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Ïðåäëàãàþòñÿ ìàòåìàòè÷åñêàÿ ìîäåëü è ìåòîäèêà ÷èñëåííîãî ìîäåëè-
ðîâàíèÿ, ó÷èòûâàþùèå êîíòàêòíîå âçàèìîäåéñòâèå ñîîðóæåíèé ñ ãðóíòîâûì
îñíîâàíèåì, àäåêâàòíî îïèñûâàþùèå ñåéñìè÷åñêèå ïðîöåññû â ãðóíòå è  ïî-
çâîëÿþùèå ïðîâîäèòü ÷èñëåííûå èññëåäîâàíèÿ ñåéñìè÷åñêèõ âèáðàöèé ñî-
îðóæåíèé ïðè ðàçëè÷íûõ ïàðàìåòðàõ ïðîöåññà. Äëÿ îïèñàíèÿ äåôîðìèðîâà-
íèÿ òåë â ðàìêàõ ãèïîòåç ìåõàíèêè ñïëîøíîé ñðåäû èñïîëüçóåòñÿ âàðèàöèîí-
íî-ðàçíîñòíûé ïîäõîä. Äâèæåíèå ñðåäû îïèñûâàåòñÿ â ïåðåìåííûõ Ëàãðàí-
æà óðàâíåíèÿìè, ñëåäóþùèìè èç âàðèàöèîííîãî ïðèíöèïà Äàëàìáåðà − Ëàã-
ðàíæà â ôîðìå Æóðäåíà, â íåïîäâèæíîé äåêàðòîâîé ñèñòåìå êîîðäèíàò. Ðå-
øåíèå îïðåäåëÿþùåé ñèñòåìû óðàâíåíèé ïðè çàäàííûõ íà÷àëüíûõ è ãðàíè÷-
íûõ óñëîâèÿõ îñíîâûâàåòñÿ íà âàðèàöèîííî-ðàçíîñòíîì ìåòîäå äèñêðåòèçà-
öèè ïî ïðîñòðàíñòâåííûì êîîðäèíàòàì è ÿâíîé ñõåìå èíòåãðèðîâàíèÿ ïî âðå-
ìåíè. Ìàññèâ ãðóíòà ïðåäñòàâëÿåòñÿ ïðÿìîóãîëüíûì ïàðàëëåëåïèïåäîì, ðàç-
ìåðû êîòîðîãî â ñîâîêóïíîñòè ñ íåîòðàæàþùèìè ãðàíè÷íûìè óñëîâèÿìè äî-
ñòàòî÷íû äëÿ èñêëþ÷åíèÿ âëèÿíèÿ êðàåâûõ ýôôåêòîâ íà ðåçóëüòàòû ðàñ÷åòà
âáëèçè ñîîðóæåíèÿ. Ãðóíò ñ÷èòàåòñÿ èäåàëüíî óïðóãèì. Æåñòêèå ãðóíòû ìî-
äåëèðóþòñÿ îäíîðîäíîé èëè ìíîãîñëîéíîé ñðåäîé, äëÿ ìÿãêèõ îñíîâàíèé
ïðèìåíÿåòñÿ òðàíñâåðñàëüíî-èçîòðîïíàÿ ìîäåëü, ó÷èòûâàþùàÿ èçìåíåíèå
õàðàêòåðèñòèê ãðóíòà ñ ãëóáèíîé. Ñëîè ãðóíòà ïîëàãàþòñÿ æåñòêî ñêëååííû-
ìè, à ìåæäó ñîîðóæåíèåì è ãðóíòîì ìîäåëèðóåòñÿ êîíòàêòíîå âçàèìîäåéñòâèå
ñ òðåíèåì: íîðìàëüíûå ê ïîâåðõíîñòè êîíòàêòà êîìïîíåíòû óñèëèé íàõîäÿò-
ñÿ èç óñëîâèÿ íåïðîíèêàíèÿ, à êàñàòåëüíûå óñèëèÿ − â ñîîòâåòñòâèè ñ çàêîíîì
Àìîíòîíà − Êóëîíà. Ðàñ÷åòíàÿ îáëàñòü íàõîäèòñÿ â ïîëå ñèë òÿæåñòè. Ðàñ÷åò
ïîëåé ïåðåìåùåíèé è íàïðÿæåíèé îò äåéñòâèÿ ñèë òÿæåñòè ïðîèçâîäèòñÿ ñ
ïðèìåíåíèåì ïðîöåäóðû ãàøåíèÿ êèíåòè÷åñêîé ýíåðãèè â ìîìåíò äîñòèæå-
íèÿ ìàêñèìóìà äî åå óñòàíîâëåíèÿ ñ çàäàííîé òî÷íîñòüþ. Ýôôåêòèâíîñòü âû-
÷èñëåíèé ïî äàííîé ìåòîäèêå îïðåäåëÿåòñÿ ðàçðàáîòàííûìè íåîòðàæàþùè-
ìè ãðàíè÷íûìè óñëîâèÿìè, ñïîñîáîì âîñïðîèçâåäåíèÿ çàäàííîé ýêñïåðèìåí-
òàëüíîé ñåéñìîãðàììû è ïðèìåíåíèåì ìåòîäîâ ïàðàëëåëüíûõ âû÷èñëåíèé.
Ïðîâåäåíû ÷èñëåííûå èññëåäîâàíèÿ äèíàìè÷åñêèõ âèáðàöèé ñèñòåìû äâóõ
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ðàçíîâåëèêèõ êðóïíîãàáàðèòíûõ ñîîðóæåíèé, ïîçâîëÿþùèå âûÿâèòü çàêîíî-
ìåðíîñòè ïîâåäåíèÿ áëèçêîðàñïîëîæåííûõ ñîîðóæåíèé ïðè çåìëåòðÿñåíèè.

Êëþ÷åâûå ñëîâà: ñåéñìè÷åñêèå âèáðàöèè, áëèçêîðàñïîëîæåííûå ñîîðó-
æåíèÿ, âçàèìîäåéñòâèå ñ ãðóíòîì, ÷èñëåííîå ìîäåëèðîâàíèå.

Ââåäåíèå

Èññëåäîâàíèå ïðî÷íîñòè è íàäåæíîñòè ñòðîèòåëüíûõ êîíñòðóêöèé ïðîâîäèò-
ñÿ ñ ó÷åòîì íàëè÷èÿ â îêðåñòíîñòè ñòðîèòåëüíîé ïëîùàäêè êðóïíûõ íåîäíîðîä-
íîñòåé ãåîëîãè÷åñêîãî è èñêóññòâåííîãî õàðàêòåðà: ïîëîñòåé, ðàçëîìîâ, ìíîãîñëîé-
íîñòè ãðóíòîâîé ñðåäû, áëèçêîðàñïîëîæåííûõ ñîîðóæåíèé. Ó÷åò âçàèìíîãî âëèÿ-
íèÿ ñîîðóæåíèé íàèáîëåå ðàñïðîñòðàíåí â óñëîâèÿõ ïëîòíîé ãîðîäñêîé çàñòðîéêè:
â êâàçèñòàòè÷åñêîé ïîñòàíîâêå îöåíèâàåòñÿ âëèÿíèå âîçâîäèìûõ ñòðîèòåëüíûõ
êîíñòðóêöèé íà äîïîëíèòåëüíóþ îñàäêó ñóùåñòâóþùèõ ñîîðóæåíèé [1−4]. Âçàèì-
íîå âëèÿíèå ñîîðóæåíèé ïðè äèíàìè÷åñêèõ âîçäåéñòâèÿõ èçó÷åíî ìàëî. Êàê ïðà-
âèëî, ïðîâîäèòñÿ àíàëèç ïåðåîòðàæåííûõ âîëí êðàòêîñðî÷íîãî äèíàìè÷åñêîãî âîç-
äåéñòâèÿ (âçðûâà) îò îòäåëüíî ñòîÿùåé ñòðîèòåëüíîé êîíñòðóêöèè [5, 6]. Ïåðåîòðà-
æåíèå äèíàìè÷åñêèõ âîëí â ãðóíòå è ïðèâåäåíèå â äâèæåíèå ìàññèâíûõ áëèçêî-
ðàñïîëîæåííûõ ñîîðóæåíèé ìîæåò ñòàòü äîïîëíèòåëüíûì ôàêòîðîì ïîâðåæäåíèÿ
è ðàçðóøåíèÿ ñòðîèòåëüíîé êîíñòðóêöèè. Ïîäîáíûå èññëåäîâàíèÿ âåñüìà òðóäîåì-
êè, ïîñêîëüêó àíàëèç âçàèìíîãî âëèÿíèÿ ñîîðóæåíèé âîçìîæåí ëèøü ïðè ðàññìîò-
ðåíèè ñîâìåñòíîé ìîäåëè ïðîåêòèðóåìûõ çäàíèé, èõ ôóíäàìåíòîâ è ãðóíòîâîãî
îñíîâàíèÿ [4, 7]. Ïðèíÿòèå â ðàñ÷åò óäàëåííûõ îáúåêòîâ ïîäðàçóìåâàåò âêëþ÷åíèå
â ðàññìîòðåíèå ìàññèâà ïðèëåãàþùåãî ê ñîîðóæåíèþ ãðóíòà, äîñòàòî÷íî áîëüøî-
ãî äëÿ ìèíèìèçàöèè êðàåâûõ ýôôåêòîâ âáëèçè ñîîðóæåíèÿ. Âûáîð ìåëêîé ðàçíîñò-
íîé ñåòêè, íåîáõîäèìîé äëÿ òî÷íîãî îïèñàíèÿ ñîîðóæåíèÿ è âèáðàöèé ãðóíòà, äå-
ëàåò ÷èñëåííîå ìîäåëèðîâàíèå ïîäîáíûõ êðóïíîãàáàðèòíûõ çàäà÷ êðàéíå òðóäîåì-
êèì. Ìîäåëèðîâàíèå âçàèìíîãî âëèÿíèÿ ñîîðóæåíèé ïðè çåìëåòðÿñåíèè ÿâëÿåòñÿ
çíà÷èòåëüíî áîëåå ñëîæíûì ââèäó âûñîêî÷àñòîòíîãî õàðàêòåðà è çíà÷èòåëüíîé äëè-
òåëüíîñòè ñåéñìè÷åñêîãî âîçäåéñòâèÿ. Ïðåäëàãàåìûé àâòîðàìè ìåòîä àíàëèçà ñåé-
ñìîñòîéêîñòè çàãëóáëåííûõ ñîîðóæåíèé [8] ó÷èòûâàåò ýôôåêòû êîíòàêòíîãî âçàè-
ìîäåéñòâèÿ ñòåíîê ñîîðóæåíèÿ ñ ãðóíòîâûì îñíîâàíèåì è ñóùåñòâåííî ñîêðàùàåò
âû÷èñëèòåëüíûå çàòðàòû, ÷òî äåëàåò åãî ýôôåêòèâíûì ñðåäñòâîì àíàëèçà âçàèìíî-
ãî âëèÿíèÿ ñîîðóæåíèé ïðè ñåéñìè÷åñêèõ âîçäåéñòâèÿõ.

1. Ìåòîäû ðàñ÷åòîâ

Äëÿ îïèñàíèÿ äåôîðìèðîâàíèÿ òåë â ðàìêàõ ãèïîòåç ìåõàíèêè ñïëîøíîé ñðå-
äû èñïîëüçóåòñÿ âàðèàöèîííî-ðàçíîñòíûé ïîäõîä. Äâèæåíèå ñðåäû îïèñûâàåòñÿ â
ïåðåìåííûõ Ëàãðàíæà óðàâíåíèÿìè, ñëåäóþùèìè èç âàðèàöèîííîãî ïðèíöèïà Äà-
ëàìáåðà − Ëàãðàíæà â ôîðìå Æóðäåíà, â íåïîäâèæíîé äåêàðòîâîé ñèñòåìå êîîðäè-
íàò Oxyz:
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Çäåñü σij − êîìïîíåíòû òåíçîðà íàïðÿæåíèé; iu&  − ñêîðîñòè ïåðåìåùåíèé; pi, qi  −
êîìïîíåíòû ïîâåðõíîñòíîé íàãðóçêè è êîíòàêòíîãî äàâëåíèÿ; fi − êîìïîíåíòû ìàñ-
ñîâûõ ñèë, îòíåñåííûå ê åäèíèöå ìàññû (i = x, y, z).
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Ðåøåíèå îïðåäåëÿþùåé ñèñòåìû óðàâíåíèé (1) ïðè çàäàííûõ íà÷àëüíûõ è ãðà-
íè÷íûõ óñëîâèÿõ îñíîâûâàåòñÿ íà âàðèàöèîííî-ðàçíîñòíîì ìåòîäå äèñêðåòèçàöèè
ïî ïðîñòðàíñòâåííûì êîîðäèíàòàì è ÿâíîé ñõåìå èíòåãðèðîâàíèÿ ïî âðåìåíè [9].
Ïðîöåññ äåôîðìèðîâàíèÿ ñïëîøíîé ñðåäû âî âðåìåíè ðàçáèâàåòñÿ íà âðåìåííûå
ñëîè tk ñ øàãàìè Δtk+1 = tk+1 − tk, îïðåäåëÿåìûìè èç óñëîâèÿ óñòîé÷èâîñòè Êóðàíòà.
Ñõåìà èíòåãðèðîâàíèÿ äèñêðåòíîãî àíàëîãà óðàâíåíèé äâèæåíèÿ ïî âðåìåíè ïðåä-
ñòàâëÿåòñÿ â âèäå:
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Çäåñü Fj − îáîáùåííûå ñèëû, äåéñòâóþùèå íà j-é óçåë, M − ìàññà â  j-ì óçëå.
Ìàññèâ ãðóíòà ïðåäñòàâëÿåòñÿ ïðÿìîóãîëüíûì ïàðàëëåëåïèïåäîì, ðàçìåðû

êîòîðîãî â ñîâîêóïíîñòè ñ íåîòðàæàþùèìè ãðàíè÷íûìè óñëîâèÿìè äîñòàòî÷íû
äëÿ èñêëþ÷åíèÿ âëèÿíèÿ êðàåâûõ ýôôåêòîâ íà ðåçóëüòàòû ðàñ÷åòà âáëèçè ñîîðóæå-
íèÿ [8]. Ïîñêîëüêó äàâëåíèå â ãðóíòå ïðè ïðîõîæäåíèè âîëí 8-áàëëüíîé ìàãíèòóäû
íå ïðåâîñõîäèò 0,5 ÌÏà è îòñóòñòâóþò çíà÷èòåëüíûå ëîêàëüíûå ôîðìîèçìåíåíèÿ,
äîïóñòèìî ñ÷èòàòü ïîâåäåíèå ãðóíòà èäåàëüíî óïðóãèì [10−12]. Æåñòêèå ãðóíòû
ìîäåëèðóþòñÿ îäíîðîäíîé èëè ìíîãîñëîéíîé ñðåäîé, äëÿ ìÿãêèõ îñíîâàíèé ïðè-
ìåíÿåòñÿ òðàíñâåðñàëüíî-èçîòðîïíàÿ ìîäåëü, ó÷èòûâàþùàÿ èçìåíåíèå õàðàêòåðèñ-
òèê ãðóíòà â çàâèñèìîñòè îò ãëóáèíû [13, 14]. Ñëîè ãðóíòà ïîëàãàþòñÿ æåñòêî ñêëå-
åííûìè, à ìåæäó ñîîðóæåíèåì è ãðóíòîì ìîäåëèðóåòñÿ êîíòàêòíîå âçàèìîäåéñòâèå
ñ òðåíèåì: íîðìàëüíûå ê ïîâåðõíîñòè êîíòàêòà êîìïîíåíòû óñèëèé íàõîäÿòñÿ èç
óñëîâèÿ íåïðîíèêàíèÿ, à êàñàòåëüíûå óñèëèÿ − â ñîîòâåòñòâèè ñ çàêîíîì Àìîíòîíà
− Êóëîíà. Ðàñ÷åòíàÿ îáëàñòü íàõîäèòñÿ â ïîëå ñèë òÿæåñòè. Ðàñ÷åò ïîëåé ïåðåìåùå-
íèé è íàïðÿæåíèé îò äåéñòâèÿ ñèë òÿæåñòè ïðîèçâîäèòñÿ ñ ïðèìåíåíèåì ïðîöåäó-
ðû ãàøåíèÿ êèíåòè÷åñêîé ýíåðãèè â ìîìåíò äîñòèæåíèÿ ìàêñèìóìà äî åå óñòàíîâ-
ëåíèÿ ñ çàäàííîé òî÷íîñòüþ.

Ðàíåå àâòîðàìè áûëè ïðåäëîæåíû ñïîñîáû ìîäåëèðîâàíèÿ ìåëêîôîêóñíûõ è
ãëóáîêîôîêóñíûõ çåìëåòðÿñåíèé â âèäå êîìïîíåíò âåêòîðà ñêîðîñòè, âû÷èñëåííûõ
òàê [8, 15, 16], ÷òîáû âáëèçè ñîîðóæåíèÿ âîñïðîèçâîäèëàñü çàäàííàÿ àêñåëåðîãðàì-
ìà çåìëåòðÿñåíèÿ, è ñäåëàíû ðåêîìåíäàöèè ïî äèñêðåòèçàöèè ðàñ÷åòíîé îáëàñòè,
ïîçâîëÿþùèå ïðè ÷èñëåííîì ðåøåíèè òî÷íî îïèñàòü çàäàííóþ àêñåëåðîãðàììó [8].
Ïðè ìîäåëèðîâàíèè ãëóáîêîôîêóñíîãî çåìëåòðÿñåíèÿ ïîëàãàåòñÿ, ÷òî ïðèõîäÿùèå
îò èñòî÷íèêà çåìëåòðÿñåíèÿ ê ñîîðóæåíèþ âîëíû ìîæíî ñ÷èòàòü ïëîñêèìè è ðàñ-
ïðîñòðàíÿþùèìèñÿ ïî íîðìàëè ê äíåâíîé ïîâåðõíîñòè ãðóíòà [7, 14]. Ïðè ìîäåëè-
ðîâàíèè ìåëêîôîêóñíîãî ñåéñìè÷åñêîãî âîçäåéñòâèÿ êàê ñîâîêóïíîñòè ïðîäîëü-
íûõ, ñäâèãîâûõ è ïîâåðõíîñòíûõ âîëí íà âåðòèêàëüíîé áîêîâîé ïîâåðõíîñòè ãðóí-
òîâîé ñðåäû çàäàþòñÿ êîìïîíåíòû ñêîðîñòåé, âïîñëåäñòâèè äîïîëíèòåëüíî ïîðîæ-
äàþùèå ïîâåðõíîñòíûå âîëíû Ðýëåÿ íà äíåâíîé ïîâåðõíîñòè ðàñ÷åòíîãî ìàññèâà
ãðóíòà.

Îïèñàííûå ìåòîäû ðåøåíèÿ, àëãîðèòìû ìîäåëèðîâàíèÿ êîíòàêòíîãî âçàèìî-
äåéñòâèÿ è ó÷åòà ïîëÿ ñèë òÿæåñòè ðåàëèçîâàíû â ñåðòèôèöèðîâàííîì ïðîãðàìì-
íîì êîìïëåêñå «Äèíàìèêà-3» è ïðèìåíåíû äëÿ îöåíêè ñåéñìîïðî÷íîñòè ïîäçåì-
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íûõ òðóáîïðîâîäîâ, ïðèìûêàþùèõ ê îòâåòñòâåííûì ñîîðóæåíèÿì ÀÝÑ Áóøåð
(Èðàí), Íîâîâîðîíåæñêîé ÀÝÑ-2, Êàëèíèíñêîé, Ðîñòîâñêîé ÀÝÑ (Ðîññèÿ), Áåëî-
ðóññêîé ÀÝÑ (Áåëîðóññèÿ). Ðàñïàðàëëåëèâàíèå àëãîðèòìà ïî ìåòîäó ïðîñòðàíñòâåí-
íîé äåêîìïîçèöèè ïîçâîëèëî ñîêðàòèòü âû÷èñëèòåëüíûå çàòðàòû è ïîâûñèòü ýô-
ôåêòèâíîñòü ÷èñëåííûõ èññëåäîâàíèé [17]. Áëàãîäàðÿ ýòîìó ñòàë òåõíè÷åñêè âîç-
ìîæíûì ìíîãîêðàòíûé ïåðåñ÷åò çàäà÷è ñ ðàçëè÷íûìè âàðèàíòàìè âîçäåéñòâèÿ,
ñôîðìèðîâàííîãî âåðîÿòíîñòíûìè ìåòîäàìè èç ýêñïåðèìåíòàëüíîé ñåéñìîãðàì-
ìû. Òàêèå ðàñ÷åòû ïîçâîëÿþò äîñòîâåðíî îïèñûâàòü ïîñëåäñòâèÿ ðåàëüíûõ çåìëå-
òðÿñåíèé.

2. Èññëåäîâàíèå âçàèìíîãî âëèÿíèÿ
áëèçêîðàñïîëîæåííûõ ñîîðóæåíèé

Èçó÷åíèå ðàçëè÷íûõ ñöåíàðèåâ ïîâåäåíèÿ ñîîðóæåíèé ïðè ñåéñìè÷åñêîì âîç-
äåéñòâèè ïîäðàçóìåâàåò àíàëèç âëèÿíèÿ ìíîæåñòâà ïàðàìåòðîâ: ñòðîåíèå ãðóíòî-
âîé ñðåäû [8, 13, 14], ìàññèâíîñòü è ñòðîåíèå ñîîðóæåíèÿ [8], íàïðàâëåíèå ðàñïðî-
ñòðàíåíèÿ è ñîñòàâ ñåéñìè÷åñêèõ âîëí [15, 16, 18, 19], à òàêæå âçàèìíîå ðàñïîëî-
æåíèå ñîîðóæåíèé [3, 4]. Îáû÷íî èññëåäîâàíèÿ âçàèìíîãî âëèÿíèÿ áëèçêîðàñïîëî-
æåííûõ ñîîðóæåíèé ïðîâîäÿòñÿ â êâàçèñòàòè÷åñêîé ïîñòàíîâêå äëÿ îïðåäåëåíèÿ
íåðàâíîìåðíûõ îñàäîê ñîîðóæåíèé [1−4], â äèíàìè÷åñêîé ïîñòàíîâêå ñ êðàòêî-
ñðî÷íîé óäàðíîé íàãðóçêîé [5, 6], â ÷àñòîòíîì äèàïàçîíå [20] è íå òðåáóþò âêëþ÷å-
íèÿ â ðàññìîòðåíèå áîëüøèõ îáúåìîâ ïðèëåãàþùåãî ãðóíòà. Â íàñòîÿùåé ñòàòüå
ïðîâåäåí àíàëèç âçàèìíîãî âëèÿíèÿ âèáðàöèé äâóõ áëèçêîðàñïîëîæåííûõ êðóïíî-
ãàáàðèòíûõ çàãëóáëåííûõ ñîîðóæåíèé. Ðàçðàáîòàííàÿ ÷èñëåííàÿ ìåòîäèêà è ïðî-
ãðàììíûå ñðåäñòâà ïîçâîëèëè âêëþ÷èòü â ðàññìîòðåíèå çíà÷èòåëüíûé îáúåì ãðóí-
òà, äîñòàòî÷íûé äëÿ àäåêâàòíîãî îïèñàíèÿ äëèòåëüíûõ ñåéñìè÷åñêèõ ïðîöåññîâ â
ãðóíòå.

Íèæå ïðèâåäåíû ïðèìåðû ìîäåëüíûõ ðàñ÷åòîâ äëÿ äâóõ ðàçíîâåëèêèõ çàãëóá-
ëåííûõ ñîîðóæåíèé − íàñîñíîé ñòàíöèè è ðåàêòîðíîãî îòäåëåíèÿ ÀÝÑ. Çäàíèå íà-
ñîñíîé ñòàíöèè ïðåäñòàâëåíî ïàðàëëåëåïèïåäîì ñ ðàçìåðàìè â ïëàíå 24×24 ì, âûñî-
òîé íàä ïîâåðõíîñòüþ ãðóíòà 10 ì, çàãëóáëåííûì â ãðóíò íà 9 ì. Çäàíèå ðåàêòîðíîãî
îòäåëåíèÿ òàêæå ïðåäñòàâëÿåò ñîáîé ïàðàëëåëåïèïåä ñ ðàçìåðàìè â ïëàíå 64×64 ì,
âûñîòîé íàä ïîâåðõíîñòüþ ãðóíòà 66 ì, çàãëóáëåííûé â ãðóíò íà 9 ì. Ðàññìàòðè-
âàëñÿ äâóõñëîéíûé ìàññèâ ãðóíòà, òîëùèíà âåðõíåãî ñëîÿ 50 ì, òîëùèíà ïîäñòèëà-
þùåãî ñëîÿ 250 ì. Ìåõàíè÷åñêèå õàðàêòåðèñòèêè ìàòåðèàëà ñîîðóæåíèé (íàñîñ-
íîé ñòàíöèè è ðåàêòîðíîãî îòäåëåíèÿ): ìîäóëü Þíãà E = 21000 ÌÏà, êîýôôèöèåíò
Ïóàññîíà ν = 0,25, ïëîòíîñòü ρ = 803 êã/ì3; äëÿ âåðõíåãî ñëîÿ ãðóíòà: E = 27 ÌÏà,
ν = 0,4, ρ = 2030 êã/ì3; äëÿ íèæíåãî ñëîÿ ãðóíòà: E = 2700 ÌÏà, ν = 0,4, ρ = 2030 êã/ì3.
Ìåæäó ñîîðóæåíèÿìè è ãðóíòîì ìîäåëèðóåòñÿ êîíòàêòíîå âçàèìîäåéñòâèå ñ òðå-
íèåì (êîýôôèöèåíò òðåíèÿ 0,58), ñëîè ãðóíòà æåñòêî ñêëååíû ìåæäó ñîáîé. Íà
ðèñ. 1 ïðåäñòàâëåí âèä ðàñ÷åòíîé îáëàñòè â ñå÷åíèè ïëîñêîñòüþ y = 0 (ðàçìåðû
óêàçàíû â ìåòðàõ). Äèñêðåòèçàöèÿ ðàñ÷åòíîé îáëàñòè ïðîâåäåíà â ñîîòâåòñòâèè ñ
ðàçðàáîòàííîé ìåòîäèêîé [8, 9], ÷òî îáåñïå÷èâàåò íåîáõîäèìóþ òî÷íîñòü è óñòîé÷è-
âîñòü ðåøåíèÿ. Ïî îêîí÷àíèè ïðîöåññà îñàäêè ðàñ÷åòíîé îáëàñòè îò ñèëû òÿæåñòè
ê íèæíåé ãðàíèöå ãðóíòîâîãî ìàññèâà ïðèêëàäûâàëàñü âåðòèêàëüíàÿ êîìïîíåíòà
ñêîðîñòè vz, çàäàííàÿ êóñî÷íî-ïîñòîÿííîé ôóíêöèåé vz = {0, t < 4 c; 1 ì/ñ, t ≥ 4 c}.
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Íà ðèñ. 2 ïðåäñòàâëåíû âçàèìíûå ãîðèçîíòàëüíûå è âåðòèêàëüíûå ñìåùåíèÿ
ñòåíîê çäàíèÿ íàñîñíîé ñòàíöèè è ãðóíòà äëÿ òî÷åê íà ãëóáèíå 3 ì: äëÿ ñëó÷àÿ
èçîëèðîâàííîãî ñîîðóæåíèÿ íà ëåâîé ñòåíêå çäàíèÿ − êðèâàÿ 1 è íà ïðàâîé ñòåíêå
çäàíèÿ − êðèâàÿ 2; äëÿ ñëó÷àÿ äâóõ áëèçêîðàñïîëîæåííûõ ñîîðóæåíèé íà ëåâîé ñòåí-
êå çäàíèÿ − êðèâàÿ 3 è íà ïðàâîé ñòåíêå çäàíèÿ − êðèâàÿ 4.

Íà ðèñ. 3 ïðåäñòàâëåíû àíàëîãè÷íûå ñìåùåíèÿ ñòåíîê ðåàêòîðíîãî îòäåëåíèÿ
è ãðóíòà.

Ðèñ. 1. Âèä ðàñ÷åòíîé îáëàñòè â ñå÷åíèè ïëîñêîñòüþ ñèììåòðèè y = 0

Íàñîñíàÿ ñòàíöèÿ

Ðåàêòîðíîå îòäåëåíèå24      48           64

Ãðóíò 1       Ãðóíò 2
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Ðèñ. 2. Âçàèìíûå ãîðèçîíòàëüíûå (à) è âåðòèêàëüíûå (á) ñìåùåíèÿ
ñòåíîê çäàíèÿ íàñîñíîé ñòàíöèè
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Àíàëèç âçàèìíûõ ñìåùåíèé ñòåíîê ñîîðóæåíèé è ãðóíòà ïîçâîëÿåò ñäåëàòü
âûâîä, ÷òî ñåéñìè÷åñêèå âèáðàöèè áëèçêîðàñïîëîæåííûõ ñîîðóæåíèé ïðèâîäÿò ê
âîçíèêíîâåíèþ ðàçëè÷íûõ ýôôåêòîâ äëÿ ðàçëè÷íûõ çäàíèé:

− äëÿ ìåíåå ãàáàðèòíîãî ñîîðóæåíèÿ çàìåòíî çíà÷èòåëüíîå, â 5 ðàç, óâåëè÷å-
íèå âçàèìíûõ ãîðèçîíòàëüíûõ ñìåùåíèé ñòåíêè çäàíèÿ è ãðóíòà ñî ñòîðîíû áëèç-
êîðàñïîëîæåííîãî áîëåå ãàáàðèòíîãî ñîîðóæåíèÿ;

− äëÿ áîëåå ãàáàðèòíîãî ñîîðóæåíèÿ õàðàêòåðíî ñãëàæèâàíèå âðåìåííîé çàâè-
ñèìîñòè âçàèìíûõ ãîðèçîíòàëüíûõ ñìåùåíèé ñòåíîê ñîîðóæåíèÿ è ãðóíòà, ÷òî õî-
ðîøî ñîãëàñóåòñÿ ñ âûâîäàìè [20] î íåçíà÷èòåëüíîì âëèÿíèè ëåãêîãî ñîîðóæåíèÿ
íà ñåéñìè÷åñêóþ ðåàêöèþ áîëåå òÿæåëîãî ñîîðóæåíèÿ;

− ñîîðóæåíèÿ íàêðåíÿþòñÿ íàâñòðå÷ó äðóã äðóãó, ñî âðåìåíåì ýòîò êðåí óâåëè÷è-
âàåòñÿ. Äëÿ íàñîñíîé ñòàíöèè êðåí ΔUz â ðàçëè÷íûå ìîìåíòû âðåìåíè: ΔUz(4,6) =
= 7 ìì, ΔUz(5,3) = 11 ìì, ΔUz(5,9) = 15 ìì, äëÿ ðåàêòîðíîãî îòäåëåíèÿ: ΔUz(4,6) =
= 24 ìì, ΔUz(5,3) = 110 ìì, ΔUz(5,9) = 132 ìì;

− íà ãîðèçîíòàëüíûå âçàèìíûå ñìåùåíèÿ â áîëüøåé ñòåïåíè âëèÿþò âîëíîâûå
ýôôåêòû îò âîëí, ïåðåîòðàæåííûõ îò áëèçêîðàñïîëîæåííîãî ñîîðóæåíèÿ;

− íà âåðòèêàëüíûå ñìåùåíèÿ â áîëüøåé ñòåïåíè âëèÿåò îñàäêà è ðàñêà÷èâàíèå
áëèçêîðàñïîëîæåííîãî çäàíèÿ è ñâÿçàííîå ñ ýòèì èçìåíåíèå âîëíîâîé êàðòèíû â
íåêîòîðîì îáúåìå ïðèëåãàþùåãî ãðóíòà.

Çàêëþ÷åíèå

Ïðåäñòàâëåíû ïðèìåðû âëèÿíèÿ áëèçêîðàñïîëîæåííûõ ñòðîèòåëüíûõ îáúåêòîâ
íà ïîâåäåíèå çäàíèé ïðè ñåéñìè÷åñêèõ âîçäåéñòâèÿõ è îöåíåíà âåëè÷èíà òàêîãî âîç-
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Ðèñ. 3. Âçàèìíûå ãîðèçîíòàëüíûå (à) è âåðòèêàëüíûå (á) ñìåùåíèÿ
ñòåíîê ðåàêòîðíîãî îòäåëåíèÿ
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äåéñòâèÿ. Óñòàíîâëåíî, ÷òî ïîâåäåíèå ñîîðóæåíèÿ ïðè íàëè÷èè áëèçêîðàñïîëîæåí-
íûõ êðóïíîãàáàðèòíûõ êîíñòðóêöèé ìîæåò èçìåíÿòüñÿ ïî-ðàçíîìó â çàâèñèìîñòè
îò ñîîòíîøåíèÿ ðàçìåðîâ è ðàññòîÿíèÿ ìåæäó ñîîðóæåíèÿìè.

Åñëè âàðüèðîâàíèå íåèçìåííûõ äëÿ êîíêðåòíîé ñòðîèòåëüíîé ïëîùàäêè ïàðà-
ìåòðîâ, òàêèõ êàê îñîáåííîñòè ãåîëîãè÷åñêîãî ñòðîåíèÿ èëè ñåéñìè÷íîñòü, ïîçâî-
ëÿåò ëó÷øå ïîíÿòü ñóòü ïðîöåññà, òî âàðüèðîâàíèå äîñòóïíûõ äëÿ èçìåíåíèÿ ïàðà-
ìåòðîâ ñîîðóæåíèé ïîçâîëÿåò âûáðàòü îïòèìàëüíóþ êîíñòðóêöèþ è âçàèìíîå ðàñ-
ïîëîæåíèå ñîîðóæåíèé, à òàêæå ðàññìîòðåòü âîçìîæíîñòü ïðèìåíåíèÿ çàùèòíûõ
ñîîðóæåíèé [6].
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NUMERICALLY ANALYZING VIBRATIONS OF TWO CLOSELY LOCATED
SUBMERGED LARGE-SIZE STRUCTURES

Bazhenov V.G., Dyukina N.S.

Research Institute for Mechanics, National Research Lobachevsky State University
of Nizhny Novgorod, Nizhny Novgorod, Russian Federation

The proposed mathematical model and method of numerical simulation are taking into account
soil-structure contact interaction, adequately describe the seismic processes in the soil and allow
the numerical study of seismic vibrations of structures under different process parameters. To
describe deformation of bodies in the framework of the hypotheses of continuum mechanics, a
variation-difference approach is used. The displacement of the medium is described in Lagrange
variables, using equations following from the D’Alembert − Lagrange variational principle in
Jourdin’s form, in a fixed Cartesian coordinate system. The solution of the defining equation set
for prescribed initial and boundary conditions is based on the variational-difference method of
discretization along the spatial coordinates and an explicit time-integration scheme. The soil bulk
is represented as a rectangular parallelepiped, the dimensions of which, in combination with the
non-reflection boundary conditions, are big enough to prevent the effect of any boundary effects
on the results of the computations in the vicinity of the structure. The soil is considered ideally
elastic. Hard soils are modeled by a homogeneous or a multilayered medium; for soft soil
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foundations, a transversal-isotropic model is used, which accounts for the through-depth variation
of the characteristics of soils. The soil layers are considered rigidly agglutinate; the soil-structure
contact interaction is modeled by interaction with friction: the traction components normal to the
contact surface are determined from the condition of non-penetration, whereas the tangential tractions
are determined according to the Hammonton − Coulomb law. The analyzed region is in the gravity
field. The displacement and stress fields caused by gravity are computed using the procedure of
damping the kinetic energy at the moment it reaches its maximum until it has been determined up
to the prescribed accuracy. The efficiency of the calculation by this method is determined by the
designed non-reflecting boundary conditions, a method of loading a given experimental
seismograms, and methods of parallel computing. Numerical experiments on the dynamic vibrations
of the system of two different-sized large structures, which allows to identify regularities in the
behavior of closely spaced buildings during an earthquake, were made.

Keywords: seismic vibration, closely spaced structures, the interaction with the soil, numerical
simulation.


