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Â ìàññèâàõ âîêðóã î÷èñòíûõ êàìåð â ïðîöåññå îòðàáîòêè ìåñòîðîæäåíèé çà÷àñòóþ ïðîèñõîäÿò âíåçàï
íûå ðàçðóøåíèÿ ãîðíûõ ìàññ, ãîðíûå óäàðû è âûáðîñû ïîðîä â î÷èñòíûå êàìåðû. Íàçâàííûå ÿâëåíèÿ 
ïðèâîäÿò ê òðàâìàì è ãèáåëè ëþäåé, ïðè÷èíÿþò îãðîìíûé ìàòåðèàëüíûé óùåðá. Â ýòîé ñâÿçè îïðåäåëå
íèå íàïðÿæåííîãî ñîñòîÿíèÿ ìàññèâîâ âîêðóã î÷èñòíûõ êàìåð êàê ïðåäâàðèòåëüíûé ýòàï ïðîãíîçà âîç
ìîæíûõ ïðîöåññîâ ðàçðóøåíèé ìàññèâîâ ÿâëÿåòñÿ àêòóàëüíîé íàó÷íîïðàêòè÷åñêîé çàäà÷åé.

Ñîçäàíà è àïðîáèðîâàíà àíàëèòè÷åñêàÿ ìîäåëü íàïðÿæåííîãî è äåôîðìèðîâàííîãî ñîñòîÿíèÿ âî
êðóã êàìåð ñ ïðÿìîóãîëüíûì ïîïåðå÷íûì ñå÷åíèåì, çàäà÷à ðåøåíà äëÿ êàìåð ñ ñîîòíîøåíèåì ñòîðîí 
5:1. Ïðîöåññû ðàñ÷åòà ïîëåé íàïðÿæåíèé è ïîñòðîåíèå ïîâåðõíîñòåé íàïðÿæåíèé âûïîëíåíî â ïðî
ãðàììíîé ñðåäå Ìàtcàd äëÿ äâóõ âàðèàíòîâ äåéñòâèÿ ñèë. Ïåðâûé âàðèàíò ðåøåí ïðè äåéñòâèè ñèëû 
ãðàâèòàöèè, êîãäà êàìåðà ðàñïîëîæåíà íà ãëóáèíå ó = – 400 ì. Â ýòîì ñëó÷àå S

x 
= – 50 MÏà; S

y 
= – 100 MÏà. 

Âî âòîðîì ñëó÷àå êðîìå ãðàâèòàöèîííûõ ñèë ó÷òåíî äåéñòâèå òåêòîíè÷åñêîé ñèëû Ò
õ 
= – 40 ÌÏà.

Ïîñðåäñòâîì ðàñ÷åòîâ êîíòóðíûõ íàïðÿæåíèé ïîêàçàíî, ÷òî âîçíèêàþò çíà÷åíèÿ ñæèìàþùèõ íàïðÿ
æåíèé äî 741 ÌÏà â çîíàõ, ãäå ñòåíêè è êðîâëÿ êàìåðû ñîïðÿæåíû. Â ñðåäíåé ÷àñòè êðîâëè âîçíèêà
þò ðàñòÿãèâàþùèå íàïðÿæåíèÿ, äîñòèãàþùèå 47 ÌÏà. Ýòî îáóñëîâëèâàåò îáðàçîâàíèå âåðòèêàëüíûõ 
òðåùèí â êðîâëå êàìåðû, òàê êàê ãîðíûå ïîðîäû îáëàäàþò ñëàáîé ñîïðîòèâëÿåìîñòüþ ê ðàñòÿæåíèÿì. 
Ïðè ñîâìåñòíûõ äåéñòâèÿõ ãðàâèòàöèîííûõ è òåêòîíè÷åñêèõ ñèë âåëè÷èíû ðàñòÿãèâàþùèõ íàïðÿæåíèé 
óìåíüøàþòñÿ ïî÷òè â 2 ðàçà. 

Íàëè÷èå ÷åòûðåõ çîí êîíöåíòðàöèè âñåõ êîìïîíåíòîâ íàïðÿæåíèé âîêðóã êàìåðû è çîí ðàñòÿæåíèé â 
ñðåäíåé ÷àñòè êðîâëè êàìåðû óêàçûâàåò âåðîÿòíûå çîíû ðàçðóøåíèÿ ãîðíûõ ïîðîä âîêðóã êàìåðû (îò
íîøåíèå ñòîðîí, ðàâíîå 5:1).

Äëÿ ïðîãíîçà âåðîÿòíûõ çîí ðàçðóøåíèÿ ãîðíûõ ïîðîä âîêðóã êàìåð íåîáõîäèìî èññëåäîâàòü âàðè
àöèè ãëóáèí çàëîæåíèé è îòíîøåíèé ñòîðîí êàìåðû 

Êëþ÷åâûå ñëîâà: áîêîâîé ðàñïîð; ãîðíûå ïîðîäû; ãðàâèòàöèîííàÿ ñèëà; èçîëèíèè íàïðÿæåíèé; èíòåãðàë òèïà 
Êîøè; êîíôîðìíîå îòîáðàæåíèå; ìåòîä Ìóñõåëèøâèëè; íàïðÿæåíèÿ; îáúåìíûé âåñ ïîðîä; î÷èñòíàÿ êàìåðà; óïðó
ãîñòü; òåêòîíè÷åñêàÿ ñèëà

The treatment chamber is the main element in the extraction of minerals by underground mining. In the arrays 
around the treatment chambers, in the process of developing deposits, sudden destruction of rock masses, rock 
impacts, and rock emissions into the treatment chambers often occur. These terrible events often lead to deaths 
and cause huge material damage. For this reason, the determination of the stress state of the arrays around the 
treatment chambers is an actual scientific and practical task.

An analytical model of the strain and strain state around chambers with a rectangular cross section was cre
ated and tested; the problem is solved for chambers with a 5:1 aspect ratio. The processes of calculating stress 
fields and the construction of stress surfaces in the Matcad software environment are performed for two variants 
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of the action of forces. The first option is solved by the action of gravity when the camera is located at a depth 
of  y = – 400m. In this case, S

x 
= – 50 MPa, S

y 
= – 100 MPa. In the second case, in addition to gravitational forces, 

the action of the tectonic force T
x
 = – 40MPa was taken into account. 

Calculations of the contour stresses show that there are occurrences of large values of compressive stresses 
up to 741 MPa in two zones where the walls and roofs of the chamber are conjugated when all the columns of 
rocks are 100 MPa. In the areas of the roof in its middle part there are tensile stresses reaching up to 47 MPa. 
This fact indicates the massifs of rocks in the roof of the chamber the formation of vertical cracks, given the weak 
resistance of rocks to stretching. With the combined actions of gravitational and tectonic forces, the magnitude 
of tensile stresses decreases almost 2 times.

The presence of four concentration zones of all stress components around the chamber and tensile zones in 
the middle part of the chamber roof indicate the likely destruction zones of rocks around the chamber (aspect 
ratio equal to 5:1).

To predict the likely zones of rock destruction around the chambers, it is necessary to investigate with varying 
depths and the ratio of the sides of the chamber

Key words: lateral strut; rocks; gravitational force; stress isolines; Cauchy type integral; conformal mapping; Muskhelishvili 
method; stresses; rock bulk density; treatment chamber; elasticity; tectonic force

Ââåäåíèå. Ïðè ïîäçåìíîé ðàçðàáîòêå 
íåäð îñíîâíûì ýëåìåíòîì äîáû÷è ïî

ëåçíûõ èñêîïàåìûõ ÿâëÿþòñÿ î÷èñòíûå êà
ìåðû, êîòîðûå ðàñïîëàãàåòñÿ íà ðàçëè÷íîé 
ãëóáèíå è èìåþò ðàçëè÷íûå êîíôèãóðàöèè è 
ðàçìåðû. Â ïðîöåññå äîáû÷è èñêîïàåìûõ â 
ìàññèâå ãîðíûõ ïîðîä âîêðóã êàìåðû ÷àñòî 
ïðîèñõîäÿò âíåçàïíûå ðàçðóøåíèÿ â âèäå 
âûáðîñîâ ïîðîä è ãàçà, ãîðíûõ óäàðîâ. 

Â íàó÷íîé ëèòåðàòóðå íà÷àëüíîå íàïðÿ
æåííîå ñîñòîÿíèå ãîðíîãî ìàññèâà äî îáðà
çîâàíèÿ êàìåðû íàçûâàåòñÿ «íàïðÿæåííûì 
ñîñòîÿíèåì çåìíîé êîðû» è ìîæåò ÿâëÿòüñÿ 
îáúåêòîì èçó÷åíèÿ ðÿäà íàïðàâëåíèé íàóê î 
Çåìëå. 

Èíñòðóìåíòàëüíîå èçìåðåíèå íàïðÿæå
íèé â ìàññèâàõ âî ìíîãèõ ÷àñòÿõ çåìíîé êî
ðû [4; 11–13; 15; 17; 18] äîêàçûâàåò íàëè÷èå 
êðîìå ãðàâèòàöèîííûõ ïîëåé íàïðÿæåíèé 
òàê íàçûâàåìûõ òåêòîíè÷åñêèõ ïîëåé íàïðÿ
æåíèé. Îñîáåííîñòüþ ýòèõ ïîëåé ÿâëÿåòñÿ 
ãîðèçîíòàëüíàÿ (èëè áëèçêî ê ãîðèçîíòàëü
íîé) îðèåíòèðîâàííîñòü è èçìåí÷èâîñòü 
÷èñëîâûõ çíà÷åíèé. Ïîýòîìó ñóùåñòâóþùèå 
ìîäåëüíûå ïðåäñòàâëåíèÿ ïîëåé íàïðÿæå
íèé âîêðóã ïîäçåìíûõ ãîðíûõ âûðàáîòîê èëè 
òîííåëåé ðàçëè÷íîãî íàçíà÷åíèÿ ñ ó÷åòîì 
äåéñòâèÿ ñèëû ãðàâèòàöèè [1; 5–7] òðåáóþò 
óñîâåðøåíñòâîâàíèÿ òàêèì îáðàçîì, ÷òîáû 
ó÷èòûâàëîñü ñîâìåñòíîå äåéñòâèå ãðàâèòà
öèîííûõ è òåêòîíè÷åñêèõ ñèë. 

Â ðàáîòå èññëåäóåòñÿ êàìåðà ïðÿìî
óãîëüíîãî ñå÷åíèÿ ñ ñîîòíîøåíèåì ñòîðîí 
5:1. Ã. Í. Ñàâèí òàêîå îòâåðñòèå ðàññìàòðè
âàåò â ïîëå îäíîîñíîãî ðàñòÿæåíèÿñæàòèÿ 
[16]. Â ýòîé ñâÿçè èñïîëüçóåì ãîòîâóþ ïî

ñòðîåííóþ îòîáðàæàþùóþ ôóíêöèþ è ìåòîä 
Êîëîñîâà – Ìóñõåëèøâèëè [14; 16]. Àïïàðàò 
òåîðèè ôóíêöèè êîìïëåêñíîãî ïåðåìåííî
ãî è âîçìîæíîñòè ïðîãðàììíîãî êîìïëåêñà 
Ìàtcad óïðîùàþò ðåøåíèå ïîñòàâëåííîé çà
äà÷è, êàê ïîêàçàíî â ðàáîòàõ Ä. Êèðüÿíîâà, 
Á. À. Áîòîêàíîâîé è Á. Æóìàáàåâà [3; 8; 10]. 

Ïîñòàíîâêà çàäà÷è. Ìîäåëü íàïðÿ
æåííîãî ñîñòîÿíèÿ ìàññèâîâ ïîðîä âîêðóã 
î÷èñòíîé êàìåðû ïðÿìîóãîëüíîãî ñå÷åíèÿ 
îòûñêèâàåòñÿ â âèäå  ñóììû ïîëåé íàïðÿæå
íèé [2; 9]

.    (1)

Íàïðÿæåíèÿ ñ âåðõíèì èíäåêñîì «ï» – 
ïîëå íàïðÿæåíèé äëÿ ïîëóïëîñêîñòè ó Ј  0, 
êîòîðîå âîçíèêàåò ïðè ñîâìåñòíîì äåéñòâèè 
ãðàâèòàöèîííûõ ñèë  è ãîðèçîíòàëüíûõ òåê
òîíè÷åñêèõ ñèë. Ñèëà ãðàâèòàöèè  íàïðàâ
ëåíà âåðòèêàëüíî âíèç, ò. å. âãëóáü ìàññèâà 
çåìíîé êîðû. Ýòè ïîëÿ íàïðÿæåíèé ÿâëÿþòñÿ 
èíòåãðàëàìè íåîäíîðîäíûõ äèôôåðåíöè
àëüíûõ óðàâíåíèé ðàâíîâåñèÿ äëÿ ïîëóïëî
ñêîñòè ó Ј  0 [2; 4; 11–13; 15; 17; 18]

(2)

ãäå ρõ = 0 – ãîðèçîíòàëüíûå è âåðòèêàëüíûå 
ρy = ρ = ρg ñîñòàâëÿþùèå îáúåìíîé ñèëû; 

g – ãðàâèòàöèîííîå óñêîðåíèå; 
ρ – ïëîòíîñòü ãîðíîé ïîðîäû; 
Ò

õ 
–

 
èíòåíñèâíîñòü ãîðèçîíòàëüíîé òåêòî

íè÷åñêîé ñèëû. 
Èíòåãðàëû îò (2) èìåþò âèä 

(3)
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ãäå A
1
=λγ; 

A
2
=γ;

λ – êîýôôèöèåíò áîêîâîãî ðàñïîðà; 
Tx – òåêòîíè÷åñêàÿ ñèëà, íàïðàâëåííàÿ ãî

ðèçîíòàëüíî; 
ó – ðàññòîÿíèå îò ãðàíèöû äíåâíîé ïî

âåðõíîñòè äî ðàññìàòðèâàåìîãî öåíòðà êà
ìåðû. 

Äî âîçíèêíîâåíèÿ êàìåðû â ìàññèâå â 
ãëóáèíå ó = – Í èìååò ìåñòî íà÷àëüíîå íàïðÿ
æåííîå ñîñòîÿíèå ìàññèâà [1; 4–7]

S
x 
= – A

1
· Н + T

x ; 
S

y 
= – A

2
· Н; S

xy 
= 0.                        (4)

Âëèÿíèå íàïðÿæåíèé σ
õ

ê, σ
ó

ê, τ
õó

ê âîêðóã 
êàìåðû óñòàíàâëèâàåòñÿ ïóòåì ðåøåíèÿ ãðà
íè÷íîé çàäà÷è äëÿ ïëîñêîñòè õîó ñ îòâåðñòè
åì, ôîðìà êîòîðîãî ìîäåëèðóåòñÿ ñ ïîìî
ùüþ îòîáðàæàþùåé ôóíêöèè [5; 16]

                 ;                     ·  

 .                                                                                (5)

Èñïîëüçóÿ ïàðàìåòðû îòîáðàæàþùåé 
ôóíêöèè d

1 
= 0,643; d

3 
= – 0,098; d

5 
= – 0,038; 

d
7 

= – 0,011; R=1; / 2= , ìîäåëèðóåì êàìå
ðó ïðÿìîóãîëüíîãî ñå÷åíèÿ ñ îòíîøåíèåì 
ñòîðîí, ðàâíûì 5:1 (ðèñ. 1). Âåðòèêàëüíîå 
ðàñïîëîæåíèå êàìåðû ñîîòâåòñòâóåò çíà
÷åíèþ δ = π/2, à ãîðèçîíòàëüíîå èìååò ìå
ñòî ïðè δ = 0.

z =
0( ) ( ) ;ie R= +ie=

7

0
1

( ) / k
k

k

d
=

= е

2- 1- 0 1 2
2-

1-

0

1

2

y2 q( )

x2 q( )

2- 1- 0 1 2
2-

1-

0

1

2

y1 q( )

x1 q( )

îïðåäåëåíî èç ãðàíè÷íûõ óñëîâèé [11–13; 15; 
17; 18]

Ðåøåíèå ãðàíè÷íûõ çàäà÷ (6) è (7). Äëÿ 
îòíîøåíèé â (6) è (7) èìååò ìåñòî ðàçëîæåíèå

(6)

     (7)

.                                                                         (8)

;
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=
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Ðèñ. 1. Âåðòèêàëüíîå (à)  è ãîðèçîíòàëüíîå (á) 
ðàñïîëîæåíèå êàìåðû / Fig. 1. Vertical (à) and horizontal 

(b) camera position

Ïîëå íàïðÿæåíèé σ
õ

ê, σ
ó

ê, τ
õó

ê îò ðàñïîëî
æåíèÿ êàìåðû â êðèâîëèíåéíûõ êîîðäèíàòàõ 

ie=  îáîçíà÷àåòñÿ ÷åðåç σ
ρ

ê, σ
θ

ê, τ
ρθ

ê è áóäåò 

Çäåñü îáîçíà÷àþò

Ïîñòîÿííûå b
k
 è q

k
 (k = 1…7) îïðåäåëÿ

þòñÿ ÷åðåç d
k
 â âèäå

  

 

  
Ñîîòíîøåíèÿ (8) ÿâëÿþòñÿ ãðàíè÷íûìè 

çíà÷åíèÿìè ôóíêöèé

1
3

3
5

5
7

7
2

1 bbbbef i +++= -  ïðè 1Ј
 

ïðè 1і

ïðè 1Ј
 

 
                                                                   ïðè 1і .  (9)

;
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Ó÷èòûâàÿ ðàçäåëåíèå âûðàæåíèé â (6) 
è (7) ñ ó÷åòîì îáëàñòè èõ îïðåäåëåíèÿ ñîîò
âåòñòâåííî äëÿ âíåøíåãî è äëÿ âíóòðåííåãî 
åäèíè÷íîãî êðóãà çíà÷åíèé èíòåãðàëîâ òèïà 
Êîøè [14] îò âñåõ øåñòè ñëàãàåìûõ â (6) è (7) 
âûïèñûâàåì â ÿâíîé ôîðìå

Ïåðå÷åíü ïîñòîÿííûõ âåëè÷èí äëÿ âû
÷èñëåíèÿ òèïà Êîøè îò ÿâíî çàäàííûõ ãðà
íè÷íûõ óñëîâèé íà êîíòóðå îòâåðñòèÿ ñëåäó
þùèé: 

Èíòåãðàëû òèïà Êîøè îò ãðàíè÷íûõ óñ
ëîâèé â (6) è (7) èìåþò âèä

(10)

Âû÷èñëåííûå â (6) è (7) óðàâíåíèÿ ïîë
íîñòüþ îïðåäåëÿþòñÿ ôóíêöèÿìè

ãäå îáîçíà÷àþò:

,               (11)

(12)

.                                              (13)

Äëÿ îïðåäåëåíèÿ êîýôôèöèåíòîâ а
1
, а

2
, 

а
3
, а

5
, а

7
, èëè ,1a  ,2a  ,3a  ,5a  ,7a  óðàâíåíèå (12) ïðå

îáðàçóåì îòíîñèòåëüíî èñêîìûõ ïîñòîÿííûõ 
â âèäå

(14)

.

.
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Ïðèðàâíèâàÿ êîýôôèöèåíòû ïðè îäèíà
êîâûõ ñòåïåíÿõ ςk ïðàâûõ è ëåâûõ ÷àñòåé óðàâ
íåíèÿ (14), áóäåì èìåòü ñèñòåìó øåñòè ëèíåé
íûõ óðàâíåíèé. Î÷åâèäíî, ÷òî â (4) â ïðàâîé 
÷àñòè êîýôôèöèåíòû ïðè ςk (k ≥ 6) ðàâíû íóëþ, 
èç ÷åãî ñëåäóåò, ÷òî a

k
 = 0 (k ≥ 8). Êðîìå òîãî 

èìååì â ÿâíîé ôîðìå a
6
 = 0, a

7
 = b

7
ÃRe2iδ. Êî

ýôôèöèåíòû a
1
, a

2
, a

3
, a

5
, a

7
 èëè ,1a  ,2a  ,3a  ,5a  ,7a  

îïðåäåëÿþòñÿ èç ñèñòåìû øåñòè óðàâíåíèé, 
êîòîðûå âûòåêàþò èç (14).

Ñèñòåìà ëèíåéíûõ àëãåáðàè÷åñêèõ 
óðàâíåíèé äëÿ âû÷èñëåíèÿ çíà÷åíèé ïîñòî
ÿííûõ â íîòàöèÿõ Ìàtcad [10] çàïèñûâàåòñÿ 
îòíîñèòåëüíî êîýôôèöèåíòîâ ñèñòåìû êâà
äðàòíîé ìàòðèöû Ì è åå ïðàâîé ÷àñòè Ì

0
.

 
Äëÿ 

ìàòðèöû Ì îáîçíà÷åíî:

K1 = 0, 1, 2, 3, 4 – ïàðàìåòðû öèêëà. 

Êîýôôèöèåíòû äëÿ ïðàâîé ÷àñòè ñèñòå
ìû óðàâíåíèé: 

Ðåøåíèå ýòîé ñèñòåìû èìååò âèä 
0

1 *MM=M -R
 
[10]. Ïîñëå ðåøåíèÿ ñèñòåìû ïðè

âîäèì çíà÷åíèÿ äëÿ ïðîìåæóòî÷íûõ ïîñòîÿí
íûõ è âûðàæåíèé: 

.
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Òàêèì îáðàçîì, çàäà÷à ìàòåìàòè÷åñêî
ãî îïèñàíèÿ íàïðÿæåííîãî è äåôîðìèðîâàí
íîãî ñîñòîÿíèé âîêðóã êàìåð ñ ïðÿìîóãîëü
íûì ïîïåðå÷íûì ñå÷åíèåì ñ ñîîòíîøåíèåì 
ñòîðîí 5:1 ðåøåíà. 

Ïðèìåð ðàñ÷åòà ïîëåé íàïðÿæåíèé âî
êðóã êàìåðû. Ïðîöåññû ðàñ÷åòà ïîëåé íà

ïðÿæåíèé è ïîñòðîåíèå ïîâåðõíîñòåé íà
ïðÿæåíèé â ïðîãðàììíîé ñðåäå Ìàtcad [10] 
âûïîëíåíû äëÿ äâóõ âàðèàíòîâ äåéñòâèÿ ñèë. 
Ïåðâûé âàðèàíò ïðè äåéñòâèè ñèëû ãðàâèòà
öèè, êîãäà êàìåðà ðàñïîëîæåíà íà ãëóáèíå 
ó = – 400 ì. Â ýòîì ñëó÷àå S

x 
= – 50 MÏà, 

S
y 
= – 100 MÏà. Âî âòîðîì ñëó÷àå êðîìå ãðà

âèòàöèîííûõ ñèë ó÷òåíî äåéñòâèå òåêòîíè
÷åñêîé ñèëû Ò

õ 
= – 40 ÌÏà. Âûïîëíåí ðàñ÷åò 

íàïðÿæåíèé â êîíòóðíûõ òî÷êàõ êàìåðû σ
ρ
, σ

θ
, 

τ
ρθ

. Çíà÷åíèÿ íàïðÿæåíèé σ
ρ
, σ

θ
, τ

ρθ 
â òàáëèöå 

óêàçûâàþò, ÷òî ãðàíè÷íûå óñëîâèÿ (6) è (7) 
âûïîëíÿþòñÿ ñ âûñîêîé òî÷íîñòüþ, ïîãðåø
íîñòü ñîñòàâëÿåò íå áîëåå 10–13. Ïîñëåäíèå 
äâà ñòîëáöà ñîäåðæàò çíà÷åíèÿ êîíòóðíûõ 
íàïðÿæåíèé äëÿ äâóõ âàðèàíòîâ íàãðóæåíèÿ 
ãîðíîãî ìàññèâà. Êîíöåíòðàöèÿ ñæèìàþùèõ 
íàïðÿæåíèé äîñòèãàåò â óãëîâûõ òî÷êàõ êîí
òóðà äî 740 ÌÏà, à ðàñòÿãèâàþùèå çíà÷åíèÿ 
íàïðÿæåíèé – äî 47 ÌÏà. 

Êîìïîíåíòû íàïðÿæåíèé σ
x
, σ

y
, τ

xy
 â äå

êàðòîâûõ êîîðäèíàòàõ è ñ êîìïîíåíòàìè 
íàïðÿæåíèé σ

ρ
, σ

θ
, τ

ρθ
 â êðèâîëèíåéíûõ êî

îðäèíàòàõ âûðàæàþòñÿ ôîðìóëàìè Ìóñõå
ëèøâèëè [18]

(15)

Òàáëèöà 1 / Table 1

Êîìïîíåíòû íàïðÿæåíèé â êîíòóðíûõ òî÷êàõ êàìåðû / Stress components camera contour points

σ
ρ
 () τ

ρθ
 () σ

θ
 () σ

θ
 ()

7,105*10–14 0 –213,288 –198,332
–1,421*10–14 –4,157*10–13 –281,979 –265,752
3,979*10–13 4,444*10–12 –741,17 –738,977

–2,089*10–12 –1,67*10–12 –252,375 –308,554
7,105*10–14 2,087*10–13 1,017 –30,51
–1,99*10–13 1,688*10–14 30,108 4,563
8,527*10–14 –7,683*10–14 39,978 15,205
4,263*10–14 –3,064*10–14 45,251 20,583

–9,948*10–14 5,351*10–14 46,88 22,948
–2,842*10–14 0 46,957 23,496
9,948*10–14 –5,285*10–14 46,88 22,948
1,137*10–13 2,931*10–14 45,251 20,583
2,842*10–14 2,176*10–14 39,978 15,205
–1,99*10–13 –1,688*10–14 30,108 4,563
–5,684*10–13 –4,876*10–13 1,017 –30,51
–2,089*10–12 1,67*10–12 –252,375 –308,554
8,953*10–13 3,601*10–12 –741,17 –738,977

–1,847*10–13 –4,956*10–13 –281,979 –265,752
4,263*10–14 0 –231,228 –198,332
4,974*10–14 2,753*10–14 –281,979 –265,752

… … … …
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Âåëè÷èíû çíà÷åíèé â ýòîé ôîðìóëå ïðè 
çàäàííîì îòîáðàæàþùåé ôóíêöèåé òèïà (5) 
âû÷èñëÿþòñÿ ñîîòíîøåíèÿìè [7; 14]

âîçíèêàþò ïðè äåéñòâèè ñèëû ãðàâèòàöèè, íà 
ðèñ. 3 ðàñïðåäåëåíèÿ íàïðÿæåíèé, âîçíèêà
þùèõ ïðè ñîâìåñòíîì äåéñòâèè ãðàâèòàöè
îííûõ è òåêòîíè÷åñêèõ ñèë. Ïðîöåäóðà ïå
ðåõîäà îò íàïðÿæåíèé σ

x
, σ

y
, τ

xy
  â äåêàðòîâûõ 

êîýôôèöèåíòàõ õîó ê êîìïîíåíòàì íàïðÿæå
íèé σ

ρ
, σ

θ
, τ

ρθ
 â êðèâîëèíåéíûõ êîîðäèíàòàõ 

èëè îáðàòíûé ïåðåõîä êîîðäèíàòíûõ ñèñòåì 
îñóùåñòâëÿåòñÿ áåç îñîáûõ çàòðóäíåíèé, êàê 
ýòî ïðîäåëàíî â ðàáîòàõ Í. È. Ìóñõåøâèëè, 
Á. À. Áîòîêàíîâîé è Á. Æóìàáàåâà [3; 8; 14] 
ïðè èññëåäîâàíèè íàïðÿæåíèé âîêðóã ãèäðî
òåõíè÷åñêèõ òîííåëåé.

 Ïîñêîëüêó ñèëà ãðàâèòàöèè íàïðàâëåíà 
âäîëü îñè îó, à òåêòîíè÷åñêàÿ ñèëà – âäîëü 
îñè îõ, ðåçóëüòàòû ðàñ÷åòà ïîëåé íàïðÿæå
íèé âîêðóã êàìåð ïðèâÿçàíû ê îñÿì îõ è îó. 
Íà ðèñ. 2 ïðåäñòàâëåíû çàêîíîìåðíîñòè 
ðàñïðåäåëåíèÿ íàïðÿæåíèé σ

x
, σ

y
, τ

xy
, êîòîðûå 

Ðèñ. 2. Ðàñïðåäåëåíèå íàïðÿæåíèå îò äåéñòâèÿ ñèëû ãðàâèòàöèè / 
Fig. 2. Stress distribution from the action of gravitational forces

êàñàòåëüíàÿ                 Òõóñèãìà õ ñèãìà ó

Ðèñ. 3. Ðàñïðåäåëåíèå íàïðÿæåíèé ïðè ñîâìåñòíîì äåéñòâèè ãðàâèòàöèîííûõ è òåêòîíè÷åñêèõ ñèë /
Fig. 3. Stress distribution under the combined action of gravitational and tectonic forces

Çàêëþ÷åíèå. Ñîçäàíà ìàòåìàòè÷åñêàÿ 
ìîäåëü íàïðÿæåííîãî ñîñòîÿíèÿ ìàññèâîâ 
âîêðóã êàìåðû ñ ïðÿìîóãîëüíûì ñå÷åíèåì, ó 
êîòîðîãî ñîîòíîøåíèå ñòîðîí ðàâíî 5:1. Äëÿ 
ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ èñïîëüçî
âàí ìåòîä Êîëîñîâà – Ìóñõåëèøâèëè è îòî
áðàæåíèÿ Ã. Í. Ñàâèíà ñ âíåøíèì ïðÿìîóãîëü

íûì îòâåðñòèåì íà âíåøíåì åäèíè÷íîì êðóãå. 
Ìîäåëü ïðèìåíåíà äëÿ ïðîãíîçà ðàñïðåäåëå
íèÿ íàïðÿæåíèé äëÿ äâóõ âàðèàíòîâ äåéñòâèÿ 
â ìàññèâå ñèë. Â ïåðâîì âàðèàíòå ó÷èòûâàåò
ñÿ äåéñòâèå òîëüêî ñèëû ãðàâèòàöèè, âî âòî
ðîì êðîìå ñèëû ãðàâèòàöèè ðàññìàòðèâàåòñÿ 
ãîðèçîíòàëüíîå òåêòîíè÷åñêîå ñæàòèå.

êàñàòåëüíàÿ                 Òõóñèãìà õ ñèãìà ó
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