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Â ïîñëåäíåå âðåìÿ â çàäà÷àõ, ñâÿçàííûõ ñ îïðåäåëåíèåì íàïðÿæåííîãî 
ñîñòîÿíèÿ êàêèõ-ëèáî îáúåêòîâ, âñå ÷àùå ïðèìåíÿþòñÿ ÷èñëåííûå ìåòî-

äû ñ èñïîëüçîâàíèåì ÝÂÌ. Îäíèì èç òàêèõ ìåòîäîâ, íàèáîëåå ðàñïðîñòðàíåí-
íûõ è øèðîêî çàðåêîìåíäîâàâøèõ ñåáÿ ïðè ðåøåíèè çàäà÷ îïðåäåëåíèÿ íàïðÿ-
æåííîãî ñîñòîÿíèÿ, ÿâëÿåòñÿ ìåòîä êîíå÷íûõ ýëåìåíòîâ.

Îñíîâíàÿ èäåÿ äàííîãî ìåòîäà çàêëþ÷àåòñÿ â àïïðîêñèìàöèè íåïðåðûâíîé 
âåëè÷èíû äèñêðåòíîé ìîäåëüþ, ïðåäñòàâëÿþùåé ñîáîé ìíîæåñòâî çíà÷åíèé 
çàäàííîé ôóíêöèè â íåêîòîðîì êîíå÷íîì ÷èñëå òî÷åê îáëàñòè åå îïðåäåëå-
íèÿ â ñîâîêóïíîñòè ñ êóñî÷íûìè àïïðîêñèìàöèÿìè ýòîé ôóíêöèè íà íåêîòî-
ðîì êîíå÷íîì ÷èñëå ïîäîáëàñòåé, íàçûâàåìûõ êîíå÷íûìè ýëåìåíòàìè. Ïðè 
ýòîì íåîáõîäèìî âûïîëíåíèå óñëîâèÿ ïîëíîòû, çàêëþ÷àþùåãîñÿ â òîì, ÷òî ñ 
óâåëè÷åíèåì ÷èñëà êîíå÷íûõ ýëåìåíòîâ è óìåíüøåíèåì èõ ðàçìåðîâ ïîâåäå-
íèå äèñêðåòíîé ñèñòåìû äîëæíî ïðèáëèæàòüñÿ ê ïîâåäåíèþ ñïëîøíîé ñðåäû. 
Îäíàêî äëÿ ãåîìàòåðèàëîâ âûïîëíåíèÿ äàííîãî óñëîâèÿ ïîëíîòû îæèäàòü íå 
ïðèõîäèòñÿ. Â ïåðâóþ î÷åðåäü ýòî ñâÿçàíî ñ òåì, ÷òî äëÿ ãåîìàòåðèàëîâ ñóùå-
ñòâóåò îãðàíè÷åíèå íà ìèíèìàëüíî äîïóñòèìûé ðàçìåð êîíå÷íûõ ýëåìåíòîâ. 
Ýòîò ðàçìåð ïîëíîñòüþ îïðåäåëÿåòñÿ âåëè÷èíîé ýëåìåíòàðíîãî îáúåìà èññëå-
äóåìîãî ãåîìàòåðèàëà, êîíòèíóóì êîòîðîãî ïîäâåðãàåòñÿ êîíå÷íî-ýëåìåíòíîé 
äèñêðåòèçàöèè.

Ñèòóàöèþ îñëîæíÿåò è òî, ÷òî ïðîöåññû ðàçðóøåíèÿ â ãåîìàòåðèàëàõ, à òàêæå
ñâÿçàííûå ñ íèìè äèíàìè÷åñêèå ïðîÿâëåíèÿ, îïðåäåëÿþòñÿ âíóòðåííèì ïîëåì 
íàïðÿæåíèé, èñïûòûâàåìûì çåðíàìè, ðàçìåðû êîòîðûõ ñóùåñòâåííî ìåíüøå âå-
ëè÷èíû ýëåìåíòàðíîãî îáúåìà. Ïî ýòîé ïðè÷èíå ìåòîä êîíå÷íûõ ýëåìåíòîâ äàåò 
ïðèåìëåìûå ðåçóëüòàòû ëèøü â ñëó÷àå èññëåäîâàíèÿ ãåîìàòåðèàëîâ äî òðåòüåãî 
ïîðÿäêà ñëîæíîñòè âêëþ÷èòåëüíî, äëÿ êîòîðûõ âåëè÷èíà ýëåìåíòàðíûõ îáúåìîâ 
èññëåäóåìûõ ãåîìàòåðèàëîâ íåâåëèêà. Òàêèì îáðàçîì, äëÿ òàêèõ ãåîìàòåðèàëîâ 
êàê ïîðîäíûå ìàññèâû, ÿâëÿþùèõñÿ îáúåêòîì óïðàâëåíèÿ àâòîìàòèçèðîâàííûõ 
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Ðàçðàáîòàíû ìóëüòèôðàêòàëüíûå ìàòåìàòè÷åñêèå ìîäåëè ãåîìàòåðàëîâ ðàçëè÷íûõ 
ïîðÿäêîâ ñëîæíîñòè îòíîñèòåëüíî óïðóãèõ ïîëåé íàïðÿæåíèé. Äàííûå ìîäåëè ÿâ-
ëÿþòñÿ îñíîâîé äëÿ ðàçðàáîòêè íîâîãî ìåòîäà ïåðêîëÿöèîííîãî ìóëüòèôðàêòàëü-
íîãî ìîäåëèðîâàíèÿ. Ýòîò ìåòîä ëåæèò çà ïðåäåëàìè òðàäèöèîííîé òåîðèè ïåðêî-
ëÿöèè. Òàê ïîðîã ïåðêîëÿöèè â äàííîì ìåòîäå ñâÿçàí ñ êîíêðåòíûìè èçó÷àåìûìè 
ñâîéñòâàìè (â íàøåì ñëó÷àå – äåôîðìàöèîííûå ñâîéñòâà) è ôèçè÷åñêèìè ïðîöåññà-
ìè (ôîðìèðîâàíèå ïîëÿ íàïðÿæåíèé) â èññëåäóåìûõ îáúåêòàõ. 
Êëþ÷åâûå ñëîâà: ãåîìàòåðèàë, ïîëå íàïðÿæåíèé, òåîðèÿ ïåðêîëÿöèè, îáúåêò óïðàâ-
ëåíèÿ, àâòîìàòèçèðîâàííàÿ ñèñòåìà. 
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ñèñòåì óïðàâëåíèÿ òåõíîëîãè÷åñêèìè ïðîöåññàìè ãîðíîãî ïðîèçâîäñòâà, ìåòîä 
êîíå÷íûõ ýëåìåíòîâ äàåò íåïðèåìëåìûå ðåçóëüòàòû.

Â ñëîæèâøåéñÿ ñèòóàöèè ïðèîáðåòàåò àêòóàëüíîñòü ðàçðàáîòêè ìàòåìàòè÷å-
ñêèõ ìîäåëåé, îïðåäåëÿþùèõ íàïðÿæåííîå ñîñòîÿíèå ãåîìàòåðèàëîâ ñ ó÷åòîì 
èõ ñëîæíîé âíóòðåííåé ñòðóêòóðû.

Äëÿ ðàçðàáîòêè òàêèõ ìîäåëåé âîñïîëüçóåìñÿ ìóëüòèôðàêòàëüíûì ïîäõî-
äîì [1]. Ïîñòðîèì ìóëüòèôðàêòàëüíóþ ìàòåìàòè÷åñêóþ ìîäåëü ãîðíîé ïîðîäû 
îòíîñèòåëüíî óïðóãîãî ïîëÿ íàïðÿæåíèé. 

Ñïëîøíàÿ ñðåäà ñî ñòðóêòóðîé, ñîîòâåòñòâóþùàÿ ïîðîäíîìó ìàññèâó, îïè-
ñûâàåòñÿ ñëåäóþùèìè ñèñòåìàìè óðàâíåíèé, çàïèñàííûìè â ñìåùåíèÿõ â ñèì-
âîëè÷åñêîì âèäå:

1) óðàâíåíèÿ ðàâíîâåñèÿ:
( ) ( )

-
m m

L u f , (1)

ãäå
( ) ( )

-
m m

L C  ( – âåêòîð-îïåðàòîð äèôôåðåíöèðîâàíèÿ), 
( )m

u – ñìåùåíèå,

f – âíåøíèå ñèëû; 
( )m

C – òåíçîð ìîäóëåé óïðóãîñòè ýëëèïñîèäà, ñîîòâåòñòâóþ-
ùåãî ãîðíîé ïîðîäå.

2) êèíåìàòè÷åñêèå óðàâíåíèÿ:
( ) ( )m m

def u , (2)
ãäå îïåðàòîð def ñîîòâåòñòâóåò ñèììåòðèçîâàííîìó ãðàäèåíòó;

3) îïðåäåëÿþùèå óðàâíåíèÿ:
( ) ( ) ( )

:
m m m

C , (3)
èëè

( )( ) ( )
' :

mm m

C , (4)
ãäå ñèìâîë (:) îçíà÷àåò îïåðàöèþ ñâåðòêè ïî äâóì èíäåêñàì, êîòîðûå ïðåäïî-

ëàãàþò ñóììèðîâàíèå ïî íèì; 
1( ) ( )

'
m m

C C .

Èñïîëüçóÿ ðàáîòó [2] â ðàìêàõ ìåòîäà àíàëîãèè, ðàçðåøàÿ ñèñòåìó óðàâíåíèé 

(1–4), ïîëó÷èì ñëåäóþùåå óðàâíåíèå äëÿ òåíçîðà 
( )

( )
tmq

x , îïèñûâàþùåãî êóñî÷-
íî-íåïðåðûâíîå ïîëå äåôîðìàöèé â ñðåäå ñ íåîäíîðîäíîñòÿìè:
( ) ( ) (1 ) ( ) (0 )

( ) ( ) ( ) ( )
tmq tmq tmq tmq tmq

x K x x C x W x dx , (5)

ãäå îïåðàòîð 
( ) ( )tmq dmq

K def G def ;
( )dmq

G – òåíçîðíàÿ ôóíêöèÿ Ãðèíà ìàòðèöû, ñî-

îòâåòñòâóþùåé ïîðîäíîìó ìàññèâó; 
(0 )tmq

– íåïðåðûâíîå âíåøíåå ïîëå äåôîð-

ìàöèé, äåéñòâóþùåå íà ïîðîäíûé ìàññèâ; 
(1 )tmq

C – ñëó÷àéíûé ÷åòûðåõâàëåíò-
íûé òåíçîð, ïîñòîÿííûé â ïðåäåëàõ êàæäîé íåîäíîðîäíîñòè è ìåíÿþùèéñÿ 
ñêà÷êîì íà ãðàíèöå ýëëèïñîèäîâ.

Èñïîëüçóÿ êîìïëåêñíûé ìåòîä ñàìîñîãëàñîâàííîãî ïîëÿ [3], à òàêæå ðàáîòó 
[2] â ðàìêàõ ìåòîäà àíàëîãèè, ïîëó÷èì ïîëå äåôîðìàöèé âíóòðè ïðîèçâîëü-
íûõ íåîäíîðîäíîñòåé, ñîîòâåòñòâóþùèõ ãîðíûì ïîðîäàì, ñîñòàâëÿþùèì ïî-
ðîäíûé ìàññèâ:
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1 1( ) (1 ) ( ) ( ) (0 )( ) 1
( ) ( )

tmq tmq tmq tmq tmqnmf
H C K x x x x dx

n , (6)

ãäå
1

( ) ( )1
( )

4 S

tmq tmq

H K Ak dS ; A – òåíçîð, îïðåäåëÿþùèé íåâûðîæäåííîå àôôèí-

íîå ïðåîáðàçîâàíèå òðåõìåðíîãî ïðîñòðàíñòâà, ïåðåâîäÿùåå ýëëèïñîèäàëü-
íóþ îáëàñòü, çàíÿòóþ âêëþ÷åíèåì, â åäèíè÷íûé øàð;
( )

( )
tmq

K k – ïðåîáðàçîâàíèå Ôóðüå-ÿäðà ( )( )

( ) ( )

( ) [ ( )]ijkl i l jk ij kl

tmq dmq

K x x G x x ;

S1 – ïîâåðõíîñòü åäèíè÷íîé ñôåðû â Ôóðüå-ïðîñòðàíñòâå; 
( )

( )
tmq

x x – ÷àñòü
ñðåäíåãî ïî àíñàìáëþ ïîëåé íåîäíîðîäíîñòåé, ñâÿçàííàÿ ñ ïîïàäàíèåì òî-

÷åê â ðàçíûå íåîäíîðîäíîñòè; 
(0 )tmq

– îïðåäåëÿåòñÿ ýêñïåðèìåíòàëüíî ïîñðåä-
ñòâîì âûðàæåíèÿ:
(0 ) ( ) (0 )tmq eftmq tmq

C , (7)

ãäå
(0 )

0 0 0

0 0 0

0 0

tmq

P

;

P = h – âåñ âûøåëåæàùåé òîëùè ïîðîäíîãî ìàññèâà; – ñðåäíèé óäåëüíûé âåñ 
ãîðíûõ ïîðîä. 
Óìíîæàÿ îáå ÷àñòè óðàâíåíèÿ (6) íà ýôôåêòèâíûé òåíçîð ìîäóëåé óïðóãîñòè 

ãîðíîé ïîðîäû 
( )eftmf

C  ñëåâà, äëÿ íàïðÿæåíèÿ âíóòðè ëþáîé íåîäíîðîäíîñòè, 
ñîîòâåòñòâóþùåé ãîðíîé ïîðîäå, ïîëó÷èì:

1 1( ) (1 ) ( ) ( ) (0 )( ) ( ) 1
( ) ( )

tmq tmq tmq tmq tmqnmf eftmf
C H C K x x x x dx

n , (8)

ãäå
( ) ( ) ( )nmf eftmf nmf

C . Ýôôåêòèâíûé òåíçîð 
( )eftmf

C  îïðåäåëÿåòñÿ ïîñðåäñòâîì 
ñëåäóþùåãî âûðàæåíèÿ [1]:

1( )
( ) ( ) (1 ) ( ) (1 )

( )

ELtmf
eftmf efdmf tmf tmf tmf

BVtmf

V
C C C H C

V
1

1( )
(0 ) (1 ) ( ) (1 )

( )

ELtmf
tmf tmf tmf tmf

BVtmf

V
I H C H C

V
.

Ïåðåéäåì ê ðàçðàáîòêå ìóëüòèôðàêòàëüíîé ìàòåìàòè÷åñêîé ìîäåëè ìèíå-
ðàëà ñ íàïîëíåííûìè ãàçîì (èëè æèäêîñòüþ) âêëþ÷åíèÿìè îòíîñèòåëüíî óïðó-
ãîãî ïîëÿ íàïðÿæåíèé.

Ñïëîøíàÿ ñðåäà ñî ñòðóêòóðîé, ñîîòâåòñòâóþùàÿ ãîðíîé ïîðîäå, îïèñûâà-
åòñÿ ñëåäóþùèì èíòåãðàëüíûì óðàâíåíèåì [1]:
( ) ( ) (1 ) ( ) (0 )

( ) ( ) ( ) ( )
tmf tmf tmf tmf tmf

x K x x C x W x dx ,
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ãäå îïåðàòîð 
( ) ( )tmf dmf
K def G def ;

( )dmf
G – òåíçîðíàÿ ôóíêöèÿ Ãðèíà ìàòðèöû, ñî-

îòâåòñòâóþùåé ãîðíîé ïîðîäå; 
(0 )tmf

– íåïðåðûâíîå âíåøíåå ïîëå äåôîðìà-

öèé, äåéñòâóþùåå íà ãîðíóþ ïîðîäó; 
(1 )tmf
C – ñëó÷àéíûé ÷åòûðåõâàëåíòíûé òåí-

çîð, ïîñòîÿííûé â ïðåäåëàõ êàæäîé íåîäíîðîäíîñòè è ìåíÿþùèéñÿ ñêà÷êîì 
íà ãðàíèöå ýëëèïñîèäîâ.

Èñïîëüçóÿ êîìïëåêñíûé ìåòîä ñàìîñîãëàñîâàííîãî ïîëÿ [3], à òàêæå ðàáîòó 
[2] â ðàìêàõ ìåòîäà àíàëîãèè, ïîëó÷èì ïîëå äåôîðìàöèé âíóòðè ïðîèçâîëüíûõ 
ýëëèïñîèäàëüíûõ íåîäíîðîäíîñòåé, ñîîòâåòñòâóþùèõ ìèíåðàëàì ñ âêëþ÷åíèÿ-
ìè, ñîñòàâëÿþùèì ãîðíóþ ïîðîäó:

1 1( ) ( ) (1 ) ( ) ( ) (0 )1
( ) ( )

nmt tmf tmf tmf tmf tmf
H C K x x x x dx

n , (9)

ãäå
1

( ) ( )1
( )

4 S

tmf tmf
H K Ak dS ;

( )

( )
tmf

x x – ÷àñòü ñðåäíåãî ïî àíñàìáëþ ïîëåé íå-

îäíîðîäíîñòåé, ñâÿçàííàÿ ñ ïîïàäàíèåì òî÷åê â ðàçíûå íåîäíîðîäíîñòè.
Óìíîæàÿ îáå ÷àñòè óðàâíåíèÿ (9) íà ýôôåêòèâíûé òåíçîð ìîäóëåé óïðóãîñòè 

ìèíåðàëà ñ âêëþ÷åíèÿìè 
( )efmt
C  ñëåâà, äëÿ íàïðÿæåíèÿ âíóòðè ëþáîé íåîäíî-

ðîäíîñòè (ñîîòâåòñòâóþùåé ìèíåðàëó ñ âêëþ÷åíèÿìè) ïîëó÷èì:

1 1( ) ( ) ( ) (1 ) ( ) ( ) (0 )1
( ) ( )

nmt efmt tmf tmf tmf tmf tmf
C H C K x x x x dx

n , (10)

ãäå
( ) ( ) ( )nmt efmt nmt

C . Ýôôåêòèâíûé òåíçîð 
( )efmt
C  îïðåäåëÿåòñÿ ïîñðåäñòâîì ñëå-

äóþùåãî âûðàæåíèÿ [1]:
1( )

( ) ( ) (1 ) ( ) (1 )

( )

ELmt
efmt efms mt mt mt

BVmt

V
C C C Z C

V
1

1( )
(0 ) (1 ) ( ) (1 )

( )

ELmt
mt mt mt mt

BVmt

V
I Z C Z C

V .

Ó÷èòûâàÿ, ÷òî 
(0 ) ( )tmf nmf

 è èñïîëüçóÿ (6), îêîí÷àòåëüíî äëÿ ïîëÿ íàïðÿæåíèé 
âíóòðè íåîäíîðîäíîñòè, ñîîòâåòñòâóþùåé ìèíåðàëó ñ âêëþ÷åíèåì ïîëó÷èì:

1 1( ) ( ) ( ) (1 ) ( ) ( )1
( ) ( )

nft efmt tmf tmf tmf tmf
C H C K x x x x dx

n (11)
1 1( ) (1 ) ( ) ( ) (0 )1

( ) ( )
tmq tmq tmq tmq tmq

H C K x x x x dx
n .

Âîñïîëüçîâàâøèñü àíàëîãè÷íûì ïîäõîäîì, ïîëó÷èì îñòàâøèåñÿ ìóëüòèô-
ðàêòàëüíûå ìàòåìàòè÷åñêèå ìîäåëè ãåîìàòåðèàëîâ ìåíüøåãî ïîðÿäêà ñòðóê-
òóðíîé ñëîæíîñòè.
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1) Ìóëüòèôðàêòàëüíàÿ ìàòåìàòè÷åñêàÿ ìîäåëü ìèíåðàëà ñ íàïîëíåííûìè
ãàçîì (èëè æèäêîñòüþ) ïîðàìè îòíîñèòåëüíî óïðóãîãî ïîëÿ íàïðÿæåíèé:

1 1

1
( ) ( ) ( ) (1 ) ( ) (1 )nms nfm nfm nfm nfm nfm

C C C

1 1( ) (1 ) ( ) ( )1
( ) ( )

tmf tmf tmf tmf
H C K x x x x dx

n (12)
1 1( ) (1 ) ( ) ( ) (0 )1

( ) ( )
tmq tmq tmq tmq tmq

I H C I K x x x x dx
n ,

ãäå
( )nms

– ïîëå íàïðÿæåíèé âíóòðè íåîäíîðîäíîñòè, ñîîòâåòñòâóþùåé ìèíå-

ðàëó ñ íàïîëíåííûìè ãàçîì (èëè æèäêîñòüþ) ïîðàìè; 
( )nfm
C – òåíçîð ìîäóëåé

óïðóãîñòè çåðíà ñ ïîðîé; 
(1 ) ( ) ( )nfm nfm efmt

C C C ;
1

( ) ( )1
( )

4 S

nfm nfm
B K Ak dS ;

( )
( )

nfm
K k – ïðåîáðàçîâàíèå Ôóðüå-ÿäðà 

( )
( )ijkl

nfm
K x x ;

( ) ( )nfm mte
K def G def ;

( )mte
G – òåíçîðíàÿ ôóíêöèÿ Ãðèíà ýôôåêòèâíîé ìàòðèöû, ñîîòâåòñòâóþùåé ìè-

íåðàëó ñ íàïîëíåííûìè ãàçîì (èëè æèäêîñòüþ) âêëþ÷åíèÿìè.

2) Ìóëüòèôðàêòàëüíàÿ ìàòåìàòè÷åñêàÿ ìîäåëü ìèíåðàëà îòíîñèòåëüíî óïðó-
ãîãî ïîëÿ íàïðÿæåíèé :

1 1

1
( ) ( ) ( ) (1 ) ( ) (1 )nm nf nf nf nf nf

C I B C I B C

1 1( ) (1 ) ( ) ( )1
( ) ( )

tmf tmf tmf tmf
I H C I K x x x x dx

n (13)
1 1( ) (1 ) ( ) ( ) (0 )1

( ) ( )
tmq tmq tmq tmq tmq

I H C I K x x x x dx
n .

ãäå
( )nm

– ïîëå íàïðÿæåíèé âíóòðè ìèíåðàëà; 
( )nf
C – òåíçîð ìîäóëåé óïðóãîñòè 

çåðíà;
(1 ) ( ) ( )nf nf efms
C C C ;

1

( ) ( )1
( )

4 S

nf nf
B K Ak dS ;

( )
( )

nf
K k – ïðåîáðàçîâàíèå Ôóðüå-ÿäðà 

( )
( )ijkl

nf
K x x ;

( ) ( )nf ms
K def G def  èìååò ÿäðî ( )( )

( ) ( )
( ) [ ( )]ijkl i l jk ij kl

nf ms
K x x G x x ;

( )ms
G – òåíçîðíàÿ ôóíêöèÿ Ãðèíà ìàòðèöû, ñîîòâåòñòâóþùåé ìèíåðàëó ñ íàïîë-

íåííûìè ãàçîì (èëè æèäêîñòüþ) ïîðàìè.
3) Ìóëüòèôðàêòàëüíàÿ ìàòåìàòè÷åñêàÿ ìîäåëü çåðíà êàê ïðèðîäíîãî ôðàê-

òàëà îòíîñèòåëüíî óïðóãîãî ïîëÿ íàïðÿæåíèé:
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1 1

1
( ) ( ) ( ) (1 ) ( ) ( ) (1 )nf nf nf nf nf nf nf

C I B C C I B C

1 1

1
( ) ( ) (1 ) ( ) (1 )nf nf nf nf nf
C I B C I B C

(14)
1 1( ) (1 ) ( ) ( )1

( ) ( )
tmf tmf tmf tmf

I H C I K x x x x dx
n

1 1( ) (1 ) ( ) ( ) ( ) (0 )1
( ) ( )

tmq tmq tmq tmq eftmq tmq

I H C I K x x x x dx C
n .

ãäå
( )nf

– ïîëå íàïðÿæåíèé âíóòðè íåîäíîðîäíîñòè, ñîîòâåòñòâóþùåé çåðíó.
6) Ìóëüòèôðàêòàëüíàÿ ìàòåìàòè÷åñêàÿ ìîäåëü çåðíà ñ ïîðîé êàê ïðèðîäíî-

ãî ôðàêòàëà ñ ìèêðîâêëþ÷åíèåì îòíîñèòåëüíî ïîëÿ äàâëåíèé:

1 1

0 0

( ) ( ) ( ) ( )
ij ijkl klmn klpq pqmn pqmn mnsd

sd

nfm nf nf nf
p p I I p I C C

. (15)
ijp – ïîëå äàâëåíèé â íåîäíîðîäíîñòè, ñîîòâåòñòâóþùåé íàïîëíåííîé ãàçîì 

(èëè æèäêîñòüþ) ïîðå; p0 – ïåðâîíà÷àëüíîå äàâëåíèå â ïîðå. 
Ïîëó÷åííûå ðåçóëüòàòû, à òàêæå ðàáîòû [4, 5] ïîçâîëÿþò ïðåäñòàâèòü ïåð-

êîëÿöèîííûé ìóëüòèôðàêòàëüíûé ìåòîä ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ ïî-
ðîäíîãî ìàññèâà êàê îáúåêòà óïðàâëåíèÿ â âèäå ñëåäóþùåé ïîñëåäîâàòåëü-
íîñòè äåéñòâèé: 

1) Ñôîðìèðîâàòü òðåõìåðíóþ ïåðêîëÿöèîííóþ ðåøåòêó, äëèíà, øèðèíà è
âûñîòà êîòîðîé, ðàâíû ñîîòâåòñòâóþùèì ðàçìåðàì èññëåäóåìîãî ïîðîäíîãî 
ìàññèâà. Ïðè ýòîì îáúåì êàæäîãî êóáèêà ðàâåí ñðåäíåìó îáúåìó çåðíà èç ïî-
ðîäíîãî ìàññèâà.

2) Ðàçäåëèòü òðåõìåðíóþ ðåøåòêó íà ñîâîêóïíîñòü ñëîåâ ïàðàëëåëüíûõ îä-
íîé èç òðåõ ïëîñêîñòåé. Êàæäûé ñëîé ïðè ýòîì ñîîòâåòñòâóåò äâóõìåðíîé ïåð-
êîëÿöèîííîé ðåøåòêå.

3) Îïðåäåëèòü êîíôèãóðàöèþ áåñêîíå÷íûõ êëàñòåðîâ â êàæäîé äâóõìåðíîé
ðåøåòêå, êîòîðàÿ ïðèâîäèò ê ðåàëèçàöèè èññëåäóåìîãî ÿâëåíèÿ. Íàïðèìåð, 
ïðè ðåøåíèè çàäà÷è âíåçàïíûõ âûáðîñîâ ïîðîä è ãàçà, òàêîé êîíôèãóðàöèåé 
ÿâëÿåòñÿ îáúåäèíåííûé áåñêîíå÷íûé êëàñòåð, ñîñòîÿùèé èç îäíîãî ãîðèçîí-
òàëüíîãî è äâóõ âåðòèêàëüíûõ áåñêîíå÷íûõ êëàñòåðîâ [4].

4) Ïîñðåäñòâîì êîìïüþòåðíîãî ýêñïåðèìåíòà îïðåäåëèòü êîìïëåêñíûé ïî-
ðîã ïåðêîëÿöèè. Ýòîò ýêñïåðèìåíò çàêëþ÷àåòñÿ â ñëåäóþùåì.

Âíà÷àëå âåëè÷èíå âåðîÿòíîñòè ðàçðóøåíèÿ PD ïðèñâîèòü íà÷àëüíîå çíà÷å-
íèå 0,01 è âñå êâàäðàòû â äâóõìåðíûõ ïåðêîëÿöèîííûõ ðåøåòêàõ óñòàíîâèòü â 
ñîñòîÿíèå «ñâîáîäíî îò òðåùèíû» è çàêðàñèòü â áåëûé öâåò. Äàëåå, äëÿ êàæäî-
ãî êâàäðàòà èç ðàññìàòðèâàåìûõ ðåøåòîê ñ ïîìîùüþ ãåíåðàòîðà ðàâíîìåðíî 
ðàñïðåäåëåííûõ ñëó÷àéíûõ ÷èñåë ñãåíåðèðîâàòü ñëó÷àéíîå ÷èñëî P îò 0 äî 1. 
Åñëè ïîëó÷åííîå çíà÷åíèå P îêàæåòñÿ ìåíüøå âåðîÿòíîñòè ðàçðóøåíèÿ PD, òî 
êâàäðàò ïåðåõîäèò â ñîñòîÿíèå «çàíÿòî òðåùèíîé» è çàêðàøèâàåòñÿ â ÷åðíûé 
öâåò. Â ïðîòèâíîì ñëó÷àå, êâàäðàò ñîõðàíÿåò ñâîå ñîñòîÿíèå – «ñâîáîäíî îò 
òðåùèíû». Åñëè â êàæäîé äâóõìåðíîé ïåðêîëÿöèîííîé ðåøåòêå íå ðåàëèçîâà-
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ëàñü êîíôèãóðàöèÿ áåñêîíå÷íûõ êëàñòåðîâ, òî ïîâòîðèòü êîìïüþòåðíûé ýêñ-
ïåðèìåíò, ïðè ýòîì óâåëè÷èâ çíà÷åíèå PD íà 0,01. Â ïðîòèâíîì ñëó÷àå ýêñïå-
ðèìåíò çàâåðøàåòñÿ, è ïîëó÷åííîå çíà÷åíèå PD ÿâëÿåòñÿ êîìïëåêñíûì ïîðîãîì 
ïåðêîëÿöèè PC, ò.å. PC PD.

5) Îïðåäåëèòü òåêóùåå çíà÷åíèå âåðîÿòíîñòè ðàçðóøåíèÿ â èññëåäóåìîé 
òðåõìåðíîé ïåðêîëÿöèîííîé ðåøåòêå. Ïîñðåäñòâîì ìàòåìàòè÷åñêèõ ìîäåëåé 
(14) è (15) îïðåäåëèòü: êîëè÷åñòâî ñîñòîÿíèé qA, ïðè êîòîðûõ ïðîèñõîäèò ðàç-
ðóøåíèå çåðíà ñ ïîðîé ïîñðåäñòâîì ïîëÿ íàïðÿæåíèé; êîëè÷åñòâî ñîñòîÿíèé 
qB, ïðè êîòîðûõ ïðîèñõîäèò ðàçðóøåíèå çåðíà ïîñðåäñòâîì ïîëÿ äàâëåíèé.

Òåêóùåå çíà÷åíèå âåðîÿòíîñòè ðàçðóøåíèÿ PRD â ýòîì ñëó÷àå ðàâíî A Bq q

w
,

ãäå w – ÷èñëî âîçìîæíûõ ñîñòîÿíèé îòäåëüíîãî çåðíà ñ ãàçîíàïîëíåííîé ïî-
ðîé â ðàìêàõ ðàññìàòðèâàåìîé çàäà÷è.

6) Ïðîâåðèòü óñëîâèå – òåêóùåå çíà÷åíèå âåðîÿòíîñòè ðàçðóøåíèÿ PRD
áîëüøå èëè ðàâíî êîìïëåêñíîìó ïîðîãó ïåðêîëÿöèè PC. Åñëè äà, òî èññëåäóå-
ìîå ÿâëåíèå ðåàëèçóåòñÿ â ïîðîäíîì ìàññèâå. Â ïðîòèâíîì ñëó÷àå – ÿâëåíèå 
íå ïðîÿâèò ñåáÿ.
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In the presented article multifractal mathematical models of geomateral of complexity various orders 
concerning fields of tension are developed. These models are a basis for development of a new method of 
percolated multifractal modeling. This method lies outside the traditional theory of a percolation. So the per-
colation threshold in this method is connected with the concrete studied properties (in our case – deformation 
properties) and physical processes (formation of a field of tension) in the studied objects. 

Key words: geomaterial, field of tension, the theory of a perñolation, object of management, the auto-
mated system.

REFERENCES

1. Khalkechev R.K. Gornyy informatsionno-analiticheskiy byulleten’. Special edition. Prikladnaya i pro-
myshlennaya matematika. 2013, no 9, pp. 8–16.

2. Kanaun S.K. Zhurnal prikladnoy mekhaniki i tekhnicheskoy fiziki. 1977, no 2, pp. 160–170.
3. Khalkechev R.K. Gornyy informatsionno-analiticheskiy byulleten’. Special edition. Prikladnaya i pro-

myshlennaya matematika. 2013, no 9, pp. 20–23. 
4. Khalkechev R.K. Gornyy informatsionno-analiticheskiy byulleten’. Special edition. Prikladnaya i pro-

myshlennaya matematika. 2013, no 9, pp. 23–27.
5. Khalkechev R.K. Gornyy informatsionno-analiticheskiy byulleten’. Special edition. Prikladnaya i pro-

myshlennaya matematika. 2013, no 9, pp. 28–32.

Î Ò Ä Å Ë Ü Í Û Å  Ñ Ò À Ò Ü È 
ÃÎÐÍÎÃÎ ÈÍÔÎÐÌÀÖÈÎÍÍÎ-ÀÍÀËÈÒÈ×ÅÑÊÎÃÎ ÁÞËËÅÒÅÍß

(ÑÏÅÖÈÀËÜÍÛÉ ÂÛÏÓÑÊ)
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ÏÐÈ ÑÒÐÎÈÒÅËÜÑÒÂÅ ÒÓÍÍÅËÅÉ ÄËß ÎÁÎÑÍÎÂÀÍÈß ÏÀÐÀÌÅÒÐÎÂ 
ÊÎÍÑÒÐÓÊÖÈÈ ÊÐÅÏÈ
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Ðàññìîòðåíà êîëè÷åñòâåííàÿ ñòîðîíà çàâèñèìîñòè îòïîðà êðåïè (êîíòàêòíîãî íàïðÿæå-
íèÿ íà ãðàíèöå êðåïü-ìàññèâ) îò îáùåãî ñìåùåíèÿ êîíòóðà âûðàáîòêè. Äëÿ âûáîðà îïòèìà-
öèè ïàðàìåòðîâ êðåïè â ñâåòå òåîðèè âçàèìîâëèÿþùåé äåôîðìàöèè ïðåäñòàâëÿåò èíòåðåñ 
òîëüêî ñëó÷àé îáðàçîâàíèÿ âîêðóã âûðàáîòêè îäíîé îáëàñòè ïëàñòè÷åñêèõ äåôîðìàöèé áåç 
ðàçðóøåíèÿ, òàê êàê ïðè îòñóòñòâèè ýòîé îáëàñòè ìàññèâ íàõîäèòñÿ â óñòîé÷èâîì óïðóãîì 
ñîñòîÿíèè è êðåïü ïðèìåíÿåòñÿ òîëüêî êàê îãðàæäàþùàÿ êîíñòðóêöèÿ. Äëÿ îáîñíîâàííîãî 
âûáîðà êîíñòðóêòèâíûõ è òåõíîëîãè÷åñêèõ ïàðàìåòðîâ êðåïè íåîáõîäèìà ïðåäâàðèòåëüíàÿ 
îöåíêà ñòåïåíè ðàçâèòèÿ ìåõàíè÷åñêèõ ïðîöåññîâ â êîíêðåòíîé ãåîìåõàíè÷åñêîé îáñòàíîâ-
êå. Ïðåäëîæåí êðèòåðèé äëÿ êëàññèôèêàöèè ïîðîäíûõ îáíàæåíèé ïî èõ ñîñòîÿíèþ óñòîé-
÷èâîñòè, êîòîðûé îñíîâàí íà èññëåäîâàíèè ïîëîæåíèé îáîáùåííîé äèàãðàììû ðàâíîâåñ-
íûõ ñîñòîÿíèé ïîðîäíîãî ìàññèâà.

Êëþ÷åâûå ñëîâà: ñòðîèòåëüñòâî òóííåëåé, íàïðÿæåííî-äåôîðìèðîâàííîå ñîñòîÿíèå ïî-
ðîä, îáäåëêà âûðàáîòêè, ñìåùåíèå êîíòóðà ïîðîäíûõ ìàññèâ.

ASSESSMENT OF THE IMPACT OF GEOMECHANICAL PROCESSES IN THE CONSTRUCTION 
OF TUNNELS FOR JUSTIFICATION OF DESIGN PARAMETERS LINING
Nguyen Duyen Phong, Graduate Student, 
Mining Institute, National University of Science and Technology «MISiS», 119049, Moscow, Russia.

When tunneling initial stress state of the rock mass is broken and in the vicinity of the educated generation 
is the process of redistribution of stresses, which in turn can lead to the formation of the zone of plastic de-
formation. Values rock displacement loop tunnels which depends on the dimensions of the tunnels themselves 
and the development of plastic deformation zone can vary from several to tens of centimeters. Let us now 
consider the quantitative side, depending rebuff bolting (contact stress at the interface crepearray) of the total 
bias circuit output. To select parameters optimatsii lining in the light of the theory of interdependent deforma-
tion is of interest only to the case of education around the development of one area of plastic deformation 
without breaking, as in the absence of this mass is in a stable condition and elastic lining is used only as a 
cladding. In order to make informed choices of design and technological parameters of lining to preassess the 
extent of mechanical processes in concrete geomechanical situation. The criterion for classification of rock 
outcrops by their state of stability, which is based on a study of the provisions of the generalized diagram of 
the equilibrium state of a rock mass.

Key words: tunnel construction, stress strain state of rocks lining tunnel.


