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Purpose. Creating a methodology for geomechanical monitoring of mine workings as automated data-mea-
suring system of continuous monitoring, diagnosis and prognosis of the stress-strain state of border rock massif
and support.

Methodology. Complex combination of operations research theory and mechanics of underground construc-
tions, computer and physical modelling, mine instrumental observations.

Findings. The paper substantiates a new method of predicting the geomechanical processes and manifesta-
tions, as well as making decisions on ensuring the reliability of developments in their design, implementation and
maintenance in the rock massif with undefined properties. The method includes geomechanical monitoring,
physical and mathematical modelling, controlled at intervals according to the results of mine observations, and
allows quantitative assessment of the reliability of heading at different stages of the operational lifetime and the
interaction quality of the method, assets and the environment.

Originality. The scientific novelty of the proposed method consists in managing the reliability of headings as
the geotechnical system by adjusting its structure to the changing environment during the operational lifetime.

Practical value. An adequate description of rock pressure manifestations in development headings and rea-

sonable choice of adaptive ways and means to control the reliability of mine workings.
Key words: mine working, geomechanical monitoring, computer and physical modelling

Introduction. Nowadays while developing coal
deposits under complex geological conditions, ade-
quate stability of development workings during their
operational lifetime is not ensured by applied methods
and means in the form of arch supports made from a
special interchangeable section (SIS) and resin-grout-
ed roof bolts. On the one hand, this stems from the
disparity of branch prediction techniques for manifes-
tations of rock pressure in coal mines [1], based on a
deterministic, empirical approach to developing the
computation models, to changeable and in many re-
spects uncertain environment conditions of construc-
tion and maintenance of workings. On the other hand,
this is due to the complexity of reproduction of real
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geomechanical processes in the vicinity of the devel-
opment heading fixed by frame and roof bolting using
the applied methods. These difficulties consist in in-
sufficiently accurate consideration of the properties of
inhomogeneous and anisotropic rocks, including rhe-
ological ones, in excessive idealization of contact con-
ditions between arch supple support and rigid anchors
fixed along the entire length of holes with rocks, in ne-
glecting the nonlinear relationship of stress and strain,
in rock softening and loosening at their ultraboundary
deformation, as well as in variability of dimensions and
configuration of the assessed area within the time pe-
riod.

Unsolved aspects of the problem. To consider
the variability and uncertainty of geological and engi-
neering conditions of coal mining, the methodology of
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forecasting rock pressure manifestation and choosing
the ways and means to ensure the stability of the head-
ings must be based not only on improbable a priori in-
formation but, above all, on more accurate current and
forecast data obtained by geomechanical monitoring
based due to the research object complexity on an in-
tegrated approach, which includes mathematical and
physical modelling and direct measuring of the moni-
tored parameters in mining conditions. Using this in-
formation, as well as the optimality principle of indi-
cators which estimate the reliability of the heading,
one can obtain a flexible operational solution for the
problem situation, i.e. implement the concept of adap-
tive behaviour of a geotechnical system given in [2].
Thus, when solving the problem, you can switch from
a static model of the heading functioning to the dy-
namic one considering its specific behaviour through-
out the operational lifetime.

With this approach, the problem of the inadequacy
of the geomechanical models is solved by a skillful
combination of physical and computer modelling
methods, as well as due to the fact that the computa-
tion experiment has the task not to represent accurate-
ly the real phenomena, which is actually impossible
for such complex objects, but to obtain the results
which can be checked by using controlling parameters
directly in the mine. These simulation results are used
to determine statistical relationships necessary for pre-
dicting the manifestations of rock pressure with toler-
ance probability and making engineering decisions on
providing the stability of headings, which ensure mini-
mum risk.

The matter of such an approach to solving the
problem of insufficient stability of the headings is not
in choosing methods inter-related with specific forms
of rock pressure manifestations by rigid or plastic ties,
but in continuous advancing to the best solution due to
adaptive management, i. e. by adjusting the technology
to the environment [2].

The peculiarity of a rigid structure is in the fact that
to ensure the equilibrium state of a heading as a geo-
technical system, its elements (border rock massif,
rock outcrop and support) complement each other
over a full range of environmental conditions, whereby
the high organization structure is achieved. But such
systems are vulnerable to transient conditions of the
environment, since they are static and unable to un-
dergo a modification as far as the properties and stress-
strain state (SSS) of the rock mass vary.

The opposite type presents the systems formed
from a number of homogeneous similar elements fea-
turing interchangeability property and therefore plas-
tic structure of inter-connection with the rock pres-
sure manifestations. The examples of such systems are
the headings anchored with metal pliable support
made of SVP. By virtue of their similarity the elements
of such systems hardly complement each other and do
not have a high level of organization, but if environ-
mental conditions are changed they can be adjusted by
varying the parameters of support (a number of a spe-
cial section, the fitting density of the frames, pliability,
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unit resistance in a pliable operation mode etc.). Geo-
technical systems with such ties are poorly organized,
but they are able to change their form quickly, i.e. to be
plastic, that allows them to survive in the conditions of
the probability distribution of their properties.

Flexible systems are characterized by a combina-
tion of merits of rigid and ductile structures and differ
in available control. These geotechnical systems have a
high level of organization due to the complementarity
of different types of support (framed and anchored
ones), and feature high plasticity due to a combination
of different designs of the support. Frame and roof
bolting support satisfies the principles of flexible sys-
tem behaviour, which is able to modify its structure as
far as external conditions vary not only as a result of
combination of the frame and roof bolting support,
but also by changing the parameters of each type of
support.

The advent of powerful computers and information
technologies related to the modern “monitoring” con-
cept opened wide prospects for designing the flexible
geotechnical systems. Functioning of the geomechani-
cal monitoring system for the state of development
headings should not be limited just to continuous
monitoring of the rock massif state and predicting
dangerous manifestations of rock pressure, as it is cur-
rently performed in the mines which are dangerous
due to gas emission and rock bursts. Geomechanical
monitoring should be based on computer systems of
the operational data processing on the state of border
rock massif (e.g. stress, strain, hollowness, strength,
etc.) and a support (load-bearing capacity, pliability,
etc.). It should provide remote measuring and control
in real time, as well as giving the operator continuous
information on the state changes of rock massif and a
support to allow a purposeful design of the structures
which satisfy certain criteria considering the reliability
of a heading. Such monitoring systems should include
computer patterns of examined rock fragment as their
integral part and, if required, physical models of inter-
action between the support and rock meant for intel-
lectual analysis (diagnostics) of rock pressure manifes-
tations and giving recommendations for managing the
reliability of a heading.

Analysis of the recent research. Based on the
analysis [3—5] devoted to the numerical computer
simulation of geomechanical processes around the
headings considering the interaction of the support
and the rock, one can outline the following trends in
research direction for studying stress and strain state of
rock massif in coal mines.

Firstly, while solving geomechanical problems a fi-
nite element method (FEM) is most widely used,
therewith the applied models are sub-divided accord-
ing to the type of a problem to be solved (linear or non-
linear, flat or steric) and a method for producing non-
linear solutions. Existing application program pack-
ages allow solving spatial problems only in the elastic
formulation without considering the interaction of the
anchor support and rock massif. For adequate model-
ling of geomechanical processes calculation methods
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using SSS are constantly being improved and compli-
cated by taking into account the increasing number of
factors. In severe cases to obtain reliable solutions an
iterative principle is widely used because iterative
methods have proper convergence. Which of the geo-
mechanical parameters should be adjusted in the
course of iterations depends on the physical law which
establishes the relationship between stress and strain.
If a form of the matrix is chosen at the iterations, then
methods of variable rigidity are used, but if strain or
stress are adjusted, then they use methods of initial
strains and stresses. Sometimes it is impossible to find
out a relationship between full strain and stress, while
the ratio for their increments can be derived. Then the
iteration method is used for each load increment (e.g.,
depending on the distance from the tunnel, or stope)
or with time considering creep.

The wide use of computers for solving geomechan-
ical problems and striving to automation of calcula-
tions motivates the necessity to pay more attention to
the algorithm resistance to various types of errors re-
sulting from non-compliance with the boundary con-
ditions, incorrect discrete sampling of calculated area,
rounding of calculations, etc. Due to an increasing
number of the PC users who do not have fundamental
geomechanical training and are unfamiliar with the
numerical methods, there appear new requirements to
the programs and modelling algorithms for geome-
chanical processes, which have to become a part of the
geo-mechanical monitoring system headings state in
coal mines.

Secondly, a number of tasks for a more detailed re-
flection of the array structure and features of develop-
ment of geomechanical processes require steric set-
ting. However, because of rather hard ensuring the
adequacy of computer 3D-modelling of geomechani-
cal processes considering the interaction of rocks with
a support and a scale of computations, the principle of
decomposition of complex problems into more simple
occurs to be more perspective considering their hierar-
chical interdependence (analysis of stress-strain state
of the rock mass; the definition of the border zone
softening of rocks around the production, analysis of
the interaction of the lining to break the rock to deter-
mine its parameters), spatial interference (stope, de-
velopment heading, a separate section of a heading at
one distance or another from the stope or heading it-
self) and the time-base development of geomechanical
processes (initial state of massif, formation of a new
stress field in the influence zone of the tunnel face,
maintaining the heading in static field in time, the im-
pact of temporary bearing pressure of the first face,
etc.). At the same time to better reflect the characteris-
tics of the array structure, the geometric object param-
eters and mechanical properties of rocks, it is possible
to use a wide variety of options for FEM, or even a
combination of different numerical methods. Howev-
er, the issue of objective reflection of the matter of pro-
cesses at the border of conjugated areas examined us-
ing different models or different finite difference
methods, is still an open question.
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Thirdly, an increasing number of works is devoted
to detailed examination of the structure of rock massif,
record of heterogeneity and anisotropy of rock proper-
ties that significantly affect the SSS of rock around the
heading and manifestation form of rock pressure.
While solving multi-parameter geomechanical prob-
lems one should always keep in mind the so-called
“curse of dimensionality”. Increase in the number of
regarded parameters, especially under uncertainty
conditions, does not always result in rectification of
the computational model, but is usually accompanied
by complication of the problem and increasing com-
putation time. The truth criterion in this case can only
be the results of mine observations, and while solving
the problems lacking major geo-mechanical parame-
ters (e.g. coefficient of horizontal stress, rheological
parameters, etc.) one should use the principle of grad-
ual narrowing of the factored space and methods of
rational planning of computing experiment (e.g., La-
tin Square method).

Fourthly, nowadays when modelling geomechani-
cal processes, a growing number of works regard not
only plastic and rheological properties of rocks, but
their ultimate and transcendent state (with rocks soft-
ening and loosening) and the geometric nonlinearity,
i.e. a problem with large displacements is formulated.
Moreover, one should keep in mind that their result
depends on the way of solving the problem, i. e. there is
a possibility to obtain a non-unique solution or the re-
sult with no physical meaning. In such cases, the load
is preset in small intervals and a nonlinear solution is
obtained for each individual interval with checking if
the equilibrium conditions are satisfied.

Thus, despite a large number of used geomechani-
cal models, it should be noted that their basis is made
of classical-empirical methods of solid mechanics, and
the variety of tasks suggests the universality of the FEM
and application perspectiveness of this method to solve
geomechanics problems within the geomechanical
monitoring system. However, methods of computer
simulation face serious obstacles when studying the
mechanism of interaction between the frame support
and anchors with border rocks and determination of
their common bearing capacity in a single geotechnical
system depending on the control action.

In this case, the computer model can be amplified
with methods of physical modelling [6], based on the
similarity theory, dimension theory, and allowing dis-
playing in certain scale a structure and physical-me-
chanical properties of border massif interacting with
the support.

Objectives of the article. The aim of this study was
to develop new methodological approaches which en-
sure the prognosis adequacy for rock pressure manifes-
tation within geomechanical monitoring system through
a combination of computer and physical modelling.

Computer modelling. Background experience in
providing the stability of development headings using
the above approach allowed developing a methodolo-
gy of solving the problem, whose algorithm for visual
presentation of some steps is shown in Fig. 1—4.
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Objective: to ensure the stability of a heading using
the adaptive support

Block 1. Analytical-experimental solution of the problem!

Simulation of stress-strain state of rock massif
with a large-scale spatial weighty model

a heading with a detailed weightless model “‘

Block 2. Development and correction of fastening
design when usjng the heading

|| Geomechanical system parameter control using

|
|
|
|
|
|
|
|
: Modelling of geomechanical processes around
|
|
|
|
|
|
|
: adaptive support

Project for developing, supporting
and maintaining the heading

Fig. 1. Solution scheme for the problem on provid-
ing the stability of a heading using an adaptive
support

Substantiation of a large-scale spatial model
of geotechnical system

ppE— | h—
L. Substantiation
Substantiation of the structure Substantiation
‘Of l?oundary .and of coal seam of geomechanical
initial pondmons, thickness and and geotechnical
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dimensions of individual
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Testing the stress-strain state of rock massif in around
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L - Technological Geomechanical
ocation parameters .

regardin Shape and of headin characteristics
the ftructugral dimensions develo me%lt of rocks,
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inhomogeneity and second o

working rock jointing

Substantiation of minimum dimensions of a detailed model
and initial stress field for different stages of heading operations

' :

‘While maintaining While maintaining
beyond the influence inside the influence
zone of second zone of second
working working

‘While making L,
the heading

Fig. 2. Scheme of choosing a research model of geo-
mechanical processes around a single heading
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The general structural and logical scheme for solv-
ing the problem is shown in Fig. 1; it comprises two
blocks. Block 1, which includes analytical and experi-
mental research methods, aims to study SSS of rock
massif with a large-scale spatial model and simulation
modelling of geomechanical processes around the
heading with the detailed weightless model for assess-
ing the border state of rocks and determining the shifts
of rock circuit in the heading. Block 2 is aimed to de-
velop a project supporting the heading at its develop-
ing and adjusting the project during the operation of
the heading in changeable conditions by controlling
the parameters of geotechnical system using an adap-
tive support.

The matter of the problem consists in:

- predicting rock shifts in the heading considering
the interaction with adaptive support, which allows
measuring rock shifts in any direction radially with re-
quired accuracy;

- predicting a state of an arbitrary cross-section of
the heading fixed with a metal arch support of special
section by calculating the arch for strength and stabil-
ity taking into account the active arch thrust, sealing
and strengthening the crashed rock in around a single
heading;

- predicting a critical ratio area of geomechanical
and mining parameters of the “massif-support” sys-
tem which requires special measures to ensure the sta-
bility of the heading including the operation of the
heading.

Let us study the individual stages of the problem
solving in detail. The first phase is objected to simulate
SSS of the massif'in order to stipulate the size and initial
stress field of the detailed model aimed to simulate geo-
mechanical processes in around the heading. The struc-
ture of this stage (Fig. 2) includes three sub-tasks tar-
geted to substantiate collectively a geomechanical mod-
el for studying processes of deformation and destruction
of rock massif around the heading adequate to real con-
ditions. The objectives of the first phase are extremely
important since the accuracy and reliability of the re-
sults regarding the forecast of the heading state depends
on the thoroughness of examining the calculation
schemes, boundary and initial conditions, behaviour of
individual elements of the geomechanical system. These
tasks are interrelated with the common goal, which con-
sists in determining the initial stressed state of rock mas-
sif in around the heading. The first task is to substantiate
a large-scale spatial model of rock massif and covers:

- substantiation of boundary and initial conditions,
determination of spatial model dimensions consider-
ing inter-influencing headings and second working;

- substantiation of the structure of coal seam thick-
ness and properties of individual layers;

- substantiation of geomechanical and geotechni-
cal parameters (heading depth, development tech-
niques, support type, method of protecting the head-
ing, method of rock pressure control in a longwall,
heading location regarding the coal layer etc.).

The second task has been testing the stress-strain
state of rock massif in around the heading through
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Simulation of geomechanical processes around a heading using
a detailed model of the geotechnical system

Rock massif simulation using a flat model S%mulano.n
of interaction
between
i a pseudo spatial
it fragment of rock
. Substantiation Substantiation %nassif and
Substantiation of graph
- of stress state liable support

of mechanical parameters for p PP

. parameters
rheological ultraboundary
feat Frock behavi at a model
eatures of roc ehavior boundary
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# l Calculation of internal
Determining the rock circuit shifts forces in support as a rod
of headings system onto preset load
(movement)
Permissible movements Determining Calculations
of rock circuit within the density of support of support strength —
a heading mounting (stability)
Control of parameters of a geotechnical system

using an adaptive support

Fig. 3. Scheme of simulating with a detailed model and determining the parameters of support

| Determining rock circuit shifts |

I !

Simulation for n
implementations

| Underground measurements

e

| Calculating kr |

'

Distribution of k¢
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Visual
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Getting correlations k= f{¢)
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Shifts U, in specific Shif calculation Uy
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Fig. 4. Algorithm for determining rock circuit shift in a heading according to the results of imitating simula-
tion on a flat model
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complex test calculations to study the effect of space
geometry parameters (heading location regarding the
structural inhomogeneities, adjacent mines and sec-
ond workings, the shape and size of headings, inclina-
tion of the heading etc.) on SSS as well as that of geo-
mechanical parameters (thickness of the individual
layers, rock inclination, stratification and rock junc-
tion, mechanical characteristics of rocks and planes of
their softening etc.) and technological parameters
(e.g. the form of a face, rock destruction methods,
type of support, a roof type according its ability to col-
lapse and hang over the open area). This task requires
a large number of test calculations to establish the
main factors influencing the SSS of rocks in around
the heading. It involves making changes to the original
model, so this stage supposes to have feedback with
the objectives of the first phase.

The third objective of the first stage consists in sub-
stantiation of the detailed model and initial stress field
in different periods of heading operations starting with
its developing to maintaining it in an influence zone of
second working. It involves reflection of a temporary
logical sequence of geomechanical processes forma-
tion when solving the problem of heading sustainabil-
ity: nucleation of an inelastic deformation zone in a
changeable stress field caused by building a heading;
further development of the destruction zone beyond
the influence zone of second working in the stationary
stress field, however, with changeable rock strength
due to their intrinsic rheological properties; sharp
changes in rock pressure manifestations influenced by
second workings, which is implemented in an alternat-
ing stress field caused by periodical shift processes,
collapse of rocks and hanging over the open area.

As it can be seen from the first phase structure
(Fig. 2), all tasks and subtasks are interconnected by
logical ties and relationships occurring in a real object.
The procedure of test calculations consists in making
any changes into the geomechanical model based on
the analysis of the results obtained during the previous
SSS test calculations. The final result of the first phase
is a geomechanical model with such initial stress field
where the main features of the deformation of the sim-
ulated rock massif around the development heading
can be displayed.

The second phase structure given in Fig. 3 suggests
two possibilities of modelling options for geomechani-
cal processes around the heading using a detailed
model being a part of a large-scale spatial model:

- modelling of geomechanical processes using a flat
model, which allows reproducing the original rheo-
logical and mechanical properties of rocks in more de-
tail, to record a diagram of ultraboundary behaviour of
rocks in the zone of their destruction, and substantiat-
ing more accurately the parameters of the initial stress
state at a model boundary followed by calculation of
the internal forces in support units as a rod system for
preset load (movement);

- simulation of direct interaction of a pseudo spa-
tial fragment of rock massif and frame support imple-
mented in the form of a rod system having pliability
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and interconnected with rocks in separate units de-
scribed with special finite elements with unilateral
elastic ties of given rigidity considering the tangential
rock movements and their friction with the contour of
support.

While determining rock circuit movements in the
heading for eliminating the uncertainty in presetting
the initial stress field and rock properties based on the
known manifestations of rock pressure in the heading,
the inverse problem is solved, whose algorithm is given
in Fig. 4. The implementation of the proposed method
consists in the following operations:

- multiple solution of the main geomechanical task
through FEM on evaluation of possible manifestations
of rock pressure W, with known y and unknown be-
forehand & conditions for different types of solution for
xe X(W=f(1, X, £));

- determining the actual indices W, rock pressure
manifestations in certain conditions according to the
pictures of distribution of interstitial cavity index k,us-
ing instrumental observations;

- assessing the parameter parts § by comparing the
simulation results W with observations in a mine W),
for choosing the decision x = x*, when calculated pa-
rameters to the maximum extent meet actual data;

- determining x* for the solution sought which is
characterized by the found set of parameters y and &,
correlations with similar natural values, which are used
for current predicting of rick movements and support
load till the next control point.

It should be noted that x, y and & are not numbers
in a general case, but vectors, being put under limits
narrowing down the factor space. If the number of
possible solutions constituting a set X is not big, then
its determining is possible using simple exhaustive
search. With a great number of factors x* searching by
simple exhaustion becomes really impossible, so it is
reasonable to use a direct exhaustion method, when
desired solution is found by continuous narrowing
down of the factor space.

Simulation results are presented as a picture of rel-
ative deformation distribution and shapes of plastic
range of stress (PRS) due to which one can define their
dimensions in specific directions and the area; more-
over, a form of rock pressure manifestation is diag-
nosed. The given summation of calculated data is
compared with mine observation results objecting to
choose such a solution when compared rock pressure
manifestations could be mostly similar. Above all,
matching condition should include a qualitative ana-
logue of kinetics of movement of destruction front of a
group of intermediate state of elements which they
have when the destruction zone is being formed and
the PRS form at certain distance z from the face of the
heading. The development mechanism of geomechan-
ical processes is visually assessed through a display. It
allows immediately throwing aside from the record
those solutions, which do not match natural data dra-
matically and gives an opportunity to put initial multi-
tude of choices to the limited number whose further
analysis is done using the quantitative criteria.
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The first quantitative criterion is relation of equal-
ity of destruction zone dimensions to the radius of the
heading (»/R) in certain directions for one and the
same point of time. It allows additionally putting aside
the solutions x, which do not match mine measure-
ments on SSS configuration and being restricted to an
analysis of a small number of calculation choices. The
final choice of the required option is based on the idea
that mine measurements will match better that loading
scheme and group of parameters whose algebraic sum
of deviations for measured and calculated parameters
with the relative area of the destruction zone is zero,
i.e.

DS, —(S,),1=0, (1)

where (S,.); and (S,,),, are relative areas of the de-
struction zone consequently according to the results of
simulation and geomechanical control.

Occurrence of uncertain factors which influence
(S4,)s, changes this problem from being purely mathe-
matical into the problem of choosing the solution in
uncertain conditions considered in a theory of opera-
tion investigation. Herewith, a man, who has a number
of methods available used depending on the type of
uncertainty (stochastic, nonstohastic), makes a deci-
sion. In our case, when probability distribution of un-
known factors basically exists, but it cannot be ob-
tained by a decision making moment, it is reasonable
to apply an adaptive control algorithm. On the ground
of matching the results of mine measurements with
simulation data at moment #, we set in advance some
characteristics of random factors and values of control
parameters supposing preliminarily they are not accu-
rate and not optimum. As far as information is accu-
mulated at moments #,, #; the characteristics of uncer-
tain factors are changing, so that matching of mining
and calculated data will increase rather than reduce.

Nonconformity problem of calculated movements
is solved by matching the simulation results with on-
site measurements and obtaining stochastic depen-
dences between relative softening g,, deformations and
interstitial cavity index k,in specific directions (along
and across bedding, at 45° to stratification lines) and
for different types of rock. While accumulating data,
the relationship between the above values is specified.
Within the intervals of measurements the obtained de-
pendences are used to predict variation limits for k,
index with preset reliability in all elements of massif
involved into a deformation process. Knowing a gen-
eral distribution picture for interstitial cavity index
k= f(x, y, z, 1) for rocks around the heading by PRS
depth integrating, you define total opening of cracks
along the set direction numerically equal to the dis-
placement of the point in the circuit. The integration
having been done in several directions, a new position
of rock outcrop is developed being a result of rock de-
formations in around the heading.

According to simulation results a new heading con-
tour, which corresponds constant distance from a face
to a longwall, is built for each calculation choice, or
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the heading lifetime 7 and certain stake; the section
area S, is defined due to the circuit changed. Calcula-
tion results for each moment of time ¢ are used to cor-
rect conditions of interaction between the frame sup-
port and rocks.

The initial section area of the heading .S,,, being
known, dimensionless parameter k,, = S,,/.S,, is cal-
culated, i.e. relative change of the horizontal section
area of the heading used for assessing the heading sta-
bility and its operational suitability for further produc-
tion (reliability), including the personnel and trans-
port movement factor, ventilating efficiency for mine
field site etc.

First of all, a suitability test for the heading section
firstly, is performed to meet safety requirements (e. g.,
concerning the permissible value of horizontal verti-
cal pliability of a support, minimum permissible free
clearance for a man’s safety walk and moving of
transport, maximum permissible value of floor heav-
ing in a heading in relation to preservation of mine
railroad etc.).

Testing the support state in the heading at the sec-
ond stage of simulation is conducted not only by deter-
mining the density of support frames setting according
to [1], but regarding the boundary states as well, when
reaching them it stops meeting the preset operational
requirements. It should be noted, that supports in the
heading are under the same calculation rules as metal
structures based on construction norms and standards
which cover two groups of boundary states: concern-
ing a bearing ability loss and concerning suitability to
normal operation.

The calculation regarding the first group of bound-
ary states is conducted on the preset loads considering
the calculated resistance of the material and is intend-
ed to prevent the destruction and loss of stability of
constructions. The calculation regarding the second
group of boundary states is done on standard loads
considering regulatory standard material resistance
and has a purpose to prevent excessive deformations
and support displacements. This design boundary
state of support should be selected depending on the
nature of rock pressure manifestations and the role of
the heading in the operation of mine.

When calculating the support regarding the bound-
ary state, one should distinguish between the bound-
ary status of a separate section and construction as a
whole. Considering the work of a metal pliable support
for the whole lifetime of a heading (from its construc-
tion to destruction), it is possible to identify a number
of qualitatively different stages of its operation: a rigid
(elastic) one, rigid-plastic, pliable ones, formation of
plastic hinges in the individual sections, and finally,
the destruction of the support. Moments of the sup-
port transition from one stage to another correspond
to the boundary states of this or that element (section)
of the construction. Quantitatively, they are character-
ized by maximum values of internal forces (bending
moments, transversal and longitudinal forces) which a
separate cross-section is able to accept on one or an-
other stage of work; moreover, maximum values of in-
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ternal forces are linked by certain correlation whose
form is determined by the load value, movements of
heading circuit, rigidity of backfill material, occur-
rence of cavities behind the support, a type of special
section, types of pliable units, occurrence of anchors
and other factors (often unknown).

Since the support works with rocks in the mode
of inter-influencing deformations, that is in direct
contact with the rock outcrop, the occurrence of
boundary conditions (plastic hinges) in one or even
more sections does not result in exhausting the op-
erational ability of the support and it partly main-
tains its operational ability, but with rather low val-
ues of probable uptime. So, there comes a change in
the rigidity of a support as a structural unit by elimi-
nating one tie and including the others. Therefore,
consequently, interaction conditions between sup-
port and bearing rocks change, i.e., the calculation
scheme changes as well. Thus, adequate assessment
of operational ability of a support on boundary states
considering the influence of the plastic hinges can be
given only by the sequential calculation, based on
consideration of all the periods of the lifetime of the
heading, i.e. all working stages of the support under
changing load.

Conclusions. Presented principles of imitating
simulations of rock pressure manifestations and calcu-
lation of support in the heading allow choosing pa-
rameters of active control methods for stability of rock
outcrops in uncertain conditions on the basis of more
reliable information. This combination of control of
the massif state and the support, as well as of the imi-
tating simulation, in fact, represents a new methodol-
ogy for current prediction of multiparameter geome-
chanical processes and phenomena while developing
and maintaining the headings being the basis of geo-
mechanical monitoring.

Physical modelling. Since boundary rock massif
being the main load-carrying element of geotechnical
system is deformed under conditions of interaction
with the surrounding rocks, i.e., in the mode of speci-
fied deformation, and reducing of bearing ability of
rocks below the strength limit does not mean the dis-
ruption of the normal operation of the heading, the
computer simulation of geomechanical processes us-
ing detailed models are conducted using theory meth-
ods of ultraboundary deformation. In this regard at the
stage of studying the parameters of diagrams of ul-
traboundary behaviour of rocks (Fig. 3), including the
interaction with a support at its thrust, or anchors, you
must know the original strength and deformation
properties of rocks and their changing with the devel-
opment of geomechanical processes.

Typically, properties of extremely tense rocks are
studied on small samples by testing them using a hard
test machines or triaxial compression machines. Tests
on rigid press machines are usually performed for uni-
axial compression, and the accuracy of the parameters
is low and depends on the rigidity of the loading sys-
tem, the contact conditions between the sample and
pressing plates, absolute and relative dimensions of the
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sample. Tests in triaxial compression machines imple-
ment volumetric stress state matching the load which
rocks undergo in massif. The so-called Karman
scheme (o1 > 62 = ¢3) is the most common which cor-
responds to the stress state of rock massif not affected
by a heading (generalized compression). The results of
such tests are used to make the rock strength passport.
The testing of samples in triaxial compression ma-
chines by kind of generalized tension or the so-called
Becker’s scheme is rather rare, although within the
boundary area of rock massif there occurs three-di-
mensional stress state that is close to this scheme.
However, these methods require special equipment
and are very labour intensive because of the complex-
ity of sample preparation. In addition, results obtained
by all above methods on small samples are very differ-
ent from the properties of natural rocks due to large-
scale effect and do not regard the interaction of rocks
with a support.

Around the heading in stress concentration area,
which defines geomechanical processes, one-sided-
component stressed state of rocks (ol > 62 > ¢3) is
generally implemented, which is reproduced in the
special machines for three-dimensional loading. Such
machines are unique, they allow getting any stress state
of rocks, but do not eliminate the drawbacks relating to
the small sample testing technology.

On the other hand, there is a method of physical
modelling on equivalent materials, based on theories
of similarity and dimension which allows reproducing
the actual process of mineral excavation at a preset
depth of its bedding, but without giving mechanical
characteristics of rock massif around mine working
considering interaction of rocks with a support.

The paper presents a set of methodological and
technical solutions to overcome the drawbacks inher-
ent to the methods of direct rock sample testing, and
to develop a method of physical modelling to be in-
cluded into general geomechanical monitoring system
based on a new approach to process simulation for
joint deformation of rocks and support in a single
load-bearing system.

The proposed solutions are based primarily on the
experience of creating small-scale research models of
geomechanical processes on the rock equivalent mate-
rials considering interaction between rock and support
[6]. The matter of the new approach of physical mod-
elling is not in strong reproduction of a support design,
and simulation of its impact on the massif and in ob-
serving the thermodynamic similitude for a stress-
strain diagram of the “support-massif”’ system and
rock strength passport (unloaded and softening, com-
pacted with active thrust, held together by injection or
anchors, etc.). This approach allows implementing
virtually any stress state and various types of structural
building of a rock massif. It gives an opportunity to ex-
plore regular patterns of changes of the model proper-
ties of rock massif at all stages of deformation up to
ultraboundary and find geomechanical and techno-
logical parameters whose values are important to solve
a particular practical problem.
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Such kinds of problems at physical modelling are
the most difficult, because it is required to ensure
maximum compliance to field conditions for a partic-
ular object in these models. As quantitative character-
istics of the main affecting factors are uncertain and
may vary within certain limits, design schemes for
models should provide opportunities to reproduce
these factors in the models in concerned limits as well.
Through this approach it is possible to get the closest
approximation to the real geomechanical processes
and provide massive scale testing, realized by repeating
certain experiments and necessary for introduction of
statistical variability indicators.

With such simulation for transition from parame-
ters obtained under laboratory conditions to the nature
they must be strictly complied with the criteria of sim-
ilarity, while regarding controlled deformation mode
of massif beyond strength limits, unit stiffness of the
press should be higher than stiffness of a tested sample.
The latter condition is fulfilled by reducing the rigidity
of the model made of low-strength material rather
than by increasing the rigidity of the press. With this,
decrease in a labour-intensity of simulation and ob-
taining the mathematical dependence of the mechani-
cal indices of rock massif deformation (including the
descending branches of the diagram) on the control of
process parameters is achieved through the application
of mathematical methods of experiment planning.

This approach to physical modelling was imple-
mented in Donbass State Technical University (Lisi-
chansk, Ukraine) in recent years and its results were
displayed in a number of published papers [2, 7, 8].
The list of proposed methodical solutions and devel-
oped techniques is given below:

- equivalent materials with parameters which pro-
vide following the criteria of mechanical similitude for
strength and strain properties of rock massif and rock
strength passport, as well as methods for operative se-
lection of material content, equivalent to mine rocks
using the theory of experiments planning;

- devices and tools for simulation of frame support,
anchors of various types, and relays which allow deter-
mining forces, movements, stress and strains in a
whole range of scale modelling with sufficient accu-
racy;

- an automated control system for loading the
models which involves electromechanical mechanisms
and transformers which allow implementing various
kinds of stress state of a rock massif model [§8]. Man-
agement for the system is performed through the com-
puter by using a specialized software allowing to repro-
duce random diagrams of deformation of a rock massif
model, both static and in time in the mode of preset
deformations;

- a set of mathematical models for describing the
behaviour of monolith, crumbling and plugged massifs
at their interaction with a framed and anchored sup-
port including softening of rocks, depending on con-
trolled technological parameters for on-line calculat-
ing required values within common system of on-line
geomechanical monitoring [2].
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Research conclusions. In this manner, the pro-
posed method of physical modelling suits naturally a
common system of geomonitoring in the form of its
mathematical models or as a tool testing adequacy of
computer programs. This approach allows increasing
prediction accuracy for rock pressure manifestations
in the headings and to substantiate the recommenda-
tions on control of heading stability in changeable and
uncertain conditions on the basis of using adaptive
methods and means.
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MeTta. CTBOpeHHSI METOM0JIOTi1 TeoMeXaHIYHOTO
MOHITOPUHTY TipHUYUX BUPOOOK K aBTOMATU30Ba-
Hol iH(opMalliliHO-BUMipIOBAJILHOI CUCTEMU Oe3me-
PEPBHOTO KOHTPOJIIO, MiaTHOCTUKU Ta MPOTHO3Y Ha-
MPYXEeHO-Ae(POPMOBAHOTO CTaHY MPUKOHTYPHOTO
MacUBY U KpiIJIEeHHS].

Metoauka. KoMIuieKCHe MOETHAHHS Teopii J0-
CJIIIPKEHHS orepaliii, MexaHiku Mig3eMHUX CIOPY/I,
KOMIT’ IOTePHOTO Ta (Pi3MYHOTrO MOACTIOBAHHS, IIaX-
THUX IHCTPYMEHTAJIbHUX CIIOCTEPEXKEHD.

PesynsraTii. Y po60Ti 06rpyHTOBaHA HOBA METO-
JIOJIOTiSl TIPOrHO3YBaHHSI FeOMeEXaHIUYHUX MPOLECIB i
MPOsIBiB, Ta MPUUHSATTS pillleHb IIOA0 3a0e3MeYeHHS
HaAifHOCTI BUPOOOK MpU IX MPOEKTYBaHHi, MPOBE-
JIEHHI Ta MiATpMMaHHI B IOPOAHOMY MacCHUBi 3 HEBU-
3HAYEHWMU BJIACTUBOCTSIMU. METOMONOTisT TIOETHYE
TeOMEXaHIYHUI KOHTPOJIb, (hi3WUHE I MaTeMaTUUHe
MOJIEJIIOBAHHSI, 1110 MEPIOAUYHO KOHTPOJIOETHCS 3a
pe3y/ibraTaMu IIAaXTHUX CIIOCTEPEXEHb, i J03BOJISIE
KiTbKiCHO OLIiHIOBATHM HAamiliHICTh BUPOOKM Ha pi3-
HMX eTamax >XUTTEBOTO LMKy Ta SIKiCTb B3aEMOil
crnoco0y, 3aco0iB i cepeaoBuIlIa.

Haykosa noBusHa. HaykoBa HoOBU3Ha 3arporno-
HOBaHO1 B pOOOTi METOMOJIOTI1 MOJIsAra€e B yrpaBiHHi
HaJiHICTIO BUPOOKU SIK TEOTEXHIYHOI CUCTEMU LIS~
XOM aJanTallii il CTpyKTypU 10 MiHJIUBOTO CEPENOBU-
1112 TIPOTSITOM YChOTO KUTTEBOTO LIUKITY.
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IIpakTuyHa 3HAYMMICTB. AJEKBATHE OMUCAHHS
MpPOSIBiB ripChbKOro TUCKY B IiATOTOBYMX BUPOOKaXx i
oOrpyHTOBaHUI BUOIp agalTUBHUX CIIOCOOIB i 3aco-
0iB yIpaBJliHHS HaAiMHICTIO TIPHUYUX BUPOOOK.

KuiouoBi cioBa: eipnuua eupoobka, ceomexamiu-
HULl MOHIMOPUHE, KOMN tomepHe ma QizuuHe mooe-
AH0BAHHS

enb. CoznaHue METOI0I0TUN TeOMEXaHUIEeCKO-
O MOHUTOPUHTA TOPHBIX BIPAOOTOK KaK aBTOMAaTH-
3UPOBaHHON MHOOPMALIMOHHO-U3MEPUTETBHOU CU-
CTeMbl HETIPEePbIBHOTO KOHTPOJS, NUArHOCTUKU U
MPOTrHO3a HAMPSKEHHO-Ae(hOPMUPOBAHHOTIO COCTO-
STHUS TIPUKOHTYPHOTO MacCHUBa U KPEITH.

Metoauka. KoMIUieKCHOE codYeTaHue TEeOpUuu
HCCIICIOBAHUS OTIepallnii, MEXaHUKH MOI3EMHBIX CO-
OpYKE€HUi1, KOMITBIOTEPHOTO U (PU3UIECKOTO MOIEC-
JIMPOBaHUSI, IIAXTHBIX MHCTPYMEHTAJbHBIX HaOJIIO-
NIEHUN.

Pe3syabsraThl. B pabote o60ocHOBaHa HOBast METO-
JIOJIOTUSI TIPOTHO3UPOBAHUSI TeOMEXaHUUYECKUX MPo-
LIECCOB U MPOSIBJIEHUN, a TAKXKE MPUHATUS PELIEHUNA
M0 O0EeCNeYeHUI0 HaAeXKHOCTU BBIPAOOTOK MPU UX
MPOEKTUPOBAHUU, MPOBEACHUU W MONNEPKAHWUU B
MOPOJHOM MAaCCHBE C HEOIpPeIeIEHHbIMU CBOMCTBA-
Mu. MeTonoorusi BKJIo4aeT B cebsl reoMexaHuve-
CKUI KOHTPOJIb, (GU3NIECKOE U MAaTEMATUIECKOE MO-
IeTUPOBaHNe, TIEPUOOUICCKI KOHTPOJIUPYEMOEe II0
pe3yiabTaTaM IIaXTHBIX HAOIIOACHUI, W ITO3BOJISIET
KOJIMYECTBEHHO OLICHMBATh HAJEKHOCTh BHIPAOOTKH
Ha pa3JIMYHBIX 3Tarnax XMW3HEHHOTO IUKJIAa U Kaue-
CTBO B3aMMOJEMCTBUS CII0CO0a, CPEICTB U CPEbI.

Hayuynas HoBu3zHa. HayyHass HoBM3Ha Ipeasio-
JKEHHOI B paboTe MEeTOMOJIOTUM 3aKJIoJyaeTcs B
VIIpaBA€HUU HAAEXKHOCTBIO BHIPAOOTKU KaK reoTeX-
HUYECKOUW CUCTEeMBI MyTEeM aJanTalliy €€ CTPYKTYPbI
K U3MEHYMBOW Cpelie B TEYEHUE BCEro >KU3HEHHOTO
LIMKJIA.

IIpakTUyecKkasi 3HAYMMOCTb. AICKBATHOE OIU-
caHmMe TIPOSIBJICHU TOPHOTO MaBJICHUS B TIOATOTOBU-
TeIbHbIX BBIPAOOTKaX U 000CHOBAHHbIM BHIOOD ajar-
TUBHBIX CITOCOOOB 1 CPENCTB yIIpaBIeHUS HAIEKHO-
CTbIO TOPHBIX BEIPAOOTOK.

KiroueBble ciioBa: copras evipabomka, eeome-
XAHUYeCKUU MOHUMOPUHE, KOMNbOMEPHOe U pu3u -
yeckoe mMoodeauposanue
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