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Abstract
Introduction. The article describes a method of modern stress field determination in a rock
mass when ore deposits are mined and a circular hole opens up on the earth’s surface.
This method makes it possible to determine the values of the principal normal stresses in the
upper part of the rock mass using modern high-precision electron-optical devices and global
positioning systems for observing horizontal shifts of surveying reference network points laid
on the earth’s surface in the smooth shear zone.
Formulation of the problem. When mining ore deposits by the underground method, safe
condition of underground mine workings, buildings and structures on the earth's surface is a
major issue. To solve this geomechanical problem, modern stress state of the rock mass should
be determined. It is suggested that the planned shifts of surveying reference network points
and state geodetic network (SGN) points located in the smooth shear zone when a circular
hole opens up on the earth’s surface should be used to determine the value and direction of
principal normal tectonic stresses acting in the horizontal plane.
Research aim is to develop a mathematical framework determining modern principal stresses
acting in the horizontal plane when caved area outcrops.
Research objective is to justify the possibility of using planned shifts of surveying reference
network points and SGN points, measured with modern electron-optical devices and global
positioning systems (GLONASS and GPS) in the calculations of the rock mass stress state.
Methods of research. When determining modern principal tectonic stresses acting in a
horizontal plane, the solution of the plane elasticity problem is used to develop a mathematical
framework.
Scope of results. This method is useful when determining the stress state of a rock mass at
large bases when mining ore deposits.
Results. The obtained analytic expressions allow determining modern tectonic stresses and
their direction in the horizontal plane when a circular hole opens up on the earth's surface.
Horizontal shifts of surveying reference network points and SGN points are used to determine
the stresses.

Keywords: principal normal stresses; smooth shear zone; caving zone; horizontal
deformations, stress-strain state, rock mass; hole; horizontal shifts,; hole radius, radius vector.

Introduction. According to the Russian Federation Federal Law “On the Industrial
Safety of Hazardous Production Facilities”, mining enterprises that develop mineral
deposits by the underground method are hazardous production facilities where special
requirements must be met in relation to occupational health and safety connected with the
stability of underground workings in the course of mining and the protection of surface
buildings and structures.

Ore deposits mining method with roof strata caving is accompanied by the caved area
outcrop, and the shape of the area can be reasonably well approximated by a circle or an
ellipse (plan dimensions are hundreds of meters, both along the strike and down the dip
of the ore bodies) [1].

When elaborating actions on buildings, structures and natural features protection
from underground mining, it is important to know the values of the horizontal shifts of
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the earth’s surface, which depend on the stress state of the rock mass, and be able to
calculate them. The caved zone size growth in the course of mining activates rock mass
shear resulting in the development of horizontal deformations on the earth’s surface.
The direction and values of horizontal deformations in the smooth shear zone depend
on the caved area shape and size, rock mass physical and mechanical properties, and the
stress-strain state (SSS) [1-6].

Papers [3—6] use the results of instrumental mine surveying observations along profile
lines laid on the earth’s surface before the caved area outcrop to determine the principal
normal stresses acting in a rock mass in the course of iron ore deposit development.
To determine the value and direction of horizontal tectonic principal normal stresses,
horizontal deformations of 20—100 m profile line intervals were used. Survey observations
of the earth’s surface shear were carried out in accordance with the instruction for rock
and earth’s surface shear monitoring in the course of underground mining of ore deposits.
Absolute horizontal deformations of intervals were measured with a tape measure
with an accuracy of 1 : 20,000. Measurement of horizontal deformations with an accuracy
recommended by the instruction for rock and earth’s surface shear monitoring in the
course of underground mining of ore deposits introduces a significant error in rock mass
SSS determination.

As of today, it is established that at intervals with a period of 10 years, geotectonic
processes in the Earth’s crust result in stress state redistribution [7-9].

The objective connected with the determination of the modern stress field acting
in a rock mass in the course of ore deposits mining at different stages remains crucial.
The solution will allow more objective elaboration of actions on safe operation of buildings
and structures and their protection from underground mining, calculate the earth’s surface
deformation in the smooth shear zone, and evaluate the stability of underground mine
workings.

Formulation of the problem. Currently, mine surveying at mining enterprises is
carried out using modern electronic total stations and navigation positioning systems
(GLONASS and GPS) [9, 10], which determine the coordinates of surveying reference
network points and the state geodetic network (SGN) points in plan to a precision of 1
to 5 mm. The surveying reference network and the state geodetic network are created
before the start of the mineral deposit development, and obviously before the caved area
outcrop. Therefore, to determine the tectonic field of principal normal stresses acting in a
rock mass, it is possible to use the shifts of surveying reference network points and SGN
points, caused by rock and the earth’s surface shear at the caved area outcrop.

Long-term experience of instrumental observations of surveying reference
network points shifts at the caved area outcrop in the course of iron ore deposits
development shows that the absolute horizontal deformations of the points varied
from 1 to 10 cm [1, 12, 13].

The use of modern electronic total stations and global positioning systems will
significantly improve the accuracy of absolute horizontal shifts determination and,
consequently, stresses determination.

Methods of research and scope of results. To determine the vectors of horizontal
shifts of surveying reference network points and SGN points located on the earth’s surface,
as well as the horizontal shifts of the upper layers of rocks, with scarcely any pressure on
the walls of the outcrop from the caved rock, it is possible to use the solution of the plane
elasticity problem. A scheme is proposed for determining the absolute horizontal shifts
of surveying reference network points and the SGN points and calculating the tectonic
horizontal stresses acting in the rock mass, for a circular hole (Figure 1).
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The full vectors of surveying reference network points and the SGN points shifts on
the earth’s surface are determined from the expression:

e=+Ax* + Ay, (1)

where € — the full vector of reference network point shifts, m; Ax, Ay — the projection of the
full vector of reference network point shifts onto the x and y coordinate axes, m.
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Figure 1. Scheme for the selection of horizontal shifts of the points of the reference surveying
network and GGS on the earth's surface and the calculation of horizontal tectonic displacements

Pucynox 1. Cxema K ONpejieNIeHnIo TOPU3OHTATIBHBIX CABM)KEHUI MyHKTOB OMOpPHOI Mapkieiiiepckoit
cerr ¥ I'TC Ha 3eMHOI OBEPXHOCTH U PAacYeTy TOPH30HTAIbHBIX TEKTOHHYECKHX HATIPSKCHUH

Russian [14-18] and foreign literature [19-23] analysis shows that the analytical
approach to determining stresses near cavities involves solving and optimizing systems
of equations.

The solution of the plane elasticity problem [18] allowed to deduce the horizontal
shifts in the following form:

€ = V cosa+V,sina; 2)
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where V, V, are radial and tangential shifts; a is the angle between the radius vector of the
point and the direction of the full vector of the shear; 6, and 6, are principal normal stresses;
R is the hole radius; 7 is radius vector of the point; G = E/(2(1 — p)) is the shear modulus,
E is the deformation modulus; p is the Poisson’s ratio; x = (3 — w)/(1 + ) is the coefficient
of G. V. Kolosov; 0 is the angular coordinate of the point, measured counterclockwise
from o, to the radius vector of the point.

Research results. Formulae (1)—~(3) make it possible to deduce the following system
of equations to determine horizontal tectonic stresses and their direction:
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The angular coordinate of the i-th point is determined by the following formula:
0, =6, +(Bi _Bl)’

where 0, is the angle between 6, and the radius vector of the first point; 3, B, — the angle
between the x-axis and the radius vector of the first point and the i-th point respectively.
The transformation of the system of equations (4) made it possible to write it as:

ay X, +a,X, + a3, = b

_h. 5
Ay X, +ayX, +ayxy = by, ®)
ay X, +ayx, + ayx;, = by,

wherea,, ...,
equations.

a,, are the coefficients of the equations; b , b,, b, are the absolute terms of
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The coefficients of the equations are:
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a, = Kcos2(B, —P,)— K;sin2(B, —B,);

a,, = K sin2 (BZ —B, ) + K220082(Bz - [31)3

a, =K: = (Rz/r2>cosa2,

a;, = K;'cos2(B, —B,) — K;sin2(B, — B, );

a,, = K13sin2([33 —B, ) + K230052 (B} - B1>;
a, =K} = (Rz/ig)cos%,
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2
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where K|, K3, K are the coefficients of the i-th point;
x, =(0,—0,)c0s26,; x, =(0,—0,)sin20,; X, =0, +06,;
b =¢,4G; b, =¢,4G; , =¢£,4G.

The solution of the system of equations (5) makes it possible to calculate the value of
the principal stresses 6, and o, and angle 0 using the formulas:

2
1|A A A
61,2 e _2:l:_l 1+ -2 ’
21 A A A,
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A,
ay 4 A4p b a, a;
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a3 4y a4y by ay, ay
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A, =lay, b, ayl; Ay=la, a, by,

a, by ay ay, a; b

where A, A, A,, A, are the equation determinants.

The value of the angle 20, is not uniquely defined. To determine the quadrant in which
it is counted, the signs of ratios A /A and A /A are used.

The direction of the principal normal tectonic stresses acting in the horizontal plane is
determined by angle 3,, which is plotted counterclockwise from the x-axis and determined
using the following expression:

61 :Bl_el'

Conclusions. The article describes a method for modern stress field determination
when mining ore deposits. The method is based on the shifts of the SGN points and
surveying reference network points of the mining enterprises that develop mineral deposits
by the underground method with roof strata caving and a circular hole opening up on the
earth’s surface. To monitor the shifts of the SGN points and surveying reference network
points, modern electro-optical total stations and global positioning systems GLONASS
and GPS are used. This method makes it possible to determine the values and direction of
the principal normal stresses acting in the horizontal plane.
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Omnpenenenne coBpeMEeHHOI0 MOJIS HANIPSIAKEHUI NMPU pa3padoTKe PyIHBIX
MeCTOPOKIEeHH i

Xpamuos B. A.', Jlenerioxa /. C.', Badymkuu K. C.!
! BeAropoICKuii rocyIapCTBEHHbIN HAIIMOHAIBHBIN HCCIICI0BATEIILCKUI yHIBEPCHTET, I. benropos, Poccust.

Peghepam

Beeoenue. B cmamve 0ano onucanue memooa onpeoenenius cOBPEMEeHH020 NOAs HANPANCEHUL
6 Maccuge 2OpHbIX NOPOO NpU paspabomke pPYOHbIX MeCmOpONCOeHUll, Ko20d HA 3eMHOU
NOBEPXHOCTIU 00PA3YemCs NPO8al 8 UOe OKPYICHOCHU. []aHHbII Memoo0 no3goisem onpeoenums
BHAYEHUs] 2/IAGHBIX HOPMAIbHLIX HANPSIICEHULI 8 6EPXHEU YACMU MACCUBA 20PHLIX HOPOO C
UCNONb306AHUEM  COBPEMEHHBIX BbICOKOMOYHBIX DNEKMPOHHO-ONIMUYECKUX UHCTNPYMEHMO8 U
cucmem 2100aIbHO20 NOZUYUOHUPOBAHUSL OISl HAONIOOEHUL 30 20PU3OHMATLHLIMU CMEUJCHUSMU
NYHKIMO8 MAPKULeU0ePCKOU ONOPHOU CeM, 3ANOANCEHHBIX HA 3eMHOU NOBEPXHOCIMU 8 30HE NILAGHBIX
COBUINCEHUII.

Ilocmanosexa 3adauu. Ilpu nodsemmol pazpabomke pPyOHLIX MeCmOpPONCOeHUL NOO3EMHbIM
CnOCOOOM OOHUM U3 OCHOBHLIX BONPOCO8 SAGISIEMCs obecneuenue 0e30NACHO20 COCMOHUSL
NOO3eMHbIX 2OPHBIX GbIPADOMOK, 30AHULL U COOPYICeHUNl HA 3eMHOU nogepxHocmu. Peuwenue
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OaHHOU 2eomexanudeckoll npobiemvl mpedyem onpeoeneHus COBPEMEHHO20 HANPANCEHHOZO
COCIMOAHUA MACCUBA 20PHBIX NOpoO. B pabome npeonazaemcs 0ns onpedenenuss eenuuuibl
U HANpasienus. 2NAGHLIX HOPMANbHLIX MEKMOHUYECKUX HANPAXMCeHUU, Oeticmeylouux 6
2OPUBOHMATLHOU  NIOCKOCMU, — UCHOTb306aNMb  NIAHO8bIE  CMEWeHUs NYHKMO8 ONOPHOU
MapruetioepcKoll cemu U nyHKmMog eocyoapcmeennoul eeooesuteckoti cemu (I1°C), naxooauuxca
6 30He NIABHBIX COBUMCEHUI NPU 0OPA308ANUY HA 3eMHOU NOBEPXHOCTIU NPOBANd, OIUZKO20 NO
dopme K OKpysICcHOCHIU.

Lenv uccneoosanusn — paspabomams mMameMamuyeckuil annapam, no38oNAOWUL ONpeoetsims
cospeMennbvle 21a6Hble HaNpAHCeHUs, 0elUcmaylouue 8 20pU3OHMAIbLHON NIOCKOCU NPU BbIX00e
30HbI OOPYUIEHUA HA 3eMHYIO NOBEPXHOCTID.

OcHognoii 3a0aueii uccied068anus AGIAemcs 0OOCHOBAHUE B03MONCHOCHIU UCTIONb306AHUSA NPU
pacuemax Hanpax3CeHHO20 COCMOAHUSL MACCUBA 2OPHBIX NOPOO NIAHOBHIX CMEWeHUll ONOPHbIX
nyHkmog mapkueoepckou cemu u nyukmog I'TC, uzmepsiemvix ¢ NOMOWbIO COBPEMEHHbIX
ANEKMPOHHO-ONIMUYECKUX Npudopos u cucmem 2106aivHo2o nosuyuonuposanus (IJIOHACC
u GPS).

Memoowvt uccnedosanus. /s paspabomku MamemMamuyeckoe0 annapama npu onpeoeieHull
COBPEMEHHBIX 2NIABHBIX  TNEKMOHUYECKUX HANPANCEHUL, OeUCmBYIOuUx 6 2OPUSOHIMATLHOU
NAOCKOCTU, UCNONb3YEMCA peutenue nioCKOl 3a0adi meopuu ynpy2ocmu.

Oobnacme npumenenusn. Jlauuviti mMemoo PeKOMEHOYemcs: UCHONb306amb OJisl ONpeQesieHUs.
HANPANCEHHO20 COCTMOSHUAL MACCUBA 2OPHBIX NOPOO HA DOMbUIUX 6a3aX npu paspadomie pyoOHbIX
MecmopodHcOeHUl.

Pesynvmameut. [lonyuenst ananumuyeckue 6blpaxcenus, N0360a10uue onpeoeisinsy Co8peMeHHble
MeKMOHUYecKUe HANPANCeHUs U Hanpagienue ux Oeticmeus 6 20pU30HMANbHOU NAOCKOCIU
npu  06paz08aHul HA 3EMHOU  NOBEPXHOCMU NPOBANd, UMENUe20 (GOpMY OKPYICHOCHIU.
Hna onpedenenusa HanpaxceHull UCNOTb3VIOMCA 20PUSOHMATbHBIE CMEWeHUs NYHKINO08 ONOPHOU
mapruterioepcxoti cemu u I'TC.

Knruesvle cnosa: ziasmvie HOpMaivbHble HANPANCEHUS, 30HA NIAAGHLIX COBUIICEHUL, 30Hd
00pywienus; 20pU3OHMaIbHble Oeopmayul;, HANPAHCeHHO-0epOpMUPOBAHHOE COCTOAHUE,
MAccug 20pHbIX NOPOO; NPOSAI, 20PU3OHMAbHBIE CMEWeHUs, PaouyC NPO8Ad, paouyc-6eKmop.
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