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Abstract. The purpose of this study is to establish the mechanism of interaction between stresses and
strains and their quantitative values at the intersection of stoping and development headings to optimize
methods for controlling the behavior of the rock massif. The research complex includes priority methods
with experimental confirmation of the calculated parameters by geophysical studies, including stress
calculation by a sensor system and surveying leveling to measure deformations using support frames. The
properties of the massif and the role of faults and macro-cracks in the development of a field of a complex
structure are systematized. A method for studying the stresses and deformations of rocks at the intersection
of stoping and development headings is given. The patterns of the rock massif behavior at the point of
intersection are established. The article provides quantitative values of changes in the physical and
mechanical properties and stability of rocks at the point of intersection. Massif was differentiated according
to the magnitude of the effective stresses in different phases of the intersection. Stresses for specific
conditions were calculated with the determination of the reliability of the mining site. The patterns of

change in stresses and strains in time are noted.

1 Introduction

The operated deposit is an underground structure with an
internal arrangement and a system of elements. The
construction parameters are calculated by methods of
structural mechanics, which includes the principles and
methods for calculating the strength, stiffness, and
stability of structures. Structural mechanics is a tool for
calculations related to the strength, stiffness and stability
of both individual elements and the structure as a whole
[1-3].

The safety of underground structures is assessed by
comparing the actual value of the risk with its value,
established based on a situation analysis. For the sake of
objectivity, comparable construction geotechnologies
should be comparable in the maximum number of
features: ore reserves, dip angle, ore and gangue rock
characteristics, plant production capacity, and cost of
operations. When comparing technology, the risk
indicator can be determined by one main parameter, for
example, by the bearing capacity of a structure from
rocks exposed by mining.

The control effect on the strength of the system
consists in the use of parameters at which the strength of
the bearing rock structures is ensured by the residual
strength of the rocks and the stresses of the lateral active
rocks pressure, which can be increased by hardening the
rocks.
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Controlling the strength of the rock structures
consists of the implementation of the residual bearing
capacity of the rocks by limiting the size of the spans of
the workings. Within geomechanically balanced areas,
underground and  construction  geotechnologies
minimized in terms of labor and materials costs can be
applied.

The greatest danger to underground objects is the
critical deformation of the rock mass in the case of
insufficient strength of natural or artificially created
supporting structures - pillars, which depend on the
spans of exposure of the rock roof between the supports.
The processes in the rock masses are stochastic, the
initial information for solving the technical and
economic problems in the mining industry is
probabilistic, so the evaluation of the behavior of the
massif and its impact on underground objects is a serious
problem, the relevance of which increases with the scale
of the expansion of mining in the deep of Earth.

To increase the safety of natural-technogenic
structures, the safety margin of the pillars is sought to be
increased. This is accompanied by an increase in ore
losses in the security pillars and an increase in the cost of
materials for the construction of artificial supports.

The underground structural analysis employs general
laws of mechanics and proportions that take into account
the physical and mechanical properties of the rock mass,
the conditions of the interaction of elements, parts and
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structure base. According to the measurement results, a
design scheme for the structure and a mathematical
model in the form of a system of recurrent equations are
formed. The advantages of structural mechanics in the
mining industry include the ability to solve dynamic
problems because the underground structure is a system
operating under the influence of variable dynamic loads
and force fields [4-6]. A prerequisite for the safe and
efficient underground exploitation of mineral deposits is
accounting for and using the properties of the ore-
bearing rock massifs. The quality of the extracted raw
materials and the number of expenses for managing rock
structures depend on the completeness of property
accounting; therefore, the dynamic of stresses and strains
in the process of mining ores is the goal of field studies,
including geophysical and surveying methods.

The safety and efficiency of mine development are
ensured by preventing critical stresses in the elements of
the ore-rock-ground system, arising from the interaction
of man-made (caverns, explosion seismic, vibration, etc.)
and natural (tectonics, gravity, seismicity) factors of
field development. The increase in the depth of mining
and the increase in mineral extraction enhances the scale
of the impact on the ore-bearing massifs, the stability of
which is the result of the interaction of the emerging
force fields. The most dangerous conditions are created
when the ore bed is intersected with workings.

The experience gained in controlling the properties of
an array can be reduced to the following:

- in underground mining, fractured rocks have
residual strength and are capable of creating supporting
structures;

- the use of rock structures during mining is an
effective  way to improve the performance of
underground and construction geotechnologies;

- the reliability of the control of rock masses state
enclosing mountain objects is increased by using
measures to adjust the sizes of structural blocks by
technological means;

- the use of rock structures creates an economic
effect, reducing losses entirely and improving the quality
of mineral resources extracted, and reducing the cost of
labor and materials for the control of rock pressure. The
rocks of different ages in the geological structure of rock
deposits are involved. The leading role in the structure
and ore content of the deposit belongs to faults. Near the
tectonic faults, the fracturing increases, reaching a
maximum in the operating faults and near them.

The ratio of the dimensions of the permissible span
by stability and the span of the collapsed arch becomes a
priority safety criterion, especially when mining rocks
over a large area, for example, with the leaching of
metals from ore deposits. The most dangerous
phenomena in the form of loss of stability or dynamic
forms of rock pressure occur when the ore is excavated
in areas of articulating structural disturbances composed
of strong but fractured and weakened rocks. The
behavior of rock masses during development depends on
the interaction of natural and technical factors. Natural
factors include, first of all, the stresses acting in it at
different periods. Research in this area is aimed at
predicting the development of rock pressure at the

intersection of workings in order to make timely
management decisions and sustainable development.

2 Research methods

The study of rock mass management technologies uses a
systematic approach that includes a set of studies:
analytical studies based on literature data, field studies
(surveying, stress and strain measurements), laboratory
tests (modeling of materials) and theoretical (finite
element method, thermodynamic, energy, etc.) [7-11].

Considering the uniqueness of each deposit, the
priority is given by methods with experimental
confirmation of calculated parameters. Applied
technologies are divided into various types based on the
use of the destroyed rocks residual bearing capacity. The
range of studies in this area includes: “Structural
analysis”, “Structural dynamic”, “Analytical and
numerical methods for structural analysis”, “Stability
calculation”.

In underground construction geological and
surveying tools are used, including [12 - 20]:

— stress measurement in lining by strain gauges;

— deformation measurement in lining by leveling

(fig.1).
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Fig. 1. Stress ox distribution diagram of the frame lining for
measurements No. 1-5

The dependences of stresses on time obtained by the
authors are described mathematically in the course of
analytical studies. The state of the rock masses during
mining is monitored by a complex method, including
analysis of analogs, calculations using theories of
elasticity, plasticity and transverse deformation,
experimental studies using acoustic and electromagnetic
emission, seismic sounding, ultrasonic and shock wave
monitoring. The basis for successful field development is
the combination of the tasks of ensuring geomechanical
safety by introducing system monitoring and diagnosing
the condition of the rock mass.

System monitoring of the geomechanical state of the
ore-bearing massif and underground structures provides
continuous monitoring and technical diagnostics. The
primary monitoring is the separation of the geotechnical
system in the control of individual objects with the
synthesis of results to predict the effectiveness of the



functioning of the production cycle of the system as a
whole. It is a complex of theoretical concepts and a fleet
of technical means for their implementation in practice
and is carried out using sound metric, surveying, and
optical instruments, string tensometers, deep and ground
benchmarks, electrical circuits, visual and indirect
methods for changing the salinity of mine water.
Establishing a relationship between natural and
technological factors makes it possible to clarify the
standards of discovered, prepared and ready for
excavation ore reserves under geomechanical conditions.

3 Results

The development of rock deposits increases stress to
critical levels with a deterioration in the quality of
subsoil use, which increases the urgency of the problem
of geodynamic processes control. The maximum stresses
develop during the stage-by-stage mining of deposits by
chamber-pillar systems in the places of equipment of
temporary and permanent pillars and in areas of
changing the power of ore bodies.

The level of critical stress here exceeds the average
values by 2-3 times. Reducing the level of stress to a safe
value is ensured by engineering activities with advanced
unloading of massifs. The optimum ratio of ore
deflection parameters and stress levels is ensured by
using technology optimization techniques based on
account of seismic blasting effects on the array and
surface objects.

A significant role in the behaviour of ore-massif in
underground mining of complex structural deposits, for
example, Vostok (Kazakhstan), is played by faults and
macro fractures forming fracture and splitting zones of
rocks with seams filled with friction clay or quartz-
carbonate veins [21 - 28].

The physical and mechanical properties of the rocks
obtained (by the authors) by the laboratory and field
studies at the Vostok deposit (Northern Kazakhstan) are
presented in Table 1.

Table 1. Physical and mechanical properties of rocks

Characteristic| Density p, [Compressive| Tensile | Compressional | Acoustic
of rocks glem® | strength o, |strength o, |velocity Ve, m/s| impedance,
MPa MPa 10°g/s cm
Andesitic |, g 105.9 8.4 4753 134
porphyrites
Quartz
porphyry 2.87 77.8 3.8 3452 9.9
modified
Quartz
porphyry 271 26.4 3.4 2612 7.09
sheared
Facette 2.73 770 145
conglomerate
Mineralized
siltstone- 2.70 62.0 15.0
argillite

The dynamic of stress changes closer to the ore body
was investigated by the strain gauge method. The
deformation of the lining was calculated by measuring
the distances between the bench mounted on 27 metal

frames on a 13 m long section. In the other development,
9 metal frames were installed. The strain gauge station
was placed on 5 metal frames in the second
development. On each frame 9 measuring points were
installed, including individual sensors glued on three
planes. Stresses and strains were recorded once a month.
According to the measured deformations &, 1, en the
main deformations were calculated:
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The principal stresses according to Hooke’s law:
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where E — elasticity modulus; v - Poisson’s ratio.
Normal stresses o, — vertical and ox - horizontal:
0, = o1 sina. - o sina, (5)
Ox = 07 sina - o sina. (6)

The looseness of the massif was determined based on
the measurement results. The stress dynamic was
measured by sensors of the well walls displacement
drilled in the study area [29 - 32]. It is established that
the well walls displacement is a function both of the load
intensity and the time of its action (fig. 2).

According to the propagation of deformations, the
massif is differentiated into phases:

- in the initial phase of deformation the lining
increased from 2 to 16 mm;

- when cutting the ore body from the hanging side,
the deformation of the lining increased to 19 mm;

- in the development phase of stopping the lining
deformation developed until damage.

With the progress of excavation, the average
deformations for 1, 2 and 3 months were: 43, 119, 128
mm correspondingly. The maximum deformations of the
lining are noted in frames located close to the clearing
face and in the area of the fault. So, after 6 months, the
deformations in the upper arch of frame No. 4 were 233
mm, the width of the lining at a distance of 0.5 m from
the rocks increased by 55 mm. Frame number 19 failed
because the center of its upper arch was lowered by 432
mm, and the width of the locks increased by 312 mm.

The load on the lining of advance workings is
connected with the phase of stopping correlatively. As
long as the ore body behaves as a beam pinched in the
sides, rock pressure is distributed evenly. After cutting
the segments from the hanging side, the load on the
lining elements from stopping increases (Table 2).
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Fig. 2. Sensors indications: a - pressure, b - displacement

Table 2. Results of stress and strain measurements of the sensors.

Deformations d, mm Stresses o, MPa
Time t, months Sensor numbers Sensor numbers
4 10 3 7 24 44 11
1 0.9 0.15 0.24 0.09 - - -
2 3.6 0.55 0,21 0.22 2.3 0.12 0.04
3 - 2.2 0.26 0.24 9.7 2.35 0.85
4 - 0.50 0.26 7.65 51 2.65
5 - 0.90 0.62 6.35 3.6
6 - 1.00 0.8 - 3.7

Displacements in the fracture zone (sensor No. 10) are
caused by a strong disturbance of the fracture zone rocks
with the deterioration of their physical and mechanical
properties, which sharply reduces the stability of rocks in
this zone. It has been established that pillars between
cross drift equally experience higher deformations than
the rock masses even at equidistance from the stope
influence (fig. 3).
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Fig. 3. Well walls displacement in time for sensors No 3,4,7,10

Three sections of operating stresses characterize the
massif. A slight increase in stress characterizes the initial
section. With the approach of the sewage treatment front
and the increase subsurface mining area, the ore massif
is experiencing an increasing load.

The ratio of rock load above the exploited space and
in the stress concentration zone or the pillar presents the

information about the massif geodynamics. During the

actual mining over the area of length L and width / there

is a load Q caused by the mass of overlying rocks (YH):
Q=LyH (7

The magnitude yH, in this case, is 98 MPa. If we
allow that the mining effect extends to the same length 1,
then the load is:

Q=0Q1+ Q2 (8)
where Q) is the overlying caved rock load, Q> is the
load caused by technology.

The load growth in the area of stress concentration in
specific conditions is 15-20 % of the gravity component
and 39 MPa that is less than the compressive strength of
rocks - 54-75 MPa.

The monitoring of the rock mass state by the
displacement sensors 3, 7 and pressure sensors shows a
slight increase in strain and stress during the first three
months of actual mining. Only after three months, the
influence of cleaning works is seen. Rock mass stresses
increase slower than in the ore. At the end of the actual
mining, the stresses and strain in the massif stabilize.

When combining stopping and development
headings, their allowable sizes depend on the roof rock
behavior. If structural blocks of rocks are shifted into the
developed space, the roof takes the form of a vault. In
this case, adding waste rocks worsens ore dilution and
losses of metals in the ore dressing, that is why the aim
is to save flat roof choosing the work options at which
the rocks in the lower layer wedge and hold rock load
inside the vault of natural balance (fig.4).
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Fig. 4. The condition for the formation of a flat roof: h - the
height of the arch of equilibrium; L - is the span width; di - is
the length of elementary structure; dz - height of structural
units; y - is the volume weight of rocks; q - is the moment of
force, A and B - are the edges of the arch of equilibrium

Vetrov-Golik model describes this condition:

max 2d2 1ORC0m
K,yd,

where Lmax - the maximum span of the flat roof; d; — the
horizontal size of structural blocks, m; d» — the vertical
size of structural blocks, m; y- volume weight of rocks;
K- safety factor.

)

If the roof is composed of rocks, deformations in which
do not exceed the plastic limit, the allowable span of the
flat roof is determined from the equations:
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The width of the flat span can be increased, fastening
the structural rock blocks by anchors, concrete, etc.:
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The efficiency of using rock structures in the operation
of underground structures is achieved by improving the
quality of mined ores and the safety conditions of
workers [15 - 18]. The crushing of distinct rock blocks is
a critical component of optimizing the technology for
extinguishing the developed space, which makes it
possible to develop deposits with an environmental and
economic effect while ensuring the safety of mining
operations.

In underground mining of rock ore deposits, the
phenomenon is realized by constructing the boundaries
of the area of dangerous displacements in the rock mass
using geophysical research methods. Geophysical
monitoring of field development processes allows us to
assess the state of the system and the stress-strain state of
the rocks, which allows us to assess the stability of the
massif under various conditions of void formation.

The proposed approach can be used to detail working
projects for managing the state of ore-bearing massifs of
rock deposits of complex structure.

4 Conclusions

In the process of intensive intervention by mining
operations, the ore-bearing massif the structural units of
rocks are destroyed and come into contact with each
other, often with the creation of jammed systems.

Under certain conditions, emerging structures are
used to control the geomechanics of a given section of
the earth's crust. The adequate nature of this
phenomenon, which can be observed during ore
production, allows predicting the behavior of rock
masses with sufficient detail to control the ore-bearing
mass, which allows adjusting the development
parameters to obtain the economic effect of improving
the quality of mined ores and reducing the risk for
workers. The efficiency of using rock structures consists
of saving labor and materials for controlling the state of
rock masses during underground work.

In underground mining of ore deposits, the dynamic
of stresses and strains at the intersection of stoping and
development headings can be predicted with sufficient
detail to control the ore-displacing massif, which makes
it possible to adjust the development parameters with the
economic effect of improving the quality of mined ores
and reducing the risk for workers.

The novelty of the proposed method for predicting
the dynamics of rock pressure is the use of mechano -
structural properties of structural discrete rocks, in
contrast to most methods based on the mechanics of a
continuous medium, which brings the calculation results
closer to the actual position of the massif.
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