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Ðàññìîòðåíà ìåòîäîëîãèÿ îöåíêè êîýôôèöèåíòà äèíàìè÷íîñòè ïðè óäàðíûõ íàãðóçêàõ, ñîïðî-
âîæäàþùèõ, íàïðèìåð, âçðûâû, ïàäåíèå ìàññèâíûõ òåë, ãèäðîóäàðû. Îòìå÷åíû îñîáåííîñòè,
ñâÿçàííûå ñ îïðåäåëåíèåì êîýôôèöèåíòà äèíàìè÷íîñòè ïðè èìïóëüñíûõ íàãðóçêàõ, ñâîéñò-
âåííûõ ìíîãèì ÷ðåçâû÷àéíûì ñèòóàöèÿì. Âûÿâëåíû íåäîñòàòêè ìåòîäà ïî îïðåäåëåíèþ êîýô-
ôèöèåíòà äèíàìè÷íîñòè ïðè èìïóëüñíûõ íàãðóçêàõ. Ïðîâåäåíî èíòåãðèðîâàíèå óðàâíåíèÿ äëÿ
íåñêîëüêèõ âèäîâ íàãðóçîê è ðàçëè÷íûõ ñîîòíîøåíèé ìåæäó äëèòåëüíîñòüþ íàãðóçêè è ïåðèî-
äîì ñîáñòâåííûõ êîëåáàíèé êîíñòðóêöèè. Îïðåäåëåíû çíà÷åíèÿ êîýôôèöèåíòà äèíàìè÷íîñòè
äëÿ ðàçëè÷íûõ ñîîòíîøåíèé ìåæäó äëèòåëüíîñòüþ íàãðóçêè è ïåðèîäîì ñîáñòâåííûõ êîëåáà-
íèé êîíñòðóêöèè ïðè íàãðóçêàõ ïÿòè âèäîâ. Ïðèâåäåíû êðèòåðèè, ïðè êîòîðûõ êîýôôèöèåíò
äèíàìè÷íîñòè îïðåäåëÿåòñÿ òîëüêî èìïóëüñîì óäàðíîé íàãðóçêè è íå çàâèñèò îò åå ôîðìû.
Óñòàíîâëåíû ñîîòíîøåíèÿ äëÿ îïðåäåëåíèÿ êîýôôèöèåíòà äèíàìè÷íîñòè ïðè óäàðíûõ íàãðóç-
êàõ, ñîïðîâîæäàþùèõ ÷ðåçâû÷àéíûå ñèòóàöèè.
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Ââåäåíèå

Â ïðàêòèêå ñòðîèòåëüíîãî ïðîåêòèðîâàíèÿ ïðèíÿòî

ïðèâîäèòü íåñòàöèîíàðíûå íàãðóçêè ê ýêâèâàëåíò-

íûì ñòàòè÷åñêèì íàãðóçêàì [1–4]. Ïðè ðàñ÷åòàõ

ïîñëåäñòâèé äèíàìè÷åñêîãî âîçäåéñòâèÿ íà ñòðîè-

òåëüíûå êîíñòðóêöèè èñïîëüçóåòñÿ ñëåäóþùàÿ ìå-

òîäîëîãèÿ. Äèíàìè÷åñêàÿ íàãðóçêà çàìåíÿåòñÿ ýê-

âèâàëåíòíîé åé ïî äåéñòâèþ ñòàòè÷åñêîé íàãðóç-

êîé Ðý, êîòîðàÿ îïðåäåëÿåòñÿ ïî ôîðìóëå [5–10]:

Ðý = Pìàêñ Kä, (1)

ãäå Pìàêñ — ìàêñèìàëüíàÿ äèíàìè÷åñêàÿ íàãðóçêà;

Kä — êîýôôèöèåíò äèíàìè÷íîñòè, ðàâíûé ìàê-

ñèìàëüíîìó çíà÷åíèþ ôóíêöèè äèíàìè÷íîñòè

Ò(t), îïèñûâàþùåé äâèæåíèå (ïåðåìåùåíèå ñå-

÷åíèé) êîíñòðóêöèè âî âðåìåíè.

Êàê ñëåäóåò èç âûðàæåíèÿ (1), äëÿ çàìåíû äèíà-

ìè÷åñêîé íàãðóçêè ýêâèâàëåíòíîé åé ñòàòè÷åñêîé

íåîáõîäèìî îïðåäåëèòü êîýôôèöèåíò äèíàìè÷íî-

ñòè Kä. Âåëè÷èíó Kä ïðè íàãðóçêå òðåóãîëüíîé ôîð-

ìû ïðîåêòèðîâùèêè ÷àñòî îïðåäåëÿþò ïî ãðàôèêàì

(ðèñ. 1), ïðèâåäåííûì âî ìíîãèõ ñïðàâî÷íèêàõ ïî

ïðî÷íîñòíîìó ðàñ÷åòó ñîîðóæåíèé, ãäå êðóãîâàÿ ÷àñ-

òîòà îñíîâíîãî òîíà ñîáñòâåííûõ êîëåáàíèé êîíñò-

ðóêöèé�ê îïðåäåëÿåòñÿ ìåòîäàìè ñòðîèòåëüíîé ìå-

õàíèêè.

Èç ãðàôèêà ðèñ. 1 ñëåäóåò, ÷òî åñëè âåëè÷èíà �1

ñòðåìèòñÿ ê íóëþ (ïðè íàãðóçêå ïèëîîáðàçíîé ôîð-

ìû), òî ÷èñëåííîå çíà÷åíèå êîýôôèöèåíòà äèíàìè÷-

íîñòè ïðèáëèæàåòñÿ ê äâóì. Èñõîäÿ èç ýòèõ ñîîáðà-

æåíèé ïðîåêòèðîâùèêè ëþáóþ íàãðóçêó ïèëîîáðàç-

íîé ôîðìû ïðè ïðîâåäåíèè ñòàòè÷åñêèõ ðàñ÷åòîâ

óäâàèâàþò. Îäíàêî ýòîò ïîäõîä íåïðàâîìåðåí äëÿ

êðàòêîâðåìåííûõ (èìïóëüñíûõ) íàãðóçîê. Èìåííî

ýòîò âîïðîñ è ðàññìàòðèâàåòñÿ â íàñòîÿùåé ñòàòüå.

Ïðè ÷ðåçâû÷àéíûõ ñèòóàöèÿõ (×Ñ) äîñòàòî÷íî

÷àñòî âîçíèêàþò êðàòêîâðåìåííûå íàãðóçêè [11–14].

Ïðè âçðûâàõ çàðÿäîâ âçðûâ÷àòûõ âåùåñòâ (ÂÂ), ïðè

àâàðèéíîì ïàäåíèè ìàññèâíûõ òåë (íàïðèìåð, òðàíñ-

ïîðòíûõ êîíòåéíåðîâ â áàññåéíû âûäåðæêè íà ÀÝÑ),
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ïðè ãèäðîóäàðàõ è ò. ä. ôîðìèðóþòñÿ íàãðóçêè, äëè-

òåëüíîñòü êîòîðûõ èñ÷èñëÿåòñÿ ìèëëèñåêóíäàìè ïðè

î÷åíü âûñîêèõ äàâëåíèÿõ [15–20].

Öåëü íàøåé ðàáîòû çàêëþ÷àåòñÿ â âûÿâëåíèè íå-

êîòîðûõ îñîáåííîñòåé, ñâÿçàííûõ ñ ðàñ÷åòîì êîýô-

ôèöèåíòà äèíàìè÷íîñòè ïðè èìïóëüñíûõ íàãðóç-

êàõ, ñâîéñòâåííûõ ìíîãèì ÷ðåçâû÷àéíûì ñèòóàöè-

ÿì. Â ñâÿçè ñ ýòèì íåîáõîäèìî óñòàíîâèòü êðèòåðèè,

ïðè êîòîðûõ êîýôôèöèåíò äèíàìè÷íîñòè îïðåäåëÿ-

åòñÿ òîëüêî èìïóëüñîì óäàðíîé íàãðóçêè, à òàêæå

ïðèâåñòè ñîîòíîøåíèÿ äëÿ îïðåäåëåíèÿ êîýôôèöè-

åíòà äèíàìè÷íîñòè ïðè óäàðíûõ íàãðóçêàõ, ñîïðî-

âîæäàþùèõ âçðûâû, ïàäåíèå ìàññèâíûõ òåë, ãèäðî-

óäàðû è ò. ä.

Òåîðåòè÷åñêèå ðàñ÷åòû

Ðàññìîòðèì ìåòîäîëîãèþ îöåíêè êîýôôèöèåíòà

äèíàìè÷íîñòè ïðè ïîäîáíûõ íàãðóçêàõ. Â ñâîèõ ðàñ-

ñóæäåíèÿõ áóäåì ïðèäåðæèâàòüñÿ ïðèíÿòûõ â äè-

íàìèêå ñîîðóæåíèé ïîäõîäîâ.

Èçâåñòíî, ÷òî äâèæåíèå êîíñòðóêöèè â ñòàäèè

óïðóãèõ äåôîðìàöèé îïèñûâàåòñÿ óðàâíåíèåì
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ãäå T(t) — îòíîñèòåëüíîå ïåðåìåùåíèå êîíñòðóêöèè

èëè ôóíêöèÿ äèíàìè÷íîñòè; T(t) = S(t)�Sìàêñ;

S(t) — ñìåùåíèå êîíñòðóêöèè ïðè ñòàòè÷åñêîì

âîçäåéñòâèè íà íåå íàãðóçêè Ð;

Sìàêñ — ñìåùåíèå êîíñòðóêöèè ïðè ñòàòè÷åñêîì

âîçäåéñòâèè íà íåå íàãðóçêè Ðìàêñ;

�ê — êðóãîâàÿ ÷àñòîòà ñîáñòâåííûõ êîëåáàíèé

êîíñòðóêöèè;

f (t) — ôóíêöèÿ, îïèñûâàþùàÿ èçìåíåíèå áåç-

ðàçìåðíîé äèíàìè÷åñêîé íàãðóçêè âî âðåìåíè;

f (t) = P(t)�Pìàêñ.

Ðåøåíèå óðàâíåíèÿ (2) ïðè íóëåâûõ íà÷àëüíûõ
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T t f u t u u

t

( ) ( ) sin ( ( ))� � � �)� �
0

d

� �
�

�
	
	 � �)� � �sin ( ) cos ( )t f u u u

t

0

d (3)

� � �



�
�
�)cos ( ) sin ( ) ,� �t f u u u

t

0

d

ãäå u — ìîäóëü óïðóãîñòè êîíñòðóêöèè.

×èñëåííîå èíòåãðèðîâàíèå âûðàæåíèÿ (3) äàåò

ôóíêöèþ ïåðåìåùåíèÿ êîíñòðóêöèè ïîä äåéñòâèåì

ñèëû f (t) âî âðåìåíè. Ìàêñèìàëüíîå çíà÷åíèå ôóíê-

öèè ïåðåìåùåíèÿ T(t) åñòü êîýôôèöèåíò äèíàìè÷-

íîñòè Kä.

Äëÿ îïðåäåëåíèÿ êîýôôèöèåíòà äèíàìè÷íîñòè

íåîáõîäèìî çíàòü ÷àñòîòó îñíîâíîãî òîíà ñîáñò-

âåííûõ êîëåáàíèé êîíñòðóêöèé�ê, êîòîðàÿ îïðåäå-

ëÿåòñÿ ïî ôîðìóëå [4]:

�
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ê
ê

�
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, (4)

ãäå * — êîýôôèöèåíò, îïðåäåëÿåìûé ïî ñïðàâî÷-

íîé ëèòåðàòóðå (íàïðèìåð, [4]);

L — äëèíà ïðîëåòà êîíñòðóêöèè;

Â — èçãèáíàÿ æåñòêîñòü; B = EI;

Å — äèíàìè÷åñêèé ìîäóëü óïðóãîñòè;

I — îñåâîé ìîìåíò èíåðöèè ñå÷åíèÿ;

Ìê — ïîãîííàÿ ìàññà êîíñòðóêöèè; Ìê = q�g;

q — ïîãîííàÿ íàãðóçêà îò âçðûâà ïëþñ íàãðóçêà

îò ñîáñòâåííîãî âåñà êîíñòðóêöèè;

g — óñêîðåíèå ñâîáîäíîãî ïàäåíèÿ.

Ðåøåíèå óðàâíåíèÿ (2) ìîæíî ïîëó÷èòü, ÷èñ-

ëåííî ðàçðåøèâ ñèñòåìó äèôôåðåíöèàëüíûõ óðàâ-

íåíèé ïåðâîãî ïîðÿäêà:
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ãäå U — ýíåðãèÿ óïðóãîé äåôîðìàöèè.

Ê íåäîñòàòêàì îïèñàííîãî ìåòîäà ñëåäóåò îòíå-

ñòè ñëåäóþùåå îáñòîÿòåëüñòâî. Â ðàñ÷åòàõ ïðåäïî-

ëàãàåòñÿ, ÷òî êîëåáàòåëüíûé ïðîöåññ êàæäîãî ýëå-

ìåíòà ïðîèñõîäèò íà îïðåäåëåííîé ÷àñòîòå (êàê

ïðàâèëî, íà ÷àñòîòå îñíîâíîãî òîíà), õîòÿ â äåéñò-

âèòåëüíîñòè êîëåáàíèÿ ïðîèñõîäÿò âî âñåì ñïåêòðå

Ðèñ. 1. Ãðàôèêè äëÿ îïðåäåëåíèÿ êîýôôèöèåíòà äèíàìè÷íîñòè

Kä: 1 — ���1 = 2; 2 — ���1 = 6; 3 — ���1 = 10; 4 — ���1 = 20;

5 — ���1 = 50; 6 — ���1 = 100; 7 — ���1 � 200; � è �1 — âðåìÿ

ñîîòâåòñòâåííî äåéñòâèÿ äèíàìè÷åñêîé íàãðóçêè è åå íàðàñ-

òàíèÿ äî ìàêñèìàëüíîé âåëè÷èíû;'Ð — âçðûâíàÿ íàãðóçêà

Fig. 1. Graphs for determining of dynamic amplification factors

Kdyn: 1 — ���1 = 2; 2 — ���1 = 6; 3 — ���1 = 10; 4 — ���1 =

20; 5 — ���1 = 50; 6 — ���1 = 100; 7 — ���1 � 200; � è �1 —

time respectively of the action of the dynamic load and its in-

crease to the maximum value+,'Ð — blast load
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ñîáñòâåííûõ ÷àñòîò óïðóãîãî ýëåìåíòà. Êðîìå òîãî,

â äàííîì ìåòîäå ïðîèçâîëüíûå ãðàíè÷íûå óñëîâèÿ

ìîæíî çàäàâàòü ñ îïðåäåëåííûìè ïðèáëèæåíèÿìè.

Òåì íå ìåíåå ïðè ðàñ÷åòàõ ñòðîèòåëüíûõ êîíñòðóê-

öèé íà ïðî÷íîñòü ïðè ×Ñ, êîãäà â êà÷åñòâå èñõîä-

íûõ äàííûõ ïðèíèìàþòñÿ ìàêñèìàëüíî âîçìîæíûå

íàãðóçêè, êîòîðûå ìàëîâåðîÿòíû, äàííûé ïîäõîä â

îïðåäåëåíèè Kä â íåêîòîðîé ñòåïåíè îïðàâäàí.

Íà ðèñ. 2 ïðèâåäåíû çíà÷åíèÿ êîýôôèöèåíòà

äèíàìè÷íîñòè äëÿ ðàçëè÷íûõ ñîîòíîøåíèé ìåæäó

äëèòåëüíîñòüþ äåéñòâèÿ íàãðóçêè Òíàãð è ïåðèîäîì

ñîáñòâåííûõ êîëåáàíèé êîíñòðóêöèè Ò0 ïðè íàãðóç-

êàõ ïÿòè òèïîâ.

Èç ðèñ. 2 âèäíî, ÷òî âðåìåííîé õàðàêòåð íàãðóç-

êè âëèÿåò íà êîýôôèöèåíò äèíàìè÷íîñòè òîëüêî ïðè

ñîîòíîøåíèè ìåæäó äëèòåëüíîñòüþ äåéñòâèÿ íà-

ãðóçêè è ïåðèîäîì ñîáñòâåííûõ êîëåáàíèé êîíñò-

ðóêöèè, ïðåâûøàþùåì 0,5Ò0. Ýòîò ôàêò, ñîáñòâåííî,

è îòðàæàåò ðèñ. 1, êîòîðûé ïîñòðîåí ïðèìåíèòåëü-

íî ê äîñòàòî÷íî ïðîäîëæèòåëüíûì (ïî îòíîøåíèþ

ê ïåðèîäó ñîáñòâåííûõ êîëåáàíèé êîíñòðóêöèé),

à íå èìïóëüñíûì íàãðóçêàì.

Íà ðèñ. 3 ïðèâåäåíû çíà÷åíèÿ êîýôôèöèåíòà

äèíàìè÷íîñòè äëÿ ðàçëè÷íûõ ñîîòíîøåíèé ìåæäó

äëèòåëüíîñòüþ äåéñòâèÿ íàãðóçêè è ïåðèîäîì ñîá-

ñòâåííûõ êîëåáàíèé êîíñòðóêöèè, ïðè íàãðóçêå óäàð-

íîãî âèäà K = 0 è íàãðóçêå, èìåþùåé òîëüêî ôàçó

íàðàñòàíèÿ, K = 1. Óñëîâíî èõ ìîæíî ñ÷èòàòü “êðàé-

íèìè” ôîðìàìè íàãðóçîê — óäàðíîé è ïëàâíîé.

Ðèñ. 2. Êîýôôèöèåíòû äèíàìè÷íîñòè ïðè íàãðóçêàõ ïÿòè òè-

ïîâ: 1 — K = 0,10; 2 — K = 0,25; 3 — K = 0,50; 4 — K = 0,75;

5 — K = 0,90; K = Ò1�Òíàãð; Ò1 — äëèòåëüíîñòü íàðàñòàíèÿ

íàãðóçêè; Òíàãð — äëèòåëüíîñòü äåéñòâèÿ íàãðóçêè

Fig. 2. Dynamic amplification factors under loads of five types:

1 — K = 0,10; 2 — K = 0,25; 3 — K = 0,50; 4 — K = 0,75; 5 —

K = 0,90; K = Ò1�Òload; Ò1 — load rise duration; Òload — load

action duration

Ðèñ. 3. Êîýôôèöèåíòû äèíàìè÷íîñòè ïðè íàãðóçêàõ äâóõ

“êðàéíèõ” òèïîâ — K = 0; K = 6

Fig. 3. Dynamic amplification factors under loads of two “extreme”

types — K = 0; K = 6

Ðèñ. 4. Êîýôôèöèåíòû äèíàìè÷íîñòè äëÿ T Tíàãð 0 & 0 5, ïðè íà-

ãðóçêàõ ïðÿìîóãîëüíîãî (1) è òðåóãîëüíîãî (2) òèïîâ

Fig. 4. Dynamic amplification factors for ratios of Òload �Ò0 < 0,5

under rectangular (1) or triangular (2) type of loads
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Äëÿ ñîîòíîøåíèé Òíàãð�Ò0 < 0,5, êàê óêàçûâà-

ëîñü ðàíåå (ñì. ðèñ. 2), ôîðìà íàãðóçêè íå âëèÿåò íà

÷èñëåííûå çíà÷åíèÿ êîýôôèöèåíòà äèíàìè÷íîñòè.

Îñíîâíîå âëèÿíèå íà íåãî îêàçûâàåò èìïóëüñ äàâ-

ëåíèÿ I P t t� ) ( ) .d Ýòî âèäíî èç ðèñ. 4, ãäå ïðèâåäå-

íû çíà÷åíèÿ êîýôôèöèåíòà äèíàìè÷íîñòè ïðè íà-

ãðóçêàõ òðåóãîëüíîé (I = 0,5PìàêñÒíàãð) è ïðÿìîóãîëü-

íîé (I = PìàêñÒíàãð) ôîðìû.

Â ðåçóëüòàòå ïðîâåäåííûõ ðàñ÷åòîâ áûëî ïîëó-

÷åíî, ÷òî êîýôôèöèåíò äèíàìè÷íîñòè ïðè êðàòêî-

âðåìåííûõ íàãðóçêàõ (Òíàãð�Ò0 < 0,5) ïðèáëèæåííî

ìîæíî îïðåäåëèòü ïî ñëåäóþùåé ôîðìóëå:
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Òîãäà èìååì:
� äëÿ íàãðóçêè òðåóãîëüíîé ôîðìû

(I = 0,5PìàêñÒíàãð):
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� äëÿ íàãðóçêè ïðÿìîóãîëüíîé ôîðìû

(I = PìàêñÒíàãð):
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T
ä

íàãð� 2 0
2

0

, . (8)

Âûâîäû

Îòìå÷åíû îñîáåííîñòè, ñâÿçàííûå ñ îïðåäåëå-

íèåì êîýôôèöèåíòà äèíàìè÷íîñòè ïðè èìïóëüñíûõ

íàãðóçêàõ, ñâîéñòâåííûõ ìíîãèì ÷ðåçâû÷àéíûì ñè-

òóàöèÿì. Áûëî ïðîâåäåíî èíòåãðèðîâàíèå óðàâíå-

íèÿ (2) äëÿ ðàçëè÷íûõ ñîîòíîøåíèé ìåæäó äëèòåëü-

íîñòüþ íàãðóçêè Òíàãð è ïåðèîäîì ñîáñòâåííûõ êî-

ëåáàíèé êîíñòðóêöèè Ò0 ïðè íàãðóçêàõ íåñêîëüêèõ

òèïîâ. Ïðèâåäåíû êðèòåðèè, ïðè êîòîðûõ êîýôôè-

öèåíò äèíàìè÷íîñòè îïðåäåëÿåòñÿ òîëüêî èìïóëüñîì

óäàðíîé íàãðóçêè è íå çàâèñèò îò åå ôîðìû. Óñòà-

íîâëåíû ñîîòíîøåíèÿ äëÿ îïðåäåëåíèÿ êîýôôèöè-

åíòà äèíàìè÷íîñòè ïðè óäàðíûõ íàãðóçêàõ, ñîïðî-

âîæäàþùèõ ÷ðåçâû÷àéíûå ñèòóàöèè (âçðûâû ÂÂ,

ïàäåíèå ìàññèâíûõ òåë, ãèäðîóäàðû è ò. ä.).
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ABSTRACT

It is accepted to lead non-stationary loads to equivalent static loads in practice of construction design.

Different methodologies are used to calculate the effects of dynamic impact on building structures.

This article describes evaluation methodology of dynamic amplification factor under impact loads,

arising in case of explosions, falling of massive bodies, hydraulic impact. To calculate the dynamic

amplification factor it was determined frequency of fundamental tone of natural oscillation. A short-

coming of described evaluation method of dynamic amplification factor under impact loads is the as-

sumption that oscillation process of each element happens at a certain frequency (usually at the funda-

mental tone frequency); though in fact oscillations happen in all range of natural frequencies of elastic

element. Besides, any boundary conditions for this methodology can be set with certain approxima-

tions. Nevertheless structural analysis of building constructions in conditions of emergency situation,

when the maximum possible loadings have been taken as initial data, such approach in determination
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of Kdyn is justified in a certain degree. The integrating equations for different types of loads and

various ratios between load duration and natural oscillation period has allowed to determine values of

dynamic amplification factor for such ratios at five types of loads. It have been shown that temporality

of loading influences dynamic amplification factor only at certain ratios between load duration and

natural oscillation period. This fact can be attributed to a sufficiently long (in ratio to the natural oscilla-

tion period), but not to impulse loads. Values of dynamic amplification factor for various ratios between

load duration and natural oscillation period under the impact forces and under the growth phase load

were given. The type of load have not affect numerical values of dynamic amplification factor for

the presented ratios. The main influence on dynamic amplification factor is the pressure pulse.

Keywords: static load; dynamic load; dynamic amplification factor; structural analysis; typical loads;

natural oscillation period.
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