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Ïðîâåäåíà âåðèôèêàöèÿ íåëèíåéíûõ ôóíêöèîíàëüíûõ çàâèñèìîñòåé ìî-
äåëè ìÿãêîé ãðóíòîâîé ñðåäû Ãðèãîðÿíà, õàðàêòåðèçóþùèõ ñîïðîòèâëåíèå
ãðóíòà ñäâèãîâîìó äåôîðìèðîâàíèþ, – çàâèñèìîñòåé ïðåäåëà òåêó÷åñòè îò
äàâëåíèÿ è ìîäóëÿ ñäâèãà îò ïëîòíîñòè. Ïðîâåäåíà ìîäèôèêàöèÿ óðàâíåíèé
ìîäåëè ãðóíòîâîé ñðåäû Ãðèãîðÿíà äëÿ ó÷åòà ïåðåìåííîñòè ìîäóëÿ ñäâèãà.
Ïðèâåäåí ïðèìåð ÷èñëåííîé ðåàëèçàöèè ïîëó÷åííûõ óðàâíåíèé â ïåðåìåí-
íûõ Ëàãðàíæà íà îñíîâå òåõíîëîãèè èíòåãðàöèè ïîëüçîâàòåëüñêîãî ìàòåðèà-
ëà â ìîäóëü äèíàìè÷åñêîé ïðî÷íîñòè ïàêåòà ïðîãðàìì ËÎÃÎÑ.

Ïîëó÷åíî àíàëèòè÷åñêîå ðåøåíèå, ïðåäñòàâëÿþùåå íà ïëîñêîñòè ãëàâ-
íûõ íàïðÿæåíèé ïóòü íàãðóæåíèÿ â ýëåìåíòå ãðóíòîâîé ñðåäû ïðè íàãðóæå-
íèè è ðàçãðóçêå â óñëîâèÿõ îäíîîñíîé äåôîðìàöèè. Ïðèíèìàëàñü ëèíåéíàÿ
çàâèñèìîñòü ïðåäåëà òåêó÷åñòè îò äàâëåíèÿ è ëèíåéíàÿ çàâèñèìîñòü ìîäóëÿ
ñäâèãà îò ïëîòíîñòè. Ïðåäïîëàãàëîñü, ÷òî êðèâûå îáúåìíîé ñæèìàåìîñòè ïðè
íàãðóæåíèè è ðàçãðóçêå èçâåñòíû. Ïðîâåäåíû ðàñ÷åòû è ïîêàçàíî õîðîøåå
ñîîòâåòñòâèå ðåçóëüòàòîâ ÷èñëåííûõ ðàñ÷åòîâ è àíàëèòè÷åñêîãî ðåøåíèÿ.
Ïðîâåäåíû ðàñ÷åòû, ïîêàçûâàþùèå âëèÿíèå ïàðàìåòðîâ çàâèñèìîñòåé ïðå-
äåëà òåêó÷åñòè îò äàâëåíèÿ è ìîäóëÿ ñäâèãà îò ïëîòíîñòè íà êðèâóþ íàãðóæå-
íèÿ íà ïëîñêîñòè ãëàâíûõ íàïðÿæåíèé.

Îïðåäåëåíû ïàðàìåòðû íåëèíåéíûõ ôóíêöèîíàëüíûõ çàâèñèìîñòåé ìî-
äåëè ãðóíòîâîé ñðåäû Ãðèãîðÿíà íà ïðèìåðå èçâåñòíûõ ýêñïåðèìåíòàëüíûõ
äàííûõ î äåôîðìèðîâàíèè îáðàçöà ñóõîãî ïåñ÷àíîãî ãðóíòà â îãðàíè÷èâàþ-
ùåé îáîéìå ñ ïðèìåíåíèåì ñèñòåìû ðàçðåçíûõ ñòåðæíåé Ãîïêèíñîíà è ìåòî-
äèêè Êîëüñêîãî. Ïðèíèìàëàñü äðîáíî-ðàöèîíàëüíàÿ çàâèñèìîñòü ïðåäåëà òå-
êó÷åñòè îò äàâëåíèÿ è áèëèíåéíàÿ çàâèñèìîñòü ìîäóëÿ ñäâèãà îò ïëîòíîñòè.
Ïðîäåìîíñòðèðîâàíî, ÷òî ïðèìåíåíèå ëèíåéíûõ çàâèñèìîñòåé ïîçâîëÿåò ïî-
ëó÷èòü ñîîòâåòñòâèå ðåçóëüòàòîâ ðàñ÷åòîâ ñ ýêñïåðèìåíòàëüíûìè äàííûìè
òîëüêî â ÷àñòíûõ ñëó÷àÿõ ïðè ñîîòâåòñòâóþùåì ïîäáîðå ïàðàìåòðîâ. Èñïîëü-
çîâàíèå íåëèíåéíîé çàâèñèìîñòè ïðåäåëà òåêó÷åñòè îò äàâëåíèÿ ñ åäèíûì
íàáîðîì ïàðàìåòðîâ îáåñïå÷èâàåò õîðîøåå ñîãëàñîâàíèå ñ ðåçóëüòàòàìè ýêñ-
ïåðèìåíòîâ ðàçëè÷íûõ àâòîðîâ äëÿ íàïðÿæåíèé äî 125 ÌÏà.

ÏÐÎÁËÅÌÛ ÏÐÎ×ÍÎÑÒÈ È ÏËÀÑÒÈ×ÍÎÑÒÈ, ò. 82, ¹ 4, 2020 ã.
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óñëîâèå ïëàñòè÷íîñòè, ìîäóëü ñäâèãà, ïàêåò ïðîãðàìì ËÎÃÎÑ.

Ââåäåíèå

Ìîäåëü ìÿãêîé ãðóíòîâîé ñðåäû, ïðåäëîæåííàÿ Ñ.Ñ. Ãðèãîðÿíîì [1] äëÿ ìîäå-
ëèðîâàíèÿ ïîâåäåíèÿ ãðóíòîâûõ ñðåä ïîä äåéñòâèåì äèíàìè÷åñêèõ íàãðóçîê, ðàñ-
ñìàòðèâàåò ãðóíò êàê óïðóãîïëàñòè÷åñêóþ ñðåäó, îêàçûâàþùóþ íåëèíåéíîå ñîïðî-
òèâëåíèå ñæàòèþ è ñäâèãó [2]. Â ìîäåëè ïðèìåíÿåòñÿ òðàäèöèîííîå ïðåäñòàâëåíèå
òåíçîðà íàïðÿæåíèé â âèäå ñóììû øàðîâîãî òåíçîðà è äåâèàòîðà. Øàðîâîé òåíçîð
(ãèäðîñòàòè÷åñêîå äàâëåíèå) ôóíêöèîíàëüíî ñâÿçàí ñ èçìåíåíèåì îáúåìà èëè ïëîò-
íîñòüþ; ýòà ôóíêöèîíàëüíàÿ ñâÿçü, õàðàêòåðèçóþùàÿ îáúåìíóþ ñæèìàåìîñòü ñðå-
äû, â îáùåì ñëó÷àå ðàçíàÿ ïðè íàãðóæåíèè è ïîñëåäóþùåé ðàçãðóçêå îáðàçöà ãðóí-
òà. Ýêñïåðèìåíòàëüíîå èññëåäîâàíèå äèíàìè÷åñêîé ñæèìàåìîñòè â ëàáîðàòîðíûõ
îáðàçöàõ ãðóíòà ïðèâåäåíî â ïóáëèêàöèÿõ [3–10]. Îïðåäåëåíû óäàðíûå àäèàáàòû
ñóõîãî è âëàæíîãî ïåñêà [3–5] ïðè íàãðóçêàõ äî íåñêîëüêèõ ãèãàïàñêàëåé íà îñíîâå
ìåòîäèêè ïëîñêîâîëíîâîãî ýêñïåðèìåíòà. Äèíàìè÷åñêàÿ ñæèìàåìîñòü ñóõîãî è
âîäîíàñûùåííîãî ïåñêà ïðè äàâëåíèÿõ äî 0,5 ÃÏà ýêñïåðèìåíòàëüíî èññëåäîâà-
ëàñü ñ ïðèìåíåíèåì ðàçëè÷íûõ ìîäèôèêàöèé ìåòîäèêè Êîëüñêîãî [6–10]. Ê îñî-
áåííîñòÿì óêàçàííûõ ìåòîäèê äèíàìè÷åñêèõ èñïûòàíèé ìÿãêèõ ãðóíòîâ ìîæíî
îòíåñòè âîçìîæíîñòü èññëåäîâàíèÿ ïîâåäåíèÿ ãðóíòà ïðè ðàçãðóçêå. Â ÷àñòíîñòè,
ïîëó÷åíû çíà÷åíèÿ ìîäóëåé ðàçãðóçêè ñóõîãî ïåñ÷àíîãî ãðóíòà, êîòîðûå ñóùåñòâåí-
íî ïðåâûøàþò ñîîòâåòñòâóþùèå ìãíîâåííûå ìîäóëè, îïðåäåëåííûå â ïðîöåññå
àêòèâíîãî íàãðóæåíèÿ [6, 10]. Ó÷èòûâàÿ òîò ôàêò, ÷òî æåñòêîñòü ñòàëüíîé èëè àëþ-
ìèíèåâîé îáîéìû ñóùåñòâåííî âûøå æåñòêîñòè ìÿãêîãî ãðóíòà, äåôîðìèðîâàíèå
îáðàçöà ãðóíòà â îáîéìå ìîæíî ñ÷èòàòü ñîîòâåòñòâóþùèì îäíîîñíîé äåôîðìàöèè.
Àíàëîãè÷íûå óñëîâèÿ íàãðóæåíèÿ ñîáëþäàþòñÿ è â ïëîñêîâîëíîâûõ ýêñïåðèìåí-
òàõ, ÷òî ïîçâîëÿåò ïðè îáúåäèíåíèè ìåòîäèê ïîëó÷àòü øèðîêîäèàïàçîííûå óðàâíå-
íèÿ ñîñòîÿíèÿ [3, 10].

Îäíà èç âàæíûõ ìîäèôèêàöèé ìåòîäèêè Êîëüñêîãî îñíîâàíà íà ïðèìåíåíèè
óïðóãîé îáîéìû, îñíàùåííîé äàò÷èêîì îêðóæíûõ äåôîðìàöèé. Îáîéìà îãðàíè÷è-
âàåò äåôîðìàöèþ ãðóíòà â ðàäèàëüíîì íàïðàâëåíèè, ÷òî ïîçâîëÿåò íàðÿäó ñ îñåâû-
ìè êîìïîíåíòàìè îïðåäåëÿòü ðàäèàëüíûå êîìïîíåíòû òåíçîðà íàïðÿæåíèé. Ïîñ-
ëåäíèå ïðåäñòàâëÿþò â ôîðìå èíâàðèàíòíûõ çàâèñèìîñòåé èíòåíñèâíîñòè òåíçîðà
íàïðÿæåíèé îò äàâëåíèÿ. Íà îñíîâå ýòîé èíôîðìàöèè áûëè ïîëó÷åíû ôóíêöèîíàëü-
íûå çàâèñèìîñòè ïðè óñëîâèè ïëàñòè÷íîñòè ìîäåëè ãðóíòîâîé ñðåäû [10]. Â ðàñ÷å-
òàõ ïðèìåíÿëèñü ëèíåéíûå [11, 12], áèëèíåéíûå [13, 14] è íåëèíåéíûå [15–17] çà-
âèñèìîñòè ïðåäåëà òåêó÷åñòè îò äàâëåíèÿ. Â ñòàòüÿõ [18, 19] ïðèâîäÿòñÿ ïðèìåðû
òåîðåòè÷åñêîãî è ýêñïåðèìåíòàëüíîãî îïðåäåëåíèÿ ïàðàìåòðîâ ìîäåëè óïðóãîïëà-
ñòè÷åñêîé ãðóíòîâîé ñðåäû Ãðèãîðÿíà íà îñíîâå ýêñïåðèìåíòàëüíûõ äàííûõ ïî
ïðîíèêàíèþ â ãðóíò óäàðíèêîâ ñ ïëîñêèì òîðöîì. ×èñëåííûå ðàñ÷åòû, ïðîâåäåí-
íûå íà îñíîâå îñíàùåííîé òàêèì îáðàçîì ìîäåëè Ãðèãîðÿíà, ïîêàçûâàþò õîðîøèå
ðåçóëüòàòû ïðè îöåíêå ìàêñèìàëüíûõ çíà÷åíèé ñèë ñîïðîòèâëåíèÿ ïðîíèêàíèþ
óäàðíèêîâ â ãðóíòîâûå ñðåäû ïðè ïîñòîÿííîì ìîäóëå ñäâèãà [16–19]. Îäíàêî â çà-
äà÷àõ ðàñïðîñòðàíåíèÿ âîëí ñæàòèÿ-ðàçãðóçêè â ãðóíòå, â êîòîðûõ âàæíî îöåíèòü
íàðÿäó ñ ìàêñèìàëüíûì çíà÷åíèåì åùå è âåëè÷èíó èìïóëüñà, âëèÿíèå ìîäóëÿ ñäâèãà
ìîæåò îêàçàòüñÿ çíà÷èòåëüíûì.
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Ïóáëèêàöèé ïî ìîäåëèðîâàíèþ äèíàìè÷åñêîãî äåôîðìèðîâàíèÿ ãðóíòîâûõ ñðåä
ïðè ïåðåìåííîì ìîäóëå ñäâèãà, à òàêæå ïî ðåøåíèþ çàäà÷, ñâÿçàííûõ ñ îïðåäåëå-
íèåì ìîäóëÿ ñäâèãà â ãðóíòå, â íàñòîÿùåå âðåìÿ â ëèòåðàòóðå íåäîñòàòî÷íî. Â [13]
ïðèâîäèòñÿ ìîäåëü ãðóíòîâîé ñðåäû, àíàëîãè÷íàÿ ìîäåëè ãðóíòîâîé ñðåäû Ãðèãî-
ðÿíà, ñ ïðèìåíåíèåì êóñî÷íî-ëèíåéíûõ (òàáëè÷íûõ) çàâèñèìîñòåé ïðåäåëà òåêó-
÷åñòè îò äàâëåíèÿ è ìîäóëÿ ñäâèãà îò ïëîòíîñòè äëÿ ïåñ÷àíîãî ãðóíòà. Â êà÷åñòâå
âåðèôèêàöèîííîé çàäà÷è èñïîëüçóåòñÿ àíàëèòè÷åñêîå ðåøåíèå îäíîìåðíîé çàäà÷è
î ðàñïðîñòðàíåíèè óäàðíîé âîëíû â ãðóíòå – îïðåäåëåíèå äàâëåíèÿ íà ôðîíòå óäàð-
íîé âîëíû è ñêîðîñòè ôðîíòà âîëíû. Ðåøåíèå ïðîâîäèëîñü â ãèäðîäèíàìè÷åñêîé
ïîñòàíîâêå, òàê ÷òî âëèÿíèå ìîäóëÿ ñäâèãà íà ýòè ïàðàìåòðû îòñóòñòâóåò. Èçâåñòåí
ïðèìåð èñïîëüçîâàíèÿ ýòîãî óðàâíåíèÿ ñîñòîÿíèÿ ïðè ðåøåíèè çàäà÷ ïðîíèêàíèÿ
â ãðóíò [14]. Â ñòàòüå [11] ïîêàçàíà ïðîïîðöèîíàëüíîñòü ìîäóëÿ ñäâèãà ðàçãðóçî÷-
íîìó ìîäóëþ, ïðîâåäåíî ñðàâíåíèå ðåçóëüòàòîâ ÷èñëåííûõ ðàñ÷åòîâ ñ ýêñïåðèìåí-
òàëüíûìè äàííûìè ïðè ëèíåéíûõ çàâèñèìîñòÿõ ïðåäåëà òåêó÷åñòè îò äàâëåíèÿ. Â
íàñòîÿùåé ñòàòüå ïîëó÷åíî àíàëèòè÷åñêîå ðåøåíèå, îïèñûâàþùåå ÷èñëåííûå ðå-
çóëüòàòû [11], à òàêæå ïîëó÷åíû íîâûå àíàëèòè÷åñêèå è ÷èñëåííûå ðåçóëüòàòû â
ðàìêàõ ìîäóëÿ äèíàìè÷åñêîé ïðî÷íîñòè ïàêåòà ïðîãðàìì ËÎÃÎÑ [20–22], äåìîí-
ñòðèðóþùèå óäîâëåòâîðèòåëüíîå ñîîòâåòñòâèå ñ ýêñïåðèìåíòàëüíûìè äàííûìè.

1. Îñíîâíûå ñîîòíîøåíèÿ è ÷èñëåííàÿ ðåàëèçàöèÿ
ìîäåëè ãðóíòîâîé ñðåäû Ãðèãîðÿíà

Ìàòåìàòè÷åñêàÿ ìîäåëü äèíàìèêè ìÿãêîé ãðóíòîâîé ñðåäû Ãðèãîðÿíà [1, 2] â ïå-
ðåìåííûõ Ëàãðàíæà çàïèñûâàåòñÿ â âèäå ñèñòåìû äèôôåðåíöèàëüíûõ óðàâíåíèé:
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ãäå îáîçíà÷åíî: H – ôóíêöèÿ Õåâèñàéäà; t – âðåìÿ; ρ0, ρ – íà÷àëüíàÿ è òåêóùàÿ
ïëîòíîñòè, ρ* – ìàêñèìàëüíàÿ ïëîòíîñòü, äîñòèãíóòàÿ â ïðîöåññå íàãðóæåíèÿ; v –
âåêòîð ñêîðîñòè; σ – òåíçîð íàïðÿæåíèé Êîøè; s, e&  – äåâèàòîðû òåíçîðà íàïðÿæå-
íèé è ñêîðîñòåé äåôîðìàöèé ñîîòâåòñòâåííî; p – äàâëåíèå; DJ – ïðîèçâîäíàÿ ßóìàí-
íà; d/dt – ïðîèçâîäíàÿ ïî âðåìåíè; G – ïîñòîÿííûé ìîäóëü ñäâèãà. Ïàðàìåòð λ = 0
ïðè óïðóãîì äåôîðìèðîâàíèè è λ > 0, åñëè ðåàëèçóåòñÿ óñëîâèå ïëàñòè÷íîñòè
Ìèçåñà – Øëåéõåðà (3). Îïåðàòîð ∇ îçíà÷àåò ãðàäèåíò òåíçîðà èëè äèâåðãåíöèþ
âåêòîðà, ïî ïîâòîðÿþùèìñÿ èíäåêñàì ïðîèçâîäèòñÿ ñóììèðîâàíèå, ôóíêöèè f è f3
ïîäëåæàò îïðåäåëåíèþ (ïîëüçîâàòåëüñêèå ôóíêöèè).
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Äëÿ ìÿãêèõ ãðóíòîâ íàðÿäó ñ íåîáðàòèìûìè ñäâèãîâûìè äåôîðìàöèÿìè õà-
ðàêòåðíî ïðîÿâëåíèå íåîáðàòèìûõ îáúåìíûõ äåôîðìàöèé âñëåäñòâèå âûñîêîé ïî-
ðèñòîñòè. Ñâÿçü ìåæäó äàâëåíèåì è ïëîòíîñòüþ ãðóíòà èç (2) â îáùåì ñëó÷àå ïðè-
íèìàåòñÿ â âèäå

⎩
⎨
⎧

≤ρρ
>ρ

=ρρ ∗
∗

.0/,,
,0/),(

, )()(
2

1

dtdpf
dtdpf

f (4)

Ïåðâîå óðàâíåíèå â (4) ïðåäñòàâëÿåò ñîáîé äèàãðàììó ñæèìàåìîñòè, à âòîðîå
óðàâíåíèå îïðåäåëÿåò êðèâûå ðàçãðóçêè îò äîñòèãíóòîé ìàêñèìàëüíîé ïëîòíîñòè
ρ*. Ñîîòâåòñòâóþùåå åé ìàêñèìàëüíîå äàâëåíèå, äî êîòîðîãî áûëà ñæàòà ðàññìàòðè-
âàåìàÿ ÷àñòèöà â ïðîöåññå íàãðóæåíèÿ, îïðåäåëÿåòñÿ êàê p* = f1(ρ*).

Åñëè ïîñëå íàãðóæåíèÿ äî çíà÷åíèÿ p* äàâëåíèå â ÷àñòèöå íà÷èíàåò ïàäàòü (èäåò
ïðîöåññ ðàçãðóçêè), òî ñâÿçü ìåæäó äàâëåíèåì è ïëîòíîñòüþ îïèñûâàåòñÿ âòîðûì
óðàâíåíèåì â (4). Åñëè ïîñëå òàêîãî ïàäåíèÿ äàâëåíèå âíîâü íà÷èíàåò âîçðàñòàòü
(äîãðóçêà), íå ïðåâûøàÿ ïðè ýòîì p*, òî â ýòîì ñëó÷àå ñâÿçü ìåæäó äàâëåíèåì è
ïëîòíîñòüþ òàêæå îïðåäåëÿåòñÿ âòîðûì óðàâíåíèåì â (4). Åñëè ρ < ρ*, òî ðåàëèçó-
åòñÿ ðàçãðóçî÷íàÿ âåòâü óðàâíåíèÿ ñîñòîÿíèÿ.

Â èçâåñòíûõ ðåàëèçàöèÿõ [11, 13] ìîäåëè ãðóíòîâîé ñðåäû Ãðèãîðÿíà çàâèñè-
ìîñòü äàâëåíèÿ îò ïëîòíîñòè ïðè ðàçãðóçêå ïîëàãàåòñÿ ëèíåéíîé ñ èçìåíÿþùèìñÿ
óãëîì íàêëîíà

,))((2 ∗∗∗ ρ−ρρ=− cpp (5)

ñêîðîñòü çâóêà ïðè ðàçãðóçêå îïðåäåëÿåòñÿ ïîëüçîâàòåëüñêîé ôóíêöèåé

,...,,1,)(2 cii Nifc =ρ= ∗

ãäå Nc – êîëè÷åñòâî çàäàâàåìûõ çíà÷åíèé.
×èñëåííàÿ ðåàëèçàöèÿ ñîîòíîøåíèé (5) òðåáóåò äîïîëíèòåëüíî îïðåäåëèòü âå-

ëè÷èíó ìàêñèìàëüíîé ïëîòíîñòè ρ*:

⎩
⎨
⎧

ρ<ρρ
ρ≥ρρ

=ρ
+

++
+

.,
,,

*1*

*11
1*

nnn

nnn
n (6)

Çàâèñèìîñòü ïðåäåëà òåêó÷åñòè îò äàâëåíèÿ îïðåäåëÿåòñÿ ïîëüçîâàòåëüñêîé
ôóíêöèåé f3(p). Íà ïðàêòèêå ïðèìåíÿþòñÿ ëèíåéíûå, áèëèíåéíûå è íåëèíåéíûå
çàâèñèìîñòè ïðåäåëà òåêó÷åñòè îò äàâëåíèÿ.

Â îáùåì ñëó÷àå ðåàëèçàöèè ìîäåëè ìÿãêîé ãðóíòîâîé ñðåäû Ãðèãîðÿíà ìîäóëü
ñäâèãà òàêæå ïîëàãàåòñÿ ïåðåìåííûì G = f4(ρ) è óðàâíåíèÿ (1) äëÿ äåâèàòîðà òåí-
çîðà íàïðÿæåíèé äîëæíû áûòü èçìåíåíû.

Äëÿ îïðåäåëåíèÿ ïðèðàùåíèé êîìïîíåíò äåâèàòîðà òåíçîðà íàïðÿæåíèé íà
ýòàïå óïðóãîé ðàçãðóçêè èñïîëüçóåòñÿ ìîäèôèöèðîâàííûé çàêîí Ãóêà

.22 )( ∗−Δ+Δ=Δ ijijijij eeGteGs & (7)

Çäåñü sij – êîìïîíåíòû äåâèàòîðà òåíçîðà íàïðÿæåíèé, G – ìîäóëü ñäâèãà, eij – êîì-
ïîíåíòû äåâèàòîðà òåíçîðà äåôîðìàöèé, 

∗
ije  – êîìïîíåíòû òåíçîðà-äåâèàòîðà äå-

ôîðìàöèé â íà÷àëüíûé ìîìåíò óïðóãîé ðàçãðóçêè, 
∗
ije&  – êîìïîíåíòû äåâèàòîðà òåí-

çîðà ñêîðîñòåé äåôîðìàöèé, Δt – øàã ïî âðåìåíè. Çàïèñü â âèäå (7) íåîáõîäèìà äëÿ
ó÷åòà âîçìîæíîãî èçìåíåíèÿ ìîäóëÿ ñäâèãà â òå÷åíèå øàãà ïî âðåìåíè.

Íà ýòàïå íàãðóçêè âåëè÷èíà 
∗
ije&  ïîëàãàåòñÿ òîæäåñòâåííî ðàâíîé íóëþ è ñîîò-
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íîøåíèÿ (7) ïðèíèìàþò âèä:

.22)(2 ijijijij eGGeGee Δ+Δ=Δ=Δ (8)

×èñëåííàÿ ðåàëèçàöèÿ ñîîòíîøåíèé (7) ñî âòîðûì ïîðÿäêîì àïïðîêñèìàöèè
âûãëÿäèò òàê:

,~~ ))(()( 112/111 n
ij

n
ij

nnn
ij

nnn
ij

n
ij eeGGteGGss +−+Δ++= +++++ & (9)

ãäå .~ )( n
ijij

n
ij eee ∗−=

Ïðè ïîñòîÿííîì ìîäóëå ñäâèãà ñîîòíîøåíèÿ (9) ïåðåõîäÿò â ñòàíäàðòíûå ñîîò-
íîøåíèÿ ìîäåëè óïðóãîé ñðåäû .2 2/11 teGss n

ij
n
ij

n
ij Δ+= ++ &

Äëÿ ðåàëèçàöèè ìîäåëè óïðóãîïëàñòè÷åñêîãî ìàòåðèàëà íàðÿäó ñ ñîîòíîøåíè-
ÿìè (7)–(9) ïðèìåíÿåòñÿ àëãîðèòì «ïîñàäêè» íà ïîâåðõíîñòü òåêó÷åñòè

,~ 11 ++ λ= n
ij

n
ij ss (10)

ãäå

.~~
2
1~,~3 2

2

2
T

ijijssI
I

=
σ

=λ

2. Àíàëèòè÷åñêîå ðåøåíèå

Ïàðàìåòðû ïóòè íàãðóæåíèÿ íà ïëîñêîñòè íàïðÿæåíèé â óñëîâèÿõ îäíîîñíîãî
äåôîðìèðîâàííîãî ñîñòîÿíèÿ ìîãóò áûòü ïîëó÷åíû àíàëèòè÷åñêè. Ïðèíèìàåì, ÷òî
òðàåêòîðèÿ íàãðóæåíèÿ îáðàçóåòñÿ òðåìÿ îòðåçêàìè ïðÿìûõ. Ïåðâûé îòðåçîê ñîîò-
âåòñòâóåò ïëàñòè÷åñêîìó íàãðóæåíèþ ãðóíòà îò íóëÿ â íà÷àëüíîì ñîñòîÿíèè äî
ìàêñèìàëüíîãî çíà÷åíèÿ íàïðÿæåíèé, îïðåäåëÿåìîãî àìïëèòóäîé íàãðóçî÷íîãî
èìïóëüñà. Âòîðîé îòðåçîê îòâå÷àåò óïðóãîìó äåôîðìèðîâàíèþ ãðóíòà íà íà÷àëü-
íîì ýòàïå ðàçãðóçêè îò äîñòèãíóòîãî ñîñòîÿíèÿ. Òðåòèé îòðåçîê ñâÿçàí ñ ïåðåõîäîì
ãðóíòà èç óïðóãîãî â ïëàñòè÷åñêîå ñîñòîÿíèå.

Íàêëîí ïåðâîãî ó÷àñòêà ñâÿçàí ñ êîýôôèöèåíòîì áîêîâîãî äàâëåíèÿ (îïðåäåëÿ-
åòñÿ ýêñïåðèìåíòàëüíî), êîòîðûé, â ñâîþ î÷åðåäü, ñâÿçàí ñ êîýôôèöèåíòîì â ëè-
íåéíîé çàâèñèìîñòè ïðåäåëà òåêó÷åñòè îò äàâëåíèÿ σT = σ0 + kp:

.
3/21

3/1I

k
k

d
d

K
xx

yy

+
−

=
σ

σ
=σ

Ïðè çíà÷åíèè k = 0,9 áóäåì èìåòü .4325,0I =σK
Íàêëîí âòîðîãî ó÷àñòêà (óïðóãîãî) îïðåäåëÿåòñÿ ôîðìóëîé, êîòîðàÿ ïðè G =

= βkK/2, ãäå K è G – îáúåìíûé è ñäâèãîâûé ìîäóëè ðàçãðóçêè, áóäåò èìåòü âèä

,
3/21

3/1
3/41
3/2II

β+
β−

=
+
−

=σ k
k

G
GKK

β – ÷èñëîâîé ïàðàìåòð (îïðåäåëÿåòñÿ ýêñïåðèìåíòàëüíî).
Òðåòèé (ïëàñòè÷åñêèé) ó÷àñòîê òðàåêòîðèè íàãðóæåíèÿ èìååò íàêëîí

.
3/21

3/1III

k
kK

−
+

=σ

Ïðè çíà÷åíèè k = 0,9 áóäåì èìåòü .25,3III =σK
Òàêèì îáðàçîì, ðàñïîëîæåíèå òðàåêòîðèè íàãðóæåíèÿ íà ïëîñêîñòè íàïðÿæå-
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íèé îïðåäåëÿåòñÿ äâóìÿ ïàðàìåòðàìè k è β. Â ñëó÷àå ëèíåéíîé çàâèñèìîñòè ïðåäå-
ëà òåêó÷åñòè îò äàâëåíèÿ k = const.

Ïîëó÷åííîå àíàëèòè÷åñêîå ðåøåíèå îïèñûâàåò ÷èñëåííûå ðåçóëüòàòû, ïðåä-
ñòàâëåííûå â [11], è äàëåå îáîáùåíî íà ñëó÷àé íåëèíåéíîé çàâèñèìîñòè ïðåäåëà
òåêó÷åñòè îò äàâëåíèÿ.

3. Ðåçóëüòàòû ðàñ÷åòîâ

Ìîäåëü ãðóíòîâîé ñðåäû Ãðèãîðÿíà ñ óêàçàííûìè íåëèíåéíûìè çàâèñèìîñòÿìè
ïðåäåëà òåêó÷åñòè è ìîäóëÿ ñäâèãà áûëà ðåàëèçîâàíà â ìîäóëå äèíàìè÷åñêîé ïðî÷-
íîñòè ïàêåòà ïðîãðàìì ËÎÃÎÑ íà îñíîâå òåõíîëîãèè ðåàëèçàöèè ïîëüçîâàòåëü-
ñêîãî ìàòåðèàëà. Ïðè ïðîâåäåíèè ðàñ÷åòîâ íåëèíåéíàÿ çàâèñèìîñòü ïðåäåëà òåêó-
÷åñòè îò äàâëåíèÿ èñïîëüçîâàëàñü â âèäå [15–17]:

[ ].)/(1
)(

0
03T σ−σ+
+σ==σ

Mkp
kppf

Ôóíêöèîíàëüíàÿ çàâèñèìîñòü ìîäóëÿ ñäâèãà îò ïëîòíîñòè ïðèíèìàëàñü áèëè-
íåéíîé, ÷òî áëèçêî ê àíàëîãè÷íîé çàâèñèìîñòè, ïðåäñòàâëåííîé â ðàáîòå [13]:

⎩
⎨
⎧

≥ρ
<ρρ

=ρ−ρ+=ρ
.)(,
,)(),(

,1)(
4

44
004 ][ )(

MM

M

GfG
Gff

GbGf

Â ðàñ÷åòàõ â êà÷åñòâå áàçîâûõ ïðèíèìàëèñü çíà÷åíèÿ êîíñòàíò: σ0 = 0, k = 1,15,
σM = 275 ÌÏà – äàííûå ñîîòâåòñòâóþò ïðèâåäåííûì â ðàáîòå [19]. Ïàðàìåòðû
çàâèñèìîñòè ìîäóëÿ ñäâèãà îò ïëîòíîñòè: σ0 = 100 ÌÏà, b = 96, σM = 3500 ÌÏà,
ρ0 = 1600 êã/ì3.

Íà ðèñ. 1 ïîêàçàíû îñåâûå è ðàäèàëüíûå íàïðÿæåíèÿ, ïðåäñòàâëÿþùèå ñîáîé
äâå òðàåêòîðèè íàãðóæåíèÿ è ðàçãðóçêè îáðàçöà ãðóíòà â óñëîâèÿõ îäíîîñíîé äå-
ôîðìàöèè. Ìàðêåðàìè îòìå÷åíû ðåçóëüòàòû ÷èñëåííûõ ðàñ÷åòîâ â ïàêåòå ïðîãðàìì
ËÎÃÎÑ, ñïëîøíûìè ëèíèÿìè ïîêàçàíû ðåçóëüòàòû àíàëèòè÷åñêîãî ðåøåíèÿ. Çäåñü
è äàëåå íà ðèñóíêàõ òðàåêòîðèè íàãðóæåíèÿ ïðåäñòàâëåíû ñ èñïîëüçîâàíèåì åäè-
íèö èçìåðåíèÿ ÌÏà.
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Äëÿ èññëåäîâàíèÿ âëèÿíèÿ ïàðàìåòðîâ çàâèñèìîñòåé ìîäåëè íà òðàåêòîðèè
íàãðóæåíèÿ ïðîâåäåíû ñåðèè ðàñ÷åòîâ, ðåçóëüòàòû êîòîðûõ ïîêàçàíû íà ðèñ. 2. Íà
ðèñ. 2à ïðåäñòàâëåíû òðàåêòîðèè íàãðóæåíèÿ ïðè âàðüèðîâàíèè ïàðàìåòðà k = 0,85,
1,0 è 1,15, à íà ðèñ. 2á – àíàëîãè÷íûå ðåçóëüòàòû ïðè âàðüèðîâàíèè ïàðàìåòðà b = 80,
96 è 112. Âèäíî, ÷òî âåëè÷èíà ìîäóëÿ ñäâèãà ñêàçûâàåòñÿ òîëüêî íà âòîðîì ó÷àñòêå
òðàåêòîðèè, à êîýôôèöèåíò k îêàçûâàåò âëèÿíèå íà âñå ó÷àñòêè.

Íà ðèñ. 3 ïðåäñòàâëåíû ðåçóëüòàòû ðàñ÷åòîâ (ëèíèè) â ñðàâíåíèè ñ ýêñïåðè-
ìåíòàëüíûìè äàííûìè ïî òðåõîñíîìó (ñòàòè÷åñêîìó) íàãðóæåíèþ ïåñ÷àíîãî ãðóíòà
[23]. Ïàðàìåòðû íåëèíåéíûõ çàâèñèìîñòåé ìîäåëè Ãðèãîðÿíà k = 1,05, σM = 270 ÌÏà,
G0 = 100 ÌÏà, b = 112, ρ0 = 1600 êã/ì3 ïîçâîëÿþò ïîëó÷èòü óäîâëåòâîðèòåëüíîå
ñîîòâåòñòâèå ýêñïåðèìåíòó. Äëÿ ñðàâíåíèÿ ïðèâîäÿòñÿ ðåçóëüòàòû, ïîëó÷åííûå ïðè
ëèíåéíîé çàâèñèìîñòè ïðåäåëà òåêó÷åñòè îò äàâëåíèÿ ïðè k = 0,95.

Íà ðèñ. 4 ïðèâîäÿòñÿ ðåçóëüòàòû ðàñ÷åòîâ ñ ëèíåéíîé è íåëèíåéíîé çàâèñèìî-
ñòüþ ïðåäåëà òåêó÷åñòè îò äàâëåíèÿ è ìîäóëÿ ñäâèãà îò ïëîòíîñòè â ñðàâíåíèè ñ
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äàííûìè ýêñïåðèìåíòà À.Ì. Áðàãîâà è äð. [6]. Ñðàâíåíèå ñ ýêñïåðèìåíòàëüíûìè
äàííûìè [6] ïðèâîäèòñÿ òàêæå â ðàáîòå [11].

Îòìåòèì, ÷òî õîðîøåå ñîîòâåòñòâèå ðåçóëüòàòîâ ïîëó÷åíî ïðè èñïîëüçîâàíèè
íåëèíåéíîé çàâèñèìîñòè ïðåäåëà òåêó÷åñòè îò äàâëåíèÿ [19]. Äëÿ äîñòèæåíèÿ óäîâ-
ëåòâîðèòåëüíîãî ñîîòâåòñòâèÿ ýêñïåðèìåíòàëüíûì äàííûì íà áàçå ëèíåéíîé çàâè-
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ñèìîñòè ïðåäåëà òåêó÷åñòè îò äàâëåíèÿ çíà÷åíèå êîíñòàíòû k íåîáõîäèìî áûëî
óìåíüøàòü ñ ðîñòîì îñåâûõ íàïðÿæåíèé.

Çàêëþ÷åíèå

Ïðîâåäåíà âåðèôèêàöèÿ çàâèñèìîñòåé ïðåäåëà òåêó÷åñòè îò äàâëåíèÿ è ìîäóëÿ
ñäâèãà îò ïëîòíîñòè äëÿ ñóõîãî ïåñ÷àíîãî ãðóíòà â ðàìêàõ ìîäåëè ãðóíòîâîé ñðåäû
Ãðèãîðÿíà. Ïîëó÷åíû óðàâíåíèÿ ñâÿçè íàïðÿæåíèé è äåôîðìàöèé â ãðóíòîâîé ñðå-
äå â ïåðåìåííûõ Ëàãðàíæà ïðè ó÷åòå íåëèíåéíîé çàâèñèìîñòè ìîäóëÿ ñäâèãà îò
ïëîòíîñòè. Ïîëó÷åííûå ñîîòíîøåíèÿ ÷èñëåííî ðåàëèçîâàíû ñî âòîðûì ïîðÿäêîì
àïïðîêñèìàöèè íà îñíîâå òåõíîëîãèè èíòåãðàöèè ïîëüçîâàòåëüñêîãî ìàòåðèàëà â
ìîäóëå äèíàìè÷åñêîé ïðî÷íîñòè ïàêåòà ïðîãðàìì ËÎÃÎÑ. ×èñëåííî è àíàëèòè-
÷åñêè ïðîäåìîíñòðèðîâàíî, ÷òî èñïîëüçîâàíèå íåëèíåéíîé çàâèñèìîñòè ïðåäåëà
òåêó÷åñòè îò äàâëåíèÿ ñ åäèíûì íàáîðîì ïàðàìåòðîâ îáåñïå÷èâàåò õîðîøåå ñîãëà-
ñîâàíèå ñ äàííûìè ñòàòè÷åñêèõ è äèíàìè÷åñêèõ ýêñïåðèìåíòîâ äëÿ íàïðÿæåíèé
äî 125 ÌÏà.
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DETERMINATION OF NONLINEAR STRENGTH CHARACTERISTICS
OF SANDY SOIL BASED ON THE GRIGORYAN SOIL MODEL

Dyanov D.Yu., Kotov V.L.

Institute of Theoretical and Mathematical Physics
of Russian Federal Nuclear Center – All-Russian Research Institute of Experimental Physics,

Sarov, Russian Federation

Verification of nonlinear functional dependences of the Grigoryan soft soil medium model that
characterize the soil resistance to shear deformation – i.e., the dependences of the yield strength on
pressure and the shear modulus on density, is carried out. The equations of the Grigoryan soil
environment model are modified to account for the variability of the shear modulus. An example
of numerical implementation of the obtained equations in Lagrange variables based on the technology
of integrating user material into the dynamic strength module of the LOGOS software package is
given.An analytical solution is obtained that represents the loading path in the element of the
ground medium on the plane of the main stresses during loading and unloading under uniaxial
deformation. The linear dependence of the yield strength on pressure and the linear dependence of
the shear modulus on density were assumed. It was assumed that the volume compressibility curves
for loading and unloading are known. Calculations are performed and a good correspondence
between the results of numerical calculations and the analytical solution is shown. Calculations
are performed showing the influence of the parameters of the pressure-dependent yield strength
and the density-dependent shear modulus on the loading curve on the plane of the main stresses.The
parameters of nonlinear functional dependences of the Grigoryan model of the soil environment
are determined on the example of known experimental data on the deformation of a sample of dry
sandy soil in a bounding cage using The Hopkinson split rod system and the Kolsky method. A
fractional-rational dependence of the yield strength on pressure and a bilinear dependence of the
shear modulus on density were assumed. It is shown that the use of linear dependencies allows us
to obtain a correspondence of the calculation results with experimental data only in special cases
with the appropriate selection of parameters. The use of a nonlinear dependence of the yield strength
on pressure with a single set of parameters provides a good agreement with the experimental data
of various authors for stresses up to 125 MPa.

Keywords: soft soil, shear strength, Grigoryan's model, yield criterium, shear modulus, LOGOS soft-
ware package.


