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Ðàññìàòðèâàåòñÿ îäèí èç ìåòîäîâ ðåøåíèÿ óïðóãîïëàñòè÷åñêîé çàäà÷è ïðè ïîöèêëîâîì ðàñ÷åòå, êîòîðûé
èñïîëüçóåòñÿ äëÿ îöåíêè äîëãîâå÷íîñòè ñ ó÷åòîì íåëèíåéíûõ ýôôåêòîâ. Äëÿ îïðåäåëåíèÿ êðèâîé ñòàòè÷åñêîãî
è öèêëè÷åñêîãî äåôîðìèðîâàíèÿ ïðåäëîæåíà àïïðîêñèìàöèÿ, ïîëó÷àåìàÿ íà îñíîâå ñòàíäàðòíûõ êîíñòàíò ìà-
òåðèàëà è ïðèíöèïà Ìàçèíãà. Ïðåäñòàâëåíî ñðàâíåíèå çàâèñèìîñòåé ëîêàëüíûõ íàïðÿæåíèé îò íîìèíàëüíûõ
äëÿ òèïîâûõ êîíöåíòðàòîðîâ, ïîëó÷åííûõ ñ ïîìîùüþ ïðåäëîæåííîé ôîðìóëû è îïðåäåë¸ííûõ íà îñíîâå àíà-
ëèçà íàïðÿæåííî-äåôîðìèðîâàííîãî ñîñòîÿíèÿ ìåòîäîì êîíå÷íîãî ýëåìåíòà.

Êëþ÷åâûå ñëîâà: ìåòîä ðàñ÷åòà äîëãîâå÷íîñòè ïî ëîêàëüíûì íàïðÿæåíèÿì, äîëãîâå÷íîñòü ýëåìåíòîâ ñ òèïî-
âûìè êîíöåíòðàòîðàìè, êîíå÷íî-ýëåìåíòíàÿ ìîäåëü áîëòîâîãî ñîåäèíåíèÿ, êðèâàÿ öèêëè÷åñêîãî äåôîðìèðî-
âàíèÿ.

Ââåäåíèå

Ìíîãî÷èñëåííûå èññëåäîâàíèÿ ïðîöåññà óñ-
òàëîñòè ïîêàçûâàþò, ÷òî ýòîò ïðîöåññ î÷åíü ëî-
êàëèçîâàí, ò. å. îïðåäåëÿåòñÿ íå îáùèì íàïðÿæåí-
íî-äåôîðìèðîâàííûì ñîñòîÿíèåì (ÍÄÑ), à íà-
ïðÿæåíèÿìè è äåôîðìàöèÿìè, äåéñòâóþùèìè â
î÷åíü íåáîëüøîé îáëàñòè. Ó÷¸ò ëîêàëüíîãî óïðó-
ãîïëàñòè÷åñêîãî ÍÄÑ ïîçâîëÿåò îáúÿñíèòü òàêèå
ÿâëåíèÿ, êàê ïîâûøåíèå äîëãîâå÷íîñòè ïîñëå
ðåäêèõ âûñîêèõ íàïðÿæåíèé ðàñòÿæåíèÿ è äðóãèå
íåëèíåéíûå ýôôåêòû ïðè ñóììèðîâàíèè óñòàëî-
ñòíûõ ïîâðåæäåíèé. Ê ñîæàëåíèþ, íåîáõîäèìîñòü

ó÷¸òà ïëàñòè÷íîñòè è ñâÿçàííûõ ñ íåé äðóãèõ íå-
ëèíåéíûõ ýôôåêòîâ òðåáóåò ðàñ÷¸òà ïîëóöèêë çà
ïîëóöèêëîì. Ïðèíèìàÿ âî âíèìàíèå, ÷òî äîëãî-
âå÷íîñòü ñîâðåìåííûõ êîíñòðóêöèé èçìåðÿåòñÿ
òûñÿ÷àìè è äàæå ìèëëèîíàìè öèêëîâ, ïðèìåíå-
íèå äëÿ ýòèõ ðàñ÷¸òîâ ìåòîäà êîíå÷íûõ ýëåìåí-
òîâ (ÌÊÝ) ñòàíîâèòñÿ ïðàêòè÷åñêè íåðåàëüíûì.
Âðåìÿ ðàñ÷åòà êîíå÷íî-ýëåìåíòíûõ ìîäåëåé,
ïðåäíàçíà÷åííûõ äëÿ îïðåäåëåíèÿ ïàðàìåòðîâ
ÍÄÑ íåêîòîðûõ êîíöåíòðàòîðîâ ñ çàäàííîé òî÷-
íîñòüþ, ïðåäñòàâëåíî â òàáë. 1.
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Òàáëèöà 1

Âðåìÿ ðàñ÷åòà óïðóãîïëàñòè÷åñêîé çàäà÷è äëÿ òèïîâûõ êîíöåíòðàòîðîâ ÌÊÝ

Îñíîâíûå ïîëîæåíèÿ

Ìåòîäû ðàñ÷¸òà äîëãîâå÷íîñòè ñ ó÷åòîì ëî-
êàëüíîãî óïðóãîïëàñòè÷åñêîãî ÍÄÑ íà÷àëè èí-
òåíñèâíî ðàçâèâàòüñÿ íà÷èíàÿ ñ êîíöà 60-õ ãîäîâ
ïðîøëîãî âåêà [1—6] è óæå ê íà÷àëó íàøåãî âåêà
ïîëó÷èëè øèðîêîå ðàñïðîñòðàíåíèå â ïðîìûø-
ëåííîñòè [7, 8]. Äëÿ îöåíêè äîëãîâå÷íîñòè ñ ó÷å-
òîì ëîêàëüíîãî óïðóãîïëàñòè÷åñêîãî ÍÄÑ áûë
ïðåäëîæåí ðÿä ïðèáëèæåííûõ ðåøåíèé óïðóãî-
ïëàñòè÷åñêîé çàäà÷è. Ýòè ðåøåíèÿ â ìåòîäèêå
ðàñ÷åòà äîëãîâå÷íîñòè ïî ëîêàëüíûì íàïðÿæåíè-
ÿì è äåôîðìàöèÿì îñíîâûâàþòñÿ íà èñïîëüçîâà-
íèè ãèïîòåç î ñâÿçè óïðóãîãî ðåøåíèÿ ñ óïðóãî-
ïëàñòè÷åñêèì. Âîçìîæíî èñïîëüçîâàíèå äâóõ âà-
ðèàíòîâ.

1. Ïðèìåíåíèå ôîðìóëû Íåéáåðà [9], ñâÿçû-
âàþùåé óïðóãîïëàñòè÷åñêèå íàïðÿæåíèÿ è äåôîð-
ìàöèè â ìàêñèìàëüíî íàãðóæåííîé òî÷êå ñ íîìè-
íàëüíûìè íàïðÿæåíèÿìè:
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ãäå Kt – óïðóãèé êîýôôèöèåíò êîíöåíòðàöèè íà-
ïðÿæåíèé (äëÿ ñîåäèíåíèé ñëåäóåò ó÷èòûâàòü
ðàçëè÷èå êîýôôèöèåíòîâ êîíöåíòðàöèè íàïðÿæå-

íèé ïðè ðàñòÿæåíèè è ñæàòèè); aσ  – àìïëèòóäà

íîìèíàëüíûõ íàïðÿæåíèé (ïîëíîãî öèêëà, îïðå-
äåë¸ííîãî ñ ïîìîùüþ ìåòîäà ïîëíûõ öèêëîâ èëè
«äîæäÿ» [10—11]).

2. Ïðèìåíåíèå ïîäõîäà Ìîëñêè—Ãëèíêà [12],
àíàëîãè÷íîãî òåîðèè J-èíòåãðàëà â ìåõàíèêå ðàç-

ðóøåíèÿ: ïðåäïîëàãàåòñÿ, ÷òî ýíåðãèÿ óïðóãîé
äåôîðìàöèè â çîíå ðàçðóøåíèÿ ðàâíà ýíåðãèè,
êîòîðàÿ çàòðà÷èâàåòñÿ ïðè óïðóãîïëàñòè÷åñêèõ
äåôîðìàöèÿõ. Â ýòîì ñëó÷àå ôîðìóëà ìîæåò áûòü
ïîëó÷åíà ïóò¸ì èíòåãðèðîâàíèÿ ñ èñïîëüçîâàíèåì
àïïðîêñèìàöèè êðèâîé äåôîðìèðîâàíèÿ. Íàïðè-
ìåð, ïðè àïïðîêñèìàöèè êðèâîé äåôîðìèðîâàíèÿ
â ñòåïåííîì âèäå (óðàâíåíèå Ðàìáåðãà—Îñãóäà
[13, 14])
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ãäå ea — àìïëèòóäà ëîêàëüíûõ äåôîðìàöèé; sa —
àìïëèòóäà ëîêàëüíûõ íàïðÿæåíèé; E — ìîäóëü
óïðóãîñòè; Ñn  – ïîêàçàòåëü ñòåïåíè â ñòåïåííîé
àïïðîêñèìàöèè êðèâîé äåôîðìèðîâàíèÿ; Ca –
êîíñòàíòà ìàòåðèàëà â ñòåïåííîé àïïðîêñèìàöèè
êðèâîé äåôîðìèðîâàíèÿ ïî àìïëèòóäàì.

Ìû ïîëó÷èì óðàâíåíèå îòíîñèòåëüíî sa â âèäå:
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Äëÿ ñðàâíåíèÿ àíàëîãè÷íîå óðàâíåíèå äëÿ
ôîðìóëû Íåéáåðà çàïèñûâàåòñÿ â âèäå:
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Îïðåäåëåíèå óïðóãîïëàñòè÷åñêîãî ÍÄÑ ñâî-
äèòñÿ ê ðåøåíèþ íåëèíåéíîãî óðàâíåíèÿ (3) èëè

Îáðàçåö  
ñ êîíöåíòðàòîðîì 

Êîýôôèöèåíò 
êîíöåíòðàöèè  
íàïðÿæåíèé 

Êîëè÷åñòâî  
óçëîâ/ýëåìåíòîâ 

ìîäåëè 

Âðåìÿ ðàñ÷åòà ìîäåëè  

1 öèêë/1000 öèêëîâ 

Ïëîñêèé îáðàçåö  
ñ îòâåðñòèåì 

3.1 69615/60488 148 ñ/ 41 ÷ 

Ïëîñêèé îáðàçåö  
ñ ãàëòåëüíûì ïåðåõîäîì 

1.6 8442/6800 135 ñ/ 38 ÷ 

Цèëèíäðè÷åñêèé îáðàçåö  
ñ êîëüöåâûì íàäðåçîì 

3.7 148998/138240 4222 ñ/ 49 äí. 

Ïàíåëü ñ áðîøåííûì 
ñòðèíãåðîì  

2.5 117725/85886 ~4 ÷/~5 ìåñ.  

Ðàñ÷åòû ïðîâîäèëèñü ñ ïîìîùüþ ìíîãîöåëåâîãî êîíå÷íîýëåìåíòíîãî ïðîãðàììíîãî êîìïëåêñà 
ABAQUS/CAE 6.13-4. Ïðè ïîñòðîåíèè ìîäåëåé èñïîëüçîâàëñÿ 8-óçëîâîé øåñòèãðàííûé êîíå÷íûé 
ýëåìåíò ñïëîøíîé ñðåäû ñ ïîëíîé ñõåìîé èíòåãðèðîâàíèÿ (C3D8). Ñèñòåìíûå õàðàêòåðèñòèêè: 
Win64, Intel Core i5 3540, 20 Ãá, NVIDIA Quadro 600. 
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(4) îòíîñèòåëüíî sa è íàõîæäåíèþ äåôîðìàöèé ïî
èñïîëüçîâàííîé àïïðîêñèìàöèè êðèâîé äåôîðìè-
ðîâàíèÿ. Â êà÷åñòâå ÷èñëåííîãî ìåòîäà ðåêîìåí-
äóåòñÿ èñïîëüçîâàòü èòåðàöèîííûé ìåòîä Íüþòî-
íà [15], áåðÿ â êà÷åñòâå íóëåâîãî ïðèáëèæåíèÿ
óïðóãîå ðåøåíèå. Îêîí÷àíèå èòåðàöèîííîãî ïðî-
öåññà ïðîèñõîäèò ïðè äîñòèæåíèè çàäàííîé òî÷-
íîñòè âû÷èñëåíèé ëèáî ïðè ïðåâûøåíèè çàäàí-
íîãî ìàêñèìàëüíîãî ÷èñëà èòåðàöèé.

Ñðàâíåíèå ýòèõ ôîðìóë ñ ðåøåíèåì, ïîëó÷åí-
íûì ÌÊÝ äëÿ ïîëîñû ñî ñâîáîäíûì îòâåðñòèåì
(ðèñ. 1), ïðèâåäåíî íà ðèñ. 2.

Îáîáùåíèå ýòèõ ôîðìóë ñ ó÷¸òîì äðóãîãî âèäà
àïïðîêñèìàöèè êðèâîé äåôîðìèðîâàíèÿ â íàñòî-
ÿùåé ðàáîòå ïðåäëàãàåòñÿ â ñëåäóþùåì âèäå:
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ãäå êîíñòàíòà ρ  îïðåäåëÿåòñÿ ïóò¸ì ñðàâíåíèÿ ñ

ðåøåíèåì ÌÊÝ. Ôîðìóëû Íåéáåðà è Ìîëñêè—
Ãëèíêà ïîëó÷àþòñÿ èç ôîðìóëû (5) êàê ÷àñòíûå
ñëó÷àè.

Ïðè ýòîì ïðåäëàãàåòñÿ è äðóãîé âàðèàíò àï-
ïðîêñèìàöèè êðèâûõ äåôîðìèðîâàíèÿ äëÿ ïðî-
âåäåíèÿ ðàñ÷åòîâ (ðèñ. 3):
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Ðèñ. 1. Ïîëîñà ñî ñâîáîäíûì îòâåðñòèåì: à — âèä îáðàçöà ñî ñâîáîäíûì îòâåðñòèåì ñâåðõó; á — ïîëå íàïðÿæå-
íèé (ïî Ìèçåñó) è ðàñïðåäåëåíèå ëîêàëüíûõ íàïðÿæåíèé âáëèçè îòâåðñòèÿ, ïîëó÷åííûå ñ ïîìîùüþ ÌÊÝ; â —
ïîÿñíåíèå äëÿ öâåòîâîãî èçîáðàæåíèÿ ïîëåé íàïðÿæåíèé ê ðèñ. 1,à è á

à) á) â)

Ðèñ. 2. Çàâèñèìîñòü ëîêàëüíûõ íàïðÿæåíèé Sëîê îò íîìèíàëüíûõ íàïðÿæåíèé Síîì
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ãäå eΔ  — ðàçìàõ äåôîðìàöèé; sΔ  — ðàçìàõ íà-
ïðÿæåíèé; E — ìîäóëü óïðóãîñòè; Se — ïðåäåë
ïðîïîðöèîíàëüíîñòè ñ äîïóñêîì íà ïëàñòè÷åñêóþ
äåôîðìàöèþ 0.01%; Ñn — ïîêàçàòåëü ñòåïåíè â
ñòåïåííîé àïïðîêñèìàöèè êðèâîé äåôîðìèðîâà-
íèÿ; Ca — êîíñòàíòà ìàòåðèàëà â ñòåïåííîé àï-
ïðîêñèìàöèè êðèâîé äåôîðìèðîâàíèÿ ïî àìïëè-
òóäàì; Cd — êîíñòàíòà ìàòåðèàëà â ñòåïåííîé àï-
ïðîêñèìàöèè êðèâîé äåôîðìèðîâàíèÿ ïî ðàçìà-
õàì (ñòàòè÷åñêîé êðèâîé).

Ôîðìóëà (7) èñïîëüçóåòñÿ äëÿ ðàñ÷¸òîâ ïî
ñòàòè÷åñêîé êðèâîé äåôîðìèðîâàíèÿ, ôîðìóëà (8)
– ïî öèêëè÷åñêîé.

Â ñîîòâåòñòâèè ñ ïðèíöèïîì Ìàçèíãà [16, 17]
(öèêëè÷åñêàÿ êðèâàÿ ïîëó÷àåòñÿ èç ñòàòè÷åñêîé,
åñëè ñ÷èòàòü å¸ çàïèñàííîé â àìïëèòóäàõ)
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Ïðèìå÷àíèå. Â ñîîòâåòñòâèè ñ ïðèíöèïîì Ìàçèíãà çíà÷å-
íèå Se ñòàíîâèòñÿ ïðåäåëîì ïðîïîðöèîíàëüíîñòè äëÿ àìïëè-
òóä.

Ïðåèìóùåñòâà èñïîëüçóåìîãî ìåòîäà:
— â óïðóãîé îáëàñòè èñïîëüçóåòñÿ ÷èñòî óï-

ðóãîå ðåøåíèå;
— êðèâàÿ äåôîðìèðîâàíèÿ áóäåò èìåòü ëèíåé-

íûé ó÷àñòîê, êîòîðûé íå òðåáóåò ðåøåíèÿ íåëè-

íåéíîãî óðàâíåíèÿ, è â òî æå âðåìÿ îíà áóäåò íå-
ïðåðûâíîé, ÷òî èñêëþ÷èò ïðîáëåìû ñ å¸ èñïîëü-
çîâàíèåì ïðè èòåðàöèîííîì ïðîöåññå;

— êîíñòàíòû â ôîðìóëàõ (6) è (7) ìîæíî îï-
ðåäåëèòü ïî ñïðàâî÷íûì çíà÷åíèÿì S0.2 — ïðåäåëà

òåêó÷åñòè, Sb — ïðåäåëà ïðî÷íîñòè è δ  —óäëèíå-

íèÿ ïðè ðàçðóøåíèè
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S0.2 — ïðåäåë òåêó÷åñòè ñ äîïóñêîì íà ïëàñ-
òè÷åñêóþ äåôîðìàöèþ 0.2%.

Îïðåäåëåíèå äèàãðàìì äåôîðìèðîâàíèÿ
ñ ïîìîùüþ ÌÊÝ äëÿ òèïîâûõ êîíöåíòðàòîðîâ
àâèàöèîííîé êîíñòðóêöèè

Ñðàâíåíèå ðàñ÷åòà ÌÊÝ è ðåçóëüòàòà, ïîëó-
÷åííîãî ïî ïðåäëàãàåìîìó ìåòîäó, ïðèâåäåíî
íèæå äëÿ ðàçëè÷íûõ êîíöåíòðàòîðîâ íàïðÿæåíèé.
Óïðóãîïëàñòè÷åñêèé õàðàêòåð äåôîðìèðîâàíèÿ
ìàòåðèàëà ìîäåëèðîâàëñÿ ñ ïîìîùüþ ñðåäñòâ
ABAQUS, ïðè ýòîì èñïîëüçîâàëàñü àïïðîêñèìà-
öèÿ êðèâîé äåôîðìèðîâàíèÿ ïî òî÷êàì. Äëÿ ïî-
ëó÷åíèÿ ïðîìåæóòî÷íûõ òî÷åê êðèâîé äåôîðìè-
ðîâàíèÿ èñïîëüçîâàëèñü óðàâíåíèÿ (6) è (7). Çíà-
÷åíèÿ âñåõ èñïîëüçóåìûõ ìåõàíè÷åñêèõ õàðàêòå-
ðèñòèê áûëè âçÿòû èç ñïðàâî÷íèêà [18].

Ðàñ÷åò è ñðàâíåíèå ïðîâîäèëèñü äëÿ ÷åòûð¸õ
âàðèàíòîâ ãåîìåòðè÷åñêèõ êîíöåíòðàòîðîâ, âñòðå-
÷àþùèõñÿ â êîíñòðóêöèè ñàìîë¸òà: ïîëîñû ñ îò-

Ðèñ. 3. Ñðàâíåíèå àïïðîêñèìàöèé êðèâûõ äåôîðìèðîâàíèÿ ïî ôîðìóëàì (2), (6), (7), ìàòåðèàë Ä16÷Ò (òàáë. 2)
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âåðñòèåì, ãàëòåëüíîãî ïåðåõîäà, âûòî÷êè â öèëèí-
äðè÷åñêîì îáðàçöå è îòâåðñòèÿ â êîíñòðóêöèè
áðîøåííîãî ñòðèíãåðà ñ îïòèìèçèðîâàííîé ôîð-
ìîé ñòåíêè. Ïðè ìîäåëèðîâàíèè èñïîëüçîâàëèñü
õàðàêòåðèñòèêè òåõ ìàòåðèàëîâ, èç êîòîðûõ ìî-
ãóò áûòü èçãîòîâëåíû ýëåìåíòû, ñîäåðæàùèå äàí-
íûå êîíöåíòðàòîðû â êîíñòðóêöèè ñàìîë¸òà. Ðàç-

ìåð ýëåìåíòîâ â íàèáîëåå íàãðóæåííûõ ìåñòàõ
îáðàçöîâ âûáèðàëñÿ ñ ó÷åòîì ëîêàëüíîé êîíöåí-
òðàöèè íàïðÿæåíèé, êîòîðàÿ áûëà ïîëó÷åíà ïî
äàííûì ñïðàâî÷íèêà [19].

Íà ðèñ. 4—6 èçîáðàæåíû çàâèñèìîñòè Sëîê—
Síîì äëÿ îáðàçöà ñ îòâåðñòèåì, ãàëòåëüíîãî ïåðå-
õîäà è âûòî÷êè, ïîëó÷åííûå ïî ïðåäëàãàåìîìó

Ðèñ. 4. Çàâèñèìîñòü Sëîê—Síîì äëÿ ïîëîñû ñî ñâîáîäíûì îòâåðñòèåì

Ðèñ. 5. Çàâèñèìîñòü Sëîê—Síîì äëÿ ãàëòåëüíîãî ïåðåõîäà

Ðèñ. 6. Çàâèñèìîñòü Sëîê—Síîì äëÿ âûòî÷êè â öèëèíäðè÷åñêîì ýëåìåíòå øàññè
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ìåòîäó è ïóò¸ì îáðàáîòêè ðàñ÷åòà ïî ìåòîäó êî-
íå÷íîãî ýëåìåíòà. Èñïîëüçóåìûå äëÿ ðàñ÷åòà
ìåõàíè÷åñêèå õàðàêòåðèñòèêè ïðèâåäåíû â
òàáë. 2—4 [18].

Êîíñòàíòà ρ  â ôîðìóëå (5) ïîäáèðàëàñü ïî

ìàêñèìàëüíûì çíà÷åíèÿì íàïðÿæåíèé, íî â îá-
ùåì ñëó÷àå îïðåäåëåíèå å¸ çíà÷åíèÿ çàâèñèò îò
òðåáîâàíèé ðàñ÷¸òíîé ìîäåëè. Âûáðàííûé â íà-

ñòîÿùåé ðàáîòå âàðèàíò îáåñïå÷èâàåò íàèáîëü-
øóþ òî÷íîñòü ïðè ðàñ÷¸òå ïî ïðèáëèæåííîé ôîð-
ìóëå ìàêñèìàëüíûõ íàïðÿæåíèé.

Ýêñöåíòðèñèòåò ïðèëîæåíèÿ íàãðóçêè ïðè
ìîäåëèðîâàíèè ãàëòåëüíîãî ïåðåõîäà êîìïåíñè-
ðîâàëñÿ ïðèëîæåíèåì ñèììåòðè÷íûõ ãðàíè÷íûõ
óñëîâèé (ðèñ. 7).

Îñíîâíûå ãåîìåòðè÷åñêèå ïàðàìåòðû äëÿ ìî-
äåëèðîâàíèÿ ñáåãà ñòðèíãåðà áûëè âûáðàíû ïî
ñáîðî÷íûì ÷åðòåæàì ïàíåëè êåññîíà êðûëà ñðåä-
íåìàãèñòðàëüíîãî ïàññàæèðñêîãî ñàìîë¸òà. Ìà-
òåðèàëîì ñòðèíãåðà, îáøèâêè è êðåï¸æíûõ ýëå-
ìåíòîâ ÿâëÿëñÿ àëþìèíèåâûé äåôîðìèðóåìûé
ñïëàâ Ä16÷Ò (ñì. òàáë. 2). Ðàññìàòðèâàëàñü îïòè-
ìèçèðîâàííàÿ ãåîìåòðèÿ ñòåíêè ñòðèíãåðà ñ óã-
ëîì ñáåãà, ðàâíûì 30° (ðèñ. 8).

Ðàñ÷åòíàÿ ìîäåëü ïàíåëè ñî ñòðèíãåðîì ñîñòî-
ÿëà èç ÷àñòè îáøèâêè, ñòðèíãåðà è øåñòíàäöàòè
ìîäåëåé çàêë¸ïîê, îáåñïå÷èâàþùèõ ñâÿçü ìåæäó
ëèñòîì îáøèâêè è ïðèìûêàþùåé ïîëêîé ñòðèí-
ãåðà (ðèñ. 8). Äëÿ ó÷åòà îáúåìíîãî íàïðÿæåííî-
ãî ñîñòîÿíèÿ â îêðåñòíîñòè çàêë¸ïî÷íîãî ñîåäè-
íåíèÿ êîìïîíåíòû ñîåäèíåíèÿ ìîäåëèðîâàëèñü ñ
èñïîëüçîâàíèåì îáúåìíûõ âîñüìè óçëîâûõ ýëå-

Òàáëèöà 2

Ìåõàíè÷åñêèå õàðàêòåðèñòèêè ìàòåðèàëà Ä16÷Ò
äëÿ îáðàçöà ñ îòâåðñòèåì

Sb S0.2 δ, % E Se 

48.6 38.1 14.1 7200 28.00 

Òàáëèöà 3

Ìåõàíè÷åñêèå õàðàêòåðèñòèêè ìàòåðèàëà 1163ÐÄÒÂ
äëÿ îáðàçöà ñ îòâåðñòèåì

Òàáëèöà 4

Ìåõàíè÷åñêèå õàðàêòåðèñòèêè ìàòåðèàëà
30ÕÃÑÀÍ2À-ÂÄ äëÿ îáðàçöà ñ îòâåðñòèåì

Ðèñ. 7. Ñõåìà ïðèëîæåíèÿ ñèììåòðè÷íûõ ãðàíè÷íûõ
óñëîâèé äëÿ óñòðàíåíèÿ èçãèáà ïðè íàãðóæåíèè îáðàçöà
ñ ãàëòåëüíûì ïåðåõîäîì

Sb S0.2 δ, % E Se 

47.4 34.3 21.5 7450 32.6 

Sb S0.2 δ, % E Se 

172.4 140.0 11.7 19500 100 

Ðèñ. 8. Ñõåìà ñáîðêè ïàíåëè ñ áðîøåííûì ñòðèíãåðîì è ãåîìåòðèÿ ñáåãà ñòåíêè ñòðèíãåðà, âûáðàííàÿ äëÿ ñðàâ-
íåíèÿ ïðåäëîæåííîé àíàëèòè÷åñêîé çàâèñèìîñòè è ìåòîäà êîíå÷íîãî ýëåìåíòà
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ìåíòîâ òèïà Ñ3D8. Äëÿ ìîäåëèðîâàíèÿ êîíòàêò-
íûõ âçàèìîäåéñòâèé ìåæäó çàêë¸ïêîé è ïîâåðõ-
íîñòÿìè îòâåðñòèé çàêë¸ïêà ïî âûñîòå èìåëà íå
ìåíåå øåñòè ýëåìåíòîâ. Ðàçìåð èñïîëüçîâàâøèõñÿ
ïðè ìîäåëèðîâàíèè ýëåìåíòîâ âàðüèðîâàëñÿ â
ïðåäåëàõ 0.5 äî 1 ìì ñî ñãóùåíèåì ñåòêè â ðàéî-
íå çàêë¸ïîê.

Íàèáîëåå íàãðóæåííîå ìåñòî â ìîäåëè ñòðèí-
ãåðà âûáèðàëîñü â îäíîì èç îòâåðñòèé ïîä çàêë¸ï-
êè. Íà ðèñ. 9 èçîáðàæåíà çàâèñèìîñòü, ïîëó÷åí-
íàÿ ïóò¸ì ìîäåëèðîâàíèÿ è ðàñ÷åòà ïî ôîðìó-
ëå (5).

Óñðåäí¸ííîå ðàñõîæäåíèå äâóõ êðèâûõ, ïðåä-
ñòàâëåííûõ íà ðèñ. 9, â ÷àñòè ïëàñòè÷åñêîé äåôîð-
ìàöèè ñîñòàâëÿåò îêîëî 2%.

Â îáùåì ñëó÷àå äëÿ àíàëèçà ëîêàëüíûõ íàïðÿ-
æåíèé â ñîåäèíåíèÿõ, ïîäîáíûõ çàäà÷å ñî ñòðèí-
ãåðîì, íåîáõîäèìî ó÷èòûâàòü íåëèíåéíóþ çàâè-
ñèìîñòü ìåñòíûõ íàïðÿæåíèé ìåæäó ðÿäàìè ñâÿ-
çåé îò îáùåé íàãðóçêè íà ñòûê. Èññëåäîâàíèå
ýòîé çàâèñèìîñòè ïîäðîáíî ðàññìàòðèâàåòñÿ â
ðàáîòàõ [20—25].

Âûâîäû

Ïðåäëîæåííàÿ àïïðîêñèìàöèÿ êðèâûõ ñòàòè-
÷åñêîãî è öèêëè÷åñêîãî äåôîðìèðîâàíèÿ, ïîëó-
÷àåìàÿ íà îñíîâå ñòàíäàðòíûõ êîíñòàíò ìàòåðè-
àëà è ïðèíöèïà Ìàçèíãà, ïîçâîëèò ñíèçèòü çàò-
ðàòû íà ïîëó÷åíèå èñõîäíûõ äàííûõ äëÿ ðàñ÷¸-
òîâ ëîêàëüíûõ íàïðÿæåíèé è äåôîðìàöèé ïðè
öèêëè÷åñêîì íàãðóæåíèè. Ïðåäëîæåííàÿ ôîðìó-
ëà äëÿ îïðåäåëåíèÿ çàâèñèìîñòåé ëîêàëüíûõ íà-
ïðÿæåíèé è äåôîðìàöèé îò íîìèíàëüíûõ íàïðÿ-

æåíèé äëÿ òèïîâûõ êîíöåíòðàòîðîâ îáåñïå÷èâà-
åò ïîëó÷åíèå íåîáõîäèìûõ çàâèñèìîñòåé, áëèçêèõ
ïî òî÷íîñòè ê ðåçóëüòàòàì, îïðåäåëÿåìûì ìåòî-
äîì êîíå÷íîãî ýëåìåíòà. Ñ ó÷åòîì òîãî, ÷òî ñêî-
ðîñòü ðàñ÷¸òîâ ïî ôîðìóëå (5) íà íåñêîëüêî ïî-
ðÿäêîâ âûøå ñêîðîñòè ðàñ÷¸òîâ ñ ïîìîùüþ ÌÊÝ,
à òðóäî¸ìêîñòü ïðåäëîæåííîãî ïîäõîäà â íåñêîëü-
êî ðàç ìåíüøå, ïðèìåíåíèå äàííîé ôîðìóëû
ïîçâîëèò ðàçðàáàòûâàòü ýôôåêòèâíûå ìåòîäû
ðàñ÷¸òà äîëãîâå÷íîñòè íà îñíîâå ó÷¸òà ëîêàëüíûõ
óïðóãîïëàñòè÷åñêèõ íàïðÿæåíèé è äåôîðìàöèé

ïðè ìíîãîöèêëîâîì íàãðóæåíèè, õàðàêòåðíîì äëÿ
àâèàöèîííûõ êîíñòðóêöèé.

Èññëåäîâàíèå ôèíàíñèðîâàíî Ìèíèñòåðñòâîì
îáðàçîâàíèÿ è íàóêè Ðîññèéñêîé Ôåäåðàöèè

ïî ñîãëàøåíèþ ¹RFMEFI62518X0044.
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Abstract

In the last twenty years, durability computing
techniques with account for local elastic-plastic strain-
stress state have achieved a status of the Industry
Standard while producing aviation, automotive, cargo
and earth moving equipment all over the world.
Although the fundamental concepts of this approach
are quite simple, the large-scale automation and this
technique application for strength calculation of both
large dynamically loaded structures and machines
driving gears led, in one hand, to the new possibilities
emergence for engineers, but, on the other hand, they
created extra challenges for the designers of the
durability evaluation software. Presently, there is a
possibility of dynamic models application for aviation
structure loading computing, finite element models,
allowing compute local strains by the applied loads,
and techniques for more accurate plasticity computing
for damageability estimation.

The article considers one of the methods for
solving the elastic-plastic problem at cycle-by-cycle
calculation, which can be applied for the durability
evaluation with account for non-linear effects of
interaction of loads of various values, especially after
rare loads of high values. The need for analytical
methods for elastic-plastic stresses computation
developing and improving is caused by high labor
intensity and low computing speed through numerical
methods, such as finite element method.

The article proposes a new approximate formula
for determining elastic plastic stresses and strains at
the point of failure. The proposed approach is based
on the solution of the elastic-plastic problem by the
finite element method for the static case, as well as
the method developed by the authors for fitting the
static and cyclic stress-strain curves based on standard
constants and the Masing principle. The suggested
formula for determining the dependencies of local
stresses and strains on nominal stresses for typical
concentrators provides the necessary dependencies,
close in accuracy to the results determined by the finite
element method. This formula application will allow
developing effective methods for durability computing

APPROXIMATE METHOD FOR LOCAL ELASTIC-PLASTIC PROBLEMS SOLVING
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based on local elastic-plastic stresses and strains under
multi-cycle loading, being typical for aircraft
structures.

The article presents comparisons of local stresses
dependencies at the most stressed points on nominal
stresses, obtained with the proposed formula and the
finite element method for typical stress concentrators
of the aircraft structure such as strips with free hole,
fillet, and stringer runout.

Keywords: durability computing technique by local
tensions, durability of elements with typical
concentrators, finite element model of bolted joint,
cyclic deformation curve.
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