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Abstract

The vulnerability of the main structural elements of rock liningsto
external short-term and long-term loads is an important problem in
the mining industry. The existing schemes are not designed for the
simultaneous perception of compressive, shock and vibration
influences. A way to solve this problem is to develop a new
structural scheme of the racks, which are the linings' main bearing
element. In the article, it is proposed to use multi-layer racks made
as a rod covered with layers of plates.This will make it possible to
use for damping external loads not only the pliability of the rack as
a whole but also the frictional forces between its layers.The acting
impact force will be decomposed into compressive and pressing
forces. Due to the fact that the action of the external shock load is
spent on moving and pressing the layers, its deformations are
minimized compared to single-layer monolithic structures.For
calculating the arising stresses, it is assumed that the rack plates are
hinged at the edges, free along the length of the rack, and are under
the joint action of compressive (stretching) forces and tangential
forces evenly distributed on all sides of the plate.The article
provides a rationale for the prospect of using such multi-layer racks
and proposes an algorithm for calculating critical loads and stresses
with the derivation of the damping coefficient. This coefficient is
determined by the difference between the force of the shock wave
and the critical load. The critical force, in turn, is calculated as the
difference between the compressive force and the friction force
between the layers, corrected for the part of the impact force, which
causes stress close to critical in the dangerous middle section of the
plate. By the value of the coefficient, it can be judged the
effectiveness of the selected structural scheme of the rack.
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Introduction

High rates of deepening and mining operations are typical for underground mining of ore deposits in the last
35-40 years. This is dictated by the rapid depletion of mineral reserves located near the earth's surface, as well as
an increase in demand for a number of metals, especially those of strategic importance (Man-Chao et al., 2005;
Nehring et al., 2018).

The most difficult and important problem in the development of such deep-lying deposits is the fight
against changes in the stress state of the rock mass. These stresses tend to accumulate. And at a certain point,
they can exceed the strength of rocks, which will begin to collapse with the release of significant energy (
Frankovsky et al., 2020; Alvarez-Ferndndez et al., 2011; Gao et al., 2018).

Traditional structures of rock linings are often not designed for short-term shock and cyclic loads. This
leads to the deformation of their elements under direct influence (PivarCiova et al.,2019; Kanel et al., 2004;
Pastor et al., 1990). Mine racks, which are used to hold and secure the walls and ceiling of mine workings, are
the most vulnerable elements under shock loads. There is still no consensus among researchers on the most
optimal design and material of the rack. To date, the number of patents for racks has exceeded 100. Such various
options clearly indicate the lack of a generally accepted idea embodied in the optimal device. This caused an
incessant design search that continues to this day.

Stresses and deformations in soils under shock loads

Shock loads cause wave processes in soils, which determine the stress state's level and the deformation
associated with this level. Loads of this type cause thixotropic transformations of soils and rocks. As a result of
such transformations, the ultimate strength and resistance of soils to external influences are reduced (Becker and
Li, 2003; Zhang, X.W. et al., 2017; Pacaiovd, 2017). Therefore, the study of processes occurring in soils under
such loads is of great practical interest.

Shock loads excite more complex processes in soils compared to high-speed loads. Loads of this type can
occur for the following reasons (Pecker, 2007; Yang et al., 2011):

a)explosions;

b)work of heavy impact machines (hammers, piling mechanisms);

c)impact development of solid rocks during their excavation, etc.

The movement of colliding bodies receives a finite, not a small, change upon impact in a very short period
of time. As a result, very high pressures develop on their contacts. In this case, kinetic energy can be transferred
to other types of energy.

The deformation of the soil that develops as a result of the impact is closely related to the stress state that
occurs during this process. The vertical, i.e. compressive stress components, are particularly important. The time
during which the soil is in a stressed state also affects. However, this effect is of secondary importance compared
to stress (Dafalias and Popov, 1975).

An accurate calculation of dynamic phenomena occurring in rocks is associated with the following
difficulties (Virieux et al., 2012; Kuric et al., 2017; Biaty, 2013; Bialy, 2014; Biaty, 2015; Biaty 2016):

- problems in integrating equations of motion and continuity;

- heterogeneity of rocks in terms of physical properties and structure;

- different reactions to the passage of plastic shock waves in soils.

The packing of the soil occurs when high stresses are applied to it, and a change in density under the action
of pressure (medium stress) is observed. This change in density is usually characterized by volumetric
deformation or volumetric compressibility A(Hendricks, 1980):

A=1-P 1)
0

where py — undisturbed soil density.

This volumetric compressibility is an irreversible process, and tangential deformations lead to form change
and permanent deformations in the soil.

At the same time, the shock wavefront can be considered as a surface on which the parameters
characterizing the state and motion of the medium undergo a discontinuity. The basic laws of conservation of
mass (2), the amount of motion (3) and energy (4) are fulfilled on the surface. The state of the medium before
and after the rupture is characterized by the following parameters: shock wave velocity, medium density,
medium flow velocity (Murthy, 2008):
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where p;, p, — medium density, respectively, before and after rupture; u;, u, — medium flow velocity,
respectively, before and after rupture; p;, p, — pressure, respectively, before and after rupture; e;, e, — enthalpy,
respectively, before and after rupture.

Basic requirements for the operation of mine racks

The demand for various types of mine racks is due to their wide range of applications. They are used as
temporary and permanent lining elements in the construction of capital and preparatory mine workings, in
sewage workings, etc. (Litvinskiy, 2019). The following restrictions exist for normal rack operation:

1) the rack is designed to perceive normal compressive force;

2) the appearance of eccentricity in the longitudinal force is one of the most dangerous states for the rack.
This leads to bending and subsequent loss of stability;

3) the hinged thrust of both ends of the rack on the rock must be provided during installing. This is done to
eliminate the load eccentricity;

4) the loss of longitudinal stability (according to Euler) is the critical limit state for the rack.

From the conditions of contact deformation-force interaction with the massif of rocks and soils, we note that
the mine rack must additionally meet the following requirements:

- to ensure the maximum possible extensibility during installation to provide the required pliability margin;

- to have a smooth, without jerks and impacts pliability under the action of a load exceeding the level of
working resistance;

- to switch to a hard mode of operation when the reserve of pliability is exhausted;

- to maintain longitudinal stability of compressed elements under load;

- not to deform (crumple or crush) rocks in contact with supports.

We assume that the most optimal design solution for the mine rack will be a rod consisting of plates with all
the above conditions. This will make it possible to use for damping external loads not only the pliability of the
rack as a whole but also the frictional forces between its layers. This is especially true when the critical stability
load is exceeded for an already compressed rack (Saga et al., 2020; Vasko et al., 2020). The multi-layer structure
of the rack will be an excellent damper in cases of shock and cyclic loads in the soil, including weak seismic
loads. These loads act briefly, but the force of their impact is great due to the high velocity of the shock wave
(Virieux et al., 2012). The structure of the rack will withstand a short load by damping its layers.

Such multi-layer structures require additional research.

Materials and Methods

The main provisions of the calculation of multi-layer mine racks are based on the theory of materials'
discipline resistance. This concerns the part of determining stability within elastic deformations (Blatnicky et al.,
2020). Let us list the key points.

1. After mining, the ceiling, walls and floor of the mine workings are limited by the zone with residual
stresses. Residual stresses arise from drilling and explosion of rocks, movement of machines and mechanisms,
etc.

2. A shock wave moves in the x-direction (fig. 1). The cause of the shock wave, as a rule, is the shift of the
overlying layers of soil relative to each other. The shift occurs for the following reasons:

- undermining by groundwater flows;

- deformation of interlayers of light soils;

- surface shock-wave loads, etc.

The shock wave usually has a spherical shape and spreads from the point of explosion in all directions
evenly, covering a huge space. Therefore, in the area of mine workings, this shock wave passes in places where
there are residual stresses after cleaning the workings from rocks. The nature of the residual stresses is tension or
compression. Residual tensile stresses do not last long because they expend their energy on the entire volume of
the soil. Residual compressive stresses are the point. They increase at the points of the shock front (precisely at
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the moment of the shock wave passage). This is dangerous: the residual stresses with the shock wave cause
deformation of layers of rocks and soil, which causes an impulse similar to a point explosion. And in this case,
the velocity of the shock wave can increase to the maximum, i.e. to the speed of sound in this rock. Its energy
will be directly proportional to the mass m of the stressed compressed rock:

E=—", &)

RN

N Excavation
progress

where v, — speed of sound in rock.

Support
rack

Fig. 1. Scheme of the position of the rack in the mine working

The impact on the rack will clearly exceed the critical load on the normative stability, and it will begin to
bend. However, the impact velocity is so high that we can assume that the rack will remain in the zone of elastic
deformations because the shock wave will quickly pass through it. The beginning of the bend of the rack is
dangerous. It is the point when it is necessary to dampthe impact, which the layers will take on themselves,
moving relative to each other and expending forces on this movement to overcome friction.

3. According to (Birger and Panovko, 1968), the total energy of the system E is defined as the difference
between the bending energy U and the work of external forces W:

E=U-W. (6)

Equality to zero of the expression (6) corresponds to the critical state. From this condition, critical
combinations of edge loads can be found.

The forces of longitudinal deformation of the rack layers and the forces of friction between the layers are
external forces.

a) forces of longitudinal deformation of the rack from impact

In fact, the rate of longitudinal deformation is very low. It can be measured in an experiment for a critical
load but slightly less than the load of the rack exit from a stable position (Bozek and Turygin, 2014).

The shock wave is assumed to be similar to the sound wave in the rock in length and equal to the maximum
impact force P,,, in amplitude (fig. 2). By the duration of the impact T,, we can find the work spent on the
deformation of the rack. This work will reduce the work of the shock wave.
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Fig. 2. Shock and sound waves in the circumferential zone
b) frictional forces

The rack begins to bend, moving the layers relative to each other (fig.3). A frictional force that prevents
impact will occur at each joint

‘pbend

;:;'Pz

Fig. 3. Scheme of deformation of the rack layers relative to each other

Here P; is the force that continues the compression of the rack; P, is the force that presses the layers
together:

= Pdam ’ (7)

where k. — coefficient of friction between layers; Py, — compensating damping force.

The equation (7) is valid for two layers. The angle a can be determined by the effect of the critical force on
the rack's stability as a whole. The work of the P,,,force set may eliminate the work of the shock wave force,
taking into account the help of the forces' work on the compression of the rack layers.

4. The basic equation of the theory of bending of plates is the Sophie Germain-Lagrange equation (Kawano,
2013):

0w =-L, (8)
D

where w — deflection value; g — distributed compressive load; D — simplification, taken as:

Eh’

b= 12(-v?) ®

where E — Young's modulus; v — Poisson's ratio; i — plate thickness (here and hereafter is the constant).
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The solution of equation (8) must satisfy the boundary conditions reflecting the nature of the plate fixing
and loading along the contour.

It is assumed that the rack plates are hinged at the edges, free along the length of the rack, and are under the
joint action of compressive (stretching) forces and tangential forces evenly distributed on all sides of the plate
(fig. 4) (Kienzler et al., 2004; Dodok et al., 2017).

o —mf———————— —mf——————— ——f

— - -
o ? b ~— o
T

Fig. 4. Plate loading scheme

In this case, the critical stresses are:

o =k TP (10)

cr ag bzl’l

r =k, 72 an
bh

The values of the coefficients K, and K, depending on the ratio of the sides of the plate ; — ¢ are given in

SEES

Table 1. Here the minus sign in front of the coefficient K, corresponds to tensile stresses.

Tab. 1. The values of the coefficients K, and K, in the formulas (10)-(11)

A=1 A=1,6 A=32

Ko Kt Ko Kt Ko Kt
-1,0 10,57 -2,0 8,46 -1,0 7,45

0 9,42 0 7,0 0 6,75
1,0 8,15 2,0 5,31 1,7 5,4
2,0 6,67 2,83 4,46 2,5 4,66
3,0 4,72 3,6 2,95 3,0 4,14
3,6 3,02 3,9 2,09 3,7 3,29
4,0 0 4,2 0,06 4,017 2,19

Normal stresses are more dangerous than tangents because they reach critical values faster.
We can calculate the values of the ultimate stress and critical load by determining the critical bending stress
o, using the formula (10):

o, =%, (12)
n
o = Z (13)

where g,;, — ultimate bending stress; n — bending safety factor:n> 1;P., — critical bending load; 4 — cross-
sectional area of the plate.

Based on the values of the critical loads and stresses, it is easy to carry out verification calculations and
select the optimal material and dimensions of the cross-section of the rack.
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Results and Discussion

As a result, the rack can be calculated for deformation from the condition that in the critical mid-section,
there are destructive bending stresses for each layer (Fig. 5).

Critical cross
section

b
Fig. 5. Determination of the critical section of the rack during bending

This N, will be the damping criterion. It is used to determine the range of protection against external
shock loads of the working zone, shown in Figure 1.

We assume that the brevity of impact loads does not have time to bring the rack to destruction. However,
due to the loss of stability, the rack will bend at a small angle a. This angle will make it possible to decompose
the acting force into two components, of which one continues to compress the rack, and the second is spent on
overcoming the friction forces between the layers (Fig. 6). The friction force is found by the component of the
external load directed perpendicular to the plate.

Tangent
h — el
- // 7 71
- -~ ‘
Crpend | ‘ Crpend
\
\
\
- ) Critical cross
P .
P section
-
L
s
L/2

Fig. 6. A true view of the deformation of the rack under external loading

P, is calculated from Figure 6 (Fig. 7).

90 - a

pres

(]

90

Fig. 7. Geometric scheme of the action of forces on a single plate
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Figures 3 and 7 show that P,,., = P,, a P,k is the loss of compressive force P,,,. In other words:

Pcr = Pcom - Ppres [kﬁ' - com.loss ® (14)

where P, 1,ss— compression loss during the passage of a shock wave.

Obviously, the resulting force from P, and P,,.; must be greater than each of these forces, for example, by
AP. The shock pulse P, is found geometrically by AP from Figure 7.

So it turns out that expression (14) will take on a new form (Fig. 8):

P =P -P Lk

cr com pres fr

P

com_loss

+ AP, (15)

where AP — the part of the impact force that, when the plate is being bent, causes stress in its middle section
that is slightly less than g,

Fig. 8. Decomposition at the point of action of the pressing forces in the plates
This damping will give a simple result:

P, —P, =k

shw cr dam ® ( 1 6)
where Py~ shock wave force; k,,,,— damping factor.
At ky.> 0 — the rack will collapse, at k4, < 0 — the rack holds the impact and returns to its original state
after removing the load. A monolithic rack has no layer damping, so it is weaker.

Conclusion and Future Scope

Taking into account the long overdue need for a change in scientific paradigms in the field of rock pressure
management and the stability of underground workings, it is necessary to predict a transition from established
dogmas to a more progressive solution of pressing problems (the form of mine working, new types and
structures of linings, methods of protection and maintenance, etc.).

Mine racks are an element of the highest degree of responsibility in the construction of linings. Analysis of
the existing requirements for the operation of racks revealed the need to revise their design and structure. Single-
layer monolithic structures are not competitive under conditions of simultaneous action of short-term and long-
term compressive, shock and vibration loads. Therefore, it is proposed to use multi-layer racks made as a rod
covered with layers of plates.

The effectiveness of the usage of multi-layer racks is justified by the well-known laws of resistance of
materials. Due to the additional forces of interaction between the layers, it is possible to damp external shock
loads in the zones of elastic deformation of the rack. The acting impact force will be decomposed into
compressive and clamping forces, spending its energy on moving and pressing the layers, thereby minimizing
the deformation of the multi-layer rack compared to single-layer monolithic structures.In addition to comparing
the force of the shock wave and the resulting critical load in the strut, the derived damping coefficient allows
planning an effective range of protection against external shock loads of the mine working area.

Of course, it is worthwhile to additionally think about the need to use devices, such as shock wave and
vibration dampers.

Real experiments are required to develop an algorithm for calculating the structure of the rack (Delyova et
al., 2021). It is also necessary to know the objective characteristics of the stress-strain state of the soil massif,
namely:
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- values of vertical and horizontal stresses;

- stress concentration factor;

- cyclicity of loads;

- direction of the vector of action of the main stresses;

- elastic and total relative deformations of materials of racks and rocks on the contour of mine workings.
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