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Ïðèâåäåíû ðåçóëüòàòû èññëåäîâàíèé õàðàêòåðà äåôîðìèðîâàíèÿ ìàòåðèàëà íà ôèçè÷åñêèõ ìîäåëÿõ, ýêâè
âàëåíòíûõ óãëåïîðîäíîìó ìàññèâó. Ïðåäñòàâëåíà ìåòîäèêà ýêñïåðèìåíòàëüíîãî èññëåäîâàíèÿ. Ïî ðåçóëü
òàòàì èñïûòàíèÿ ìîäåëåé èç ýêâèâàëåíòíîãî ìàòåðèàëà ïîëó÷åíû ãðàôèêè çàâèñèìîñòè îòíîñèòåëüíûõ äå
ôîðìàöèé îò âåðòèêàëüíîé óäåëüíîé íàãðóçêè. Ïðîâåäåíà îöåíêà ðåçóëüòàòîâ ôèçè÷åñêîãî ìîäåëèðîâàíèÿ 
ïàðàìåòðîâ ÍÄÑ ýêâèâàëåíòíîãî ìàòåðèàëà âîêðóã ïîëîñòåé èìèòèðóþùèõ ãîðíûå âûðàáîòêè

Êëþ÷åâûå ñëîâà: ôèçè÷åñêîå ìîäåëèðîâàíèå; ãîðíûå ïîðîäû; îòíîñèòåëüíûå äåôîðìàöèè; ïåñ÷àíîïàðàôè
íîâàÿ ñìåñü; âåðòèêàëüíàÿ óäåëüíàÿ íàãðóçêà; ýêâèâàëåíòíûé ìàòåðèàë; êðèòåðèé ïîäîáèÿ; ñòåíä; ìîäåëü; 
ôèêñàöèÿ

The article presents the results of a material’s deformation nature studies on physical models equivalent to a 
coalbearing massif. The technique of experimental research is presented. Based on the results of testing models 
from an equivalent material, graphs of the relative deformations versus the vertical specific load are obtained. The 
results physical modeling parameters of the equivalent material around the cavities imitating the mine workings 
are estimated

Key words: physical simulation; sedimentary rocks; relative strain; sandyparaffin compound; vertical strength; equiva
lent material; criterion of similitude; stand; model; fixation

Ââåäåíèå. Ñîïðÿæåíèÿ ãîðíûõ âûðà
áîòîê ÿâëÿþòñÿ îäíèì èç ñëîæíûõ 

îáúåêòîâ íà øàõòàõ è ðóäíèêàõ. Îäíàêî 
ìåòîäû îöåíêè èõ óñòîé÷èâîñòè íå âñåãäà 
îáåñïå÷èâàþò áåçîïàñíîå ýêñïëóàòàöèîí
íîå ñîñòîÿíèå âûðàáîòîê, òàê êàê íå ïîë
íîñòüþ ó÷èòûâàåòñÿ ìíîæåñòâî ôàêòîðîâ: 
ôîðìû è ðàçìåðû ñîïðÿæåíèé âûðàáî
òîê, ñòðîåíèå çàëåæè è ñâîéñòâà áîêîâûõ 
ïîðîä [4; 5]. Ïîýòîìó çàäà÷à âûÿâëåíèÿ 

çàêîíîìåðíîñòåé äåôîðìèðîâàíèÿ ïîðîä 
â îêðåñòíîñòè ñîïðÿæåíèé ÿâëÿåòñÿ àêòó
àëüíîé.

Íà îñíîâå àâòîðñêîé ìåòîäèêè 
(Â. Â.  Áàñîâ, Ñ. Â. Ðèá, Â. Í. Ôðÿíîâ) â 
íàñòîÿùåé ñòàòüå ïðåäñòàâëåíû ðåçóëüòàòû 
èññëåäîâàíèé çàêîíîìåðíîñòåé äåôîðìè
ðîâàíèÿ ãîðíûõ ïîðîä â îêðåñòíîñòè ñî
ïðÿæåíèé ãîðíûõ âûðàáîòîê íà ìîäåëÿõ èç 
ýêâèâàëåíòíîãî ìàòåðèàëà.
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Ìåòîä ôèçè÷åñêîãî ìîäåëèðîâàíèÿ 
ïîçâîëÿåò ñîêðàòèòü âðåìÿ è çàòðàòû, íå
îáõîäèìûå äëÿ âûÿâëåíèÿ çàêîíîìåðíî
ñòåé äåôîðìèðîâàíèÿ ñîïðÿæåíèé âûðà
áîòîê. Îñîáåííîñòüþ ìîäåëèðîâàíèÿ ÍÄÑ 
â îêðåñòíîñòè ñîïðÿæåíèé ãîðíûõ âûðàáî
òîê ÿâëÿåòñÿ íåîáõîäèìîñòü ðåøåíèÿ îáú
åìíîé çàäà÷è [3; 8], ÷òî ïîäòâåðæäàåòñÿ 
ïîëó÷åííûìè ðåçóëüòàòàìè.

Öåëüþ ðàáîòû ÿâëÿåòñÿ èññëåäîâàíèå 
õàðàêòåðà ðàñïðåäåëåíèÿ äåôîðìàöèé ïðè 
ôèçè÷åñêîì ìîäåëèðîâàíèè óãëåïîðîäíîãî 
ìàññèâà äëÿ âûáîðà ïàðàìåòðîâ êðåïè ïðè 
ïðîâåäåíèè è ïîääåðæàíèè ñîïðÿæåíèé 
ãîðíûõ âûðàáîòîê.

Â ïðîöåññå èññëåäîâàíèÿ ðåøåíû ñëå
äóþùèå çàäà÷è:

1) ðàçðàáîòàíà ïðîãðàììà è ìåòîäèêà 
ôèçè÷åñêîãî ìîäåëèðîâàíèÿ;

2) ðàçðàáîòàíà è èçãîòîâëåíà êîí
ñòðóêöèÿ ñòåíäà äëÿ ôèçè÷åñêîãî ìîäåëè
ðîâàíèÿ, âìåùàþùàÿ ñëîè ýêâèâàëåíòíîãî 
ìàòåðèàëà, ïàðàìåòðû êîòîðîãî îïðåäåëå
íû íà îñíîâå êðèòåðèÿ ïîäîáèÿ [7; 10];

3) èçãîòîâëåíû è îòðàáîòàíû òðè âà
ðèàíòà ôèçè÷åñêèõ ìîäåëåé èç ýêâèâàëåíò
íîãî ìàòåðèàëà: 

à) ìîäåëü ¹ 1 – íåòðîíóòûé ìàññèâ 
ãîðíûõ ïîðîä; 

á) ìîäåëü ¹ 2 – ïðîéäåíà îäèíî÷íàÿ 
ãîðíàÿ âûðàáîòêà;

â) ìîäåëü ¹ 3 – ïðîéäåíî ñîïðÿæåíèå 
ãîðíûõ âûðàáîòîê;

4) ïîëó÷åíû ñëåäóþùèå ïàðàìåòðû 
ÍÄÑ ýêâèâàëåíòíîãî ìàòåðèàëà: âåðòè
êàëüíûå íàïðÿæåíèÿ, ñìåùåíèÿ â íåïî
ñðåäñòâåííîé êðîâëå, ïî÷âå è áîêàõ ñîïðÿ
æåíèé ãîðíûõ âûðàáîòîê.

Ìåòîäèêà ýêñïåðèìåíòàëüíîãî èñ
ñëåäîâàíèÿ. Ìåòîäèêà ìîäåëèðîâàíèÿ 
ïðèíÿòà íà îñíîâàíèè ðàáîò Á. Ï. Áàä
òèåâà, È. À. Ñàëüâàññåðà, Ñ. Â. Êóçüìè
íà, Ô. Ï. Ãëóøèõèíà, Ã. Í. Êóçíåöî
âà, Ì. Ô. Øêëÿðñêîãî, Â. Í. Ïàâëîâà, 
Ì. Ñ. Çëîòíèêîâà, Ê. À. Àðäàøåâà, H. A. Ôè
ëàòîâà, Ì. À. Ðîçåíáàóìà è äð. [1; 2; 6; 9]. 
Äëÿ îïðåäåëåíèÿ õàðàêòåðà äåôîðìèðîâà
íèÿ ýêâèâàëåíòíîãî ìàòåðèàëà íà ìîäåëÿõ 

èçãîòîâëåí ñòåíä â âèäå öèëèíäðà äèàìå
òðîì 190 ìì, âûñîòîé 290 ìì, èç òðóáû 
ÍÏÂÕ (ðèñ. 1). Ñòåíä ðàçðåçàí íà äâå ðàâ
íûå ÷àñòè, êîòîðûå ôèêñèðóþòñÿ íà ëèöå
âîé ñòîðîíå ìåòàëëè÷åñêèìè çàìêàìè è íà 
îáðàòíîé – øàðíèðàìè äëÿ áåçîïàñíîãî èç
âëå÷åíèÿ ïåñ÷àíîïàðàôèíîâîé ìîäåëè.

Ðèñ. 1. Ñòåíä öèëèíäðè÷åñêîé ôîðìû 
äëÿ ýêâèâàëåíòíîãî ìàòåðèàëà 

Fig. 1. Stand of cylindrical shape 
for equivalent material

Ìîäåëè èç ïåñ÷àíîïàðàôèíîâîé ñìå
ñè èçãîòîâëåíû íà îñíîâå ðåçóëüòàòîâ ïðåä
âàðèòåëüíûõ èñïûòàíèé îáðàçöîâ ïðè îä
íîîñíîì ñæàòèè. Ìàñøòàá ìîäåëè ïðèíÿò 
1:100. Ñìåñü óêëàäûâàëàñü â ñòåíä ìîäåëè 
ïî ñëîÿì: ïî÷âà, óãîëüíûé ïëàñò è êðîâëÿ 
ñ âûñîòîé ñëîåâ h=130, 20, 140 ìì ñîîò
âåòñòâåííî. Äëÿ âèçóàëüíîãî îòëè÷èÿ ñëî
åâ â ñìåñü äîáàâëÿëñÿ êðàñèòåëü íà îñíîâå 
ïàðàôèíà. Èñïûòàíèÿ ïðîâîäèëèñü ÷åðåç 
íåäåëþ ïîñëå óêëàäêè ñìåñè â êàðêàñ. Äëÿ 
ýêâèâàëåíòíîãî ìàòåðèàëà ïðèíÿòû ôèçè
êîìåõàíè÷åñêèå ñâîéñòâà ãîðíûõ ïîðîä, 
ïðåäñòàâëåííûå â òàáëèöå.

Íà ðèñ. 2 ïðåäñòàâëåíû ÷åòûðå âàðè
àíòà ñõåì ìîäåëåé äëÿ ôèçè÷åñêîãî ìîäåëè
ðîâàíèÿ.

Ïîëîñòü â ìîäåëè, èìèòèðóþùàÿ îäè
íî÷íóþ ãîðíóþ âûðàáîòêó, ñîçäàíà ïóòåì 
çàêëàäêè äåðåâÿííîãî áðóñêà ïðÿìîóãîëü
íîãî ñå÷åíèÿ ñ ðàçìåðàìè 50õ30 ìì. Ñîïðÿ
æåíèå ñîçäàâàëîñü òåì æå ìåòîäîì, òîëüêî 
ñ äîáàâëåíèåì äâóõ êîðîòêèõ áðóñêîâ.

Âûðàáîòêè ðàñïîëîæåíû ïî óãîëüíîìó 
ïëàñòó ñ ïðèñå÷êîé â êðîâëå íà 10 ìì (1 ì 
â íàòóðå).
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Ôèçèêîìåõàíè÷åñêèå ñâîéñòâà ãîðíûõ ïîðîä è ýêâèâàëåíòíîãî ìàòåðèàëà/
Physical and mechanical properties of rocks and equivalent material

Íàèìåíîâàíèå 
ïîðîäû/Name of 

the breed

Ôèçèêîìåõàíè÷åñêèå ñâîéñòâà ãîðíûõ ïîðîä/
Physical and mechanical properties of rocks

Ïðåäåë ïðî÷íîñòè ïðè 
ñæàòèè ýêâèâàëåíòíîãî 

ìàòåðèàëà, ÌÏà/ 
Compressive strength of 
equivalent material, MPa

ïðåäåë ïðî÷íîñòè ïðè 
ñæàòèè, ÌÏà/ compressive 

strength, MPa

îáúåìíàÿ ìàññà ïîðîä, êã/ì3

/ Bulk weight of rocks, kg / m3

Àëåâðîëèò, êðîâ
ëÿïî÷âà/ Aleurolite, 
roofsoil

40 2500 0,24

Óãîëü, ïëàñò/ Coal, 
layer 8,2 1200 0,10

Ðèñ. 2. Ñõåìû ìîäåëåé äëÿ ôèçè÷åñêîãî ìîäåëèðîâàíèÿ: à – ìîäåëü ¹ 1 íåòðîíóòûé ìàññèâ ãîðíûõ 
ïîðîä; á – ìîäåëü ¹ 2 îäèíî÷íàÿ ãîðíàÿ âûðàáîòêà; â – ìîäåëü ¹ 3 ñîïðÿæåíèå ãîðíûõ âûðàáîòîê; 

ã – ìîäåëü ¹ 4 ïðèìûêàíèå ãîðíûõ âûðàáîòîê

Fig. 2. Schemes of models for physical simulation: a – model no. 1 tight rock massif; b – model no. 2 mine 
workings; v – model no. 3 junction of mine workings; g – model no. 4 junction of mine workings

Ãîòîâàÿ ìîäåëü óñòàíàâëèâàåòñÿ â ðà
áî÷åå ïðîñòðàíñòâî ñòåíäà äëÿ ôèçè÷åñêîãî 
ìîäåëèðîâàíèÿ, ïðåäñòàâëåííîãî íà ðèñ. 3. 
Ïðåññ ëàáîðàòîðíûé èñïûòàòåëüíûé ãè
äðàâëè÷åñêèé Ï5 îñíàùåí òîðñèîííûì 
ñèëîèçìåðèòåëåì è àíàëîãîâûì öèôåðáëà
òîì. Ïðåäíàçíà÷åí äëÿ èñïûòàíèé îáðàç
öîâ ïðè ñæàòèè â ñîîòâåòñòâèè ñ òðåáî
âàíèÿìè ÃÎÑÒ 10006, ÃÎÑÒ 8695, ÃÎÑÒ 
1497, ÃÎÑÒ 11701, ÃÎÑÒ 25.502 è ÃÎÑÒ 
25.503. Ïðåññ îñíàùåí äâóìÿ âåðòèêàëü
íûìè êîëîííàìè, ìåæäó êîòîðûìè ïîìå
ùàëàñü ìîäåëü è çàæèìàëàñü âðó÷íóþ ïðè 
ïîìîùè öåíòðàëüíîãî âèíòà çà ñ÷åò ïåðå
ìåùåíèÿ ïîäâèæíîé òðàâåðñû. Ðèñ. 3. Îáùèé âèä ïðåññà Ï5/

Fig. 3. General view of the press P5
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Äëÿ èçìåðåíèÿ äåôîðìàöèé íà ëèöåâóþ 
ñòîðîíó óêðåïëåíû ìàðêè, à íà âåðõíþþ ïëè
òó ïðåññà óñòàíîâëåí èíäèêàòîð ÷àñîâîãî òèïà 
È×10 êë.0 ÃÎÑÒ 57768, ìàãíèòíàÿ èíäèêàòîð
íàÿ ñòîéêà òèïà MB/31F áðåíäà «GROZ» ôèêñè
ðóåòñÿ íà íèæíåé ïëèòå ïðåññà (ðèñ. 4).

Äî íà÷àëà èñïûòàíèé ìîäåëè íà íåïîäâèæ
íûå äåòàëè èñïîëüçóåìîãî ñòåíäà (ïðåññà) çàêðå
ïëåíû ìåòàëëè÷åñêèå ëèíåéêè ñ îïîðíûìè ìàðêà
ìè, êîòîðûå îñòàþòñÿ íåïîäâèæíûìè â ïðîöåññå 
èñïûòàíèÿ è ïðåäíàçíà÷åíû äëÿ îïðåäåëåíèÿ ñìå
ùåíèé ìàðîê íà ìîäåëè.

Äàëåå ïðîâîäèòñÿ ïîýòàïíîå íàãðóæåíèå òðåõ 
ìîäåëåé (ðèñ. 5–7). 

Ôèêñàöèÿ êàæäîãî ýòàïà íàãðóæåíèÿ îñó
ùåñòâëÿåòñÿ â òðè ñòàäèè:

1) ôîòîôèêñàöèÿ ñ ïîìîùüþ çåðêàëüíîãî 
ôîòîàïïàðàòà òèïà Sony Alpha SLTA58 Kit 1855;

2) çàïèñü â æóðíàë íàáëþäåíèé ïîêàçàíèé 
ïðèëàãàåìîé íàãðóçêè ïî ìàíîìåòðó ïðåññà;

3) çàïèñü â æóðíàë íàáëþäåíèé ïîêàçàíèé 
èíäèêàòîðà ÷àñîâîãî òèïà äëÿ îïðåäåëåíèÿ äåôîð
ìàöèé.

Ðèñ. 4. Ñõåìà ôèçè÷åñêîé ìîäåëè è 
ðàñïîëîæåíèÿ ìàðîê

Fig. 4. Scheme of the physical model 
and location of stamps

Ðèñ. 5. Ñõåìà èñïûòàíèÿ ìîäåëè 1 ïðè ñæàòèè: à – èñõîäíîå ñîñòîÿíèå ýêâèâàëåíòíîãî ìàòåðèàëà; 
á – âûäàâëèâàíèå è ðàçðóøåíèå ìàòåðèàëà ýêâèâàëåíòíîãî óãîëüíîìó ïëàñòó; 

â – çàïðåäåëüíîå ñîñòîÿíèå ýêâèâàëåíòíîãî ìàòåðèàëà

Fig. 5. Scheme of testing model no. 1 under compression: a – initial state of the equivalent material; 
b – extrusion and destruction of material equivalent to coal seam;

c – transcendental state of the equivalent material
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à) á) â)

à) á) â)

Ðèñ. 6. Ñõåìà èñïûòàíèÿ ìîäåëè 2 ïðè ñæàòèè: à – èñõîäíîå ñîñòîÿíèå ýêâèâàëåíòíîãî ìàòåðèàëà; 
á – âûäàâëèâàíèå ìàòåðèàëà ýêâèâàëåíòíîãî óãîëüíîìó ïëàñòó è ðàçðóøåíèå áîðòîâ âûðàáîòêè; 

â – çàïðåäåëüíîå ñîñòîÿíèå ýêâèâàëåíòíîãî ìàòåðèàëà/

Fig. 6. Scheme of testing model no. 2 under compression: a – initial state of the equivalent material;
 b – extrusion of material equivalent to coal seam and destruction of the mine workings’ sides; 

c – transcendental state of the equivalent material

Ðèñ. 7. Ñõåìà èñïûòàíèÿ ìîäåëè 3 ïðè ñæàòèè: à – èñõîäíîå ñîñòîÿíèå ýêâèâàëåíòíîãî ìàòåðèàëà; 
á – âûäàâëèâàíèå ìàòåðèàëà ýêâèâàëåíòíîãî óãîëüíîìó ïëàñòó è ðàçðóøåíèå áîðòîâ âûðàáîòêè; 

â – çàïðåäåëüíîå ñîñòîÿíèå ýêâèâàëåíòíîãî ìàòåðèàëà

Fig. 7. Scheme of testing model no. 2 under compression: a – initial state of the equivalent material; 
b – extrusion of material equivalent to coal seam and destruction of the mine workings’ sides; 

c – transcendental state of the equivalent material

Ïîñëå ïðîâåäåíèÿ îïûòà äàííûå ôî
òîôèêñàöèé îáðàáàòûâàþòñÿ ïî ñëåäóþ
ùåé ìåòîäèêå. Â êîìïüþòåðíîé ïðîãðàììå 
AutoCAD èçîáðàæåíèå êàæäîé ôîòîãðàôèè 
ïåðåâîäèòñÿ â ìàñøòàá îòíîñèòåëüíî óñòà
íîâëåííîé íåïîäâèæíîé ëèíåéêè (ðèñ. 8). 
Ñîâìåñòèâ íà÷àëî êîîðäèíàò ñ îïîðíîé 

ìàðêîé íà íåïîäâèæíîé ëèíåéêå, ñëåäóåò 
èçìåðÿòü êîîðäèíàòû çàêðåïëåííûõ ìà
ðîê íà ìîäåëè, ïî ðàçíîñòè ýòèõ êîîðäèíàò 
îïðåäåëÿþòñÿ ñìåùåíèÿ è ñòðîÿòñÿ ãðàôè
êè îòíîñèòåëüíûõ äåôîðìàöèé îò ïðåäåëà 
ïðî÷íîñòè è äàâëåíèÿ íà ìîäåëü.
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Ðèñ. 8. Îêíî ïðîãðàììû AutoCAD/

Fig. 8. AutoCAD program window

Ðåçóëüòàòû èññëåäîâàíèÿ. 
Íà ðèñ. 9 ïðåäñòàâëåíû ãðàôèêè 
çàâèñèìîñòåé îòíîñèòåëüíûõ äå
ôîðìàöèé ýêâèâàëåíòíîãî ìàòå
ðèàëà îò âåðòèêàëüíîé óäåëüíîé 
íàãðóçêè, ïîñòðîåííûå â ñîîòâåò
ñòâèè ñ ðåêîìåíäàöèÿìè [11]. 

Âûâîäû. 1. Ìåòîä ôèçè÷å
ñêîãî ìîäåëèðîâàíèÿ ïîçâîëÿåò 
ñîêðàòèòü âðåìÿ è çàòðàòû, íåîá
õîäèìûå äëÿ âûÿâëåíèÿ çàêîíî
ìåðíîñòåé äåôîðìèðîâàíèÿ ñî
ïðÿæåíèé âûðàáîòîê â øàõòíûõ 
óñëîâèÿõ.

2. Óñòàíîâëåíî, ÷òî ïðè íàëè
÷èè â íåîäíîðîäíîé ìîäåëè ñëîÿ, 
ñîîòâåòñòâóþùåãî ïî ïðî÷íîñòè  
óãîëüíîìó ïëàñòó, ïðî÷íîñòü êî
òîðîãî â 3…5 ðàç ìåíüøå ïðî÷íî
ñòè âìåùàþùèõ ïîðîä, ïðè óâå
ëè÷åíèè âåðòèêàëüíîãî äàâëåíèÿ 
â ìîäåëè âûäåëÿåòñÿ äâà ýòàïà 
äåôîðìèðîâàíèÿ. Íà ïåðâîì ýòà
ïå ïðîèñõîäèò äåôîðìàöèÿ óãîëü
íîãî ïëàñòà ìîäåëè 1 â òî÷êå A è 
ìîäåëè 2…3, îñëàáëåííîãî âûðà
áîòêàìè â òî÷êàõ B è C, íà âòîðîì 
ýòàïå ïðîèñõîäèò  äåôîðìàöèÿ 
âïëîòü äî ðàçðóøåíèÿ âìåùàþ
ùèõ ïîðîä (òî÷êè A

1
, B

1
, C

1
).

Ðèñ. 9. Ãðàôèêè íàïðÿæåíèÿîòíîñèòåëüíûå äåôîðìàöèè 
ýêâèâàëåíòíîãî ìàòåðèàëà ôèçè÷åñêèõ ìîäåëåé

Fig. 9. Stressrelative strain diagrams of the equivalent
material of physical models
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3. Ïîëó÷åííûå ðåçóëüòàòû äåôîðìà
öèè ìàòåðèàëà, ýêâèâàëåíòíûå óãëåïîðîä
íîìó ìàññèâó, ïðåäïîëàãàåòñÿ èñïîëüçîâàòü 
â êà÷åñòâå èñõîäíûõ äàííûõ ïðè òåñòèðî

âàíèè ðåçóëüòàòîâ ôèçè÷åñêîãî è ÷èñëåííî
ãî ìîäåëèðîâàíèÿ, à òàêæå ïðè ðàçðàáîòêå 
ïàñïîðòîâ êðåïëåíèÿ ñîïðÿæåíèé ãîðíûõ 
âûðàáîòîê. 
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