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Abstract. The research purpose is to develop a methodology that increases the reliability of reproduction and research
on models made of equivalent materials of complex nonlinear processes of deformation and destruction of structured
rock masses under the influence of underground mining operations to provide a more accurate prediction of the occur-
rence of dangerous phenomena and assessment of their consequences. New approaches to similarity criterion based on
the fundamental laws of thermodynamics; new types of equivalent materials that meet these criteria; systems for the
formation of various initial and boundary conditions regulated by specially developed computer programs; new tech-
nical means for more reliable determination of stresses in models; new methods for solving inverse geomechanical
problems in the absence of the necessary initial field data have been developed. Using the developed methodology, a
number of complex nonlinear problems have been solved related to estimates of the oscillatory nature of changes in
the bearing pressure during dynamic roof collapse processes; ranges of changes in the frequency of processes during
deformation and destruction of rock mass elements, ranges of changes in their accelerations; parameters of shifts
with a violation of the continuity of the rock mass under the influence of mining: secant cracks, delaminations,
gaping voids, accounting for which is necessary to assess the danger of the formation of continuous water supply
canals in the water-protection layer.

Key words: similarity criterion; energy balance, equivalent materials; initial and boundary conditions; physical and geo-
physical fields; patterns of deformation and destruction of structured rock masses

Introduction. In the world practice of developing deposits of solid minerals, a significant
potential has been accumulated for managing geomechanical processes, i.e. intending to change the
stress-strain state (SSS) of a rock mass in order to ensure the efficiency and safety of mining produc-
tion. The results of the analysis of practical experience in the development of solid mineral deposits
have shown that there are many examples of the destruction of mine workings, reduction of mining
safety and economic efficiency of mining production, increase in mineral losses, man-made and
environmental disasters [9, 10, 14].

The occurrence of such emergencies is predetermined by the insufficient completeness of
modern scientific knowledge about the physical nature of large-scale nonlinear geomechanical
processes occurring in areas of rock mass inaccessible to direct measurements with constantly
changing parameters of man-made cracks (stratification, secant), block structures, as well as non-
linear parameters of shifts and rock pressure as underground mining develops [34]. A significant
impact on the probability of emergency situations in the last 20-25 years is also caused by a sharp
increase in the intensity of stoping operations associated with the use of high-performance stoping
and tunneling equipment and, as a result, qualitative changes in geomechanical processes.

The practical experience of using various SSS research methods of real blocky and layered rock
masses shows that the modeling method on models made of equivalent materials (EM) has great
potential for studying such nonlinear processes in various mining situations and obtaining not only
qualitative but also quantitative characteristics. Using this method, proposed by G.N.Kuznetsov,
which received practical implementation both in his works and in the studies of M.F.Shklyarskiy,
M.N.Budko, M.S.Zlotnikov, F.P.Glushikhin, A.A.Borisov, V.P.Zubov, a number of problems of im-
portant scientific and practical importance were solved, the main qualitative dependences of the SSS
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parameters of the rock mass on geological and mining factors were established. In the works of
F.P.Glushikhin, M.V.Kurlenya, V.N.Reva, M.A.Rosenbaum, G.L.Fisenko, E.I.Shemyakin,
M.F.Shklyarskiy, “the phenomenon of zonal disintegration of rocks around underground workings”
was established [34].This method, based on the similarity criterion of G.N.Kuznetsov, has become
widespread in more than 30 countries of the world: Germany, China, France, etc. Recently, the
method has been most often used in China in solving various geomechanical problems. For
example, solving the problems of deep-lying deposits development [24, 29], studying the processes
of dynamic shifts in the development of minerals [25, 28, 30], the effect of roof fracturing on the
parameters of the shift troughs [31-33], the particle composition of materials on their deformation
characteristics [26], the processes of pillars destruction [27].

Formulation of the problem. The current level of development of the EM modeling method
does not allow to fully ensure the disclosure of its potential for a more reliable reproduction
and reliable study of deep, complex dynamic processes of transformation of various structures and
physical fields during underground mining of solid minerals. Long-term research carried out at
VNIMI and St. Petersburg Mining University has shown that the solution of this important task
1s possible only with the development of a new research methodology based on more universal simi-
larity criterion, the development of appropriate types of EM and technical solutions that ensure the
similarity of initial and boundary conditions for the simulated area of the rock mass, reproduction of
various types of mining operations, as well as the study of' a complex of physical fields, dynamic and
energy exchange processes.

Basics of modeling on EM. The basics of modern scientific ideas about the existence of such
physical phenomena was laid in the middle of the 19th century. In the works of J.Bertrand, Rayleigh,
T.A.Afanasieva-Ehrenfest, J.Buckingham, A.Federman, fundamental signs of similarity of physical
phenomena were established, based on the analysis of dimensions, Newton's theorem on dynamic
similarity, the relationship of the number of dimensionless complexes with the number of dimensional
quantities of their components. The similarity theory was further developed in the works of M.V .Kir-
pichev, L.I.Sedov, P.K.Kondakov, and the application of this theory in relation to the study of geome-
chanical processes — in the works of G.N.Kuznetsov, A.A.Borisov and other researchers [8, 23, 34].

The key elements of similarity theory are related similarity constants, the values of which are de-
termined by basic physical laws. Derived by J.Bertrand's mathematical expression for the dynamic sim-
ilarity invariant was based on the general concept of dynamic similarity expressed by Newton, so this
mathematical expression is usually called Newton's similarity law. In the works of G.N.Kuznetsov,
a mathematical derivation of this law is given [8], based on the provision of geometric, kinematic
and dynamic similarity, which in its final form can be expressed in the form of an equation:

Pyty _ Pulm

R =N, =idem, or Pm /pmaml’ = Pn/pnanl’ =inv,

where P, ¢, p, [, a — power, time, density, element size, acceleration; m and n— indexes corresponding
to the model and nature; idem— notation of the Newton number; inv — some dimensionless number
(defining similarity criterion).

Further, it is assumed that “deformations and fractures of the rock occur as a result of the action
of gravity” and the conclusion is that am = an = g = const, after which their characteristic N is deter-
mined for the selection of equivalent materials, having the dimension “power divided by area” [8]. In
this case:

Pu/yml = Polyal’ =1inv, or Nu/ymlm = Nu/ynln = idem.
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This equation and the similarity criteria corresponding to it are used unchanged in almost all
works when using this method [2, 18, 23]. Based on these criteria, EM types are selected [3, 15, 19],
parameters of technical devices and benches are determined to ensure initial and boundary conditions
in the studied area of the rock mass [16, 17]. Rock mass models are made from the selected types of
EM [11, 12], various types of mining operations are modeled, the processes of deformation and de-
struction of rocks are investigated [ 1, 4, 22], mutual testing of numerical and physical modeling meth-
ods 1s carried out [13, 17].

Development of a new modeling methodology on EM. The relation derived by G.N.Kuznetsov
refers to any element of a rock mass in the form of a cube, homogeneous in “density” and “isotropy”,
with dimensions that allow it to be considered quasi-homogeneous. In contrast to the assumptions
made by G.N.Kuznetsov, we will assume that, in the first approximation, the main forces determining
geomechanical processes are not only gravity, but also reaction forces or internal stresses in a
rock mass element determined by the presence of both gravitational and tectonic forces, under
the influence of which various types of energy can be redistributed in rocks. The development of the
processes of deformation and destruction of rocks under the influence of both natural and man-made
factors can significantly depend on the balance of these types of energy.

To account for the entire complex of these physical quantities, a new methodology was de-
veloped based on the general energy conservation law or the 1st law of thermodynamics [34]:

dU=TdS + S8dT + Y Xidx; + Y xidXi,

where dU — change the internal energy of the body; 7dS — external thermal energy, SdT — generation
of thermal energy by the system, for example, during oxidative processes; Y Xidx; —the external forces
work; > xidX; — the work done by the rock mass.

In relation to the study of geomechanical processes in the absence of external thermal energy, in
order to ensure their similarity in the model, it is necessary to ensure the proportionality of all the
main components of the energy balance in the model, identical to nature, provided there is some
“standard” of the energy component.

Given that any simulated element and its models are in a single gravitational field of the Earth,
their potential energy W = mgh can be taken as this standard. Let us define other components of the
energy balance: kinetic Wk = mv*/2; elastic We = o€V/2; thermal W, = cmAT, where m, h, 6, €, v, V, c,
AT — mass, height, stress, relative deformation, velocity, volume, specific heat, temperature change.
We transform these expressions into a system of equations for the transition factors of all components
of the energy balance (o) taking into account the transition factors o, o, O, O, OLE, AT, OlOlc, (fOT
densities, linear dimensions, relative deformations, stresses, strain modulus, thermal energy incre-
ments, accelerations, specific heat capacities) and move from the energy values to their specific com-
ponents: Wiy, = Wi/V, where the index 1 corresponds to any of the components of the energy balance,

— . — . = 2 yp -
OLWp = OpOl; Opg, = OlpQLiQlay OLe = O OLES Olpt = OlpOleQLAT.

Obviously, in order to ensure the proportionality of all components, a system of equalities can
be performed if a new system of equalities is performed simultaneously:

_ o, . . . _ . 2 _ .
o = 1 (it is the only way in which aw, = am); a; os/ou = opou;
OlpOlcAAT = QLpQLL.

To perform this system, it is necessary: oz = oy / ocﬁ ,OAT = 0 /Ol

To ensure the constancy of the linear scale of modeling for all deformations in the model, it is
necessary that the increments of linear dimensions are associated with the same scale a;, which is
equivalent to fulfilling the requirement o, = 1. Then oz = 000 Ole = OlOLE = OLpOL.
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Thus, the proportionality of the first three components of the system of equations
o, = g = OLwe = OLpoy 1S provided under the conditionaz = ols = o0

The proportionality of the fourth, thermal component of the system of equations can be provided
under the condition aar = aw/a. (then anm = apoy). The proof of the possibility to ensure this condition
can be found in the condition of ensuring the energy balance during the transition of the potential energy
W = mgh completely into thermal: mgh = cmAT, as well as kinetic energy into thermal: mv?*/2 = cmAT,
from which aar = au/a. is easily determined from any of the equations.

Thus, in order to ensure the similarity of dynamic processes associated with the transformation
of various types of energy, it is necessary to provide the selection of artificial materials while simul-
taneously fulfilling two conditions: a.e = o,0u; 0l = oo At the same time, the equality of transition
factors for all components of the energy balance is ensured:

OCWp = 0w = Ope = Optr = OlpQLL.

When these conditions are fulfilled at the same time, all the transition factors for the modules of
deformations, stresses and all components of the energy balance take the same value — the form of a
single similarity condition a; = a,,0 = const.

The time scale for dynamic processes occurring with acceleration a is determined from the equa-
tion / = ar?/2: 0, = ()°. At the same time, all the relative deformations of the rock mass elements and
their accelerations in nature and model have identical values.

In general, the similarity of more complete dependencies is necessary:

On = f(&n); Om = f(€m) = Kf(€n) = 0p0uf(€n).

In a particular case, when taking into account only gravity, the similarity criterion takes a known
form in the form presented by G.N. Kuznetsov: Nw/Yml/m = No/Ynln = idem.

Development of new types of EM and a system for forming boundary conditions. Taking
into account a single similarity condition, a comparative analysis of the parameters of various types
of rocks and various types of EM was carried out. For this purpose, the results of the most common
types of tests of rock samples under uniaxial compression were considered, and their parameters were
determined based on the similarity of the maximum accumulated specific elastic energy:

Wsm = apaL Wsn.

This criterion was used to develop EM with physical and mechanical parameters that ensure
the fulfillment of similarity conditions for a wide range of rock types. As a result of the analysis, the
dependences of the maximum specific energy of various types of rocks and EM on the uniaxial
compression strength were established. Figure 1 shows the dependences Ws_from Rc, obtained

from the results of tests conducted by various authors [22], more than 500 samples of 20
main types of rocks. The value W, was calculated based on the results

of standard test programs [8, 34]:
We= R?/2E.. e, MPa
1.2 1

Taking into account the simi- :
& y=2E— 06 + 0.003 Lx

larity criteria, identical EM parame- 1 .
ters were recalculated to full-scale 0.8 1
conditions and transferred to the 0.6 | * =36 06 + 00014

general field of full-scale test re-
sults. As a result of the conducted
tests of more than 10 types of EM and

0.4 1

02 | =2E - 062+ 0.0004x

. 0

calcula‘glons, only three types O'f EM 50 100 150 200 250 300 350 Re MPa
and their parameters were established,

which most satisfied the similarity Fig.1. Dependences of Ws on R. for various types of rocks
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Ws, MPa s criteria, but at the same time allowed
. . reproducing almost all types of rocks.

1.2 ; .
4 4 1200 Fig.2 shows the characteristics of
1 J yoa iy one of these types of rocks, which,
03 o . / - w0 when varying the composition, ade-
' A i quately reproduce most types of
0.6 j / rocks in a wide range of modeling

04 y/ " scales.

If a more accurate reproduction
of dynamic processes is required the
needed rock testing results are avail-
300 350 R. MPa able, it is necessary to reproduce the

entire deformation curve in the co-

Fig.2. Dependences of Ws on Rc for EM based on DEG-1 resin, converted ordinates 6-¢ in the pre- and beyond
to full-scale conditions

regions.

To expand the range of formation of various boundary conditions at the boundaries of the area
of the simulated object, a special automated system was developed, manufactured and adjusted at
VNIMI and Center of Geomechanics and Mining Issues (St. Petersburg Mining University), which is
a complex of 32 controlled force loading elements with a total force of 96000 N, allowing using
special software to form inhomogeneous plots at the model boundary — from the modes of specified
loads to the modes of specified deformations. The test results showed that the program and equipment
of the benches ensure the formation of specified plots in manual, step-by-step and automatic mode
and their maintenance in the self-regulation mode of specified loads and specified deformations in
the range of modeling scales from 1:20 to 1:1000 for almost the entire range of simulated rocks.

Methods of model research. In order to increase the reliability of simulation results and expand
the field of application of the EM method, in addition to ensuring the similarity of EM parameters
and boundary conditions, it is important to obtain reliable information about the parameters of various
physical and geophysical fields. Multidimensional information about the processes taking place in
the model can be used either to decrypt the results of studies obtained under field conditions, or to
obtain new data that is very difficult or practically impossible to obtain in production conditions.
Among these fields, stress, strain, thermal fields, acoustic and electromagnetic induction can be distin-
guished, the analysis of which allows to obtain more complete information about the deep processes
occurring in the “body” of the model, which correlate with the processes occurring in rock masses due to
the similarity of the physical nature of rocks and EM. It is obvious that the necessary elements of such
an information and measurement system (IMS) are sensors of the corresponding physical quantities and
devices for their “survey” and registration in both quasi-static and dynamic modes.

The IMS includes a number of standard sensors of physical quantities and systems that meet the
highest modern requirements for sensitivity, accuracy, frequency range, registration speed, etc. [20],
however, in order to obtain the most important information about the stress parameters in blocky and
layered rock masses, it was necessary to develop special, completely new miniature stress sensors for
their direct determination in the “body” of various block systems, since the existing large-sized sen-
sors used to study geomechanical problems in EM models did not provide reliable information or
significantly distorted the development of the studied processes.

To solve this issue, the results of theoretical and experimental studies obtained by D.S.Baranov,
L.N.Fomitsa, B.B.Timofeev, G.V.Rykov and others were analyzed [6, 8] in an expanded list of scientific
disciplines beyond the scope of mining geomechanics for the determination of stresses in various types
of materials. As a result, a system of inequalities was formed that ensure the determination of both static
and dynamic stresses with the help of some universal single sensors in the entire range of
deformation parameters of discrete media (Egm = 10-4000 MPa), one of the main parameters
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of which is the reduced modulus of deformation Eq, provided that the distortion introduced by the
sensor into the stress field under study is minimized (the ratio of sensor thickness to its diameter
< 0.1-0.15), with the maximum possible removal of the location of the sensor element from the edges
of the sensor distorting the stress field (ds/d < 0.6-0.7), but with a decrease in the spread of its readings
due to the “granularity of the medium” (ds > 10d,). Subject to these restrictions, the task was set to deter-
mine the maximum possible value of Eq4, ensuring an excess of the Egm value, at which the systematic
measurement error could not exceed 5 %, which made it possible to use the sensor in all types of EM.

To calculate the Eq4, a new calculation technique was proposed, implemented on FORTRAN
based on averaging their relative deformations over the working surfaces of the sensor and taking
into account the specifics of the active, informative components of the sensor elements under the
influence of a finite distributed pressure p [6, 7].

Taking into account the considered limitations, when pre-selecting the material of the sensor case
made of fiberglass and a sensor element based on a silicon membrane, the value of E4_. =~ 13000 MPa

max
was determined. The maximum sensor size is 14-15 mm, the minimum is 1.4-1.5 mm, which allows
it to be utilized in the study of stresses in layered and blocky structures of rock masses in almost all
the used modeling scales, provided that their dimensions are no more than 25-50 % of the minimum
sizes of individual blocks [6, 7]. After determining the geometric and deformation parameters of the
sensor, the final design of a miniature sensor was developed based on a silicon integral strain gauge
of a membrane type installed in a fiberglass composite case of a certain shape with linear expansion
coefficients close to silicon to minimize the effect of temperature changes on its readings. Authors
certificates N 1208486 and 17778566 were obtained for the sensor.

Physical and mechanical
properties of rock samples

Structure of rock mass

Unified similarity

Recipe adjustment
pead criterion (USC)

~

Physical and mechanical The system of forming
properties of EM samples boundary conditions

Methods of mining modeling

/

Accordance

with USC Model of rock mass

IMS, determination Recommendations for safe
of parameters of physical fields mining of mineral deposits

Fig.3. Schematic diagram of the structure of the proposed methodology for modeling nonlinear geomechanical processes on
models made of equivalent materials
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The conducted experimental studies allowed to determine the areas of reliable stress determina-
tion under the influence of all the main informative and uninformative influencing factors (block size
or layer thickness, medium temperature, contact conditions, EM heterogeneity, the actual ratio of
sensor and EM strain modules, plasticity and creeping deformations, frequency spectra of the studied
stresses).

The developed set of new approaches to EM modeling is a set of theoretical and technical
solutions or a new modeling methodology, schematically presented in Fig.3.

The developed methodology was applied in the study of SSS in typical blocky and layered rock
masses at underground mining (Table 1), as well as during its approbation in the study of nonlinear
geomechanical processes associated with changes in time and space parameters of secant cracks,
delaminations, “gaping voids”, block structures during the development of a number of large mineral
deposits in the Russian Federation (Table 2). In Tables 1, 2, the following particulars are adopted:
Ks, Kun — concentration coefficients of normal 6 and maximum tangential stresses t,,; EM and OSM —
models made of equivalent and optically sensitive materials; L or / — block sizes. The obtained
results made it possible to get new information about deep processes in rock masses, which allows
to increase the reliability of forecasting dangerous geomechanical phenomena. More detailed data on
the results of the conducted studies are given in [7, 20, 21]. The reliability (absolute or relative error)
of the modeled or investigated errors was evaluated: block sizes (£0.02-0.2 m) at a scale from 1:20
to 1:200; physical and mechanical properties (£5-6 %); stresses (+6-10 %); relative deformations
(£0.5-1 %); components of the energy balance (+12-15 %).

Table 1

Study on physical models of SSS change patterns

Standard structures Research Studied Research results
methods parameters

Single tectonic EM, OSM G, Tm When modeling on OSM a “dangerous” single fault in a homogeneous rockmass with
faults Ko,Kwn | a smooth, tightly compressed displacer at an angle of45° a divergence in the increase
of T, from 20 to 60 % was observed, with a break in continuity — up to 80 %, in a
layered rock mass with similar ranges of the divergence of T, — patterns with sharp
heterogeneity.

When modeling on EM in a layered rock mass, smoother changes in Ks from 15 to
50 % were observed, when modeling the approach of the stoping face to the displacer,
an additional increase in the maximum value of K5 by 70 % was observed.

The intersection EM c, Ko When modeling the sequential run of the stoping workings through the fault in-
of two faults tersection zone at an angle of 45° there was a significant redistribution of stresses
relative to the initial Ky (before the passage of the workings) and an increase in the
maximum K from 5.5 to 8.0.

Block-hierarchical EM c When studying a rock mass representing hierarchically subordinate blocks of IV-VI
rockmass ranks nested into each other with a size ratio equal to three, it was found that K de-
creases with increasing depth, but in the center of the blocks, with an increase
in the weighted average coefficient of friction along the boundaries of the
block increases, the nature of the distribution of Ksdepends on the location in
larger blocks.

Under the influence of stoping mining operations, there is a significant redistribu-
tion of stresses, which differs from the known patterns in the layered rock massby
large values of K- and the size of the influence zones of workings, as well as
nonlinear responses of the rock mass even to weak man-made impacts.

Layered-block EM G, loi The analysis made it possible to identify deterministic (average) block sizes
structures during secondary sediment and their stochastic characteristics, as well as
complex stochastic patterns of stress distribution within the blocks them-
selves with differences K- from 0.7 to 3.8, which became possible only after
the use of MDG-3 miniature sensors that do not affect the development of the
considered processes.
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Table 2

Approbation of a new EM modeling methodology in the study of geomechanical processes in blocky and layered rock masses
during underground mining of coal and ore deposits

Deposit

The research purpose

New research methods on
models from EM

Applied methods
of computer mod-
eling

The spread of
research results
by various
methods

Achieved results

JSC
Vorkutaugol

JSC SUEK-
Kuzbass

PJSC
Uralkali

Yakov-
levskoe
deposit
(KMA)

Korobkov-
skoye
deposit

of ferrous
quartzites

Determination of the
parameters of the vi-
olation of the conti-
nuity of the rock
mass when working
out the adjacent lay-
ers with two or more
longwalls

Complex  assess-
ment of changes in
the parameters of
physical fields dur-
ing dynamic roof
collapses

Assessment of the
danger of violation
of the continuity of
the protective layer
and determination of
the parameters of
disturbance in po-
tentially dangerous
areas

The forecast of the
safety of the protec-
tive pillar, taking
into account the
stope development
with increased pa-
rameters

Justification of the
deposit development
procedure

Development of new
methods for modeling
stoping operations on
the fall and across the
strike of coal seams

Application of a complex
of new sensors, IMS and
optical recording devices,
a practical method for as-
sessing the components of]
the energy balance

Reproduction of the
RJ/R: ratios in a wide
range, solving the in-
verse  geomechanical
problem of studying the
processes of displace-
ments in the presence of]
reliable initial data only
on the physical and me-
chanical properties of
rocks and the parameters
of the daily surface shift
troughs

The solution of the geo-
mechanical problem on
two  different-scale
models to account for
the impact of changes in
the technology of mining
productive layers on the
processes of displace-
ment, as well as the in-
verse geomechanical
problem based on data
on the shift troughs on
the horizon of produc-
tive layers and the day
surface

Modeling of the physi-
cal and mechanical
properties of a rock mass
taking into account the
structural  attenuation
coefficient with dif-
ferent order of working
out horizons and deter-
mination of SSS pa-
rameters and displace-

ment processes

RS2Software
Package

Rocscience

Simulia Abaqus
3DEC

10-15 %

10-20 %

The regularities of the formation of systems
of secant cracks, delaminations, gaping voids
in two mutually perpendicular sections of a
layered rock mass during the development of
adjacent layers by two or more longwalls,
taking into account the development of pro-
cesses over time after the finishing of stoping
works in longwalls.

The possibility of locating the centers of de-
struction of the model elements is proved, the
fact of a significant change in the oscillation
frequencies of the rock mass elements and
their accelerations during the collapse of the
main roofis established, the oscillatory nature
of stress changes in the bearing pressure
zones is established, characterized by a dy-
namic change in the stress maximum and its
movement relative to the outcrop surface, the
parameters of individual components of the
energy balance are determined.

In conditions of difficulty or impossibility of
obtaining reliable initial data on the nature of
deformation and destruction of elements of
productive seam development systems when
assessing the danger of water or salt solutions
breaking into the mine [5], a general tech-
nique for solving inverse problems using EM
modeling methods has been developed in the
presence of full-scale data on the develop-
ment of shift troughs in time by reproducing
displacement processes from the horizons of
productive layers to the day surface on
models to identify the possibility of formation
of continuous water supply canals and the
mechanism of their formation.

A method of physical modeling has been de-
veloped that allows to study the processes of
displacement and evaluate the parameters of
the slopes and curvature of the shift trough at
various horizons — from the protective pillar
(ore roof) to the earth surface, taking into
account changes in the technology of ore
deposit development.

It is established that the extreme values of the
curvature of the roof and the upper boundary
of the protective pillar do not exceed the
critical values at which the formation of water
supply cracks is possible.

The recommended procedure for mining the
deposit has been established, in which the
vertical sediments of the daily surface do not
exceed the permissible limits.
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End of Table 2
. The spread of
Deposit The research purpose New research methods on (ﬁ“pcl(j)lrl:gur:;trncﬁ— research results Achieved results
models from EM . by various
eling
methods
Izvestnyaki |development of re-| Modeling SSS in the|“Press3D Ural” 5-15%  |Methods and means of physical modeling on
mine of the|commendations on|elements of the develop-|software pack- equivalent materials made it possible to
Norilsk in-|the choice of pa-|ment system with|age reproduce the room-and-pillar system of de-
dustrial dis-|rameters of struc-|varying its parameters velopment during stoping operations with the

trict

tural elements of
the development

formation of ventilation windows for ventila-
tion of workings due to general depression, to

system and me-
thods of the roof
supporting

assess the heterogeneity of the loads of the
pillars, to determine the stability coefficient

Conclusion

1. The scientifically based principles of ensuring similarity in the reproduction and research on
models of equivalent materials of dynamic geomechanical processes in the underground mining of
solid minerals in blocky and layered rock masses on the basis of a universal complex similarity cri-
terion of stresses, deformations and the main components of the energy balance are presented.

2. New types of EM have been developed that satisfy the complex similarity criterion and allow
modeling various structures of blocky and layered rock masses.

3. It is proved that the use of the developed automated control system provides reproduction of
changes in various types of stress-strain state at the boundary of the studied area of the rock mass
caused by natural or man-made factors in a wide range of functional parameters — modes of specified
loads, deformations or mixed modes.

4. The scientific basis for determining both quasi-static and dynamic stresses has been developed
on the basis of the created measuring instruments in separate multi-scale structured areas of the rock
mass, during movements in block-hierarchical rock masses, as well as during the evolution of struc-
tural parameters of rock masses under the influence of mining operations.

5. The regularities of the dynamic processes development of deformation, destruction and move-
ment of individual structured elements of the rock mass in a wide range of velocities and accelerations
under the influence of gravitational forces and the elastic energy accumulated in them are established,
which makes it possible to take into account the dynamic parameters of physical and geophysical
fields when assessing possible dangerous consequences of dynamic phenomena.

6. Deterministic (average) block sizes at secondary sediments and their stochastic characteristics
have been established, as well as complex stochastic patterns of stress distribution within the blocks
themselves with differences in stress concentration coefficients in them from 0.7 to 3.8.

7. It 1s established that the magnitude of normal stresses in the center of hierarchically subordi-
nated blocks of IV, V and VI rank, nested into each other with a size ratio equal to three, decreases
with increasing depth of occurrence and increases with increasing weighted average friction along
the boundaries.

8. The effectiveness of the developed method of solving inverse geomechanical problems on
models made of equivalent materials in order to reproduce the known dynamics of changes in the
daily shift troughs to obtain data on the parameters of displacements and discontinuities in the rock
mass at different horizons is proved.

9. The regularities of the formation of a system of water supply cracks and delaminations in the
rock mass during the development of productive layers of potash deposits are established, the condi-
tions for the formation of through water supply channels are assessed.
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10. The reliability of using the modeling method on equivalent materials in simulating dynamic
geomechanical processes is assessed depending on the accuracy of reproducing the geometric
parameters of the rock mass structures, physical and mechanical characteristics of rocks, initial
and boundary conditions, as well as the accuracy of determining the parameters of physical fields
in the model itself.
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