rock core (1). A comparison 

Figure 7: Certificate of rock 
strength in terms of interaction 
contact at various parameters of 
discontinuity roughness, where 

E: experimental results, M: 
simulation results of shear test
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Figure 8: Tests of the jointed 
rock mass in 3D stress state at a 
0° inclination angle of the main 
joint pattern

Figure 9: UCS virtual experiment stress-strain diagrams for the jointed rock mass with a 0° inclination angle  
of the main joint pattern where: I, II, III, IV are stages of deformations where 10%, 25%, 75%, 100% of the elastic  

deformations are realized accordingly.

Figure 10: Tests of the jointed 
rock mass in 3D stress state at a 
30° inclination angle of the main 
joint pattern

shows qualitative convergence of the results. The defor-
mation plots show elastic stages of deformation with 
subsequent brittle destruction.

Heterogeneity of the structure is the reason for the 
specified behaviour of the rock mass during deformation 
and failure under conditions of complex stress states and 
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Figure 11: UCS virtual experiment stress-strain diagrams for the jointed rock mass with a 30° inclination angle  
of the main joint pattern where: I, II, III, IV are stages of deformations where 10%, 25%, 75%, 100% of the elastic  

deformations are realized accordingly

Figure 12: Tests of the jointed 
rock mass in 3D stress state at 45° 

inclination angle of the main 
joint pattern

Figure 13: UCS virtual experiment stress-strain diagrams for the jointed rock mass with a 45° inclination angle  
of the main joint pattern where: I, II, III, IV are stages of deformations where 10%, 25%, 75%, 100% of the elastic deformations 

are realized accordingly

variation of the loading speed. The most significant fea-
ture is the effect of increasing volume (dilatancy) during 
irreversible deformation under conditions of triaxial 
non-uniform compression and the existence of the maxi-
mum and descending (super limit) branch in stress–

strain diagram (see Figure 10). This result confirms con-
siderations about the possibility to simulate failure of the 
jointed rock mass and to analyse the super limit stage of 
deformation. It is obvious that upon uniaxial compres-
sion, the jointed rock mass would be destructed easier 
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regarding its solid core (the strength varies by 36 times). 
Therefore, the comparison is carried out with volumetric 
compression of the jointed rock mass at a lateral pres-
sure of 30 MPa (see Figure 14).

Figure 16: A comparison of 
compression tests of a hard rock 
sample (1) and a jointed granite 
rock mass at 90° of the joint 
pattern inclination (2)

Figure 15: UCS virtual experiment stress-strain diagrams for the jointed rock mass with a 90° inclination angle of the main 
joint pattern where: I, II, III, IV are stages of deformations where 10%, 25%, 75%, 100% of the elastic deformations are realized 

accordingly

Figure 14: Tests of the jointed 
rock mass in 3D stress state at a 
90° inclination angle of the main 
joint pattern

4. Discussion

Based on the obtained results, it can be mentioned 
that the deformation pattern of the jointed rock mass 
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upon relatively moderate loading at the initial time  
is characterized by significant residual deformations, 
which is evidence that increasing the load leads to the 
consolidation of rocks, and increases their rigidity due to 
the closing of existing cracks. Then, upon loading, the 
rock mass is deformed as an elastic solid, residual defor-
mations sharply increase after reaching ultimate elastic 
deformations, and at the final stage, high deformations 
of the rock mass are observed at even a slight increase in 
external load.

Complexity and variance of the jointed rock mass do 
not allow for the consideration of all features of their 
structure, therefore, during studies, only the most sig-
nificant ones are considered (Jaeger et. al., 2007). They 
are as follows: block structure of the rock mass, the 
shape and size of unit blocks, their orientation, and con-
tacts between them. Rock mass is generally considered 
as a set of hard elements continuous with each other 
along the existing system of cracks, the width of which 
is negligible in comparison with the sizes of elements. It 
follows from the aforementioned that the complexity of 
the geological structure of the jointed rock mass leads to 
the necessity to consider not the rock mass itself but its 
idealized representation, that is, a geomechanical nu-
merical mathematical model. The numerical model of 
the heterogeneous rock mass was developed as follows: 
the discontinuities’ structure was highlighted and ana-
lysed based on engineering and geological data reflect-
ing peculiarities of the geometrical structure of the rock 
mass and determining the shape of the blocks; geometri-
cal shapes of solid blocks were selected for models and 
boundary conditions; using previously obtained data, a 
geomechanical model containing information about me-
chanical properties of rocks was developed; block geo-
metrical models of the rock mass (solid blocks) were 
developed; and predictions were made and the results 
were numerically estimated. Herewith, analysis of the 
geometrical parameters of the considered object leads to 
the conclusion that its boundary surfaces are comprised 
of multiconnected regions, which upon consideration, 
significantly complicates the solution to the problem.

The results of numerical simulations of the jointed 
rock mass using different geomechanical models by Pei-
tao, 2016 and Qibin, 2020 demonstrated that uniaxial 
compression strength is significantly affected by the ex-
istence of the discontinuities. Peitao, 2016 concluded 
that uniaxial compression strength depends on the size 
of the jointed rock mass and the orientation angle of the 
system of discontinuities. Among other things, it is im-
portant to underline that the uniaxial compression 
strength anisotropy is different for samples of a jointed 
rock mass with different sizes (Peitao, 2016). A similar 
trend is observed in the studies performed in this work. 
Though, the presence of lateral load does not affect the 
manifestation of anisotropy to such an extent, so for 
each case with a certain system of discontinuities, an in-
crease in lateral load will approximately similarly lead 

to an increase in uniaxial compressive strength (see Fig-
ures 8 to 15).

Qibin, 2020 studied the effects of different joint pa-
rameters on the strength and failure behaviour of the joint-
ed rock mass. The results show that the existence of joints 
degrades the mechanical behaviour of the rock mass and 
imposes a significant effect on the peak strength of the 
samples. With a change in the spatial orientation of the 
system of discontinuities, the difference in strength can 
reach 3 times (Wang, 2017; Qibin, 2020).

Strong anisotropy of tensile behaviours and spatial 
anisotropic deformation have been found in transversely 
isotropic rock discs by Wang, 2018. There is seldom at-
tention paid for an insightful analysis of anisotropy and 
spatial variability of tensile behaviours for jointed rock 
masses. The results indicated that the stratified rock 
discs displayed distinct anisotropy and directionality in 
tensile strength, manifested by the decreasing strength 
with the inclination angle. The described anisotropy 
(Wang, 2018) is equal to the experimental results in Fig-
ure 1. Specifically, hard rocks also defined the strength 
anisotropy caused by the structure of the rocks.

Rao, 2011 approves that the strength of a rock mass at 
a site is generally influenced by joint geometry and the 
stress state that it experiences, and described experiment 
results where the strength anisotropy in a rock mass un-
der polyaxial compression is demonstrated. The experi-
ment results (Rao, 2011) have qualitative convergence 
with the results obtained in this work.

5. Conclusions

In this paper, the results of UCS research for rock 
samples using rock mechanics experimental system in 
laboratory and rock mass using numerical modelling 
were described. The conclusion is divided into two parts: 
rock sample UCS experiments and rock mass UCS ex-
periments.

The fracture of rocks with high elastic properties oc-
curs with a sound effect. All the tests performed in this 
paper are characterized by the presence of elastic defor-
mation and subsequent brittle fracture stages. From a 
practical point of view, the issue of testing rock samples 
is studied in detail in world practice. Of greater interest 
is the question of determining the mechanical character-
istics of the jointed rock mass, since the presence of dis-
continuities in it leads to a decrease in the mechanical 
characteristics relative to the sample of rock of which 
the rock mass is composed. This paper proposes an ap-
proach that allows for the conducting of virtual tests 
over a jointed rock mass and the determination of its me-
chanical properties. This approach is important for geo-
technical practice since laboratory experiments over a 
rock mass with dimensions of sides more than 2 m are 
practically impossible and expensive.

According to the results of research conducted by nu-
merical simulation of rock mass experiments, it’s possi-
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ble to make conclusions that the physical essence of re-
sidual stresses in the jointed rock mass and mechanism 
of their occurrence are not studied in detail due to an 
insufficient number of real experiments and the compli-
cated procedure of their interpretation related to contrib-
uting factors of uncertainty of boundary conditions. Nu-
merical simulation of virtual tests allows for the analysis 
of the stage of superliminal deformation of the numeri-
cal model, but the analysis of boundary conditions in 
real observations for correlation with numerical predic-
tions is uncertain. Obviously, in any practical problem, 
mining and geological uncertainty is important and as-
sumptions are essential for a mining engineer, but a mul-
tifunctional geomechanical analysis is needed to assess 
geoengineering risks and to present possible deviations 
and varying mechanical parameters of rocks, especially 
in complex mining and geological conditions. The ap-
plication of the finite element method to develop a nu-
merical mathematical geomechanical model of a rock 
mass or solid block in explicit form allows for the track-
ing of the character of failure and block displacement 
under loading, to estimate the number and size of tensile 
cracks, and to monitor the course of dilatancy attenua-
tion during nonelastic deformations.

The following conclusions can be made:
•	 heterogeneous distribution of stresses and deforma-

tion in a rock mass are the determining factor of 
decrease in strength upon variation of the jointing 
inclination angle;

•	 the proposed procedure makes it possible to predict 
the stress–strain state of a rock mass characterized 
by block structure with explicit consideration for 
structure and contact conditions between rock 
blocks. Cracks are the reason of spatial variance of 
mechanical properties of a rock mass resulting in 
the heterogeneous distribution of stresses in a rock 
mass;

•	 a numerical geomechanical model of a jointed rock 
mass, presented by a discrete medium, takes into ac-
count the contact conditions between the rock blocks, 
the structure of the jointed rock mass in explicit form, 
makes it possible to simulate the formation and de-
velopment of shear and tension cracks, to obtain de-
pendence of the rock mass deformation in σ-ε coor-
dinates, the deformation anisotropy is considered in 
explicit form during rock mass failure.

Acknowledgements

The study was carried out at the expense of a subsidy 
for the fulfilment of the state task in the field of scien-
tific activity for 2021 No. FSRW-2020-0014.

6. References

Amadei, B. (1988): Strength of a regularly jointed rock mass 
under biaxial and axisymmetric loading conditions. In

ternational Journal of Rock Mechanics and Mining Sci-
ences, 25(3), 3–13. https://doi.org/10.1016/0148-9062(88) 
92712-X

Barton, N. (2013): Shear strength criteria for rock, rock joints, 
rockfill and rock masses: Problems and some solutions. 
Journal of Rock Mechanics and Geotechnical Engineer-
ing, 5(4), 249–261. https://doi.org/10.1016/j.jrmge.2013. 
05.008

Brady, B.T. (1969): A statistical theory of brittle fracture for 
rock materials. P.2. Brittle failure under homogeneous tri-
axial states of stress. International Journal of Rock Me-
chanics and Mining Sciences, 6(3), 285–300. https://doi.
org/10.1016/0148-9062(69)90006-0

Brady, B.T. (1970): A mechanical equation of state for brittle 
rock. International Journal of Rock Mechanics and Mining 
Sciences, 7(4), 385–421. https://doi.org/10.1016/0148-
9062(70)90035-5

Esmaieli, K., Hadjigeorgiou, J., Grenon M. (2010): Estimating 
geometrical and mechanical REV based on synthetic rock 
mass models at Brunswick Mine. International Journal of 
Rock Mechanics and Mining Sciences, 47(6), 915–926. 
https://doi.org/10.1016/j.ijrmms.2010.05.010

Ignatiev, S.A., Sudarikov, A.E., Imashev, A.Zh. (2019): Mod-
ern Mathematical Forecast Methods of Maintenance and 
Support Conditions for Mining Tunnels. Journal of Mining 
Institute, 238, 371–375. https://doi.org/10.31897/pmi. 
2019.4.371

Ivars, D.M., Pierce, M.E., Darcel, C. et al. (2011): The syn-
thetic rock mass approach for jointed rock mass model-
ling. International Journal of Rock Mechanics and Mining 
Sciences, 48(2), 219–244. https://doi.org/10.1016/j.
ijrmms.2010.11.014

Jaeger, J.C., Cook N.G.W., Zimmerman, R.W. (2007): Funda-
mentals of rock mechanics: 4th edition. Wiley-Blackwell, 
London, UK, 488 p.

Korshunov, G.I., Kabanov E.I., Cehlár M. (2020): Occupa-
tional risk management in a mining enterprise with the aid 
of an improved matrix method for risk assessment. Acta 
Montanistica Slovaca, 25(3), 289–301. https://DOI: 
10.46544/AMS.v25i3.3

Kozlovskiy, E. Ya., Zhuravkov M.A. (2021): Determination 
and verification of the calculated model parameters of salt 
rocks taking into account softening and plastic flow. Jour-
nal of Mining Institute, 247, 33–38. https://doi:10.31897/
PMI.2021.1.4

Min, K.B., Jing L. (2003): Numerical determination of the 
equivalent elastic compliance tensor for fractured rock 
masses using the distinct element method. International 
Journal of Rock Mechanics and Mining Sciences, 40(6), 
795–816. https://doi.org/10.1016/S1365-1609(03)00038-8

Mirzaev, G.G., Protosenya, A.G., Ogorodnikov, Yu.N.; 
Vkharev, V.I. (1984): Mine working support at deep mines. 
Nedra, Moscow, USSR, 256 p. (In Russian).

Morozov, K., Shabarov, F., Kuranov, A., Belyakov, N., Zuyev, 
B., Vlasenko, D., Demekhin, D., Bakhtin, E. (2019): Geo-
dynamic monitoring and its maintenance using modeling 
by numerical and similar materials methods. In: Guzev, 
M., Rasskazov, I. and Makarov, V. (eds.): E3S Web of 



121� Experimental and numerical research of jointed rock mass anisotropy in a three-dimensional stress field

Rudarsko-geološko-naftni zbornik i autori (The Mining-Geology-Petroleum Engineering Bulletin and the authors) ©, 2021,  
pp. 109-122, DOI: 10.17794/rgn.2022.2.10

Conferences, 129, 1–12. https://doi.org/10.1051/e3sconf/ 
201912901012

Peitao Wang, Tianhong Yang, Tao Xu, Meifeng Cai, Chang-
hong Li (2016): Numerical analysis on scale effect of elas-
ticity, strength and failure patterns of jointed rock masses. 
Geosciences Journal, 20(4), 539–549. DOI 10.1007/
s12303-015-0070-x

Qibin Lin, Ping Cao, Jingjing Meng, Rihong Cao, Zhiye Zhao 
(2020): Strength and failure characteristics of jointed rock 
mass with double circular holes under uniaxial compres-
sion: Insights from discrete element method modelling. 
Theoretical and Applied Fracture Mechanics, 109, 1–14. 
https://doi.org/10.1016/j.tafmec.2020.102692

Rao, K.S., Tiwari, R.P. (2011): Strength and deformation be-
havior of jointed rockmass under polyaxial stress state. In: 
Dipak Kumar Sahoo, Santhosh Kumar, T.G., Benny 
Mathews Abraham, Babu, T. Jose (eds.): Proceedings of 
Indian Geotechnical Conference. – Indian Geotechnical 
Society, 15–24.

Sánchez-Martín, J., Galindo, R., Arévalo, C., Menéndez-Pidal, 
I., Kazanskaya, L., Smirnova, O. (2020): Optimized De-
sign of Earth Dams: Analysis of Zoning and Heterogene-
ous Material in Its Core. Sustainability, 12, 1–30. https://
doi.org/10.3390/su12166667

Smirnova, O., Kazanskaya, L., Koplík, J., Tan, H., Gu, X. 
(2021): Concrete Based on Clinker-Free Cement: Selecting 
the Functional Unit for Environmental Assessment. Sustain-
ability, 13, 135. https://doi.org/10.3390/su13010135

Stavrogin, A.N., Protosenya, A.G. (1979): Plasticity of rocks. 
Nedra, Moscow, USSR, 245 p. (In Russian).

Stavrogin, A.N., Protosenya, A.G. (1985): Rock strength and 
ability at great depths. Nedra, Moscow, USSR, 271 p. (In 
Russian).

Stavrogin, A.N., Protosenya, A.G. (1992): Mechanics of de-
formation and destruction of rock. Nedra, Moscow, USSR, 
224 p. (In Russian).

Tianhong Yang, Peitao Wang, Tao Xu, Qinglei Yu, Penghai 
Zhang, Wenhao Shi, Gaojian Hu (2015): Anisotropic char-

acteristics of jointed rock mass: A case study at Shirengou 
iron ore mine in China. Tunnelling and Underground 
Space Technology, Volume 48, 129–139. https://doi.
org/10.1016/j.tust.2015.03.005

Trushko V.L., Protosenya, A.G. (2019): Prospects of Geome-
chanics Development in the Context of New Technologi-
cal Paradigm. Journal of Mining Institute, 236, 162–166. 
https://doi.org/10.31897/pmi.2019.2.162

Volkov, S.D. (1960): Statistical theory of strength; Mashgiz. 
Sverdlovsk, USSR, 176 p. (In Russian).

Wang, P., Yang, T., Xu, T., Cai, M., & Li, C. (2016): Numerical 
analysis on scale effect of elasticity, strength and failure pat-
terns of jointed rock masses. Geosciences Journal, 20(4), 
539–549. https://doi.org/10.1007/s12303-015-0070-x

Wang, P., Ren, F., Miao, S., Cai, M. & Yang, T. (2017): Evalu-
ation of the anisotropy and directionality of a jointed rock 
mass under numerical direct shear tests. Engineering 
Geology, 225, 29–41. https://doi.org/10.1016/j.enggeo. 
2017.03.004

Wang P., Meifeng Caia, Fenhua Rena (2018): Anisotropy and 
directionality of tensile behaviours of a jointed rock mass 
subjected to numerical Brazilian tests. Tunnelling and Un-
derground Space Technology, 73, 139–153. https://doi.
org/10.1016/j.tust.2017.12.018

Yakovlev, G., Vít, Č., Polyanskikh, I., Gordina, A., Pudov, I., 
Gumenyuk, A., Smirnova, O. (2021): The Effect of Com-
plex Modification on the Impedance of Cement Matrices. 
Materials, 14, 557. https://DOI: 10.3390/ma14030557

Yang JianPing, Chen WeiZhong, Yang DianSen, Yuan Jing-
Qiang (2015): Numerical determination of strength and 
deformability of fractured rock mass by FEM modeling. 
Computers and Geotechnics, 64, 20–31. https://doi.org 
/10.1016/j.compgeo.2014.10.011

Yanuardian, A. R., Hermawan, K., Martireni, A. T. & Tohari, 
A. (2020): The Influence of Discontinuities on Rock Mass 
Quality and Overall Stability of Andesite Rock Slope in 
West Java. Rudarsko-geološko-naftni zbornik, 35(3), 67–
76. DOI:10.17794/rgn.2020.3.7

https://doi.org/10.1016/j.tafmec.2020.102692


Verbilo, P.; Karasev, M.; Belyakov, N.; Iovlev, G.� 122

Rudarsko-geološko-naftni zbornik i autori (The Mining-Geology-Petroleum Engineering Bulletin and the authors) ©, 2021,  
pp. 109-122, DOI: 10.17794/rgn.2022.2.10

Sažetak

Eksperimentalno i numeričko istraživanje anizotropije raspucale stijenske mase  
u trodimenzionalnome stanju naprezanja

Pukotine često imaju znatan utjecaj na karakteristike materijala. Mehanizam skupa diskontinuiteta i složena struktura 
raspucale stijenske mase kada se sagleda kao kompozit zahtijeva dodatno istraživanje. U ovome istraživanju provedena 
su tlačna i posmična ispitivanja čvrstoće na raspucaloj stijenskoj masi. Istraživanje ponašanja raspucale stijenske mase 
provedeno je sa svrhom utvrđivanja ovisnosti deformacije i čvrstoće te određivanja parametra za kvantitativnu ocjenu 
utjecaja pukotina na mehanička svojstva. Rezultati pokazuju da tlačna čvrstoća ovisi o strukturi materijala te je detaljno 
opisan utjecaj orijentacije pukotina na odnos naprezanja i deformacija tijekom ispitivanja tlačne čvrstoće. Numerička 
metoda korištena u istraživanju može se iskoristiti za modeliranje kompozitnih materijala i njihovih svojstava.

Ključne riječi:
raspucala stijenska masa, diskontinuiteti, numerička simulacija, jednoosna tlačna čvrstoća, anizotropija
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