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Abstract. The article is devoted to the analysis of approaches to modeling the stress-strain state of a block rock mass in
the vicinity of a single mine workings and in the area of rock cantilever influence during the development of the Khibiny
apatite-nepheline deposits. The analysis of the existing in international engineering practice ideas about tectonic dis-
turbances as a geomechanical element and the experience of predicting the stress-strain state of a block rock mass was
carried out. On the basis of the analysis, the formulation of the basic modeling tasks is carried out and its main results
are presented. Methodological recommendations for solving similar problems were developed.
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Introduction. World experience in the development of mineral deposits and in the construction
of underground mine workings shows that the factors determining the stability of the mass are the
parameters of the structural disturbance of the rock mass, its strength and deformation properties, and
the parameters of the in-situ stress field. The ratios between the quantitative indicators of these factors
determine the mechanism of deformation of the system of individual blocks and the nature of the
stability loss. The currently most common methods for predicting the stability of underground mine
excavations do not explicitly take into account these processes and, therefore, in some cases may turn
out to be unreliable. Existing experience suggests the use of rating approaches that take into account
the described mechanisms to the greatest extent, but all classifications of the mass by fracturing and
the stability assessment methods based on them (Dir, Benyavsky, Lobshir, Hoek, Brown, Matthews,
Potwin, Barton, Mavdesli) are products of statistical processing of data on the stability of rock out-
crops of mine workings in various mining and geological conditions. In the particular conditions of
the development of ore deposits, situations may arise when these methods do not allow one to reliably
assess and predict the stability of mine workings and chambers. In practice, this leads either to an
overestimation of the stability conditions, as a result of which there is a need for constant reinforcing
of mine workings and the elimination of various kinds of accidents, or to an underestimation of the
stability conditions and, consequently, to an excessive consumption of materials for fastening. In this
regard, the most urgent issue facing fundamental geomechanics is the formulation of a methodology
for predicting processes occurring in fractured rock masses at different scale levels.
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The analysis of the state of the issue of taking into account the structural disturbance of the rock
mass when performing the justification of the parameters of the systems for the development of ore
deposits and the existing approaches to its solution allows us to distinguish two main groups of meth-
ods — direct and indirect [1]. Direct methods are based on the direct use of the results of laboratory
studies of rock mass fragments and field experiments performed in mines [2-4]. Indirect methods
are based on the use of models of a real fractured rock mass built on some initial assumptions about
the mechanical behavior of such a mass. These methods can be divided into analytical [5], empirical
[6-8], and numerical [9, 10]. The choice of methods for taking into account the structural disturbance
of the rock mass in the conditions of a specific geomechanical problem is determined by their
advantages and disadvantages [11, 12].

When determining the deformation and strength properties of rocks in laboratory conditions, the
samples mainly obtained from the core are tested [13, 14]. In such tests, only structural disturbance
with characteristic dimensions less than the sample is integrally taken into account, which is not
enough for a complete description of a real rock mass, since it includes a hierarchical system of cracks
and disturbances, including those with characteristic dimensions larger than the rock mass sample
[15, 16]. As a reasonable addition to laboratory studies on samples, physical modeling of a structurally
disturbed rock mass using equivalent materials, based on the theory of similarity, can be used [17].
Such an approach, provided that the problem is correctly formulated, makes it possible to reproduce
the mechanism of deformation and destruction of a structurally disturbed rock mass.

In the practice of designing geotechnical systems, empirical methods are used as the main engi-
neering solution for assessing the structural disturbance of a rock mass [18, 19]. They reflect the
accumulated experience in the construction of underground facilities in different mining conditions
in rock mass with various structural disturbances [20-22]. Their wide distribution is due to the possi-
bility of quantitative determination of the equivalent deformation and strength properties of a struc-
turally disturbed rock mass by adjusting the results of laboratory tests of rock samples based on qual-
itative assessments of structural disturbance. Such a relationship of properties is realized through
empirically established regularities and, as a rule, is based on the rating classifications of a rock mass
[23-25]. It should be noted that applying empirical methods is convenient due to the fact that the used
dependences of deformation and strength properties in the sample and in the rock mass are obviously
attached to the localization of the place of their establishment [26, 27]. The question of the correctness
of extrapolation of such dependencies to other rock mass can be resolved only after the start of un-
derground construction [28]. Using the representation of a structurally disturbed rock mass in the
form of some continuous medium with equivalent strength and deformation properties is a significant
simplification of the real mechanism of its deformation and destruction.

In modern conditions, to solve the problems of this article, numerical methods for modeling
a rock mass with fracturing [29], based on the principles of the mechanics of discrete media, are
used. Numerical modeling makes it possible to create digital twins of real structurally disturbed
rock masses and, with relatively little time and labor, to carry out multivariate experiments to
assess the effect of structural disturbance on the stability of geomechanical objects. An obvious
problem with this approach is that the reliability of the obtained geomechanical estimates will
depend on the accuracy of the determined initial data and boundary conditions.

The development of numerical methods for solving the problems of predicting the stress-
strain state of a fractured rock mass requires dividing this complex problem into a number of
simpler different scale levels. In this case, the solution of the problem is reduced to sequential
movement in the rock mass from small-scale problems (regional level) in the size of whole mineral
deposits or smaller ones to larger-scale ones as part of increasing the specification of individual
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computational areas within the regional model. Obviously, the well-known submodeling method
[30, 31] fits well into the framework of such a sequence. This publication is devoted to modeling
the stress-strain state of a block rock mass in the vicinity of single mine workings and in the area
of rock cantilever influence when developing steeply dipping mineral deposits with caving
mining systems.

Statement of modelling problems. To analyze the influence of the method of simulating tec-
tonic disturbances on the stress-strain state of the rock mass and mine workings, multivariate numer-
ical modeling was carried out using the finite element method. The problem is implemented in a plane
strain formulation.

Design schemes of two types are implemented:

» number of fracture systems n = 1, dip angle o = 60°, distances between fractures L = 200; 350;
500 m;

* number of fracture systems n = 2, dip angle a1 = 60° and o> = 30°, distance between fractures
L=350wm.

The main feature of the modeling was the implementation of tectonic disturbances in three
different ways: 1) inhomogeneity within the continuum mechanics model; 2) hard friction contact;
3) cohesive contact.

In the first method, the tectonic disturbance was specified in layers: disturbed rocks — destroyed
rocks — disturbed rocks with a thickness of each layer of 5 m. The second method is based on speci-
fying paired contact surfaces corresponding to the surfaces of the disturbance; a hard contact with a
friction coefficient of 0.4 is used. The third method implied the creation of a layer of cohesive ele-
ments at the stage of splitting a mesh of finite elements in the fault zone. The cohesive zone is a layer
of finite thickness corresponding to the thickness of the destroyed rocks of 5 m. Such a zone serves
to model the adhesion between the surfaces of the disturbance, while realizing the possibility of dis-
placement of two fault surfaces without the accumulation of significant tensile stresses.

The level of stresses in the pillars between the development workings of the under-cantilever
area depends on the following mining and geological conditions: the physical and mechanical prop-
erties of the rock mass, the geometric parameters of the ore body, the features of the distribution of
initial stresses, the parameters of mining operations (depth of development, remoteness of the work
front, protective angles). Protective angles determine the value of advance work on the overlying
horizons in relation to the underlying ones and depend on the strength properties of the rocks and the
parameters of the initial stress field. In this part of the study, an attempt was made to establish the
nature of the influence of the depth of work on the level of tension in the rock mass in the under-
cantilever area.

To solve the problem of predicting the stress-
strain state of a rock mass in the area of rock cantilever
influence, a 3D numerical model was developed in the
Simulia Abaqus software (Fig.1). To implement
multivariate modeling, the geometry of the model was
developed idealized based on the Kukisvumchorr and
Yukspor fields [32, 33]. Thus, the true thickness of the
ore body is assumed to be 200 m, the dip angle is 45°.
The mark of the model surface corresponds to the
absolute elevation of the surface of the Kukisvumchorr

. . Fig.1. Geometry of 3D numerical model
deposit +500 m. To exclude the influence of the end for modeling stress-strain state in the area

effect along the 0y axis, the model has buffer sections of rock cantilever influence

1 —ore body; 2 — rock mass; 3 — simulated
mining steps

of the rock mass.
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The design steps are implemented as a sequential stepwise excavation of the ore body. In this case,
the extracted fragment of the model is a quadrangular prism. The shape of the prism is determined pri-
marily by the horizon mark, and secondly by the protective angles of mining in the horizontal plane. The
model horizons correspond to the real horizons of the Kukisvumchorr field (+314, +296, +263, +236,
+209, +183, +158, +133, +108, +75 m), and the protective angle corresponds to the average recommended
value for the Kukisvumchorr and Yukspor deposits and is 45°.

The size of mining steps is assumed variable and increases in the direction of mining. The length of
the working step is 25; 50; 200; 500; 1000 m. The size of the mined part is 5475 m, and the number of
such sections is 21.

The boundary conditions of the model are implemented as follows. On all the faces of the model,
with the exception of the top one, prohibitions are imposed on movement in the direction of normals.
The initial stress field of the model was generated based on data on the distribution of natural stress
field components at the Kukisvumchorr field and implemented with a piecewise linear dependence
of the horizontal stress components on the vertical ones to take into account the variable lateral thrust
coefficient.

The physical and mechanical properties of the rock mass are taken to correspond to the averaged
physical and mechanical properties of rocks characteristic of the mining and geological conditions of
the Khibiny apatite-nepheline deposits, and are presented in Table 1. To determine the physical and
mechanical properties of the rock mass in the areas of tectonic disturbances, the authors used the
recommendations of the monograph [34]. The parameters of the initial stress field are taken according
to Table 2.

Table 1
Mechanical properties of rock mass
Material Spec}ivfr'llfl/gr::vity, Poisson’s ratio Young modulus, MPa
Rock mass and ore 0.028 0.25 16200
Destroyed rock mass 0.018 0.23 6350
Disturbed rock mass 0.018 0.023 635
Table 2
Initial stress field parameters
Absolute mark, Model Vertical stresses o, Horizontal stresses o,, O Horizontal stresses o, O,
m mark, m MPa MPa o, MPa (o
+500 +1000 5.6 12.3 15.9
0 +500 19.6 43.1 22 48.6 2.8
-500 0 33.6 73.9 83.3

Modelling results. Some representative results of multivariant numerical simulation of the for-
mation of the natural stress-strain state of a block-structure rock mass and its redistribution in the
vicinity of a single mine working in the formulation of plane strain are shown in Fig.2.

The results of modeling the formation of the stress state of the under-cantilever area of the rock
mass are presented in the form of the revealed patterns of stress distribution at the level of mine
workings in the under-cantilever area (Fig.3). The depth of work is the factor that most affects the
stress state of the rock. The data are presented for the case of full disclosure of the current and over-
lying horizons.

Analysis and discussion of results. The analysis of the obtained results of numerical modeling
of the formation of the natural stress-strain state of a rock mass with a block structure and its redis-
tribution in the vicinity of a single mine working allows us to draw the following conclusions. Models
of heterogeneity of continuum mechanics and cohesive contact show identical results both for a single
tectonic disturbance and for their system. The model of hard friction contact in each case gives some-
what overestimated stresses.
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Fig.2. Design schemes and main results of modelling in the statement of plane strain: @ — design scheme;
b — principal stress distribution diagram; ¢ — diagrams of horizontal and vertical stresses; L — distance between
disturbances in the system; oo — angle of disturbances

1 — rock mass; 2 — mine excavation; 3 — tectonic disturbances system N 1; 4 — tectonic disturbances system N 2

Modeling a tectonic disturbance in the form of an inhomogeneous medium within the framework of
a continuum mechanics model does not allow explicit displacement of rock mass blocks relative to each
other. As a result, tensile stresses appear in the block contact area, somewhat distorting the nature of the
distribution of the stress field near the tectonic disturbance as a whole. Stress-strain state of a mass with
the number of fracture systems n = 2 causes a higher stress level than in the case of n = 1, regardless of
how many systems simultaneously intersect in the considered cross section of the working. At the same
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s Horizontal time, modeling of a tectonic disturbance in
= EI;T the form of an inhomogeneous medium with
g —ggg regard to continuum mechanics is the most
z 236 efficient in terms of computational time and
§ _%gg the most predictable and stable for
&, | | | —158 mechanical behavior.

E ——— 108 Modeling of a hard friction contact
;é . . i résre pody  affects the stress state in the vicinity of a

600 800 1000  boundary tectonic disturbance, but the size of the area
Distance, m of such influence is smaller, and tensile
. . , . o stresses do not arise due to the possibility of

Fig.3. Diagram of maximal principal stresses distribution . }
in the under-cantilever space at different horizontal marks block displacement. However, such a shift,
when the stresses reach the shear strength,
will be instantaneous, without a possibility of penetration of the rocks that make up the contact
surfaces into each other. At the characteristic points of the working, the values of tangential stresses
are lower, but the mass as a whole will experience higher stresses than if the disturbances are specified

in other ways.

The most suitable for modeling tectonic displacement disturbances is the task of a tectonic dis-
turbance using cohesive elements that create a layer of finite thickness with specified physical and
mechanical properties. The level of tangential stresses at peak points exceeds the level of initial
stresses by two to three times, which corresponds to field data. This method of modeling a tectonic
disturbance shows the correspondence between the stress levels at the intersection of a working with
one disturbance, regardless of the total number of systems of such disturbances in the massif. In
addition, the cohesive contact shows itself well in assessing the combined effect of several differently
directed disturbances intersecting with the working in one place.

Analysis of the obtained results of numerical modeling of the formation of the stress state of the
under-cantilever area of the rock mass allows us to draw the following conclusions.

The stress level distribution of the curves corresponds to the depth distribution of the horizons.
The support pressure area is about 100-120 m, then the stress level becomes equal to the initial stress
field. The behavior of the curves both in the under-cantilever space (0-280 m) and in the rock mass
is the same. Therefore, for further research, it would be advisable to approximate the data in the area
corresponding to the location of the development workings and pillars between them.

The appearance of the curves in the designated area has a polynomial form. An attempt was

made to describe them by polynomial functions of the second degree in the form y = Ax* + Bx+C,
where y are the maximal principal stresses, MPa; x — distance, m; 4, B, C are the ratios of the
quadratic equation (Table 3).

Table 3
Approximation ratio values
Horizon mark, m A B C Horizon A B C
mark, m
314 0.0016 —0.4328 +72.534 183 0.0022 -0.5018 +110.06
296 0.0018 —-0.4560 +70.32 158 0.0012 —0.3531 +116.59
263 0.0015 —0.4054 +79.493 133 0.0008 -0.3143 +124.83
236 0.0018 —0.4351 +86.862 108 0.0017 -0.5733 +139.66
209 0.0026 -0.5392 +97.771 75 0.0030 —0.9365 +162.27
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Based on the data in Table 3, it is possible to determine the dependence of the maximal principal
stresses on the absolute mark and the position of the measurement point relative to the preparation
horizon:

G, = (810 H+0.0036) x* +(0.0007H ~0.6287) x - (0.3712H ~179.36),

where H — absolute horizon mark, m; x — distance from the projection of the lower boundary of the
ore body (lying side), m.

In general, for the Kukisvumchorr deposit, it should be noted that the stress distribution in the
ore body is much more uneven than for the Yukspor deposit. This can be explained by the greater
irregularity of the geometry of the ore body itself, the presence of an outcrop of the ore body on the
earth's surface, significant relief differences in the area of the ore body of the Kukisvumchorr deposit,
as well as the presence of a large number of tectonic disturbances in it.

The presence of an exit to the surface of the ore body makes a significant contribution to the
formation of its stress state. In blocks of the ore body that have an exit to the surface, the average
stress level is higher compared to blocks that do not have such an exit. This is due to the fact that the
topography of the earth's surface, embedded in the finite element model, has depressions oriented
with the largest linear size perpendicular to the direction of action of the largest gravitational-tectonic
natural horizontal stresses, and acts as their geometric concentrator.

Conclusion. The authors made an attempt to formulate the main provisions of the methodology
for numerical modeling of the stress-strain state of block rock masses in the development of inclined
and steeply dipping mineral deposits by mining systems with caving in the vicinity of single mine
workings and in the area of influence of the rock cantilever. The main provisions of the methodology
are the result of a critical analysis of information contained in scientific and regulatory sources, as
well as multivariate modeling.

Modeling on a small scale is not the ultimate goal, the analysis of its results allows identifying
the most highly stressed and dangerous areas in the block rock mass of deposits, as a result of which
it becomes possible to correctly predict the critical depth of their rockburst hazard, as well as to plan
in advance the measures to unload the rock mass thereby increasing the safety of mining operations.

For further research in the direction of modeling the stress state of a rock mass it seems promising
to study the issues related to the use of the output data of numerical modeling on a regional scale as
input data for numerical modeling of a block rock mass on a larger scale, taking into account the
presence of fractures in it and smaller disturbances (i.e. taking into account the hierarchical structure
of disturbances and fractures) using the sub-modeling technique. To study the geomechanical pro-
cesses in the rock mass in the area of influence of the rock cantilever, it seems promising to establish
the influence of the removal of the work front from the study area, as well as partial and complete
opening of the overlying horizon, on the stress state of the mass in the under-cantilever area.
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