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Ïðåäëîæåíà êîíñòðóêöèÿ áûñòðîâîçâîäèìîãî âðåìåííîãî ñîîðóæåíèÿ,
îáåñïå÷èâàþùàÿ ñíèæåíèå ïîðàæàþùèõ ôàêòîðîâ ìîùíîãî âçðûâà äî áåçî-
ïàñíîãî äëÿ ëþäåé è ñòðîèòåëüíûõ ñîîðóæåíèé óðîâíÿ. Âçðûâîçàùèòíîå ñî-
îðóæåíèå ñîñòîèò èç òðåõ îäèíî÷íûõ ìåòàëëè÷åñêèõ êàðêàñîâ ñ îòêðûòûì
âåðõîì, ñêðåïëåííûõ ìåæäó ñîáîé ñâàðêîé èëè áîëòàìè è îáøèòûõ ìåòàëëî-
ïðîôèëåì. Âíóòðü êàæäîãî êàðêàñà âñòàâëåíû åìêîñòè èç âîäîíåïðîíèöàå-
ìîé òêàíè, çàïîëíÿåìûå âîäîé.

Âûïîëíåíî ÷èñëåííîå ìîäåëèðîâàíèå çàòóõàíèÿ âîçäóøíîé óäàðíîé
âîëíû, è ïðîâåäåíû íàòóðíûå èñïûòàíèÿ áûñòðîâîçâîäèìîãî âðåìåííîãî çà-
ùèòíîãî ñîîðóæåíèÿ ïðè âçðûâå ñàìîäåëüíîãî âçðûâíîãî óñòðîéñòâà ìàññîé
100 êã â òðîòèëîâîì ýêâèâàëåíòå, çàëîæåííîãî â ëåãêîâîì àâòîìîáèëå.

×èñëåííîå ìîäåëèðîâàíèå ïðîöåññà âçðûâà è åãî âîçäåéñòâèå íà âçðûâî-
çàùèòíîå ñîîðóæåíèå ïðîâåäåíî â ãèäðîäèíàìè÷åñêîé ïîñòàíîâêå. Äî íà÷à-
ëà ðàçðóøåíèÿ êîíñòðóêöèè ñîîðóæåíèå ðàññìàòðèâàåòñÿ êàê æåñòêîå íå-
äåôîðìèðóåìîå òåëî. Ïî ðåçóëüòàòàì ðàñ÷åòîâ ñäåëàí âûâîä, ÷òî ïðÿìîóãîëü-
íàÿ ôîðìà íàäñòðîéêè ñîîðóæåíèÿ áîëåå ýôôåêòèâíà ïî ñðàâíåíèþ ñ òðàïå-
öèåâèäíîé ôîðìîé. Èçìåðåíèå ïàðàìåòðîâ âîçäóøíîé óäàðíîé âîëíû îñóùå-
ñòâëÿëîñü äàò÷èêàìè ÑÏÊ ïî àòòåñòîâàííîé è çàðåãèñòðèðîâàííîé â Ãîñðååñ-
òðå ìåòîäèêå «ÑÂÐ20-ÂÓÂ», îáåñïå÷èâàþùåé èçìåðåíèå àìïëèòóäû äàâëå-
íèé ñ ïîãðåøíîñòüþ íå áîëåå ±11%.

Ïðèâåäåíî ñðàâíåíèå ðåçóëüòàòîâ ðàñ÷åòîâ è èñïûòàíèé ïðåäëîæåííîé
êîíñòðóêöèè âçðûâîçàùèòíîãî ñîîðóæåíèÿ. Ðàñ÷åòíûå è ýêñïåðèìåíòàëüíûå
äàííûå ïî ïèêîâîìó çíà÷åíèþ äàâëåíèÿ áåç ñîîðóæåíèÿ óäîâëåòâîðèòåëüíî
ñîãëàñóþòñÿ ñ ôîðìóëîé Ñàäîâñêîãî äëÿ íàçåìíîãî âçðûâà. Âðåìåíà ïðèõîäà
âîçäóøíîé óäàðíîé âîëíû è ìàêñèìàëüíûå äàâëåíèÿ íà åå ôðîíòå â êîíò-
ðîëüíûõ òî÷êàõ ïåðåä è çà âçðûâîçàùèòíûì ñîîðóæåíèåì, ïîëó÷åííûå ðàñ÷å-
òîì è ýêñïåðèìåíòàëüíî, ñîâïàäàþò â ïðåäåëàõ ïîãðåøíîñòè èçìåðåíèé.

Êëþ÷åâûå ñëîâà: âçðûâîçàùèòíîå ñîîðóæåíèå, ïîðàæàþùèå ôàêòîðû
âçðûâà, óäàðíàÿ âîëíà, ýëåìåíòû êîíñòðóêöèè âçðûâîçàùèòíîãî ñîîðóæåíèÿ,
ëîêàëèçàöèÿ îñêîëêîâ, ÷èñëåííîå ìîäåëèðîâàíèå, ñðàâíåíèå ðàñ÷åòà ñ ýêñïå-
ðèìåíòîì.
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Ââåäåíèå

Îñíîâíûìè ïîðàæàþùèìè ôàêòîðàìè ïðè âçðûâàõ áîëüøèõ ìàññ âçðûâ÷àòûõ
âåùåñòâ (ÂÂ) ÿâëÿþòñÿ âîçäóøíàÿ óäàðíàÿ âîëíà (ÂÓÂ) è ïîëå îñêîëêîâ. Òàê, ïðè
äàâëåíèè â ÂÓÂ, ïðåâûøàþùåì 0,5 àòè, ïðîèñõîäèò ïðàêòè÷åñêè ïîëíîå ðàçðóøå-
íèå ñòðîèòåëüíûõ ñîîðóæåíèé, à äàâëåíèå áîëåå 0,1 àòè ÿâëÿåòñÿ îïàñíûì äëÿ ÷å-
ëîâåêà [1, 2]. Ïîýòîìó çàäà÷à ñíèæåíèÿ ïàðàìåòðîâ ÂÓÂ è ëîêàëèçàöèè îñêîëêîâ
ïðè âçðûâå çàðÿäîâ ÂÂ âàæíà äëÿ îáåñïå÷åíèÿ áåçîïàñíîñòè çäàíèé è ëþäåé.

Âîïðîñàì îïðåäåëåíèÿ íàãðóçîê ïðè âîçäåéñòâèè ÂÓÂ íà çäàíèÿ è ñîîðóæåíèÿ
â ëèòåðàòóðå óäåëÿåòñÿ áîëüøîå âíèìàíèå [3−7].

Äëÿ îáåñïå÷åíèÿ áåçîïàñíîñòè ñòðîèòåëüíûõ êîíñòðóêöèé è ëþäåé ïðè âçðûâå
ìîùíûõ ñàìîäåëüíûõ âçðûâíûõ óñòðîéñòâ âî âðåìÿ ïðîâåäåíèÿ ìàññîâûõ ìåðî-
ïðèÿòèé ïðåäëîæåíî èñïîëüçîâàòü áûñòðîâîçâîäèìîå âðåìåííîå âçðûâîçàùèòíîå
ñîîðóæåíèå (ÂÇÑ), ñîñòîÿùåå èç òðåõ îäèíî÷íûõ ìåòàëëè÷åñêèõ êàðêàñîâ ñ îòêðû-
òûì âåðõîì, ñêðåïëåííûõ ìåæäó ñîáîé ñâàðêîé (èëè áîëòàìè) è îáøèòûõ ìåòàëëî-
ïðîôèëåì. Âíóòðü êàæäîãî êàðêàñà âñòàâëåíû åìêîñòè èç âîäîíåïðîíèöàåìîé òêà-
íè, çàïîëíÿåìûå âîäîé.

Äëÿ îöåíêè ðàáîòîñïîñîáíîñòè ÂÇÑ ðàññìàòðèâàåòñÿ âçðûâ çàðÿäà ÂÂ ìàññîé
100 êã â òðîòèëîâîì ýêâèâàëåíòå (ÒÝ), íàõîäÿùåãîñÿ â ëåãêîâîì àâòîìîáèëå íà ðàñ-
ñòîÿíèè 2,5 ì îò ÂÇÑ, êîòîðîå çàïîëíåíî âîäîé äî óðîâíÿ H = 2,2 ì. Âíåøíèé âèä
ÂÇÑ äî âçðûâà, â ìîìåíò âçðûâà è ïîñëå âçðûâà ïðèâåäåí íà ðèñ. 1.

Êîîðäèíàòû ðàñïîëîæåíèÿ äàò÷èêîâ äëÿ çàïèñè âðåìåííûõ çàâèñèìîñòåé äàâ-
ëåíèÿ, à òàêæå ìåñòà óñòàíîâêè äàò÷èêîâ (óêàçàíû ñòðåëêàìè ñèíåãî öâåòà) ïîêàçà-
íû íà ðèñ. 2.

Ðèñ. 1. Âíåøíèé âèä ÂÇÑ äî âçðûâà, â ìîìåíò âçðûâà è ïîñëå âçðûâà
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×èñëåííîå ìîäåëèðîâàíèå ïðîöåññà âçðûâà è åãî âîçäåéñòâèå íà ÂÇÑ ïðîâåäå-
íî â ãèäðîäèíàìè÷åñêîé ïîñòàíîâêå. Ïðè ýòîì ÂÇÑ, çàïîëíåííîå âîäîé, äî íà÷àëà
ðàçðóøåíèÿ êîíñòðóêöèè (~ 50 ìñ) ðàññìàòðèâàëîñü êàê æåñòêîå íåäåôîðìèðóåìîå
òåëî.

Íà÷àëüíàÿ ñòàäèÿ ãàçîäèíàìè÷åñêîãî ðàñ÷åòà âçðûâà çàðÿäà ÂÂ ïðîâåäåíà ïî
äâóìåðíîé ïðîãðàììå ÄÈÀÄÀ-2D, îñíîâàííîé íà ìåòîäå Ñ.Ê. Ãîäóíîâà [8], ïðåä-
íàçíà÷åííîé äëÿ ðåøåíèÿ óðàâíåíèé ãàçîâîé äèíàìèêè â îñåñèììåòðè÷íîé èëè
ïëîñêîé ãåîìåòðèè íà ïîäâèæíûõ ýéëåðîâûõ ñåòêàõ [9]. Ìåòîä ïîçâîëÿåò àäàïòè-
ðîâàòü ðàçíîñòíóþ ñåòêó ê îñîáåííîñòÿì ãåîìåòðèè çàäà÷è, âûäåëÿòü â êà÷åñòâå
ñ÷åòíûõ ãðàíèö ðàçðûâû â âèäå êîíòàêòíûõ ãðàíèö, óäàðíûõ è äåòîíàöèîííûõ âîëí.

Òðåõìåðíàÿ ñòàäèÿ ðàñïðîñòðàíåíèÿ è âçàèìîäåéñòâèÿ ÂÓÂ ñ ïðåãðàäîé ïðî-
âåäåíà â òðåõìåðíîì êîìïëåêñå ïðîãðàìì ËÎÃÎÑ [10−15]. Íà÷àëüíîå ñîñòîÿíèå
òðåõìåðíîãî ðàñ÷åòà áûëî ïîëó÷åíî ïóòåì èíòåðïîëÿöèè ðåçóëüòàòîâ äâóìåðíîãî
ðàñ÷åòà íà òðåõìåðíóþ ñ÷åòíóþ ñåòêó êîìïëåêñà ËÎÃÎÑ, êîòîðûé ïðåäíàçíà÷åí
äëÿ ðåøåíèÿ ñâÿçàííûõ è ñîïðÿæåííûõ çàäà÷ òåïëîìàññîïåðåíîñà è ãèäðîäèíàìè-
êè íà ïàðàëëåëüíûõ ÝÂÌ ñ äåñÿòêàìè òûñÿ÷ ðàñ÷åòíûõ ÿäåð.

Äëÿ èçìåðåíèÿ ïàðàìåòðîâ ÂÓÂ ïðè ïðîâåäåíèè íàòóðíûõ èñïûòàíèé ÂÇÑ èñ-
ïîëüçîâàëèñü ïüåçîýëåêòðè÷åñêèå äàò÷èêè äàâëåíèÿ ÑÏÊ ñ ÷óâñòâèòåëüíîñòüþ îò
0,03 äî 0,3 ïÊë/Ïà [16], âíåøíèé âèä êîòîðûõ ïîêàçàí íà ðèñ. 3. Äàò÷èêè ðàñïîëà-
ãàëèñü ïîïàðíî â êîíòðîëüíûõ òî÷êàõ 1−6 (ñì. ðèñ. 2).

Èçìåðåíèå ïàðàìåòðîâ ÂÓÂ äàò÷èêàìè ÑÏÊ îñóùåñòâëÿëîñü ïî àòòåñòîâàííîé
è çàðåãèñòðèðîâàííîé â Ãîñðååñòðå ìåòîäèêå «ÑÂÐ20-ÂÓÂ» [17], îáåñïå÷èâàþùåé
èçìåðåíèå àìïëèòóäû äàâëåíèé ñ ïîãðåøíîñòüþ íå áîëåå ±11%.

Ðèñ. 2. Ñõåìà ðàñïîëîæåíèÿ äàò÷èêîâ äàâëåíèÿ
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1. Ðåçóëüòàòû ÷èñëåííîãî ìîäåëèðîâàíèÿ ðàñïðîñòðàíåíèÿ ÂÓÂ

Äëÿ òðåõìåðíîãî ðàñ÷åòà ðàñïðîñòðàíåíèÿ ÂÓÂ ïîñòðîåíà ñåòêà, ñîäåðæàùàÿ
100 ìëí ÿ÷ååê è ñîñòîÿùàÿ ïðåèìóùåñòâåííî èç øåñòèãðàííèêîâ ñ ðåáðîì ÿ÷åéêè
íå áîëåå 3 ñì.

Íà÷àëüíîå ñîñòîÿíèå ðàñ÷åòíîé îáëàñòè: ïëîòíîñòü ρ = 1,3 êã/ì3, ýíåðãèÿ Å =
= 192300 Äæ/êã, êîìïîíåíòû ñêîðîñòè U = 0, V = 0, W = 0, äàâëåíèå Ð = 1,01325 àòì.
Íà òðåõìåðíîé ñåòêå âûïîëíåíà èíòåðïîëÿöèÿ ðåçóëüòàòîâ ïðåäâàðèòåëüíûõ ðàñ-
÷åòîâ ðåøåíèÿ äâóìåðíîé çàäà÷è íà ìîìåíò âðåìåíè t = 47 ìêñ.

Íà ðèñ. 4 ïîêàçàíû ïîëÿ äàâëåíèé äëÿ äâóìåðíîé çàäà÷è â ýòîò ìîìåíò âðåìåíè
è íà÷àëüíîå ïîëå äëÿ òðåõìåðíîé çàäà÷è.

Íà ãðàíèöàõ ðàñ÷åòíîé îáëàñòè çàäàíû ñëåäóþùèå ãðàíè÷íûå óñëîâèÿ: ïëîñ-
êîñòü ñèììåòðèè (âåðòèêàëüíàÿ ïåðåäíÿÿ ãðàíèöà), æåñòêàÿ ñòåíêà ñ ïðîñêàëüçûâà-
íèåì (ãîðèçîíòàëüíàÿ íèæíÿÿ ãðàíèöà è êîíòóð ÂÇÑ) è ñâîáîäíûé âûõîä (íà îñ-
òàëüíîé ãðàíèöå).

Òðåõìåðíûå ðàñ÷åòû ïðîâåäåíû ñ èñïîëüçîâàíèåì êîìïëåêñà ïðîãðàìì ËÎÃÎÑ
[10−15] ïî ñõåìå Ñ.Ê. Ãîäóíîâà áåç âûäåëåíèÿ îñîáåííîñòåé òå÷åíèÿ. Äëÿ ðàñ÷åòà
ïðîöåññîâ â ïðîäóêòàõ âçðûâà è âîçäóõå èñïîëüçîâàëîñü óðàâíåíèå ñîñòîÿíèÿ ãîìî-
ãåííîé ñìåñè ïðîäóêòîâ âçðûâà è èäåàëüíîãî ãàçà ñ ó÷åòîì èõ êîíöåíòðàöèé â êàæ-
äîé ÿ÷åéêå [18].

Ðèñóíîê 5 èëëþñòðèðóåò ïîëó÷åííîå ïðè òðåõìåðíîì ðàñ÷åòå ïîëå äàâëåíèé â
ðàçëè÷íûå ìîìåíòû âðåìåíè.

Ðèñ. 3. Äàò÷èêè ÑÏÊ ñ äèàìåòðàìè ÷óâñòâèòåëüíîãî ýëåìåíòà 5, 10, 15 è 32 ìì

Ðèñ. 4. Ïîëå äàâëåíèÿ â äâóìåðíîì (ñëåâà) è òðåõìåðíîì (ñïðàâà) ñëó÷àÿõ
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2. Îáñóæäåíèå ðåçóëüòàòîâ ÷èñëåííîãî ìîäåëèðîâàíèÿ
   è íàòóðíûõ èñïûòàíèé âçðûâîçàùèòíîãî ñîîðóæåíèÿ

Îáùèé âèä ðàáî÷åãî ïîëÿ äî èñïûòàíèÿ, â ìîìåíò èñïûòàíèÿ è ïîñëå ïðîâåäå-
íèÿ èñïûòàíèÿ ÂÇÑ ïîêàçàí íà ðèñ. 1. Âèäíî, ÷òî ïîëíîñòüþ ðàçðóøåíà ñðåäíÿÿ
ñåêöèÿ ÂÇÑ, à ó äâóõ äðóãèõ ïîâðåæäåíû òîëüêî âåðõíèå ÷àñòè.

Çàâèñèìîñòè äàâëåíèÿ P îò âðåìåíè t â ÂÓÂ, ïîëó÷åííûå â êîíòðîëüíûõ òî÷êàõ
1−6 (ñì. ðèñ. 2) ïðè ïðîâåäåíèè íàòóðíûõ èñïûòàíèé ÂÇÑ è ÷èñëåííîãî ìîäåëèðî-
âàíèÿ, ïðèâåäåíû íà ðèñ. 6. Ïîëîæåíèå êîíòðîëüíûõ òî÷åê ðàçëè÷àåòñÿ ðàññòîÿíèåì
s îò ãðàíèöû îñíîâàíèÿ ÂÇÑ, âûñîòîé h îò óðîâíÿ çåìëè è ðàññòîÿíèåì à îò ïëîñêî-
ñòè, ïðîõîäÿùåé ÷åðåç öåíòð çàðÿäà ÂÂ è ïåðïåíäèêóëÿðíîé çàäíåé ñòåíêå ÂÇÑ.

Íà ðèñ. 7 ïðåäñòàâëåíî ðàñïðåäåëåíèå äàâëåíèÿ ïåðåä è çà ÂÇÑ â ïëîñêîñòè
ñèììåòðèè, ïîêàçûâàþùåå óäîâëåòâîðèòåëüíîå ñîãëàñèå ðàñ÷åòíûõ è ýêñïåðèìåí-
òàëüíûõ äàííûõ ïî ïèêîâîìó çíà÷åíèþ äàâëåíèÿ áåç ÂÇÑ ñ ôîðìóëîé Ñàäîâñêîãî
äëÿ íàçåìíîãî âçðûâà (íà äèñòàíöèÿõ áîëåå 12R0, ãäå R0 = 0,5 ì − ðàäèóñ çàðÿäà)
[19, 20].

Ñëåäóåò îòìåòèòü, ÷òî ïðèñóòñòâèå ÂÇÑ ïðèâîäèò ê ïîíèæåíèþ äàâëåíèÿ áî-
ëåå ÷åì â 10 ðàç, íî ñ îïðåäåëåííîãî ðàññòîÿíèÿ (~12 ì îò öåíòðà âçðûâà) äàâëåíèå
çà ÂÇÑ èçìåíÿåòñÿ íåçíà÷èòåëüíî. Åñëè æå ÂÇÑ ðàñïîëîæèòü íà ðàññòîÿíèè 8 ì îò
öåíòðà âçðûâà (ðèñ. 8), òî äàâëåíèå çà ÂÇÑ ñíèçèòñÿ åùå â ~2 ðàçà.

 Ñðàâíåíèå ðàñ÷åòíûõ ïàðàìåòðîâ ÂÓÂ ñ ýêñïåðèìåíòîì è àíàëèç ðåçóëüòàòîâ
îñìîòðà ðàáî÷åãî ïîëÿ ïîñëå èñïûòàíèé ÂÇÑ ïîêàçûâàåò, ÷òî:

− âðåìåíà ïðèõîäà ÂÓÂ è ìàêñèìàëüíûå äàâëåíèÿ íà ôðîíòå ÂÓÂ â êîíòðîëüíûõ
òî÷êàõ, ïîëó÷åííûå ðàñ÷åòîì è ýêñïåðèìåíòàëüíî, ñîâïàäàþò â ïðåäåëàõ ïîãðåø-
íîñòè èçìåðåíèé;

− ÂÇÑ, íàïîëíåííîå âîäîé äî óðîâíÿ H = 2,2 ì è îáøèòîå ëèñòàìè ìåòàëëîïðî-
ôèëÿ, ïðè âçðûâå çàðÿäà ÂÂ ìàññîé 100 êã ÒÝ, ðàñïîëîæåííîãî â ëåãêîâîì àâòîìî-
áèëå â 2,5 ì îò ÂÇÑ, ïîçâîëÿåò ñíèçèòü äàâëåíèå â ÂÓÂ äî 0,53 àòè íà ðàññòîÿíèè
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1 ì çà ÂÇÑ ïî ñðàâíåíèþ ñ äàâëåíèåì 8,1 àòè, ðàññ÷èòàííûì äëÿ ýòîé æå òî÷êè áåç
ÂÇÑ ïî ôîðìóëå Ñàäîâñêîãî. Ïðè óäàëåíèè öåíòðà âçðûâà îò ÂÇÑ äî 8 ì äàâëåíèå â
ÂÓÂ â ýòîé òî÷êå óìåíüøèòñÿ äî 0,35 àòè;

− âñå ôðàãìåíòû ðàçðóøåííîãî àâòîìîáèëÿ îñòàíîâëåíû öåíòðàëüíîé ñåêöèåé
ÂÇÑ. Ïðè ýòîì êðóïíûå ôðàãìåíòû àâòîìîáèëÿ ðàçáðîñàíû ïåðåä ÂÇÑ íà ðàññòîÿ-
íèè íå áîëåå 30 ì, à ìåëêèå ôðàãìåíòû êóçîâà, ïîêðûøåê è âîäîíåïðîíèöàåìîé
òêàíè îò ÂÇÑ − íà ðàññòîÿíèè íå áîëåå 110 ì.
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Ñ öåëüþ âûáîðà íàèáîëåå ýôôåêòèâíîãî ðàñïîëîæåíèÿ ÂÇÑ îòíîñèòåëüíî âîç-
ìîæíîãî ìåñòà âçðûâà è åãî îïòèìàëüíîé ãåîìåòðèè ïðîâåäåí ðÿä òðåõìåðíûõ ðàñ-
÷åòîâ ñ âàðèàöèåé ðàññòîÿíèÿ îò öåíòðà âçðûâà ÂÂ äî îñíîâàíèÿ ÂÇÑ (íà÷èíàÿ ñ
2,5 ì) è ãåîìåòðèè êîíòóðà ÂÇÑ. Êëþ÷åâûì ðåçóëüòèðóþùèì ïàðàìåòðîì áûëî
èçáûòî÷íîå äàâëåíèå çà ÂÇÑ íà âûñîòå 1,5 ì íà ðàññòîÿíèÿõ 1 ì è 5 ì (êîíòðîëüíûå
òî÷êè 2 è 3 íà ðèñ. 2).

Ðåçóëüòàòû ðàñ÷åòîâ ïðåäñòàâëåíû íà ðèñ. 9. Äëÿ ÂÇÑ âûñîòîé H = 3 ì, ïîë-
íîñòüþ çàïîëíåííîãî âîäîé, ìàêñèìàëüíàÿ âåëè÷èíà äàâëåíèÿ íà âûñîòå 1,5 ì â
òî÷êå, ðàñïîëîæåííîé íà ðàññòîÿíèè 1 ì çà ÂÇÑ, ñ óâåëè÷åíèåì äèñòàíöèè ìåæäó
öåíòðîì âçðûâà ÂÂ è ÂÇÑ óìåíüøàåòñÿ ëèíåéíî, íà÷èíàÿ ñ 0,53 àòè, ñ ãðàäèåíòîì
≈ −0,033 àòè/ì.

Äëÿ àíàëèçà âëèÿíèÿ âûñîòû ÂÇÑ íà èçìåíåíèå äàâëåíèÿ çà ÂÇÑ ðàññìàòðèâà-
ëèñü òàêæå âàðèàíòû óâåëè÷åíèÿ âûñîòû ñîîðóæåíèÿ äî H = 4 ì äâóìÿ ñïîñîáàìè
(ñì. ðèñ. 10):

− ñ ñîõðàíåíèåì òðàïåöèåâèäíîé ôîðìû ÂÇÑ (íàêëîííàÿ íàäñòðîéêà);
− ñ ïðÿìîóãîëüíîé íàäñòðîéêîé (âåðòèêàëüíàÿ íàäñòðîéêà).
Ïî ðåçóëüòàòàì ðàñ÷åòîâ (ñì. ðèñ. 9) ïðÿìîóãîëüíàÿ ôîðìà íàäñòðîéêè îêàçà-

ëàñü íà ≈15% áîëåå ýôôåêòèâíîé ïî ñðàâíåíèþ ñ òðàïåöèåâèäíîé ôîðìîé. Ïðè
ýòîì äàâëåíèå óìåíüøàëîñü, íà÷èíàÿ ñ 0,28 àòè, ñ ãðàäèåíòîì ≈−0,01 àòè/ì.

Ðèñ. 8. Ðàñ÷åòíûé ïðîãíîç óðîâíÿ äàâëåíèé ïåðåä è çà ÂÇÑ â ïëîñêîñòè ñèììåòðèè
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Çàêëþ÷åíèå

Ïî ðåçóëüòàòàì íàòóðíûõ èñïûòàíèé áûñòðîâîçâîäèìîãî ÂÇÑ è ÷èñëåííîãî
ìîäåëèðîâàíèÿ ðàñïðîñòðàíåíèÿ ÂÓÂ ïðè âçðûâå 100 êã ÒÝ â ëåãêîâîì àâòîìîáèëå
ìîæíî ñäåëàòü ñëåäóþùèå âûâîäû:

1) ïðè ðàñïîëîæåíèè öåíòðà çàðÿäà ÂÂ íà ðàññòîÿíèè 2,5 ì îò ÂÇÑ òðàïåöèå-
âèäíîé ôîðìû âûñîòîé 3 ì, çàïîëíåííîãî âîäîé äî óðîâíÿ 2,2 ì, àìïëèòóäà ÂÓÂ çà
ÂÇÑ íà ðàññòîÿíèè îò íåãî 1 ì è âûñîòå 1,5 ì ñíèæàåòñÿ äî 0,54 àòè ïî ñðàâíåíèþ
ñ äàâëåíèåì 8,1 àòè, ðàññ÷èòàííûì äëÿ ýòîé æå òî÷êè áåç ÂÇÑ;

2) ïðè ðàñïîëîæåíèè öåíòðà çàðÿäà ÂÂ íà ðàññòîÿíèè 2,5 ì îò ÂÇÑ òðàïåöèå-
âèäíîé ôîðìû âûñîòîé 3 ì, ïîëíîñòüþ çàïîëíåííîãî âîäîé, îáåñïå÷èâàåòñÿ ñíè-
æåíèå àìïëèòóäû ÂÓÂ çà ÂÇÑ íà ðàññòîÿíèè îò íåãî 1 ì íà âûñîòå 1,5 ì äî 0,53 àòè,
à ïðè óâåëè÷åíèè ðàññòîÿíèÿ öåíòðà âçðûâà îò ÂÇÑ äî 8 ì àìïëèòóäà ÂÓÂ óìåíü-
øàåòñÿ äî 0,35 àòè;

3) ïðè ðàñïîëîæåíèè öåíòðà çàðÿäà ÂÂ íà ðàññòîÿíèè 2,5 ì îò ÂÇÑ òðàïåöèå-
âèäíîé ôîðìû ñ ïðÿìîóãîëüíîé ôîðìîé íàäñòðîéêè îáùåé âûñîòîé 4 ì, ïîëíîñ-
òüþ çàïîëíåííîãî âîäîé, îáåñïå÷èâàåòñÿ ñíèæåíèå àìïëèòóäû ÂÓÂ çà ÂÇÑ íà ðàñ-
ñòîÿíèè îò íåãî 1 ì íà âûñîòå 1,5 ì äî 0,28 àòè, à ïðè îòíåñåíèè öåíòðà âçðûâà îò
ÂÇÑ íà 8 ì àìïëèòóäà ÂÓÂ óìåíüøàåòñÿ äî 0,22 àòè. Ïðè ýòîì ïðÿìîóãîëüíàÿ ôîð-
ìà íàäñòðîéêè íà ≈15% áîëåå ýôôåêòèâíà ïî ñðàâíåíèþ ñ òðàïåöèåâèäíîé;

4) ïðè âçðûâå 100 êã ÒÝ â ëåãêîâîì àâòîìîáèëå íà ðàññòîÿíèè 2,5 ì îò áûñò-
ðîâîçâîäèìîãî ÂÇÑ âñå êðóïíûå ôðàãìåíòû ðàçðóøåííîãî àâòîìîáèëÿ ëîêàëèçîâà-
íû öåíòðàëüíîé ñåêöèåé ÂÇÑ, à ìåëêèå ôðàãìåíòû êóçîâà àâòîìîáèëÿ, íå ïðåä-
ñòàâëÿþùèå îïàñíîñòè äëÿ ëþäåé, îáíàðóæåíû íà ðàññòîÿíèÿõ íå áîëåå 110 ì.

Ñïèñîê ëèòåðàòóðû

1. Áåéêåð Ó., Êîêñ Ï., Óýñòàéí Ï. è äð. Âçðûâíûå ÿâëåíèÿ. Îöåíêà è ïîñëåäñòâèÿ. Ò. 2.
Ì.: Ìèð, 1986. 319 ñ.

2. Åäèíûå ïðàâèëà áåçîïàñíîñòè ïðè âçðûâíûõ ðàáîòàõ. Ïîä ðåä. Ì.Ï. Âàñèëü÷óêà è
äð. ÏÁ 13-407-01. 2002. 212 ñ.

3. Êîðåíåâ Á.Ã. Äèíàìè÷åñêèé ðàñ÷åò ñîîðóæåíèé íà ñïåöèàëüíûå âîçäåéñòâèÿ. Ì.:
Ñòðîéèçäàò, 1981. 218 ñ.

4. Ðàñòîðãóåâ Á.Ñ., Ïëîòíèêîâ À.È., Õóñíóòäèíîâ Ä.Ç. Ïðîåêòèðîâàíèå çäàíèé è ñîîðó-
æåíèé ïðè àâàðèéíûõ âçðûâíûõ âîçäåéñòâèÿõ. Ì.: Èçä-âî Àññîöèàöèè ñòðîèòåëüíûõ âóçîâ,
2007. 152 ñ.

0,9 ì

3 ì

3 
ì

1 
ì

60°

Ðèñ. 10. Âàðèàíòû íàäñòðîéêè ÂÇÑ: âåðòèêàëüíàÿ è íàêëîííàÿ

83
°



230

5. Zhou X.Q., Hao H. Prediction of airblast loads on structures behind a protective barrier.
International Journal of Impact Engineering. 2008. Vol. 35. Iss. 5. P. 363−375.

6. Larcher M., Casadei F. Explosions in complex geometries − a comparison of several
approaches. International Journal of Protective Structures. 2010. Vol. 1. No 2. P. 169−196.

7. Karlos V., Solomos G. Calculation of Blast Loads for Application to Structural Components.
Luxembourg: Publications Office of the European Union, 2013. 58 p.

8. Ãîäóíîâ Ñ.Ê., Çàáðîäèí À.Â., Èâàíîâ Ì.ß., Ïðîêîïîâ Ã.Ï. ×èñëåííîå ðåøåíèå ìíîãî-
ìåðíûõ çàäà÷ ãàçîâîé äèíàìèêè. Ì.: Íàóêà, 1976. 407 c.

9. Âåëè÷êî Î.Ì., Ãóáêîâà Ã.Í., Äóäûðåâà Ã.Ï. è äð. Ïàêåòû ïðîãðàìì äëÿ ðåøåíèÿ ìíî-
ãîìåðíûõ çàäà÷ ãàçîâîé äèíàìèêè ðàçíîñòíûì ìåòîäîì Ãîäóíîâà. Ñîâðåìåííûå ìåòîäû
ïðîåêòèðîâàíèÿ è îòðàáîòêè ðàêåòíî-àðòèëëåðèéñêîãî âîîðóæåíèÿ: Ìàòåð. êîíô. Ñà-
ðîâ, 2000. Ñ. 21−29.

10. Êîçåëêîâ À.Ñ., Äåðþãèí Þ.Í., Çåëåíñêèé Ä.Ê. è äð. Ìíîãîôóíêöèîíàëüíûé ïàêåò
ïðîãðàìì ËÎÃÎÑ äëÿ ðàñ÷åòà çàäà÷ ãèäðîäèíàìèêè è òåïëîìàññîïåðåíîñà íà ñóïåðÝÂÌ.
Áàçîâûå òåõíîëîãèè è àëãîðèòìû. Ñóïåðâû÷èñëåíèÿ è ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå: Ñá.
òð. XII Ìåæäóíàðîä. ñåìèíàðà. 11−5 îêò. 2010. Ñàðîâ, 2011. Ñ. 215.

11. Êîçåëêîâ À.Ñ., Äåðþãèí Þ.Í., Çåëåíñêèé Ä.Ê. è äð. Ìíîãîôóíêöèîíàëüíûé ïàêåò
ïðîãðàìì ËÎÃÎÑ: ôèçèêî-ìàòåìàòè÷åñêèå ìîäåëè ðàñ÷åòà çàäà÷ àýðî-, ãèäðîäèíàìèêè è
òåïëîìàññîïåðåíîñà. Ïðåïðèíò ¹111. Ñàðîâ: ÐÔßÖ − ÂÍÈÈÝÔ, 2013. 67 ñ.

12. Ïîãîñÿí Ì.À., Ñàâåëüåâñêèõ Å.Ï., Øàãàëèåâ Ð.Ì. è äð. Ïðèìåíåíèå îòå÷åñòâåííûõ
ñóïåðêîìïüþòåðíûõ òåõíîëîãèé äëÿ ñîçäàíèÿ ïåðñïåêòèâíûõ îáðàçöîâ àâèàöèîííîé òåõíè-
êè. Âîïðîñû àòîìíîé íàóêè è òåõíèêè. Ñåð. Ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå ôèçè÷åñêèõ
ïðîöåññîâ. 2013. Âûï. 2. Ñ. 3−18.

13. Âåñåëîâà Å.À., Äåðþãèí Þ.Í., Æàëíèí Ð.Â. è äð. Ïàêåò ïðîãðàìì ËÎÃÎÑ. Ìåòîäè-
êà ïîâûøåííîãî ïîðÿäêà òî÷íîñòè íà áëî÷íî-ñòðóêòóðèðîâàííûõ ñåòêàõ ñ èñïîëüçîâàíèåì
ðåêîíñòðóêöèè òèïà WENO. Ñîâðåìåííûå ïðîáëåìû íàóêè è îáðàçîâàíèÿ. 2012. ¹6. URL:
www.science-education.ru/106-7329.

14. Betelin V.B., Shagaliev R.M., Aksenov S.V. et al. Mathematical simulation of hydrogen-
oxygen combustion in rocket engines using LOGOS code. Acta Astronautica. 2014. Vol. 96.
P. 53−64.

15. Âåñåëîâà Å.À., Æàëíèí Ð.Â., Äåðþãèí Þ.Í. è äð. Ïàêåò ïðîãðàìì ËÎÃÎÑ. Ìåòîäè-
êè ðàñ÷åòà òå÷åíèÿ âÿçêîãî ñæèìàåìîãî ãàçà íà áëî÷íî-ñòðóêòóðèðîâàííûõ ñåòêàõ. Ñîâðå-
ìåííûå ïðîáëåìû íàóêè è îáðàçîâàíèÿ. 2014. ¹2. URL: www.science-education.ru/116-12601.

16. Âèøíåâåöêèé Å.Ä., Æèåìáåòîâ À.Ê., Ëîáàñòîâ Ñ.À. è äð. Ïüåçîýëåêòðè÷åñêèé äàò-
÷èê âîçäóøíûõ óäàðíûõ âîëí. Ïàòåíò ÐÔ íà ïîëåçíóþ ìîäåëü G01L23/10.

17. Áàçàðîâ Þ.Á., Ëîáàñòîâ Ñ.À. è äð. Ìåòîäèêà èçìåðåíèÿ ïàðàìåòðîâ èìïóëüñíûõ
äàâëåíèé äàò÷èêàìè ÑÏÊ è ðåãèñòðàòîðàìè ÑÂÐ20 (ÑÂÐ20-ÂÓÂ). Ñâèäåòåëüñòâî îá àòòå-
ñòàöèè ¹ 3003/0017Ì-(RA.RU311769-2016)-2016, ÐÔßÖ − ÂÍÈÈÝÔ. Ñàðîâ, 2016.

18. Êóðîïàòåíêî Â.Ô. Óðàâíåíèÿ ñîñòîÿíèÿ ïðîäóêòîâ âçðûâà äåòîíàöèè êîíäåíñèðî-
âàííûõ âçðûâ÷àòûõ âåùåñòâ. ×èñëåííûå ìåòîäû ìåõàíèêè ñïëîøíûõ ñðåä. 1977. Ò. 8. ¹6.
Ñ. 68−71.

19. Ïîêðîâñêèé Ã.È. Âçðûâ. Ì.: Íåäðà, 1980. 190 ñ.
20. Ôèçèêà âçðûâà. Ïîä ðåä. Ë.Ï. Îðëåíêî. Ò. 1. Ì.: Ôèçìàòëèò, 2002. 832 ñ.

References

1. Baker W.E., Cox P.A.,Westine P.S. et al. Explosive Hazards and Evaluation. Amsterdam.
Oxford. New York. Elsevier Scientific Publishing Company. 1983. 840 p.

2. Edinye pravila bezopasnosti pri vzryvnykh rabotakh [Uniform Safety Requirements for Blasting
Operations]. Eds: Vasilchuk M.P. et al. PB 13-407-01. 2002. 212 p. (In Russian).

3. Korenev B.G. Dinamicheskiy raschet sooruzheniy na spetsialnye vozdeystviya [Dynamic
Calculation of Structures for Special Effects]. Ìoscow. Stroiizdat Publ. 1981. 218 p. (In Russian).

4. Rastorguev B.S., Plotnikov A.I., Khusnutdinov D.Z. Proektirovanie zdaniy i sooruzheniy pri
avariynykh vzryvnykh vozdeystviyakh [Designing of Buildings and Structures during Emergency
Explosive Effects]. Ìoscow. Association of the Building universities Publ. 2007. 152 p. (In Russian).



231

5. Zhou X.Q., Hao H. Prediction of airblast loads on structures behind a protective barrier. Int.
J. Impact. Eng. 2008. Vol. 35. No 5. P. 363−375.

6. Larcher M., Casadei F. Explosions in complex geometries - a comparison of several approaches.
International Journal of Protective Structures. 2010. Vol. 1. No 2. P. 169−196.

7. Karlos V., Solomos G. Calculation of Blast Loads for Application to Structural Components.
Luxembourg. Publications Office of the European Union. 2013. 58 p.

8. Godunov S.K., Zabrodin A.V., Ivanov M.Ia., Prokopov G.P. Chislennoe reshenie mnogo-
mernykh zadach gazovoy dinamiki [Numerical Solution of Multidimensional Gas Dynamics Problems].
Ìoscow. Nauka Publ. 1976. 407 p. (In Russian).

9. Velichko O.M., Gubkova G.N., Dudyreva G.P. et al. Pakety programm dlya resheniya
mnogomernykh zadach gazovoy dinamiki raznostnym metodom Godunova [Software packages for
solving multidimensional problems of gas dynamics by the Godunov difference method]. Conference
Materials: Modern Methods of Designing and Developing Missile and Artillery Weapons. Sarov.
2000. P. 21−29 (In Russian).

10. Kozelkov A.S., Deriugin Yu.N., Zelenskii D.K. et al. Mnogofunktsionalnyy paket programm
LOGOS dlya rascheta zadach gidrodinamiki i teplomassoperenosa na superEVM. Bazovye
tekhnologii i algoritmy [Multi-functional software package LOGOS for the calculation of problems
of hydrodynamics and heat and mass transfer on a supercomputer. Basic technologies and algorithms]
Collection of works of the XII International Seminar “Supercomputation and Mathematical
Modeling”. Oct. 11−5. 2010. Sarov. 2011. P. 215 (In Russian).

11. Kozelkov A.S., Deriugin Yu.N., Zelenskii D.K. et al. Mnogofunktsionalnyy paket programm
LOGOS: fiziko-matematicheskie modeli rascheta zadach aero-, gidrodinamiki i teplomassoperenosa
[Multi-functional Software Package LOGOS: Physical and Mathematical Models for Calculating
the Problems of Aero, Hydrodynamics and Heat and Mass Transfer]. Preprint No 111. Sarov. RFNC−
VNIIEF. 2013. No 111. P. 67 (In Russian).

12. Pogosian M.A., Savelievskikh E.P., Shagaliev R.M. et al. Primenenie otechestvennykh
superkompyuternykh tekhnologiy dlya sozdaniya perspektivnykh obraztsov aviatsionnoy tekhniki
[Application of Russian supercomputer technologies to develop the advanced models of aviation
technology]. Voprosy Atomnoy Nauki i Tekhniki (VANT). Ñåðèÿ Ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå
ôèçè÷åñêèõ ïðîöåññîâ [Problems of Atomic Science amd Technology. Series Mathematical Modeling
of Physical Processes]. 2013. No 2. P. 3−18 (In Russian).

13. Veselova E.A., Deryugin Yu.N., Zhalnin R.V. et al. Paket programm LOGOS. Metodika
povyshennogo poryadka tochnosti na blochno strukturirovannykh setkakh s ispol'zovaniem
rekonstrutsii tipa WENO [LOGOS software package. Methods of higher order of accuracy on block-
structured grids using WENO-type reconstruction]. Sovremennye problemy nauki i obrazovaniya
[Modern Problems of Science and Education]. 2012. No 6. URL: www.science-education.ru/106-
7329 (In Russian).

14. Betelin V.B., Shagaliev R.M., Aksenov S.V. et al. Mathematical simulation of hydrogen-oxy-
gen combustion in rocket engines using LOGOS code. Acta Astronautica. 2014. Vol. 96. P. 53−64.

15. Veselova E.A., Zhalnin R.V., Deryugin Yu.N. et al. Paket programm LOGOS. Metodiki
rascheta techeniya vyazkogo szhimaemogo gaza na blochno-strukturirovannykh setkakh [LOGOS
software package. Methods for calculating viscous compressible gas flow on block-structured grids].
Sovremennye problemy nauki i obrazovaniya [Modern Problems of Science and Education]. 2014.
No 2. URL: www.science-education.ru/116-12601 (In Russian).

16. Vishnevetskii E.D., Zhiembetov A.K., Lobastov S.A. et al. Pyezoelektricheskiy datchik
vozdushnykh udarnykh voln [Air Shock Wave Piezoelectric Sensor]. Patent RF na poleznuyu model
G01L23/10. [Patent of the Russian Federation for Utility Model G01L23/10] (In Russian).

17. Bazarov Yu.,B., Lobastov C.A. et al. Metodika izmereniya parametrov impulsnykh davleniy
datchikami SPK i registratorami SVR20 (SVR20-VUV) [The Method of Measuring the Parameters
of the Pulse Pressure Sensors SPC and Recorders SVR20 (SVR20-VUV )]. Certificate of attestation
No 3003/0017Ì-(RA.RU311769-2016)-2016, VNIIEF−RFNC. Sarov. 2016 (In Russian).

18. Kuropatenko V.F. Uravneniya sostoyaniya produktov vzryva detonatsii kondensirovannykh
vzryvchatykh veshchestv [Equations of state for explosion products of detonation of condensed
explosives]. Chislennye metody mekhaniki sploshnykh sred [Numerical Methods of Continuum
Mechanics]. 1977. Vol. 8. No 6. P. 68−71 (In Russian).



232

19. Pokrovskii G.I. Vzryv [Explosion]. Moscow. Nedra Publ. 1980. 190 p. (In Russian).
20. Fizika vzryva [Explosion Physics]. Ed. L.P. Orlenko. Vol. 1. Moscow. Fizmatlit Publ. 2002.

832 p. (In Russian).

A RAPIDLY ERECTED TEMPORARY STRUCTURE PROTECTING
FROM POWERFUL EXPLOSIONS

Àbakumov À.I.1, Bazarov Yu.B.1, Veselova Å.À.1, Vyalykh À.Ì.1,
Gubachev À.V.1, Lobastov S.À.1, Safronov I.I.1,

Smirnov À.S.1, Tsypkin V.I.2

1Russian Federal Nuclear Center − All-Russian Research Institute of Experimental Physics,
Sarov, Russian Federation

2Scientific-Production Enterprise “Ecotest Ltd” , Sarov, Russian Federation

A design of a rapidly erected temporary structure reducing adverse factors of a powerful explosion
to the levels safe both for people and building structures is proposed. The protective structure
consists of three separate metal frames with the open upper part, welded or bolted to each other
and covered with metal profile. Each frame houses reservoirs of watertight cloth filled with water.
Damping of an air shockwave has been numerically modeled, and a full-scale  rapidly erected
temporary protective structure has been tested with an explosion of a home-made 100kg-trotil
equivalent explosive  device  installed in a car.
The explosion process and its impact on the protective structure were numerically modeled  in a
hydrodynamic formulation, where the structure prior to the beginning of failure was regarded as a
rigid non-deformable body. According to the computational results, a rectangular geometry of the
frame is more effective than a trapezoidal one.
The parameters of the air shockwave were measured  with SPK-sensors according to the certified
and registered in the State Register methodology “SVÐ20-VUV” providing measurement of pressure
amplitudes to the accuracy of not more than ±11 %.
The numerical results are compared with the results of tests of the proposed design of a protective
structure. The numerical and experimental data on the peak value of pressure without the protective
structure satisfactorily agree Sadovskiy's formula for a ground explosion. Times of arrival of the
air shockwave and maximal pressures along its front in the control points in front of and behind the
protective structure obtained numerically and experimentally agree within measuring accuracy.

Keywords: blast-prove structure, adverse factors of explosion, shockwave, structural elements of a
blast-prove structure, localization of debris, numerical modeling, comparison of numerical and
experimental data.


