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Èññëåäîâàíû è ðàñøèðåíû âîçìîæíîñòè ïàêåòà ïðîãðàìì ËÎÃÎÑ äëÿ
ðàñ÷åòîâ ñåéñìè÷åñêèõ âèáðàöèé çàãëóáëåííûõ ñîîðóæåíèé ñ ó÷åòîì êîíòàêò-
íîãî âçàèìîäåéñòâèÿ ñ ãðóíòîì è ïîëÿ ñèëû òÿæåñòè. Äëÿ ñîêðàùåíèÿ âû÷èñ-
ëèòåëüíûõ çàòðàò â ïàêåò ïðîãðàìì ËÎÃÎÑ âíåäðåí ðàçðàáîòàííûé ðàíåå è
ðåàëèçîâàííûé â ïðîãðàììíîì êîìïëåêñå «Äèíàìèêà-2» ìåòîä ìîäåëèðîâà-
íèÿ íåîòðàæàþùèõ ãðàíè÷íûõ óñëîâèé,  ïîçâîëÿþùèé óìåíüøèòü ðàçìåðû ðàñ-
÷åòíîé îáëàñòè. Ïðèâåäåíû ðåçóëüòàòû ÷èñëåííîãî ìîäåëèðîâàíèÿ â ËÎÃÎÑ
ðàñïðîñòðàíåíèÿ ñäâèãîâîé âîëíû â óïðóãîé îãðàíè÷åííîé ïîäîáëàñòè ñïëîø-
íîé ñðåäû, äåìîíñòðèðóþùèå ýôôåêòèâíîñòü íåîòðàæàþùèõ ãðàíè÷íûõ óñ-
ëîâèé äëÿ òðåõìåðíîé ïîñòàíîâêè. Èññëåäîâàíà ìåòîäèêà äèíàìè÷åñêîé ðå-
ëàêñàöèè, èñïîëüçóåìàÿ â ìîäóëå äèíàìè÷åñêîé ïðî÷íîñòè ïàêåòà ïðîãðàìì
ËÎÃÎÑ äëÿ ðàñ÷åòà ñòàòè÷åñêîé çàäà÷è íà÷àëüíûõ íàïðÿæåíèé ðàñ÷åòíîé
îáëàñòè îò ïîëÿ ñèëû òÿæåñòè ñ ïîñëåäóþùèì ðåøåíèåì íåñòàöèîíàðíîé çà-
äà÷è. Ïîëó÷åíû ÷èñëåííûå îöåíêè îæèäàåìîé òî÷íîñòè äèíàìè÷åñêîãî ðå-
øåíèÿ â çàâèñèìîñòè îò çàäàâàåìîé òî÷íîñòè ñòàòè÷åñêîãî ðàñ÷åòà. Òàê, ïî-
ãðåøíîñòü ïî èçìåíåíèþ êèíåòè÷åñêîé ýíåðãèè ïðè èñïîëüçîâàíèè àëãîðèò-
ìà äèíàìè÷åñêîé ðåëàêñàöèè 10–4 äàåò îòíîñèòåëüíóþ ïîãðåøíîñòü 10–3 â ñêî-
ðîñòÿõ è 10–2 â íàïðÿæåíèÿõ, óìåíüøåíèå çàäàâàåìîé ïîãðåøíîñòè ñòàòè÷åñ-
êèõ ðàñ÷åòîâ íà 2 ïîðÿäêà óìåíüøàåò îòíîñèòåëüíóþ ïîãðåøíîñòü â âû÷èñ-
ëåíèè ñêîðîñòåé â 3 ðàçà, íàïðÿæåíèé – â 5 ðàç. Ïðîâåäåíî ñðàâíåíèå ðàñ÷åòà
íà÷àëüíîãî íàïðÿæåííî-äåôîðìèðîâàííîãî ñîñòîÿíèÿ ñèñòåìû çäàíèå–ãðóíò
îò äåéñòâèÿ ïîëÿ ñèë òÿæåñòè ñ ïðèìåíåíèåì ïðîöåäóðû äèíàìè÷åñêîé ðå-
ëàêñàöèè è ñ ïðèìåíåíèåì ïðîöåäóðû ñòàöèîíèðîâàíèÿ,  ðåàëèçîâàííîé â
ïàêåòå ïðîãðàìì «Äèíàìèêà-2». Âî âñåõ çàäà÷àõ â òðåõìåðíîé ïîñòàíîâêå
èñïîëüçîâàíû îáúåìíûå 8-óçëîâûå êîíå÷íûå ýëåìåíòû ñ îäíîòî÷å÷íûì èí-
òåãðèðîâàíèåì, â äâóìåðíîé ïîñòàíîâêå – ýêâèâàëåíòíûå 4-óçëîâûå êîíå÷-
íûå ýëåìåíòû, äëÿ èíòåãðèðîâàíèÿ îïðåäåëÿþùåé ñèñòåìû óðàâíåíèé ïðè-
ìåíÿåòñÿ ÿâíàÿ ñõåìà «êðåñò». Ìåæäó ïîäîáëàñòÿìè ðåàëèçîâàíû âàðèàíòû
êîíòàêòà ñî ñêëåéêîé è êîíòàêòà ñ òðåíèåì.  Âîçìîæíîñòè ËÎÃÎÑà ïî ïðîâå-
äåíèþ ìíîãîïðîöåññîðíûõ âû÷èñëåíèé ïîçâîëèëè íà îñíîâàíèè ñåðèè âû-
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÷èñëèòåëüíûõ ýêñïåðèìåíòîâ ñäåëàòü îöåíêè ñõîäèìîñòè ðàññìàòðèâàåìîé
çàäà÷è.

Êëþ÷åâûå ñëîâà: ñåéñìè÷åñêèå âèáðàöèè, ïàêåò ïðîãðàìì ËÎÃÎÑ, ïàêåò
ïðîãðàìì «Äèíàìèêà-2», ïîëå ñèëû òÿæåñòè, îñàäêà ñîîðóæåíèÿ, íåîòðàæàþ-
ùèå ãðàíè÷íûå óñëîâèÿ.

Ââåäåíèå

×èñëåííîå ìîäåëèðîâàíèå ñåéñìè÷åñêèõ âèáðàöèé êðóïíîãàáàðèòíûõ ñîîðó-
æåíèé ïîäðàçóìåâàåò ðåøåíèå ðÿäà ñîïóòñòâóþùèõ çàäà÷. Ñåéñìè÷åñêîå âîçäåé-
ñòâèå – äëèòåëüíûé (äî 10 ñ) âèáðàöèîííûé ïðîöåññ, çàõâàòûâàþùèé êàê ñîîðóæå-
íèå, òàê è ïðèëåãàþùèé ãðóíò. Óïðóãèå âîëíû ñæàòèÿ, ðàñòÿæåíèÿ è ñäâèãà, ðàñ-
ïðîñòðàíÿÿñü â íåîäíîðîäíîé ãðóíòîâîé ñðåäå, ìîãóò ïîðîæäàòü äîïîëíèòåëüíûå
îòðàæåííûå è ïðåëîìëåííûå èìïóëüñû è èçìåíÿòü ñâîéñòâà ãðóíòîâîé ñðåäû [1–4].
Òàêèì îáðàçîì, äëÿ ïîëíîãî ïîíèìàíèÿ âîëíîâîé êàðòèíû ñåéñìè÷åñêîãî âîçäåé-
ñòâèÿ âáëèçè ñîîðóæåíèÿ âàæíî âêëþ÷àòü â ðàñ÷åòû ïðåäñòàâèòåëüíûé îáúåì ïðè-
ëåãàþùåãî ê ñîîðóæåíèþ ãðóíòà. Ðàñ÷åòíàÿ îáëàñòü ãðóíòà ïîêðûâàåòñÿ ìåëêîé
êîíå÷íî-ýëåìåíòíîé ñåòêîé, äîñòàòî÷íîé äëÿ îïèñàíèÿ âûñîêî÷àñòîòíûõ îñöèëëÿ-
öèé â ãðóíòå è êîíòàêòíîãî âçàèìîäåéñòâèÿ ñîîðóæåíèÿ ñ ãðóíòîì. Ñîêðàùåíèå
âû÷èñëèòåëüíûõ çàòðàò â êðóïíîãàáàðèòíîé ðàñ÷åòíîé îáëàñòè ãðóíòà âåñüìà àêòó-
àëüíî [5–7]. Ïîëå ñèëû òÿæåñòè ïîðîæäàåò äîïîëíèòåëüíûå èíåðöèîííûå íàãðóç-
êè â ñòðîèòåëüíîé êîíñòðóêöèè è íåîäíîðîäíîñòü ïîëÿ íàïðÿæåíèé, âîçíèêàþùóþ
ïîä ñîîðóæåíèåì [8–10], ïîýòîìó âàæíî â ðàñ÷åòàõ íà ñåéñìîñòîéêîñòü ó÷èòûâàòü
ïîëå ñèëû òÿæåñòè è ïðîâåñòè ïðåäâàðèòåëüíûé ðàñ÷åò îñàäêè ñîîðóæåíèÿ.

Äëÿ ðåøåíèÿ îïèñàííûõ ïðîáëåì ïðåäëîæåíà ÷èñëåííàÿ ìåòîäèêà [11, 12], ïî-
çâîëÿþùàÿ ýôôåêòèâíî ïðîâîäèòü ÷èñëåííîå ìîäåëèðîâàíèå ñåéñìè÷åñêèõ âèáðà-
öèé ñîîðóæåíèé ñ ó÷åòîì ïîëÿ ñèëû òÿæåñòè è êîíòàêòíîãî âçàèìîäåéñòâèÿ ñîîðó-
æåíèÿ ñ ãðóíòîì. Ìåòîäèêà ïðîãðàììíî ðåàëèçîâàíà äëÿ äâóìåðíûõ çàäà÷ â ôóíê-
öèîíèðóþùåì â ÍÈÈ ìåõàíèêè Íèæåãîðîäñêîãî ãîñóíèâåðñèòåòà èì. Í.È. Ëîáà÷åâ-
ñêîãî ïðîãðàììíîì êîìïëåêñå «Äèíàìèêà-2» [13]. Ïîñêîëüêó îãðàíè÷åíèÿ äâóìåð-
íîé èäåàëèçàöèè íå ïîçâîëÿþò ó÷åñòü ðÿä âàæíûõ îñîáåííîñòåé ïîâåäåíèÿ ñîîðó-
æåíèÿ, àêòóàëåí ïåðåâîä ìåòîäèêè â òðåõìåðíóþ ïîñòàíîâêó. Çà îñíîâó âçÿò ôóíê-
öèîíèðóþùèé â ÐÔßÖ – ÂÍÈÈÝÔ ïàêåò ïðîãðàìì ËÎÃÎÑ (ÏÏ ËÎÃÎÑ) [14–16], â
êîòîðûé â âèäå îòäåëüíîãî ïðîãðàììíîãî ìîäóëÿ âñòðîåíû ðàíåå ðàçðàáîòàííûå
íåîòðàæàþùèå ãðàíè÷íûå óñëîâèÿ. Â ñòàòüå ïðîäåìîíñòðèðîâàíû îñîáåííîñòè
ðåàëèçàöèè è âåðèôèêàöèè ÷èñëåííîé ìåòîäèêè ðàñ÷åòà òðåõìåðíûõ çàäà÷ ñåéñìè-
êè íà áàçå ËÎÃÎÑ: òåñòèðîâàíèå àëãîðèòìà ìîäåëèðîâàíèÿ íåîòðàæàþùèõ ãðà-
íè÷íûõ óñëîâèé, îöåíêà ñõîäèìîñòè çàäà÷è, ñîïîñòàâëåíèå ðåçóëüòàòîâ ÷èñëåííî-
ãî ðàñ÷åòà çàäà÷ îñàäêè ñîîðóæåíèÿ è çàäà÷ ñåéñìèêè â äâóõ ïðîãðàììíûõ êîìï-
ëåêñàõ («Äèíàìèêà-2» è ËÎÃÎÑ).

×èñëåííàÿ ìåòîäèêà ìîäåëèðîâàíèÿ áåçãðàíè÷íîé ñïëîøíîé ñðåäû

Èñõîäÿ èç ñðåäíåé äëèòåëüíîñòè ñåéñìîãðàììû, ñêîðîñòè ðàñïðîñòðàíåíèÿ âîëí
â ãðóíòå è ìàêñèìàëüíî âîçìîæíîãî ðàçìåðà ÿ÷ååê, ìîæíî îæèäàòü, ÷òî ðàñ÷åòíóþ
îáëàñòü òðåõìåðíîé çàäà÷è ñîñòàâÿò äåñÿòêè ìèëëèàðäîâ êîíå÷íûõ ýëåìåíòîâ (ÊÝ).
Ðåàëèçàöèÿ ìåòîäîâ ïàðàëëåëüíûõ âû÷èñëåíèé äëÿ ðàññìàòðèâàåìîé êðóïíîãàáà-
ðèòíîé çàäà÷è ëèøü äî îïðåäåëåííîé ñòåïåíè ïîçâîëÿåò ïîëó÷èòü âûèãðûø â ñêî-
ðîñòè ðàñ÷åòîâ [5, 17, 18]. Äåéñòâèòåëüíî, åäèíñòâåííûé âîçìîæíûé ñïîñîá ðàñïà-
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ðàëëåëèâàíèÿ çàäà÷è î ðàñïðîñòðàíåíèè ñåéñìè÷åñêèõ âîëí â ãðóíòîâîé ñðåäå –
ìåòîä ïðîñòðàíñòâåííîé äåêîìïîçèöèè. Ïîñêîëüêó ôîðìà ðàñ÷åòíîé îáëàñòè íå
èìååò óòîíåíèé, îáìåí äàííûìè ìåæäó ñîñåäíèìè áëîêàìè ïàðàëëåëüíûõ âû÷èñ-
ëåíèé íà êàæäîì âðåìåííîì øàãå ñ óâåëè÷åíèåì êîëè÷åñòâà ïðîöåññîðîâ íà÷èíàåò
âëèÿòü íà ýôôåêòèâíîñòü ïàðàëëåëüíîãî ñ÷åòà. Ïîýòîìó äëÿ îðãàíèçàöèè ýôôåê-
òèâíîãî ñ÷åòà ïîäîáíûõ çàäà÷ íåîáõîäèìî ïðèìåíÿòü èíûå ìåòîäû äëÿ èñêëþ÷å-
íèÿ âëèÿíèÿ îòðàæåííûõ îò ãðàíèö ðàñ÷åòíîé îáëàñòè âîëí íà ðåçóëüòàòû ðàñ÷åòîâ
âáëèçè ñîîðóæåíèÿ – ìåòîäû ìîäåëèðîâàíèÿ áåçãðàíè÷íîé ñïëîøíîé ñðåäû.

Äëÿ çàäà÷ âçðûâà èñïîëüçîâàíèå êâàçèðàâíîìåðíûõ ñåòîê íà ãðàíèöå, ìîäåëè-
ðóþùåé áåñêîíå÷íîñòü, äàåò õîðîøèå ðåçóëüòàòû [19, 20]: íåôèçè÷åñêèå îñöèëëÿ-
öèè, ïîðîæäåííûå íåðàâíîìåðíîñòÿìè ñåòêè, ìîãóò áûòü ñãëàæåíû ââåäåíèåì âÿç-
êîñòè. Äëÿ ñëó÷àÿ, êîãäà èñòî÷íèê âîçäåéñòâèÿ íàõîäèòñÿ íà çíà÷èòåëüíîì ðàññòîÿ-
íèè, ñãëàæèâàíèå ÷èñëåííîãî ðåøåíèÿ áóäåò âíîñèòü èñêàæåíèå â âîëíû íàãðóçêè,
ïîýòîìó êâàçèðàâíîìåðíûå ñåòêè äëÿ çàäà÷ ñåéñìèêè ïðèìåíÿòü íåëüçÿ.

Â [12] ïðåäëîæåí àëãîðèòì, ó÷èòûâàþùèé îñîáåííîñòè ðàñïðîñòðàíåíèÿ ñåéñ-
ìè÷åñêèõ èìïóëüñîâ îò íèæíåé ãðàíèöû ðàñ÷åòíîé îáëàñòè ãðóíòà ê äíåâíîé ïî-
âåðõíîñòè, áëàãîäàðÿ êîòîðîìó âîëíû ñæàòèÿ-ðàñòÿæåíèÿ ìîãóò ñâîáîäíî ðàñïðîñò-
ðàíÿòüñÿ âäîëü âåðòèêàëüíûõ ãðàíè÷íûõ ïîâåðõíîñòåé ãðóíòà. Äëÿ èñêëþ÷åíèÿ
âëèÿíèÿ íà ðàñ÷åòû îòðàæåííûõ îò áîêîâûõ ãðàíèö ñäâèãîâûõ âîëí ðåàëèçîâàí
ñïåöèàëüíûé àëãîðèòì, çàêëþ÷àþùèéñÿ â ïåðåñûëêå ñêîðîñòåé ïåðåìåùåíèé èç
ïðèãðàíè÷íûõ óçëîâ ñåòêè â ãðàíè÷íûå óçëû íà êàæäîì âðåìåííîì øàãå, â ðåçóëü-
òàòå âîëíû ñäâèãà íå èñêàæàþòñÿ ïðè ðàñïðîñòðàíåíèè âäîëü ãðàíèöû. ×èñëåííûå
ýêñïåðèìåíòû ïîäòâåðäèëè ýôôåêòèâíîñòü ýòîãî àëãîðèòìà, êîòîðûé áóäåì íàçû-
âàòü àëãîðèòìîì ñ íåîòðàæàþùèìè ãðàíè÷íûìè óñëîâèÿìè.

Â ÏÏ ËÎÃÎÑ ââåäåí ìîäóëü ïîëüçîâàòåëüñêèõ íàãðóçîê, ïîçâîëÿþùèé, â ÷àñò-
íîñòè, ðåàëèçîâàòü îïèñàííûé àëãîðèòì. Òåñòèðîâàíèå àëãîðèòìà ïðîâåäåíî íà
çàäà÷å î ðàñïðîñòðàíåíèè ñäâèãîâîé âîëíû îò îñíîâàíèÿ ãðóíòà ê äíåâíîé ïîâåðõ-
íîñòè, íà êîòîðîé ðàñïîëîæåíî ñîîðóæåíèå.

Ðàññìàòðèâàåòñÿ ïðÿìîóãîëüíûé ìàññèâ ãðóíòà ì,100100100 ××  ìîäåëèðóå-
ìûé ñïëîøíîé èäåàëüíî-óïðóãîé ñðåäîé ñ õàðàêòåðèñòèêàìè E = 2,4 ÃÏà, ν = 0,4,
ρ = 2000 êã/ì3. Íà äíåâíîé ïîâåðõíîñòè ãðóíòà â öåíòðå ðàñïîëîæåíî ñîîðóæåíèå –
ìàññèâ èäåàëüíî-óïðóãîé ñðåäû ì202020 ××  ñ ìåõàíè÷åñêèìè õàðàêòåðèñòèêàìè
E = 20 ÃÏà, ν = 0,25, ρ = 1000 êã/ì3 (ïëîòíîñòü ñîîðóæåíèÿ ïðåäïîëàãàåòñÿ îäèíà-
êîâîé ïî âñåìó îáúåìó). Íà áîêîâûõ ïîâåðõíîñòÿõ ìàññèâà ãðóíòà çàäàíû íåîòðà-
æàþùèå ãðàíè÷íûå óñëîâèÿ, ðåàëèçîâàííûå â âèäå ïîëüçîâàòåëüñêèõ íàãðóçîê. Íà
íèæíåé ãðàíèöå ãðóíòà çàäàåòñÿ èìïóëüñ ñêîðîñòè âîëíû ñäâèãà vy (ðèñ. 1).

vy, ì/ñ

0                 0,05           0,10           0,15            t, c
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Ðèñ. 1. Èìïóëüñ ñêîðîñòè âîëíû ñäâèãà íà íèæíåé ãðàíèöå ãðóíòà
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Íà ðèñ. 2 ïîêàçàíû ðàñïðåäåëåíèÿ ïîëÿ ñêîðîñòåé vy â ðàñ÷åòíîé îáëàñòè ïðè
t = 0,16 c (à), íà ñðåçå ïëîñêîñòüþ ñèììåòðèè {z = 50 ì} ïðè t = 0,14 c (á) è ïðè t =
= 0,18 c (â). Ðåçóëüòàòû ðàñ÷åòà, ïðåäñòàâëåííûå íà ðèñóíêå, ïîêàçûâàþò, ÷òî ðàñïðî-
ñòðàíåíèå óïðóãîé ñäâèãîâîé âîëíû vy ê ñîîðóæåíèþ ïðîèñõîäèò áåç èñêàæåíèé îò
áîêîâûõ ãðàíèö ðàñ÷åòíîé îáëàñòè ãðóíòà. Ñðàâíåíèå ñäâèãîâûõ ñêîðîñòåé íà âåð-
òèêàëüíûõ ïðîôèëÿõ {0 < x < 100; y = 10; z = 50}, {0 < x < 100; y = 50; z = 50}, {0 <
< x < 100; y = 50; z = 10} â ìîìåíòû ïîäõîäà ñäâèãîâîé âîëíû ê ïîâåðõíîñòè (t =
= 0,1 c, t = 0,13 c) è ïîñëå îòðàæåíèÿ îò ïîâåðõíîñòè (t = 0,2 c) ïîêàçàëî, ÷òî íà
ðàçëè÷èÿ â âåðòèêàëüíûõ ïðîôèëÿõ â áîëüøåé ìåðå âëèÿåò íàëè÷èå ñîîðóæåíèÿ,
÷åì áëèçîñòü ê ãðàíèöå ñ íåîòðàæàþùèìè ãðàíè÷íûìè óñëîâèÿìè. Ðàçëè÷èÿ àìï-
ëèòóä ñäâèãîâûõ âîëí íà ïðîôèëÿõ äî ìîìåíòà îòðàæåíèÿ âîëí îò ñîîðóæåíèÿ íå
ïðåâûøàþò 0,0015%.

Ïðîâåäåíî ñðàâíåíèå ïîëó÷åííûõ ñêîðîñòåé ñäâèãà ñî ñëó÷àåì, êîãäà íà âåðõ-
íåé ïîâåðõíîñòè ìàññèâà ãðóíòà îòñóòñòâóåò çäàíèå. Óñòàíîâëåíî, ÷òî íà ïÿòè ãî-
ðèçîíòàëüíûõ ïðîôèëÿõ {x = 50 + 10i; 0 < y < 100; z = 50}, )40, ( =i  îòëè÷èå ðåøå-
íèé çàäà÷ ñî çäàíèåì è áåç íåãî äî ìîìåíòà îòðàæåíèÿ âîëí îò ñîîðóæåíèÿ íå ïðå-
âûøàåò 0,003%.

×èñëåííàÿ ìåòîäèêà ìîäåëèðîâàíèÿ äåéñòâèÿ ïîëÿ ñèëû òÿæåñòè

Â ÏÏ ËÎÃÎÑ íå ðåàëèçîâàíà ñâÿçêà, ïîçâîëÿþùàÿ ðåøàòü äèíàìè÷åñêèå çàäà÷è
ïðî÷íîñòè ñ ïðåäâàðèòåëüíûì ìîäåëèðîâàíèåì êâàçèñòàöèîíàðíîãî íàïðÿæåííî-

à)

á)

Ðèñ. 2. Ðàñïðåäåëåíèå ïîëÿ ñêîðîñòåé vy
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äåôîðìèðîâàííîãî ñîñòîÿíèÿ â ìîäóëå ñòàòè÷åñêîé ïðî÷íîñòè. Äëÿ ó÷åòà ïðåäâà-
ðèòåëüíîãî íàïðÿæåííîãî ñîñòîÿíèÿ, îáóñëîâëåííîãî äåéñòâèåì ñèëû òÿæåñòè, ïðè-
õîäèòñÿ â ìîäóëå äèíàìè÷åñêîé ïðî÷íîñòè â ÏÏ ËÎÃÎÑ ñíà÷àëà ðåøàòü ñòàòè÷åñ-
êóþ çàäà÷ó ñ ïðèìåíåíèåì ðàçëè÷íûõ òåõíîëîãèé, áàçîâîé èç êîòîðûõ ÿâëÿåòñÿ
äèíàìè÷åñêàÿ ðåëàêñàöèÿ. Ïðîöåäóðà äèíàìè÷åñêîé ðåëàêñàöèè, ðåàëèçîâàííàÿ â
ìîäóëå äèíàìè÷åñêîé ïðî÷íîñòè ÏÏ ËÎÃÎÑ, ïîçâîëÿåò ðåøèòü çàäà÷ó îá îñàäêå
ñîîðóæåíèÿ ïîä äåéñòâèåì ïîëÿ ñèëû òÿæåñòè â ñòàòè÷åñêîé ïîñòàíîâêå ñ çàäàí-
íîé òî÷íîñòüþ. Çàäàâàåìàÿ òî÷íîñòü â ïàðàìåòðàõ àëãîðèòìà äèíàìè÷åñêîé ðåëàê-
ñàöèè îïðåäåëÿåò èòîãîâûé îñòàòî÷íûé îòíîñèòåëüíûé óðîâåíü îáùåé êèíåòè÷åñ-
êîé ýíåðãèè îòíîñèòåëüíî ìàêñèìàëüíîãî åå çíà÷åíèÿ:

,max
êèí

êèí ε<
E
E

ãäå Eêèí – êèíåòè÷åñêàÿ ýíåðãèÿ ñèñòåìû çà âû÷åòîì êèíåòè÷åñêîé ýíåðãèè òåëà êàê
æåñòêîãî öåëîãî, max

êèíE  – ìàêñèìàëüíàÿ ïî øàãàì ïðîöåññà äèíàìè÷åñêîé ðåëàêñà-
öèè êèíåòè÷åñêàÿ ýíåðãèÿ, ε – ïîãðåøíîñòü. Ïîãðåøíîñòü êèíåòè÷åñêîé ýíåðãèè
ñèñòåìû âëèÿåò íà òî÷íîñòü îïðåäåëåíèÿ èòîãîâûõ ïîëåé ïåðåìåùåíèé è íàïðÿæå-
íèé, ïðè ýòîì îòêëîíåíèå íàéäåííîãî íà÷àëüíî ñòàòè÷åñêîãî ïîëÿ íàïðÿæåíèé îò
òî÷íîãî ðåøåíèÿ çà ñ÷åò âûáîðà ε ìîæåò áûòü ïîëó÷åíî äîñòàòî÷íî ìàëûì. Òàê,
ïîãðåøíîñòü ñòàòè÷åñêèõ ðàñ÷åòîâ, ðàâíàÿ 10–4, äàåò îòíîñèòåëüíóþ ïîãðåøíîñòü
10–3 â ñêîðîñòÿõ è 10–2 â íàïðÿæåíèÿõ, óìåíüøåíèå çàäàâàåìîé ïîãðåøíîñòè ñòàòè-
÷åñêèõ ðàñ÷åòîâ íà 2 ïîðÿäêà óìåíüøàåò îòíîñèòåëüíóþ ïîãðåøíîñòü â âû÷èñëå-
íèè ñêîðîñòåé â 3 ðàçà, íàïðÿæåíèé – â 5 ðàç. Èòåðàöèîííûé ïðîöåññ îïðåäåëåíèÿ
íàïðÿæåíèé ïîêàçàí íà ðèñ. 3 äëÿ íåñêîëüêèõ âàðèàíòîâ ïàðàìåòðîâ äèíàìè÷åñêîé
ðåëàêñàöèè, ïðåäñòàâëåííûõ â òàáëèöå 1. Íà ðèñóíêå ïðåäñòàâëåíû âåðòèêàëüíûå
ñæèìàþùèå íàïðÿæåíèÿ â öåíòðå çàêðåïëåííîé ãðàíè ðàñ÷åòíîé îáëàñòè ïîä ñî-
îðóæåíèåì (ñì. ðèñ. 2), ôèêòèâíîå âðåìÿ – ýòî âðåìÿ, èñïîëüçóåìîå äëÿ ðåøåíèÿ
çàäà÷è äèíàìè÷åñêîé ðåëàêñàöèè. Âèäíû ðàçëè÷èÿ ïðîöåññà ðåøåíèÿ çàäà÷è ñòàòèêè
ïðè ðàçíûõ ïîãðåøíîñòÿõ ðåøåíèÿ è êîýôôèöèåíòàõ äèíàìè÷åñêîé ðåëàêñàöèè.

Òàáëèöà 1
Âàðèàíò ðàñ÷åòà 1 2 3 4 5 6
Ïîãðåøíîñòü ñõîäèìîñòè ðåøåíèÿ
 ïî êèíåòè÷åñêîé ýíåðãèè 10–6 10–6 10–4 10–4 10–6 10–3

Êîýôôèöèåíò äèíàìè÷åñêîé ðåëàêñàöèè 0,995 0,97 0,97 0,995 0,9 0,9

Ðèñ. 3. Âåðòèêàëüíûå ñæèìàþùèå íàïðÿæåíèÿ
äëÿ ðàçëè÷íûõ ïàðàìåòðîâ äèíàìè÷åñêîé ðåëàêñàöèè
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Íà ðèñ. 4, 5 ïðåäñòàâëåíû ðåçóëüòàòû ðàñ÷åòà ñæèìàþùèõ íàïðÿæåíèé îò ïîëÿ
ñèëû òÿæåñòè íà âåðòèêàëüíîì ïðîôèëå ïîä ñîîðóæåíèåì {0 < x < 100; y = 50; z =
= 50} è íà ãîðèçîíòàëüíîì ïðîôèëå íà ãëóáèíå 12,5 ì {x = 87,5; 0 < y < 100; z = 50}.
Ðèñóíêè äåìîíñòðèðóþò, ÷òî ñ ðîñòîì ðàçìåðíîñòè çàäà÷è (äâóìåðíàÿ ïîñòàíîâêà
â «Äèíàìèêå-2», òðåõìåðíàÿ – â ËÎÃÎÑ) ðàñòåò è ïåðåðàñïðåäåëåíèå âåðòèêàëü-
íûõ ñæèìàþùèõ íàïðÿæåíèé â íåêîòîðîé îêðåñòíîñòè ñîîðóæåíèÿ.

Îöåíêà ñõîäèìîñòè çàäà÷è

Ðàññìîòðåíî ÷åòûðå âàðèàíòà äèñêðåòèçàöèè çàäà÷è îò 1008 äî 516096 ÊÝ, äëèíà
ðåáðà êóáè÷åñêèõ ÊÝ ïðè ýòîì ïðèíèìàëàñü ðàâíîé 10, 5, 2,5 è 1,25 ì. Íà íèæíåé
ãðàíèöå ãðóíòîâîãî ìàññèâà çàäàâàëèñü êèíåìàòè÷åñêèå ãðàíè÷íûå óñëîâèÿ, ìîäå-
ëèðóþùèå ïðîäîëüíóþ èëè ñäâèãîâóþ âîëíó, ðàñïðîñòðàíÿþùóþñÿ ê äíåâíîé ïî-
âåðõíîñòè ãðóíòà, òî åñòü äëÿ êàæäîãî âàðèàíòà äèñêðåòèçàöèè ðàññìîòðåíî äâà
âàðèàíòà âîçäåéñòâèÿ. Ðàñ÷åòíàÿ îáëàñòü íàõîäèòñÿ â ïîëå ñèëû òÿæåñòè, íà áîêî-
âûõ ãðàíèöàõ ãðóíòîâîãî ìàññèâà çàäàíû íåîòðàæàþùèå ãðàíè÷íûå óñëîâèÿ.

Íà ðèñ. 6 ïðåäñòàâëåíû êîìïîíåíòû âåðòèêàëüíîé ñêîðîñòè â öåíòðå ìàññ ñî-
îðóæåíèÿ ïðè çàäàíèè ïðîäîëüíîé âîëíû ñæàòèÿ íà íèæíåé ïîâåðõíîñòè (âðåìåí-
íàÿ çàâèñèìîñòü êèíåìàòè÷åñêîé íàãðóçêè ïðèâåäåíà íà ðèñóíêå ñåðûì öâåòîì).

Ïðèíèìàÿ çà òî÷íîå ðåøåíèå ðåçóëüòàòû ðàñ÷åòà íà ñàìîé ìåëêîé êîíå÷íî-ýëå-
ìåíòíîé ñåòêå, ìîæíî îöåíèòü àáñîëþòíóþ ïîãðåøíîñòü âåðòèêàëüíîé êîìïîíåí-

Ðèñ. 5. Ñæèìàþùèå íàïðÿæåíèÿ îò ïîëÿ ñèëû òÿæåñòè
íà ãîðèçîíòàëüíîì ïðîôèëå ïîä ñîîðóæåíèåì
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òû ñêîðîñòè â ðàñ÷åòàõ ñ ïðîäîëüíîé âîëíîé: 0,026 ì/ñ äëÿ ñåòêè ;5,25,25,2 ì××
0,081 ì/ñ äëÿ ñåòêè ì;555 ××  0,205 ì/ñ äëÿ ñåòêè ì.101010 ××  Äëÿ ñäâèãîâîé âîë-
íû ÷óâñòâèòåëüíîñòü ê ðàçìåðàì êîíå÷íî-ýëåìåíòíîé ñåòêè áîëåå çàìåòíàÿ, àáñî-
ëþòíàÿ ðàçíîñòü â àìïëèòóäàõ ñäâèãîâûõ ñêîðîñòåé íà ïîâåðõíîñòè ïî ñðàâíåíèþ
ñ ðàñ÷åòàìè íà ñåòêå 25,125,1 × ì ñîñòàâèëà: 0,057 ì/ñ äëÿ ñåòêè ;5,25,25,2 ì××
0,142 ì/ñ äëÿ ñåòêè ì;555 ××  0,542 ì/ñ äëÿ ñåòêè ì.101010 ××

Çàêëþ÷åíèå

Ñäåëàíû îöåíêè ïðèìåíèìîñòè ìåòîäà îïðåäåëåíèÿ íà÷àëüíîãî ïîëÿ íàïðÿæå-
íèé îò ïîëÿ ñèëû òÿæåñòè, ðåàëèçîâàííîãî ðàçíûìè ñïîñîáàìè â ðàññìàòðèâàåìûõ
ïàêåòàõ ïðîãðàìì. Ïðîãðàììíî ðåàëèçîâàí àëãîðèòì ìîäåëèðîâàíèÿ íåîòðàæàþ-
ùèõ ãðàíè÷íûõ óñëîâèé. Ñäåëàíû îöåíêè ñõîäèìîñòè òðåõìåðíîé çàäà÷è î ñåéñ-
ìè÷åñêèõ âèáðàöèÿõ ñîîðóæåíèÿ íà èäåàëüíî-óïðóãîì ìàññèâå ãðóíòà. Äëÿ âåðè-
ôèêàöèè ðåàëèçîâàííûõ â ÏÏ ËÎÃÎÑ ìåòîäèê ïðîâåäåíî ñîïîñòàâëåíèå ðåçóëüòà-
òîâ ÷èñëåííîãî ðàñ÷åòà â äâóõ ïðîãðàììíûõ êîìïëåêñàõ: «Äèíàìèêà-2» è ËÎÃÎÑ.
Ðåçóëüòàòû ïðîâåäåííûõ èññëåäîâàíèé ïîäòâåðäèëè äîñòîâåðíîñòü ðàñ÷åòîâ òðåõ-
ìåðíûõ è äâóìåðíûõ çàäà÷ ñåéñìèêè â ïðåäñòàâëåííûõ ïðîãðàììíûõ êîìïëåêñàõ.
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ANALYSIS OF THE CAPABILITIES OF THE LOGOS SOFTWARE PACKAGE
FOR CALCULATING THE SEISMIC IMPACT ON A STRUCTURE

Dyukina N.S., Kotov V.L., Dyanov D.Yu., Borlyaev V.V.

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

Sarov, Russian Federation

The possibilities of the LOGOS software package for calculating seismic vibrations of buried
structures, considering the contact interaction with the ground and the gravity field, are investigated
and expanded. To reduce computational costs, the LOGOS software package includes a method
for modeling non-reflective boundary conditions that was developed earlier and implemented in
the “Dynamics-2” software package, which allows reducing the size of the computational domain.
The results of numerical simulation in the LOGOS of shear wave propagation in an elastic bounded
subdomain of a continuous medium are presented, demonstrating the effectiveness of non-reflecting
boundary conditions for a three-dimensional formulation. The dynamic relaxation technique used
in the dynamic strength module of the LOGOS software package for calculating the initial static
stresses from the action of the gravity field with the subsequent solution of the non-stationary
problem is investigated. Numerical estimates of the expected accuracy of the dynamic solution are
obtained, depending on the specified accuracy of the static calculation. Thus, the relative error in
the change in kinetic energy when using the dynamic relaxation algorithm 10–4 gives a relative
error of 10–3 in velocities and 10–2 in stresses, reducing the specified calculation error by 2 orders
of magnitude reduces the relative error in calculating velocities by 3 times, stresses – by 5 times.
The calculation of the initial stress-strain state of the building-ground system from the action of
the gravity field is compared using the dynamic relaxation procedure and using the stationing
procedure implemented in the “Dynamics-2” software package. In all problems in the three-
dimensional formulation, 8-node hexahedra with one-point integration are used, in the two-
dimensional formulation – equivalent 4-node finite elements, for the integration of the defining
system of equations, an explicit “cross” scheme is used. Between the subdomains, variants of
contact with gluing and contact with friction are implemented. The capabilities of LOGOS for
conducting multiprocessor calculations allowed us to make estimates of the convergence of the
problem under consideration based on a series of computational experiments.

Keywords: seismic vibrations, LOGOS software package, “Dynamics-2” software package, gravity
field, structures subsidence, non-reflective boundary conditions.


