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Abstract. The authors propose an analytical method of support design for arbitrary cross-
section mine roadways subjected to the action of tectonic forces and seismic loads of
earthquakes. As distinguished from the existing methods, the new technique allows taking into
account influence of a close interface of different rocks. The seismic analysis includes the
action of the waves reflected from the interface and the waves refracted through it. The method
is based on an analytical solution of 2D elastic problem on stress state of an elastic ring
supporting an arbitrary hole in one of two half-infinite media with the common boundary. The
solution of the problem has been obtained using the theory of analytical functions of complex
variables, Cauchy type integrals, conformal mapping and complex series. The examples of the
support design are given.

1. Introduction

Many minerals occur in the zones of active neotectnics. Nonuniform rate movements of tectonic
blocks induce additional stresses in rocks, which should be taken into account in mine planning and
design.

At the present time, parameters of a tectonic stress field can be found to a sufficient accuracy
using geomechanical and geophysical methods of stress measurement [1, 2]. Estimates of stress state
of underground structures are obtained from analytical solutions of problems in continuum mechanics
[3, 4] and by numerical modeling [5]. The analytical methods of solving elastic problems are
advantageous over the numerical techniques though restrained by the limited number of the available
analytical solutions.

The method proposed in [6] for the support design for noncircular mine roadways under the action
of tectonic forces is based on the analytical solution of 2D elasticity problem on stress state of a ring
supporting an arbitrary shape hole in an infinite uniform medium under conditions of initial stress
state. The problem is solved using the theory of analytical functions of complex variable. The
approach put forward in [7] enables taking into account technological nonuniformity of rocks in the
support design under the action of tectonic forces. The technological nonuniformity is understood by
the authors as one or a number of zones having different characteristics from the surrounding rock
mass around a roadway. Such zones appear as a result of rock failure under drilling and blasting, or
when injection reinforcement is applied. A feature of the elasticity problem set and solved in [7] is
modeling of the nonuniform rock mass zone and support as variable thickness rings, which allows
considering nonuniform domains of arbitrary configuration. Inclusion of many domains—layers in the
analytical models makes it possible to image smooth variation in deformability of rocks with distance
from the roadway boundary.
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2. A new method of support design for a mine roadway

This study offers the method of support design for a mine roadway located in the tectonically active
rock mass near an interface of rocks of different deformability. The analytical model of the support is
depicted in Figure 1.
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Figure 1. Analytical model of support for roadway located near interface in
tectonically active rock mass.

In the figure, the deformable media Sy, and Sy ,, deformability of which is characterized by the
deformation moduli Eg 4, Eq, and Poisson’s ratios vq 1, vo 2, Simulate rock mass composed of two types
of rocks. At the distance H from the interface L occurring at the o relative to horizontal line, there are
a hole supported by the ring S; made of a material with the deformability characteristics E; and v,. The
medium Sy ; experiences uniform initial field of the principal stresses N and EN such the the principal
stress N is oriented at the angle B relative to horizontal line. At the lines L and L,, the vectors of
stresses and displacements are continuous; the internal boundary L, of the ring is free from the
external forces.

Using the theory of analytical functions of complex variables, in particular, complex potentials
proposed by Kolosv—Muskhelishviliy, Cauchy type integrals, conformal mapping and complex series,
the set problem was solved as iteration of step-by-step refinements of influence exerted by the
interface of two media on the stress state of the ring simulating support of a mine roadway.

Aiming to take into account the support-rock interaction, an adjusting factor o* is introduced in
the calculations; this factor can be found using the procedure described in [8].

The calculations are performed for a solid concrete lining in a roadway having cross-section
illustrated in Figure 2.
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Figure 2. Cross-section of roadway under analysis.
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The deformation characteristics of the support and surrounding rocks are: E; = 20 000 MPa,
vy = 0.2, Eg; = 50000 MPa, vo; = 0.25, Ey, = 1000 MPa, vq, = 0.35. The initial stress field in rocks
includes the major compressive stress oriented in perpendicular to the interface (B = 60°), and the ratio
of the principal stresses is & = 0.5.

Figure 3 depicts the calculated results for the support for the described roadway as the distribution
diagrams of normal shear stresses at the internal and external boundaries of the lining— O'é'”) and aéex) ,

respectively. The values of the stresses are given as fractions of of the product a*N. The dashed lines
show the calculation without regard for the influence of the rock interface.
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Figure 3. Normal shear stresses at (a) internal and (b) external boundaries of the
support cross-section under the action of tectonic forces.

It is seen in the figure that the influence of the interface shows itself as a noticeable increase in the
normal shear stresses in the support. The highest increment in the stresses is observed in the roof and
at the juncture of the right-hand wall with the floor.

The developed method can be used in support designs under seismic loads of earthquakes. In this
case, 2D elasticity problem in Fig. 1 assumes that initial stresses are absent in the medium Sp; which is
though subjected to infinite compression along the interface by unequal stresses determined in
conformity with the currently customary approach [6, 9] with regard for reflection and refraction of
seismic waves at the interface [10]. This problem is solved using the methods applied to to above
problem solution.

The calculated results on the support design under the action of vertical seismic waves of tension—
compression are shear are presented below. The distribution diagrams of normal shear stresses at the

internal Jg”) and external aéex) boundaries along the cross-section of the lining are plotted as fractions

of the normal P and shear S stresses at the front of P- and S-waves. As before, the dashed lines
illustrate calculations regardless of the influence of the interface.
The stresses P and S can be evaluated using the formulas [9]:
1
p- % AKi7GTy, S == AKCT,,
where A is coefficient equal to the earthquake magnitude; K, is a coefficient of permissible damage
(for underground structures, the product AK, is assumed as 0.025, 0.05 and 0.1 in case of seismic
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activity at magnitudes 7, 8 and 9, respectively); yis the bulk density of rocks; T, is the prevailing PPV
period; ¢, and c, are the velocities of P- and S-waves, respectively.
According to the distribution diagrams in Fig. 4, the interface near the roadway decrease stresses
cause by the tension—compression wave and increase stresses induced by the shear wave.
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Figure 4. Normal shear stresses in lining in roadway under the action of seismic
waves: (a) tension—compression and (b) shear.

It is worthy of mentioning that stress state of rocks near the interface essentially depends on the
direction of seismic waves [9], which is impossible to determine before an earthquake. Therefore, in
order to get a holistic insight into the seismic load exerted by an earthquake on a roadway located near an
interface, it is required to analyze different directions of seismic waves in case of various locations of the
roadway relative to the interface. Such research is laborious and complex in terms of interpretation. The
present study’s authors think that it is wiser to plot envelopes of maximum tensile and compressive
stresses arising in support of mine roadways in case of different directions of seismic waves. First
proposed in [6], this approach, after little modification, can be applied to the case analyzed in this study.

3. Conclusions

1. The method has been proposed for the support design for underground excavations located near the
interface of rocks of different deformability under the action of tectonic forces and seismic loads of
earthquakes. The new analytical solutions are obtained for 2D elasticity problems on stress state of a ring
supporting an arbitrary configuration hole near a straight interface of two elastic media when the
interface is subjected to infinite stresses modeling seismic loads, or one of the media experiences initial
stress field.
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2. The presence of the interface results in the decrease in the seismic stresses in the support in case of the
vertical tension—compression wave and increases the stresses in the conditions of the vertical shear wave.
3. If a thick layer of weaker rocks occurs near the roadway, stresses in the support grow.
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