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Îïèñàíà ôèçè÷åñêàÿ ìîäåëü íàïðÿæåííî-äåôîðìèðîâàííîãî ñîñòîÿíèÿ ãîðíûõ 
ïîðîä ñ ó÷åòîì ôàêòîðà ãåîìåõàíè÷åñêîãî ãèñòåðåçèñà, ó÷èòûâàþùåãî îñòàòî÷íûå 
äåôîðìàöèè è ëèíåéíûé ìîäóëü óïðóãîñòè ïðè öèêëè÷åñêîì èçìåíåíèè íàãðóçêè. 
Ïîêàçàíî, ÷òî ïî ìåðå äåñîðáöèè ìåòàíà ïðè ïåðåõîäå åãî èç òâåðäîãî â ãàçî-
îáðàçíîå ñòîÿíèå â îáúåìå óãëÿ îáðàçóåòñÿ ñâîáîäíîå ïðîñòðàíñòâî, îñâîáîæäåí-
íîå ìîëåêóëàìè ìåòàíà. Ïðè ýòîì ïîä äåéñòâèåì ìîëåêóëÿðíûõ ñèë, ïðîèñõîäèò 
ïåðåãðóïïèðîâêà ñòðóêòóðíûõ åäèíèö óãëåðîäà è ñîîòâåòñòâóþùàÿ ýòîìó ïðîöåññó 
îáúåìíàÿ óñàäêà óãëÿ. Ïî àíàëîãè÷íîìó ìåõàíèçìó ðåàëèçóåòñÿ ÿâëåíèå ðàçáóõàíèÿ 
óãëÿ, êîãäà ïðè ñîðáöèè ìåòàíà ïðîèñõîäèò óâåëè÷åíèå îáúåìà óãëÿ çà ñ÷åò ðàñêëè-
íèâàþùåãî äåéñòâèÿ ìîëåêóë ìåòàíà. Àíàëèòè÷åñêè îïèñàí êîìïëåêñíûé ìîäóëü 
äåôîðìàöèé, èçìåíÿþùèéñÿ â òå÷åíèå âðåìåíè â çàâèñèìîñòè îò ïðåäøåñòâóþùåé 
íàãðóçêè. Ìîäåëü ïðåäñòàâëÿåò èíòåðåñ ïðè îïèñàíèè ôèçè÷åñêèõ óðàâíåíèé, îò-
ðàæàþùèõ çàêîíîìåðíîñòè äåôîðìàöèè óãîëüíûõ ìàòðèö â êîìáèíàöèè ñ äåéñòâó-
þùèìè íàïðÿæåíèÿìè îò ãîðíîãî äàâëåíèÿ ñ ó÷åòîì ïðîöåññîâ ñîðáöèè. Ïðåä-
ñòàâëåí îöåíî÷íûé ðàñ÷åò, ïîäòâåðæäàþùèé ïðàâîìåðíîñòü ôèçè÷åñêîé ìîäåëè.
Êëþ÷åâûå ñëîâà: ôèçè÷åñêàÿ ìîäåëü, êîìïëåêñíûé ìîäóëü äåôîðìàöèé, ãåîìåõà-
íè÷åñêèé ãèñòåðåçèñ, ñîðáöèîííàÿ óñàäêà è ðàçáóõàíèå óãëÿ.

Ìåòàí â ñòðóêòóðå ãàçîíîñíîãî óãîëüíîãî ïëàñòà íàõîäèòñÿ â ôîðìå ãàçà 
â ïîðîâîì ïðîñòðàíñòâå, â ñîðáèðîâàííîì ñîñòîÿíèè íà ñâîáîäíîé 

ïîâåðõíîñòè è ðàñïðåäåëåí ïî âñåìó îáúåìó óãëÿ â âèäå òâåðäîãî ðàñòâîðà [1], 
ïîä÷èíÿþùåãîñÿ çàêîíàì äèôôóçèè. Ïî ìåðå äåñîðáöèè ìåòàíà ïðè ïåðåõîäå 
åãî èç òâåðäîãî â ãàçîîáðàçíîå ñòîÿíèå â îáúåìå óãëÿ îáðàçóåòñÿ ñâîáîäíîå 
ïðîñòðàíñòâî, îñâîáîæäåííîå ìîëåêóëàìè ìåòàíà. Ïî ýòîé ïðè÷èíå, ïîä äåé-
ñòâèåì ìîëåêóëÿðíûõ ñèë, ïðîèñõîäèò ïåðåãðóïïèðîâêà ñòðóêòóðíûõ åäèíèö 
óãëåðîäà è ñîîòâåòñòâóþùàÿ ýòîìó ïðîöåññó îáúåìíàÿ óñàäêà óãëÿ [2, 3]. Ïî 
àíàëîãè÷íîìó ìåõàíèçìó ðåàëèçóåòñÿ ïðîòèâîïîëîæíîå ÿâëåíèå ðàçáóõàíèÿ 
óãëÿ: ïðè ñîðáöèè ìåòàíà ïðîèñõîäèò óâåëè÷åíèå îáúåìà óãëÿ çà ñ÷åò ðàñ-
êëèíèâàþùåãî äåéñòâèÿ ìîëåêóë ìåòàíà. Â ïðîöåññàõ óñàäêè óãëÿ èçìåíÿåòñÿ 
íàïðÿæåííî-äåôîðìèðîâàííîå ñîñòîÿíèå, ñëåäñòâèåì êîòîðîãî ÿâëÿåòñÿ èç-
ìåíåíèå ïðîíèöàåìîñòè óãëÿ, ÷òî èìååò ýêñïåðèìåíòàëüíîå ïîäòâåðæäåíèå. 
Âïå÷àòëÿþùèé ðåçóëüòàò îïèñàí â ðàáîòå [4], ãäå ïðè ïðîìûñëîâîé äîáû÷å 
óãîëüíîãî ìåòàíà çàôèêñèðîâàí ýôôåêò ïîâûøåíèÿ ïðîíèöàåìîñòè óãîëüíîãî 
ïëàñòà ïðè äåãàçàöèè çà ñ÷åò äîëãîâðåìåííîé ñîðáöèîííîé óñàäêè, ÷òî ïðåä-
ñòàâëÿåò ïðàêòè÷åñêèé èíòåðåñ.

Ðàçâèòèå ñïîñîáîâ ïîâûøåíèÿ ýôôåêòèâíîñòè äåãàçàöèè âîçìîæíî ïðè ðå-
àëèçàöèè ìåõàíèçìîâ öèêëè÷åñêîé ñîðáöèîííîé óñàäêè óãëÿ, ÷òî íà ïðàêòèêå 
äîñòèãàåòñÿ ïóòåì èçìåíåíèÿ ïëàñòîâîãî äàâëåíèÿ, íàïðèìåð, ïðè îòêðûòèè è 
çàêðûòèè äåãàçàöèîííûõ ñêâàæèí.

Â òåîðåòè÷åñêîì ïëàíå ïðåäñòàâëÿåò èíòåðåñ îïèñàíèå ôèçè÷åñêèõ óðàâíå-
íèé, îòðàæàþùèõ çàêîíîìåðíîñòè äåôîðìàöèè óãîëüíûõ ìàòðèö â êîìáèíà-
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öèè ñ äåéñòâóþùèìè íàïðÿæåíèÿìè îò ãîðíîãî äàâëåíèÿ ñ ó÷åòîì ïðîöåññîâ 
ñîðáöèè. Ñ ýòîé öåëüþ ðàññìîòðèì ñëåäóþùóþ àíàëèòè÷åñêóþ ìîäåëü.

Ôèçè÷åñêèå óðàâíåíèÿ, îòðàæàþùèå ñâÿçü ìåæäó íàïðÿæåíèÿìè è äåôîð-
ìàöèÿìè ïðè ñîâìåñòíîì ïðîÿâëåíèè ìåõàíè÷åñêèõ è ñîðáöèîííûõ äåôîðìà-
öèé çàïèøåì, èñïîëüçóÿ ïðèíöèï ïðîñòîé ñóïåðïîçèöèè, â âèäå:
σx = λ(θ + θc) + 2G(εx + θc/3);  τxy = Gγxy;
σy = λ(θ + θc) + 2G(εy + θc/3);  τyz = Gγyz;  (1)
σz = λ(θ + θc) + 2G(εz + θc/3);  τzx = Gγzx;
ãäe σ, ε, τ, γ – êîìïîíåíòû òåíçîðà íàïðÿæåíèé è äåôîðìàöèé; θ – îáúåìíàÿ 
äåôîðìàöèÿ ïîä äåéñòâèåì ìåõàíè÷åñêèõ íàïðÿæåíèé; θc – îáúåìíàÿ ñîðáöè-
îííàÿ äåôîðìàöèÿ; 
G – ìîäóëü ñäâèãà; 

2(1 )
E

G =
+ ν

; λ – ïîñòîÿííàÿ Ëàìå, 
(1 )(1 2 )

Eν
λ =

+ ν − ν
; 

E – ìîäóëü äåôîðìàöèè; ν – êîýôôèöèåíò Ïóàññîíà.
Äëÿ îïèñàíèÿ íåóïðóãîãî ìåõàíèçìà äåôîðìèðîâàíèÿ, òî åñòü êîãäà ïîñëå 

öèêëà èçìåíåíèÿ ìåõàíè÷åñêîé íàãðóçêè è ñîðáöèîííûõ ïðîöåññîâ óñàäêè èëè 
ðàçáóõàíèÿ óãîëü íå âîçâðàùàåòñÿ â èñõîäíîå ñîñòîÿíèå è âîçíèêàþò îñòàòî÷-
íûå äåôîðìàöèè – ñëåäóåò èñïîëüçîâàòü ïåðåìåííóþ âåëè÷èíó ìîäóëÿ äåôîð-
ìàöèé, çàâèñÿùóþ îò ìåíÿþùèõñÿ íàïðÿæåíèé.

Êîìïüþòåðíîå ìîäåëèðîâàíèå òàêèõ çàäà÷ íà ñîâðåìåííîì óðîâíå ðàçâèòèÿ 
ìåòîäà êîíå÷íûõ ýëåìåíòîâ âïîëíå äîñòóïíî äëÿ ïðèêëàäíûõ èññëåäîâàòåëåé. 
Îäíàêî ñäåðæèâàþùèì ôàêòîðîì ÿâëÿåòñÿ îòñóòñòâèå îïûòà ìîäåëèðîâàíèÿ 
òàêîãî òèïà çàäà÷ è íåäîñòàòî÷íûì êîëè÷åñòâîì ýêñïåðèìåíòàëüíûõ äàííûõ î 
ôèçè÷åñêèõ ñâîéñòâàõ óãëÿ â ïðîöåññàõ äåôîðìàöèîííîãî ãèñòåðåçèñà. 

Ïðåäïîëàãàåìàÿ äèàãðàììà óïðóãî-ïëàñòè÷åñêèõ äåôîðìàöèé ñðåäû ñ ýô-
ôåêòîì ãåîìåõàíè÷åñêîãî ãèñòåðåçèñà (ÃÃ-ìîäåëü), â âèäå ãèïîòåçû, ïðåäñòàâ-
ëåíà íà ðèñ. 1. ÃÃ-ìîäåëü ïðîÿâëÿåò ñëåäóþùèå ñâîéñòâà:

 • ïðè íàðàñòàíèè ñæèìàþùåãî ìåõàíè÷åñêîãî íàïðÿæåíèÿ ïðîèñõîäèò íå-
ëèíåéíûé ðîñò îòíîñèòåëüíûõ äåôîðìàöèé (ó÷àñòîê 1 íà ðèñ. 1);

 • ïðè ïîíèæåíèè ñæèìàþùåãî íàïðÿæåíèÿ äåôîðìàöèè óìåíüøàþòñÿ ïî 
ëèíåéíîìó çàêîíó, à çàòåì – ïðè ïîñëåäóþùåì óâåëè÷åíèè íàïðÿæåíèÿ òàêæå 
âîçðàñòàþò ïî ëèíåéíîìó çàêîíó ñ ìîäóëåì äåôîðìàöèè Å0 (ó÷àñòîê 2). Ýòîò ìå-
õàíèçì îòðàæàåò ýôôåêò ïàìÿòè ðàíåå äåéñòâîâàâøèõ íàïðÿæåíèé Êàéçåðà [5], 
ïî êîòîðîìó íà ó÷àñòêå 2 àêóñòè÷åñêèõ ñèãíàëîâ íåò è îíè ïîÿâëÿþòñÿ òîëüêî 
ïðè äîñòèæåíèè íàïðÿæåíèåì ïðåäøåñòâóþùåãî ìàêñèìàëüíîãî çíà÷åíèÿ;

 • ïðè óâåëè÷åíèè íàïðÿæåíèÿ äî ïðåäûäóùåãî ìàêñèìàëüíîãî çíà÷åíèÿ â 
òî÷êå 3 äàëüíåéøåå äåôîðìèðîâàíèå ïðîèñõîäèò â ñîîòâåòñòâèè ñ ïåðâîíà-
÷àëüíîé êðèâîé íåëèíåéíîé äåôîðìàöèè (ó÷àñòîê 4);

 • ïðè ïîñëåäóþùèõ öèêëàõ ïîíèæåíèÿ è óâåëè÷åíèÿ íàïðÿæåíèé êàðòèíà 
ëèíåéíîãî óìåíüøåíèÿ è óâåëè÷åíèÿ äåôîðìàöèé ïîâòîðÿåòñÿ (ó÷àñòêè 5).

Ïî ïðåäñòàâëåííîé ÃÃ-ìîäåëè ìîäóëü äåôîðìàöèè ñðåäû íà ó÷àñòêàõ 2 è 5 
ïðîÿâëÿåò ëèíåéíóþ óïðóãîñòü ñ ìîäóëåì Å0 è ÿâëÿåòñÿ ïîñòîÿííûì. Îñíîâà-
íèåì äëÿ òàêîãî ïðåäïîëîæåíèÿ ÿâëÿåòñÿ îòñóòñòâèå àêóñòè÷åñêèõ ñèãíàëîâ, 
èíäóöèðóþùèõ ðàñïðîñòðàíåíèå ìèêðîäåôåêòîâ (ýôôåêò Êàéçåðà) è èçâåñò-
íûå ýêñïåðèìåíòàëüíûå ðåçóëüòàòû [6]. Ïðåäïîëîæèòåëüíî, òàêîé æå ìîäóëü 
óïðóãîñòè (ìîäóëü Þíãà) õàðàêòåðèçóåò íà÷àëî äåôîðìèðîâàíèÿ.

Äëÿ îïèñàíèÿ íåëèíåéíîé äèàãðàììû äåôîðìàöèé ñ ýôôåêòîì ïàìÿòè ðà-
íåå äåéñòâîâàâøèõ íàïðÿæåíèé íåîáõîäèìî ó÷èòûâàòü äèíàìèêó èçìåíåíèÿ 
íàïðÿæåíèé â òå÷åíèå âñåãî âðåìåíè. Åñëè èñïîëüçîâàòü â êà÷åñòâå îñíîâîïî-
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ëàãàþùåãî ôèçè÷åñêîå óðàâíåíèå (1) òî â íåãî íàäî ââåñòè ôóíêöèþ, ó÷èòûâà-
þùóþ íåëèíåéíûé è âðåìåííîé õàðàêòåð ìîäóëÿ äåôîðìàöèé. Íàïðèìåð, ïî 
ðèñ. 2 â òå÷åíèå âðåìåíè 0…t1 ïðîèñõîäèò óâåëè÷åíèå íàïðÿæåíèé äî ïåðâîãî 
ìàêñèìóìà. Â òî æå âðåìÿ, èç äèàãðàììû äåôîðìèðîâàíèÿ ñëåäóåò, ÷òî â ýòîì 
âðåìåííîì èíòåðâàëå íåëèíåéíûé ìîäóëü äåôîðìàöèè ñîñòàâëÿåò Å(t). Äàëåå 
â òå÷åíèå âðåìåíè ïðîèñõîäèò ñíà÷àëà óìåíüøåíèå, à çàòåì óâåëè÷åíèå íà-
ïðÿæåíèé (ðèñ. 2). Ïî äèàãðàììå äåôîðìèðîâàíèÿ (ðèñ. 1), â òå÷åíèå âðåìåíè 
t1…t2, ìîäóëü äåôîðìàöèè ñîñòàâëÿåò E0. Õàðàêòåðíî, ÷òî äåéñòâóþùèå íàïðÿ-
æåíèÿ â ìîìåíòû âðåìåíè t1 è t2 ðàâíû.

Â òå÷åíèå âðåìåíè t2…t3 èìååò ìåñòî íàðàñòàíèå íàïðÿæåíèé äî ñëåäóþùå-
ãî ìàêñèìóìà. Ïðè ýòîì ìîäóëü äåôîðìàöèè, òàêæå êàê â ïðåäûäóùåì öèêëå, 
ñîîòâåòñòâóåò ôóíêöèè Å(t). Ïî ïðåäñòàâëåííîé ãèïîòåçå ÃÃ-ìîäåëè àíàëîãè÷-
íûå çàêîíîìåðíîñòè äåôîðìèðîâàíèÿ â äàëüíåéøåì ïîâòîðÿþòñÿ. 

Ïðåäñòàâëåííàÿ ÃÃ-ìîäåëü îòðàæàåò èçâåñòíûå ýêñïåðèìåíòàëüíûå äàííûå 
îá îñòàòî÷íûõ äåôîðìàöèé è ýôôåêòå Êàéçåðà. ×òî êàñàåòñÿ ïîâåäåíèÿ ãîð-
íûõ ïîðîä íà ó÷àñòêàõ ëèíåéíûõ äåôîðìàöèé 2 è 5 (ðèñ. 1), òî àíàëîãè÷íûå 
ðåçóëüòàòû áûëè îòìå÷åíû â ýêñïåðèìåíòàõ íà ñîëÿõ [6], ÷òî òàêæå ïîäòâåðæ-
äàåò ïðàâîìåðíîñòü ãèïîòåòè÷åñêîé ìîäåëè.

Òàêèì îáðàçîì, íà îñíîâå ðèñ. 1 è 2 çàïèøåì êîìïëåêñíîå âûðàæåíèå äëÿ 
ìîäóëÿ äåôîðìàöèè, îòðàæàþùåå ãèñòåðåçèñ è ïðåäûñòîðèþ î äåéñòâîâàâ-
øèõ ðàíåå íàïðÿæåíèÿõ. Ëîãè÷åñêîå óñëîâèå äëÿ âûáîðà ôóíêöèè ìîäóëÿ äå-
ôîðìàöèé âûïîëíÿåò ñëåäóþùèå òðåáîâàíèÿ: åñëè ïðîèçâîäíàÿ äåéñòâóþùåãî 
íàïðÿæåíèÿ îò âðåìåíè áîëüøå íóëÿ, íàïðÿæåíèå ïîëîæèòåëüíîå è áîëüøå 
ìàêñèìàëüíîãî ïðåäøåñòâóþùåãî íàèáîëüøåãî çíà÷åíèÿ, òî ñëåäóåò èñïîëüçî-
âàòü íåëèíåéíóþ ôóíêöèÿ ìîäóëÿ äåôîðìàöèé, â ïðîòèâíîì ñëó÷àå – èñïîëü-
çîâàòü ëèíåéíóþ ôóíêöèþ. Ñïðàâåäëèâî äëÿ âñåõ ó÷àñòêîâ – äî íàñòóïëåíèÿ 
ïðåäåëüíî äåôîðìèðîâàííîãî ñîñòîÿíèÿ, ïðè íàñòóïëåíèè êîòîðîãî ìîäóëü 
äåôîðìàöèè ñòðåìèòñÿ ê íóëþ.

Ìàòåìàòè÷åñêîå îïèñàíèå óñëîâèÿ â áóëåâûõ îïåðàòîðàõ èìååò âèä:
Å(t) = Å1(t) + Å2(t); (2)

[ ] [ ]{ }1 0

( )
( ) ( ) 0 ( ) 0 ( ) max ( )

d t
E t E F t t t t

dt
σ⎡ ⎤= ⋅ ⋅ > ⋅ σ > ⋅ σ > σ⎢ ⎥⎣ ⎦ ;

Ðèñ. 1. Íåëèíåéíàÿ äèàãðàììà íàïðÿ-
æåíèé è äåôîðìàöèé ñ ýôôåêòîì ïà-
ìÿòè íàïðÿæåíèé íà ëèíåéíîì ó÷àñòêå 
äåôîðìèðîâàíèÿ

Ðèñ. 2. Íåðàâíîìåðíî íàðàñòàþùèå âî 
âðåìåíè íàïðÿæåíèÿ
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Å2(t) = E0 · [σ(t) < σñæ] · {σ(t) ≤ max [σ(t)]} + E00 · [σ(t) > σñæ],
ãäå Å(t) – êîìïëåêñíûé ìîäóëü äåôîðìàöèé, Ïà; Å1(t) – ôóíêöèÿ ìîäóëÿ íà íåëè-
íåéíîì ó÷àñòêå äåôîðìàöèé, Ïà; Å2(t) – ôóíêöèÿ ìîäóëÿ íà ëèíåéíûõ ó÷àñòêàõ 
ãèñòåðåçèñà äåôîðìàöèé, Ïà; E0 – ìîäóëü ëèíåéíîé óïðóãîñòè (ìîäóëü Þíãà), 
Ïà; F(t) – îïèñûâàþùàÿ íåëèíåéíóþ ôîðìó äèàãðàììû íàïðÿæåíèé è äåôîð-
ìàöèé äî íàñòóïëåíèÿ ïðåäåëüíîãî ñîñòîÿíèÿ, íàïðèìåð, â âèäå

[ ]
2

( )
( ) 1 ( ) ñæ

ñæ

t
F t t

n

⎡ ⎤⎛ ⎞σ⎢ ⎥= − ⋅ σ < σ⎜ ⎟
⋅ σ⎢ ⎥⎝ ⎠⎣ ⎦

σ(t) – ìåõàíè÷åñêîå íàïðÿæåíèå âî âðåìåíè, Ïà; σñæ – ïðåäåë ïðî÷íîñòè ïðè 
ñæàòèè, Ïà; n – ïàðàìåòð àïïðîêñèìàöèè; max [σ(t)] – ìàêñèìàëüíîå íàïðÿæå-
íèå íà ïðåäûäóùèõ ó÷àñòêàõ, Ïà; E00 – ìîäóëü äåôîðìàöèè íà çàïðåäåëüíîì 
ó÷àñòêå äåôîðìèðîâàíèÿ, Ïà.

×òî êàñàåòñÿ ïîâåäåíèÿ ñðåäû â óñëîâèÿõ äåéñòâèÿ ðàñòÿãèâàþùèõ íàïðÿ-
æåíèé, òî çäåñü ïðîáëåìà îïèñàíèÿ êîìïëåêñíîãî ìîäóëÿ äåôîðìàöèé óñëîæ-
íÿåòñÿ îòñóòñòâèåì ýêñïåðèìåíòàëüíûõ äàííûõ î ïîâåäåíèè ãîðíûõ ïîðîä 
â óñëîâèÿõ îäíîîñíûõ ðàñòÿãèâàþùèõ íàïðÿæåíèé. Â ïåðâîì ïðèáëèæåíèè 
ìîæíî ãèïîòåòè÷åñêè ïðåäïîëîæèòü, ÷òî êàðòèíà äèàãðàììû äåôîðìèðîâàíèÿ 
áóäåò êà÷åñòâåííî òàêîé æå, íî ñ äðóãèìè çíà÷åíèÿìè ìîäóëåé óïðóãîñòè ïî 
ñðàâíåíèþ ñ óñëîâèÿìè ñæàòèÿ.

Äîïîëíèì ôèçè÷åñêèå óðàâíåíèÿ ñâÿçè ìåæäó íàïðÿæåíèÿìè è äåôîðìà-
öèÿìè çàêîíîìåðíîñòÿìè ïðîöåññà ñîðáöèîííîé  óñàäêè è ðàçáóõàíèÿ. 

Îáúåìíàÿ äåôîðìàöèÿ óãëÿ â ïðîöåññå ñîðáöèîííîé óñàäêè ïðè ïîëíîì 
çàìåùåíèè ìîëåêóë ìåòàíà óãëåðîäîì ñîñòàâëÿåò

4
4

ñí
ñ ñí

ñ

G
μ

θ = Δ ⋅ ρ ⋅
μ  (3)

ΔG – îòíîñèòåëüíàÿ âåëè÷èíà îáúåìíîé ñîðáöèè èëè äåñîðáöèè ìîëåêóë ìåòà-
íà â ñòðóêòóðå óãëÿ; ΔG = G0 – G, ì3/êã; G0 – íà÷àëüíàÿ ãàçîíîñíîñòü óãëÿ (îáú-
åì ìåòàíà â íîðìàëüíûõ óñëîâèÿõ îòíåñåííûé ê ìàññå óãëÿ), ì3/êã; G – òåêóùàÿ 
ãàçîíîñíîñòü óãëÿ, ì3/êã; ρñí4 – îáúåìíûé âåñ ìåòàíà â íîðìàëüíûõ óñëîâèÿõ, 
êã/ì3; μñí4 è μñ – ìîëÿðíûå ìàññû ìåòàíà è óãëÿ, ñîîòâåòñòâåííî, êã/ìîëü.

Ïðè âûâîäå ôîðìóëû (3) ïðåäïîëàãàåòñÿ, ÷òî â ïðîöåññå äåñîðáöèè ìåòàíà 
èç óãëÿ îñâîáîäèâøèéñÿ îò ìåòàíà îáúåì óãëÿ, ïîä äåéñòâèåì ìîëåêóëÿðíûõ 
ñèë, ïîëíîñòüþ çàïîëíÿåòñÿ àòîìàìè óãëåðîäà è ïî ýòîé ïðè÷èíå ïðîèñõîäèò 
óìåíüøåíèå èñõîäíîãî îáúåìà è, ñîîòâåòñòâåííî, óñàäêà ñòðóêòóðíûõ ýëåìåí-
òîâ óãëÿ. Â äåéñòâèòåëüíîñòè ïîëíîãî çàìåùåíèÿ âûøåäøèõ èç óãëÿ ìîëåêóë 
ìåòàíà àòîìàìè óãëåðîäà âðÿä ëè ïðîèñõîäèò è ïîýòîìó â ôîðìóëå (3) áî-
ëåå ïðàâîìåðíî èñïîëüçîâàòü ìíîæèòåëü, ìåíüøèé åäèíèöû, êîòîðûé ñëåäóåò 
îïðåäåëÿòü ëàáîðàòîðíûìè ýêñïåðèìåíòàìè. Â ïîñëåäóþùèõ îöåíêàõ ïðèìåì 
ýòîò ìíîæèòåëü ðàâíûì åäèíèöå ïîëàãàÿ, ÷òî âûïîëíåííûå ðàñ÷åòû ïðèâåäóò ê 
ìàêñèìàëüíî âîçìîæíîìó âëèÿíèþ ñîðáöèîííîé óñàäêè óãëÿ, à ðåàëüíàÿ óñàä-
êà áóäåò ìåíüøå ðàñ÷åòíîé.

Â ôîðìóëå (3) èñïîëüçîâàíî ñëåäóþùåå ïðàâèëî çíàêîâ: ïðè äåñîðáöèè 
ìåòàíà äåôîðìàöèÿ èìååò çíàê ïëþñ (óñàäêà, ΔG > 0) è, íàîáîðîò, ïðè ñîðá-
öèè – çíàê ìèíóñ (ðàçáóõàíèå, ΔG < 0).

Íà÷àëüíàÿ ãàçîíîñíîñòü óãëÿ âû÷èñëÿåòñÿ ïðè èçâåñòíîì ïðèðîäíîì ïëà-
ñòîâîì äàâëåíèè, èñïîëüçóÿ èçîòåðìó Ëýíãìþðà
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⎝ ⎠
0

4

1
1

pl

pl c ñí

a b P
G

b P

⎛ ⎞⋅ ⋅
= ⋅⎜ ⎟⎜ ⎟+ ⋅ ρ ⋅ ρ

 , ì3/êã,  (4)

ãäå a – ìàêñèìàëüíàÿ ñîðáöèîííàÿ åìêîñòü â óðàâíåíèè Ëýíãìþðà, êã/ì3 
(ìàññà ìåòàíà â êèëîãðàììàõ, îòíåñåííàÿ ê îáúåìó óãëÿ â êóáè÷åñêèõ ìåòðàõ); 
b – êîýôôèöèåíò Ëýíãìþðà, Ïà-1; ρñ – îáúåìíàÿ ìàññà óãëÿ, êã/ì3.

Íàïðèìåð, ïðè a = 60 êã/ì3; b = 0,207·10–6 Ïà-1; Ppl = 14,43·105 Ïà; 
ρñí4 = 0,67 êã/ì3; ρñ = 1300 êã/ì3 ïîëó÷èì

6 6

0 6 6

60 0,207 10 14,43 10 1
0,0158

1300 0,671 0,207 10 14,43 10
G

⎛ ⎞⋅ ⋅ ⋅ ⋅
= ⋅ =⎜ ⎟ ⋅+ ⋅ ⋅ ⋅⎝ ⎠  

ì3/êã

(15,8 ì3 ìåòàíà, îòíåñåííîãî ê îäíîé òîííå óãëÿ).
Àíàëîãè÷íî çàïèøåì âûðàæåíèå äëÿ òåêóùåé ãàçîíîñíîñòè óãëÿ ïðè äàâëå-

íèè ñâîáîäíîãî ãàçà P = 10·105 Ïà:

4

1
1 ñ ñí

a b P
G

b P
⋅ ⋅⎛ ⎞= ⋅⎜ ⎟+ ⋅ ρ ⋅ ρ⎝ ⎠  (5)

Ðåçóëüòàò ðàñ÷åòà
6 5

0 6 5

60 0,207 10 10,0 10 1
0,0118

1300 0,671 0,207 10 10,0 10
G

⎛ ⎞⋅ ⋅ ⋅ ⋅
= ⋅ =⎜ ⎟ ⋅+ ⋅ ⋅ ⋅⎝ ⎠  

ì3/êã.

(11,8 ì3 ìåòàíà, îòíåñåííîãî ê îäíîé òîííå óãëÿ).

Ïåðåïèøåì óðàâíåíèå (3) ñ ó÷åòîì (4) è (5):

41
1 1

pl ñí
ñ

pl c c

a b P a b P
b P b P

⎛ ⎞⋅ ⋅ μ⋅ ⋅
θ = − ⋅ ⋅⎜ ⎟⎜ ⎟+ ⋅ + ⋅ ρ μ⎝ ⎠  .  (6)

Òàêèì îáðàçîì, ôèçè÷åñêèå óðàâíåíèÿ, îïðåäåëÿþùèå âî âðåìåíè ïðîöåññ 
äåôîðìàöèè óãëÿ ñ ó÷åòîì ñîâìåñòíîãî äåéñòâèÿ ìåõàíè÷åñêèõ íàïðÿæåíèé 

Ðèñ. 3. Öèêëè÷åñêèå ñæèìàþùèå íàï-
ðÿæåíèÿ

Ðèñ. 4. Êîìïëåêñíûé ìîäóëü äåôîðìà-
öèé â òå÷åíèå âðåìåíè
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è ïðîöåññà ñîðáöèè ìåòàíà ïîä äåéñòâèåì ïëàñòîâîãî äàâëåíèÿ èìååò âèä (1) 
ñ ó÷åòîì êîìïëåêñíîãî ìîäóëÿ äåôîðìàöèé (ôîðìóëà 2), çàâèñÿùåãî îò íàïðÿ-
æåíèé è âðåìåíè.

Äëÿ äåìîíñòðàöèè ðàáîòîñïîñîáíîñòè îïèñàííîé ÃÃ-ìîäåëè ðàññìîòðèì 
ñëó÷àé, êîãäà â òåëå ðåàëèçóþòñÿ öèêëè÷åñêèå ñæèìàþùèå íàïðÿæåíèÿ, ïî-
êàçàííûå íà ðèñ. 3. Ïðè ýòèõ íàïðÿæåíèÿõ â ñîîòâåòñòâèè ñ ôîðìóëàìè (2) 
ïî ÃÃ-ìîäåëè ôóíêöèîíèðóåò êîìïëåêñíûé ìîäóëü äåôîðìàöèé, èçìåíåíèå 
êîòîðîãî â òå÷åíèå âðåìåíè ïðåäñòàâëåíî íà ðèñ. 4. Íà ðèñ. 5 ïðåäñòàâëåíà 
ãðàôè÷åñêàÿ çàâèñèìîñòü äåôîðìàöèé âî âðåìåíè â äâóõ âàðèàíòàõ: 1 – ïî 
ÃÃ-ìîäåëè; 2 – ïî óïðóãîïëàñòè÷åñêîé ìîäåëè (áåç ãèñòåðåçèñà äåôîðìàöèé). 
Âèäíî ðàçëè÷èå ôóíêöèîíàëüíûõ çàâèñèìîñòåé. Î÷åâèäíî, ÃÃ-ìîäåëü êà÷å-
ñòâåííî áîëåå äîñòîâåðíî îòðàæàåò ôèçè÷åñêèé ïðîöåññ, ïîñêîëüêó ó÷èòû-
âàåò ãèñòåðåçèñ äåôîðìàöèé è ïðåäøåñòâóþùèå íàãðóçêè â òå÷åíèè âñåãî 
ïðîöåññà.

Èñïîëüçîâàíèå â óðàâíåíèÿõ ïåðåìåííîãî ìîäóëÿ äåôîðìàöèè, îòðàæàþ-
ùåãî ôàêòîð ãèñòåðåçèñà â äèàãðàììå äåôîðìèðîâàíèÿ, à òàêæå ó÷åò ÿâëå-
íèÿ ïàìÿòè íàïðÿæåíèé îòêðûâàåò âîçìîæíîñòè ìîäåëèðîâàíèÿ ïðîöåññîâ 
äåôîðìàöèè ïðè öèêëè÷åñêèõ ìåõàíè÷åñêèõ è ñîðáöèîííûõ âîçäåéñòâèÿõ íà 
óãîëüíûé ïëàñò.

Ðèñ. 5. Äåôîðìàöèè ïîä äåéñòâèåì ïåðåìåííûõ íàïðÿæåíèé: 1 – ÃÃ-ìîäåëü; 
2 – óïðóãî-ïëàñòè÷åñêàÿ ìîäåëü
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The physical model of the stress–strain state of rocks includes the geomechanical hysteresis factor to 
take into account residual strains and linear elasticity modulus under the cyclic change of load. It is shown 
that with methane desorption and transition from solid to gaseous state, methane molecules vacate available 
space in coal. Under the action of molecular forces, structural units of carbon re-group and the associated 
volume shrinkage of coal takes place. The coal swelling phenomenon realizes by the similar mechanism, when 
methane absorption expands coal volume under dilative action of methane molecules. The article describes 
analytically the integrated deformation modulus that undergoes time change depending on previous load. 
The model is used to describe physical equations illustrating mechanisms of deformation of coal matrix under 
effective stress due to ground pressure, considering sorption processes. The presented calculation proves the 
physical model appropriateness.

Key words: physical model, integrated deformation modulus, geomechanical hysteresis, sorption shrinkage 
and swelling of coal.
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