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Ñîïîñòàâëåíû äâà ïîäõîäà ê îïðåäåëåíèþ íàïðÿæåííî-äåôîðìèðîâàííûõ ñîñòîÿíèé

(ÍÄÑ) è ðàñ÷åòó íà ïðî÷íîñòü òîíêîé ïëàñòèíû ñ êîíöåíòðàòîðîì â âèäå êðóãîâîãî îòâåð-

ñòèÿ, ïîäâåðãàåìîé ñòàòè÷åñêèì è öèêëè÷åñêèì íàãðóæåíèÿì, — ïóòåì ðåøåíèÿ óïðóãîé

çàäà÷è (çàäà÷à Êèðøà) è ïðèìåíåíèÿ ðàçðàáîòàííûõ â ÈÌÀØ äåôîðìàöèîííûõ êðèòåðè-

åâ äåôîðìèðîâàíèÿ è ðàçðóøåíèÿ. Ïðè íîâîì ïîäõîäå âïåðâûå âàðüèðîâàëè õàðàêòåðè-

ñòèêè îñíîâíûõ ìåõàíè÷åñêèõ ñâîéñòâ, âåëè÷èíû íîìèíàëüíûõ íàïðÿæåíèé è ïîëÿ äå-

ôîðìàöèé â çîíàõ êîíöåíòðàöèè íàïðÿæåíèé (âñåãî ÷åòûðå ðàñ÷åòíûõ ñëó÷àÿ). Èññëåäî-

âàíèÿ ïîêàçàëè, ÷òî â òî÷êàõ ïîïåðå÷íîãî ñå÷åíèÿ âáëèçè êîíöåíòðàòîðà óæå ïðè èñõîä-

íîì íàãðóæåíèè âîçíèêàþò óïðóãîïëàñòè÷åñêèå íàïðÿæåíèÿ è äåôîðìàöèè, êîòîðûå çíà-

÷èòåëüíî îòëè÷àþòñÿ îò ïîëó÷àåìûõ â ðåçóëüòàòå ðåøåíèÿ óïðóãîé çàäà÷è. Ðåçóëüòàòû

àíàëèçà ÍÄÑ è ðàñ÷åòà íà ïðî÷íîñòü òîíêîé ïëàñòèíû ñ êðóãîâûì îòâåðñòèåì, îïðåäåëåí-

íûå ïî äåôîðìàöèîííûì êðèòåðèÿì, ñóùåñòâåííî îòëè÷àëèñü îò ïîëó÷åííûõ òðàäèöèîí-

íûì óïðóãèì ðåøåíèåì. Ýòî îòíîñèòñÿ ê èñõîäíîìó íàãðóæåíèþ íå òîëüêî â çîíå ìàêñèìà-

ëüíîé êîíöåíòðàöèè (íà êîíòóðå îòâåðñòèÿ), íî è ê äðóãèì òî÷êàì îïàñíîãî ñå÷åíèÿ ïðè

öèêëè÷åñêîì íàãðóæåíèè. Ïî ïðèâåäåííîé ìåòîäèêå ìîæíî ðàññ÷èòûâàòü ïîöèêëîâóþ êè-

íåòèêó íàïðÿæåíèé è äåôîðìàöèé â çîíàõ êîíöåíòðàöèè (ïî çàäàííîìó ñå÷åíèþ ïëàñòè-

íû), à òàêæå ïðîâîäèòü óòî÷íåííûå ðàñ÷åòû íà öèêëè÷åñêóþ äîëãîâå÷íîñòü ñ ó÷åòîì ðàñ-

ñåÿíèÿ îñíîâíûõ ìåõàíè÷åñêèõ ñâîéñòâ ìàòåðèàëà êîíñòðóêöèè.
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The article is focused on the comparison of two approaches to determination of the stress-strain states

(SSS) and strength calculations for a thin plate with a stress concentrator in the form of a circular hole

subjected to static and cyclic loading by solving the elastic problem (Kirsch problem), and also using defor-

mation criteria of deformation and failure developed in IMASH . Using the new approach, the characteris-

tics of the main mechanical properties, values of the rated stresses and strain fields in the stress concen-

tration zones were varied for the first time (four calculated cases). The data analysis showed that at the

sites of the cross section located near the stress concentrator, the elastoplastic stresses and strains occur

already at the initial stages of loading. The stresses and strains thus determined differ greatly from those

obtained using the elastic solution. The strength analysis of a thin plate with a circular hole carried out ac-

cording to the strain-based criteria showed that SSS differs significantly from that obtained using the tra-

ditional elastic solution. This is true not only for the initial loading in the zone of maximum concentration

(on the hole contour) but also for other points of dangerous cross-section of a specimen subjected to cyclic
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loading. Using the above method one can calculate the stress and strain kinetics in the stress concentra-

tion zones (for a given plate cross section) for any loading cycle and thereby determine the stress-strain

state kinetics in the concentration zones, and carry out more precise calculations of cyclic durability with

allowance for the scatter of the basic mechanical properties of the structural material.

Keywords: thin plate; stress concentration; stress-strain state; elastic solution; strain-based criteria; cy-

clic durability; scatter of basic mechanical properties.

Ââåäåíèå

Â ïðèêëàäíîé ìåõàíèêå è èíæåíåðíîé ïðàê-

òèêå äëÿ ìíîãèõ âèäîâ êîíñòðóêöèé ñ çîíàìè

êîíñòðóêòèâíîé êîíöåíòðàöèè íàïðÿæåíèé (íà-

ïðèìåð, òîíêèõ ïëàñòèí èëè îáå÷àåê ñ êðóãîâûì

îòâåðñòèåì) íàðÿäó ñ êëàññè÷åñêèìè ðàñ÷åòàìè

íà ïðî÷íîñòü [1, 2] îñîáîå ìåñòî çàíèìàåò òàêàÿ

íîâàÿ ïðîáëåìà, êàê îöåíêà öèêëè÷åñêîé äîëãî-

âå÷íîñòè (ðåñóðñà) äàííîãî òèïà êîíñòðóêöèé,

íàãðóæåííûõ ýêñïëóàòàöèîííûìè ïîâòîðíûìè

âîçäåéñòâèÿìè, íî ñ âàðüèðîâàíèåì õàðàêòåðè-

ñòèê îñíîâíûõ ìåõàíè÷åñêèõ ñâîéñòâ, âåëè÷èí

íîìèíàëüíûõ íàïðÿæåíèé è ïîëåé äåôîðìàöèé

â çîíàõ êîíöåíòðàöèè íàïðÿæåíèé.

Â ñâÿçè ñ ýòèì ñòàâèòñÿ çàäà÷à îöåíêè âëèÿ-

íèÿ âàðèàöèè óêàçàííûõ âûøå ôàêòîðîâ íà ñòà-

òè÷åñêóþ è öèêëè÷åñêóþ ïðî÷íîñòü è äîëãîâå÷-

íîñòü âûøåóêàçàííûõ ýëåìåíòîâ êîíñòðóêöèé.

Ìåòîäèêà èññëåäîâàíèÿ

Ðàññìîòðèì òîíêóþ ñïëîøíóþ ïëàñòèíó øè-

ðèíîé b = 24 ìì ñ îòâåðñòèåì äèàìåòðîì 2a =

= 7 ìì, èñïûòûâàþùóþ ðàâíîìåðíîå ðàñòÿæå-

íèå íà åå êðàÿõ èíòåíñèâíîñòüþ ó â íàïðàâëåíèè

îñè x (ðèñ. 1). Äëÿ àíàëèçà èñïîëüçóåì ðåøåíèå

óïðóãîé çàäà÷è (çàäà÷à Êèðøà) [3 – 5] äëÿ ïëà-

ñòèíû, â êîòîðîé öåíòðàëüíîå êðóãîâîå îòâåð-

ñòèå ìàëî ïî ñðàâíåíèþ ñ øèðèíîé ïëàñòèíû.

Åñëè â ïîïåðå÷íîì ñå÷åíèè áåñêîíå÷íî øèðî-

êîé ïëàñòèíû (b � a), ïåðïåíäèêóëÿðíîì îñè x,

íà ðàññòîÿíèè ñ îò öåíòðà îòâåðñòèÿ ïðè è =

= ± ð/2 âçÿòü êàêóþ-ëèáî òî÷êó ñ ïîëÿðíûìè êî-

îðäèíàòàìè è, ñ, òî [3, 5] íàèáîëüøåå íîðìàëü-

íîå íàïðÿæåíèå â ýòîé òî÷êå ñîñòàâèò
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, ór = 0, ôrè = 0. (1)

Çàâèñèìîñòü óè îò ñ äëÿ äàííîé ïëàñòèíû

ïðåäñòàâëåíà íèæå [5].

ñ/a óè

1 3ó

1,25 1,93ó

1,5 1,52ó

2 1,22ó

3 1,07ó

3,43 1,04ó

� 1ó

Âèäíî, ÷òî êîíöåíòðàöèÿ íàïðÿæåíèé âáëèçè

îòâåðñòèÿ èìååò ëîêàëüíûé õàðàêòåð. Òàê, íà

êðàþ îòâåðñòèÿ, ïðè ñ = a, ìàêñèìàëüíîå íàïðÿ-

æåíèå óèmax = 3ó. Êîãäà ðàññòîÿíèå îò ýòîé òî÷êè

óâåëè÷èâàåòñÿ, íàïðÿæåíèÿ áûñòðî óìåíüøàþò-

ñÿ, ïðèáëèæàÿñü ê âåëè÷èíå ó âäàëè îò îòâåð-

ñòèÿ. Íàïðÿæåíèÿ óè òàêæå ñíèæàþòñÿ ñ óìåíü-

øåíèåì óãëà è. Â òî÷êàõ íà êðàþ îòâåðñòèÿ è = 0

è è = ð èìååì óè = –ó, ò.å. â íèõ âîçíèêàåò ñæè-

ìàþùåå íàïðÿæåíèå â îêðóæíîì íàïðàâëåíèè

[3, 5].

Ðàññìîòðåííûé ýëåìåíò êîíñòðóêöèè ñ îò-

âåðñòèåì ìîæåò ïîäâåðãàòüñÿ ïîâòîðíûì ñòàòè-

÷åñêèì è öèêëè÷åñêèì íàãðóæåíèÿì, à âîçíèêà-

þùèå ïî êðàÿì îòâåðñòèÿ âûñîêèå ïåðåìåííûå

íàïðÿæåíèÿ ðàñòÿæåíèÿ ìîãóò ïðèâåñòè ê ïîÿâ-

ëåíèþ òðåùèí è â èòîãå — ê óñòàëîñòíîìó ðàçðó-

øåíèþ.

Íàãðóçèì àíàëèçèðóåìóþ ïëàñòèíó (ñì.

ðèñ. 1), ñäåëàííóþ èç ñòàëè Õ18Í9, ïîâòîðíî ñòà-

òè÷åñêèì ðàâíîìåðíûì ðàñòÿãèâàþùèì íîìè-

íàëüíûì íàïðÿæåíèåì ón è îïðåäåëèì ðàñïðåäå-

ëåíèå íàïðÿæåíèé è äåôîðìàöèé â òî÷êàõ ñå÷å-

íèÿ ïëàñòèíû, ïðîõîäÿùåãî ÷åðåç öåíòð îòâåð-

ñòèÿ è ïåðïåíäèêóëÿðíîãî ê íàïðàâëåíèþ ðàñòÿ-

æåíèÿ (âñåãî â øåñòè òî÷êàõ), íà÷èíàÿ ñ êðàÿ

îòâåðñòèÿ. Ñðåäíèå ýêñïåðèìåíòàëüíûå ìåõàíè-

÷åñêèå ñâîéñòâà èññëåäîâàííîé ñòàëè ïðè êîì-

íàòíîé òåìïåðàòóðå: óñëîâíûé ïðåäåë òåêó÷åñòè

ó0,2 = 267 ÌÏà; ïðåäåë ïðî÷íîñòè óâ = 682 ÌÏà;

ñîïðîòèâëåíèå îòðûâó â øåéêå Sk = 1902 ÌÏà;

ìîäóëü óïðóãîñòè E = 2 · 105 ÌÏà; îòíîñèòåëü-

íîå ñóæåíèå â øåéêå øê = 72,4 %.

Íîìèíàëüíîå äîïóñêàåìîå íàãðóæàþùåå íà-

ïðÿæåíèå ón âûáðàíî [6] êàê ìèíèìàëüíîå èç

äâóõ äîïóñêàåìûõ íàïðÿæåíèé, îïðåäåëåííûõ â
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Ðèñ. 1. Ïëàñòèíà ñ êðóãîâûì îòâåðñòèåì

Fig. 1. Plate with a circular hole



ñîîòâåòñòâèè ñ êîýôôèöèåíòàìè çàïàñà ïî ñòàòè-

÷åñêîé ïðî÷íîñòè nóâ è nò:

[ó] = min{ó0,2/nò, óâ/nóâ}, (2)

ãäå nò, nóâ — çàïàñû ïî ïðåäåëàì òåêó÷åñòè è

ïðî÷íîñòè.

Ïðè nò = 1,5 è nóâ = 2,6 íîìèíàëüíîå äîïóñ-

êàåìîå íàïðÿæåíèå ón = 139 ÌÏà. Ïðè ýòîì ðàñ-

÷åòíûé ïðåäåë òåêó÷åñòè óò íàõîäèì ÷åðåç èñõîä-

íûå ìåõàíè÷åñêèå ñâîéñòâà ó0,2, óâ è øê è êîýô-

ôèöèåíò óïðî÷íåíèÿ m(0) [7]. Â íóëåâîì ïîëó-

öèêëå (k = 0) ïîêàçàòåëü óïðî÷íåíèÿ
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Ðàñ÷åòîì ïîëó÷åíî óò = 209 ÌÏÀ, m(0) =

= 0,21. Îòíîñèòåëüíîå äîïóñêàåìîå íîìèíàëüíîå

íàïðÿæåíèå � n
= ón/óò = 139/209 = 0,67 (ïåðâûé

ðàñ÷åòíûé ñëó÷àé). Âñåãî ðàññìîòðèì ÷åòûðå

ðàñ÷åòíûõ ñëó÷àÿ íàãðóæåíèÿ ïëàñòèíû.

Îáñóæäåíèå ðåçóëüòàòîâ

Â ïåðâîì ñëó÷àå â êà÷åñòâå òðàäèöèîííîãî

ðåøåíèÿ ðàññìîòðèì ñëó÷àé óïðóãîãî íàãðóæå-

íèÿ (ðèñ. 2) è ðàñïðåäåëåíèÿ óïðóãèõ íàïðÿæå-

íèé è äåôîðìàöèé ïî ïîïåðå÷íîìó ñå÷åíèþ ïëà-

ñòèíû â òî÷êàõ ñ îòíîñèòåëüíûìè êîîðäèíàòàìè

ñ/a îò 1 äî 3,43 (òàáë. 1). Ïðè íàãðóæåíèè îòíîñè-

òåëüíûå íîìèíàëüíîå íàïðÿæåíèå è äåôîðìàöèÿ

ðàâíû � n ne� , à îòíîñèòåëüíûå óñëîâíûå óïðó-

ãèå íàïðÿæåíèÿ è äåôîðìàöèè â êàæäîé èç ðàñ-

ñìàòðèâàåìûõ òî÷åê ñîîòâåòñòâåííî ñîñòàâÿò

� � �
� ��

* * ,� n e ee n� �
�

* * ,�

� � �
�max

* ,� n e ee nmax * ,� � (4)

ãäå îòíîñèòåëüíàÿ íîìèíàëüíàÿ äåôîðìàöèÿ

en
= en/eò.

Âåëè÷èíû êîýôôèöèåíòîâ êîíöåíòðàöèè

óïðóãèõ íàïðÿæåíèé è äåôîðìàöèé äëÿ âñåõ ñ

ðàâíû

� � �
�� � ��

* * ,� �e
(5)

ãäå áó — òåîðåòè÷åñêèé êîýôôèöèåíò êîíöåíòðà-

öèè íàïðÿæåíèé. Ðàñïðåäåëåíèå íàïðÿæåíèé è

äåôîðìàöèé ïî ñå÷åíèþ â ñîîòâåòñòâèè ñ (1), (4)

è (5) ïðåäñòàâëåíî â òàáë. 1, íà ðèñ. 3 è 4 êðèâû-

ìè 1 (ïðè ýòîì �
� �max

*
max
* ,� e �

� �

* *).� e

Ïîñëå ïðåäâàðèòåëüíîãî íàãðóæåíèÿ (ïîëó-

öèêë k = 0) ïðîâåäåì ðàçãðóçêó äî íóëÿ è îïðå-

äåëèì ïàðàìåòðû ïåðâîãî ïîëóöèêëà (k = 1) äëÿ

óïðóãîïëàñòè÷åñêîãî ðàñ÷åòà. Äàëåå òàê æå ïî-

ñòóïèì ñ îñòàëüíûìè ñëó÷àÿìè íàãðóæåíèÿ. Íà-

ïðÿæåííî-äåôîðìèðîâàííûå ñîñòîÿíèÿ â çîíå

êîíöåíòðàöèè îïðåäåëÿëè â ñîîòâåòñòâèè ñ [7, 8].

Ïðè âîçíèêíîâåíèè ïëàñòè÷åñêèõ äåôîðìàöèé

õàðàêòåð íàïðÿæåííî-äåôîðìèðîâàííîãî ñîñòîÿ-

íèÿ â çîíå êîíöåíòðàöèè ìåíÿåòñÿ. Äëÿ îïðåäå-

ëåíèÿ îòíîñèòåëüíûõ ìåñòíûõ ìàêñèìàëüíûõ

íàïðÿæåíèé �
�max

( )0 è äåôîðìàöèé emax
( )

�

0 â çîíå

êîíöåíòðàöèè îêîëî êðóãîâîãî îòâåðñòèÿ â íóëå-

âîì (èñõîäíîì) ïîëóöèêëå íàãðóæåíèÿ íåîáõîäè-

ìî îïðåäåëèòü êîýôôèöèåíòû êîíöåíòðàöèè íà-

ïðÿæåíèé K
��

( )0 è äåôîðìàöèé K e�
( )0 ïðè � n

	 1.

Óêàçàííûå êîýôôèöèåíòû äëÿ òî÷êè íà êîí-

òóðå îòâåðñòèÿ (ñ/a = 1) îïðåäåëÿëè ðàñ÷åòîì ñî-

ãëàñíî [7, 8] äëÿ çàäàííûõ çíà÷åíèé � n
è ïåðå-

ìåííûõ âåëè÷èí áó:

K e

m

n

m m

n
n m n

�

� � �

� � �

� �

� �

�

�

�

2 1 1 1

1 1 1

0 0 0

0

/( ) ( )/( )

( )[ ((( ) / )]/( )
,

�
�

1
0

�m
(6)

K

m m

n

m

m

n

nm m n

�

�

�

� �

�

� � �

�

�

�

�

� � �

2 1

1

1

1 1 1

0 0

0

0

0 0

/( )

( )[ ( /

( )

�
)]

.

1
0

�m

(7)

Âûðàæåíèÿ (6), (7) ìîæíî èñïîëüçîâàòü è äëÿ

äðóãèõ òî÷åê ñå÷åíèÿ (ñ/a 
 1), åñëè ïðèíÿòü

� � �
�� �

*
max
* /� n

(ñì. òàáë. 1).

Òîãäà â ñëó÷àå óïðóãîïëàñòè÷åñêèõ äåôîðìà-

öèé äëÿ òî÷åê ñ êîîðäèíàòàìè ñ = a è ñ, ðàâíîì

è = ±ð/2 çàïèøåì

� �
�max

( ) ,0
� nK e e Kn emax

( ) ,0
�

� �
� ��

( ) ( ),0 0
� nK e e Kn e� �

( ) ( ).0 0
� (8)

×èñëåííûå çíà÷åíèÿ êîýôôèöèåíòîâ êîíöåí-

òðàöèè, ìåñòíûõ ìàêñèìàëüíûõ íàïðÿæåíèé è

äåôîðìàöèé â íóëåâîì ïîëóöèêëå (k = 0) è èõ

ðàñïðåäåëåíèÿ ïî îïàñíîìó ñå÷åíèþ ïëàñòèíû
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Smax
(1)

åmax
(1)

óò

Ðèñ. 2. Ñõåìà êðèâûõ óïðóãîãî è óïðóãîïëàñòè÷åñêîãî

äåôîðìèðîâàíèÿ â íóëåâîì (k = 0) è ïîñëåäóþùèõ (k) ïî-

ëóöèêëàõ íàãðóæåíèÿ

Fig. 2. The diagram of elastic and elastoplastic deforma-

tion curves at zero (k = 0) and subsequent (k) half-cycles of

loading



ïî (6) – (8) äëÿ êîîðäèíàò ñ/a ïðåäñòàâëåíû â

òàáë. 1, à òàêæå íà ðèñ. 3 è 4 êðèâûìè 1 è 3.

Àíàëèç ïðåäñòàâëåííûõ äàííûõ ïîêàçûâàåò,

÷òî â çîíå êîíöåíòðàöèè â òî÷êàõ ïîïåðå÷íîãî

ñå÷åíèÿ ñ êîîðäèíàòàìè ñ/a, ðàâíûìè 1, 1,25 è

1,5, óæå â èñõîäíîì íàãðóæåíèè âîçíèêàþò óïðó-

ãîïëàñòè÷åñêèå íàïðÿæåíèÿ è äåôîðìàöèè, êî-

òîðûå çíà÷èòåëüíî ðàçëè÷àþòñÿ îò ïîëó÷àåìûõ

ïî óïðóãîìó ðåøåíèþ. Íàïðèìåð, â òî÷êå ñ/a = 1

(íà êðàþ îòâåðñòèÿ) îáùàÿ îòíîñèòåëüíàÿ äåôîð-

ìàöèÿ emax
( )

�

0 â 1,4 ðàçà áîëüøå, ÷åì óïðóãàÿ emax
* ,

�

íî îòíîñèòåëüíîå óïðóãîïëàñòè÷åñêîå íàïðÿæå-

íèå �
�max

( )0 ìåíüøå è ñîñòàâëÿåò 0,6 îò óïðóãîãî.

Äåôîðìèðîâàíèå (ñì. ðèñ. 2) â ïåðâîì ïîëó-

öèêëå (k = 1) ñîîòâåòñòâóåò ñíÿòèþ íàãðóçêè â

êîîðäèíàòàõ S(k) – å(k) è ìîæåò áûòü êàê óïðóãèì,

òàê è óïðóãîïëàñòè÷åñêèì (ïðè óñëîâèè Smax
( )1 >

> Sò) ñ ïîêàçàòåëåì óïðî÷íåíèÿ m(k) = m(1). Òî-

ãäà â ïåðâîì è ïîñëåäóþùèõ ïîëóöèêëàõ íîìè-

íàëüíûå íàïðÿæåíèÿ ðàçãðóçêè Sn = ón/Sò =

= 0,67/2. Ïîêàçàòåëü m(1) íàõîäèëè [7, 8] ïî

ôîðìóëå

m

e

e
A

e F k

k

m

m

k

k k

( )
max

( )

max

( )

max

( )
( ) ( )

�

� �
�

�

lg

lg

0

0 0

0

0

2
1

�

�

�
�

, (9)

ãäå A � �

�

�

�

�

�

�

�

�

�

016 1
1

1
0 2

,

,
� � â

— ïàðàìåòð äèà-

ãðàììû, F(k) — áåçðàçìåðíàÿ ôóíêöèÿ ÷èñëà ïî-

ëóöèêëîâ k äëÿ êîíêðåòíîãî ìàòåðèàëà (äëÿ

k = 1 ôóíêöèÿ F(k) = 1).

Â öåëÿõ îïðåäåëåíèÿ ìàêñèìàëüíîé äåôîð-

ìàöèè è íàïðÿæåíèÿ â ïåðâîì ïîëóöèêëå â îò-

íîñèòåëüíûõ êîîðäèíàòàõ s ( ) ( )1 1
�  íåîáõîäèìî

íàéòè êîýôôèöèåíòû êîíöåíòðàöèè Kå è KS äëÿ

k = 1. Äëÿ ýòîãî â óðàâíåíèè (6) è (7) ïîêàçàòåëü
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Table 1. Calculated parameters

¹ ï/ï Âàðèàíò �n
Òî÷êè, ñ/a �

��

*
�

�max
* e

n
en K

��

( )0
�

�

( )0 Ke�
( )0 e

�

( )0

1 I 0,67 1 3 2,01 0,0007 0,67 1,84 1,23 4,07 2,72

2 1,25 1,93 1,29 1,61 1,08 2,13 1,43

3 1,5 1,52 1,02 1,5 1,005 1,53 1,03

4 2 1,22 0,82 1,22 0,82 1,22 0,82

5 3 1,07 0,72 1,07 0,72 1,07 0,72

6 3,43 1,04 0,7 1,04 0,7 1,04 0,7

7 II 0,85 1 3 2,55 0,0007 0,85 1,59 1,35 4,75 4,04

8 III 0,774 1 3 2,32 0,0008 0,774 1,68 1,3 4,46 3,45

9 IV 0,98 1 3 2,94 0,0009 0,98 1,45 1,42 5,33 5,22

a = 3,5

2

1

3

Îòíîñèòåëüíîå ðàññòîÿíèå îò êðàÿ îòâåðñòèÿ, /ñ a

emax

max

max
*

ñ

ñ

ñ

ó

ó

Ðèñ. 3. Èçìåíåíèÿ îòíîñèòåëüíûõ óïðóãèõ íàïðÿæå-

íèé (1), à òàêæå óïðóãîïëàñòè÷åñêèõ äåôîðìàöèé (2) è

íàïðÿæåíèé (3) ïî øèðèíå ïëàñòèíû ïðè èñõîäíîì íà-

ãðóæåíèè

Fig. 3. Changes in the relative elastic stresses (1), elasto-

plastic deformations (2) and stresses (3) across the width of

the plate under initial loading

a = 3,5

2

1

3

Îòíîñèòåëüíîå ðàññòîÿíèå îò êðàÿ îòâåðñòèÿ, /ñ a

Ðèñ. 4. Èçìåíåíèÿ òåîðåòè÷åñêèõ êîýôôèöèåíòîâ êîí-

öåíòðàöèè íàïðÿæåíèé â óïðóãîé îáëàñòè áó (1), à òàêæå

êîýôôèöèåíòîâ êîíöåíòðàöèè äåôîðìàöèé Ke�
( )0 (2) è íà-

ïðÿæåíèé K
��

( )0 (3) â óïðóãîïëàñòè÷åñêîé îáëàñòè ïî øèðè-

íå ïîëîñû ïðè èñõîäíîì íàãðóæåíèè

Fig. 4. Changes in theoretical stress-concentration factor

in the elastic region áó (1), strain concentration factors Ke�
( )0

(2) and stress concentration factors K
��

( )0 (3) in the elasto-

plastic zone across the strip width under initial loading



m(0) çàìåíèì íà m(1) = m(k), âåëè÷èíó � n
— íà Sn

è áó — íà áóñ.

Ïî àíàëîãèè ñ (4) è (5) ïî âû÷èñëåííûì êî-

ýôôèöèåíòàì êîíöåíòðàöèè K
 

( ),1 K
S

( )1 ìîæíî âû-

÷èñëèòü îòíîñèòåëüíûå è àáñîëþòíûå çíà÷åíèÿ

ìåñòíûõ íàïðÿæåíèé è äåôîðìàöèé (ñì. òàáë. 2):

S S Kn Smax
( ) ( )

,1 1
�   

 max
( ) ( ),1 1

� nK

S S Kn S� �

( ) ( )
,1 1

�   
�  �

( ) ( ).1 1
� nK (10)

Íà îñíîâå ýòîãî ìîæíî íàéòè àìïëèòóäó ìå-

ñòíîé äåôîðìàöèè eà , à òàêæå êîýôôèöèåíòû

àñèììåòðèè öèêëà íàïðÿæåíèé ró è äåôîðìàöèé

re â çîíå êîíöåíòðàöèè (òàáë. 2):

e
e e

a �

� �
( ) ( ) ( )( )

,

0 0 12

2

 

r
S

�

�

�

�

�2 1 0

0

( ) ( )

( )
, r

e

e
e �

�
( ) ( )

( )
.

0 1

0

2 
(11)

Ââîäÿ ïîëó÷åííûå õàðàêòåðèñòèêè â óðàâíå-

íèå äåôîðìàöèîííîãî êðèòåðèÿ ðàçðóøåíèÿ, ïî-

ëó÷èì âûðàæåíèå, èç êîòîðîãî ìîæíî îïðåäå-

ëèòü ñîîòâåòñòâóþùóþ äîëãîâå÷íîñòü N äî îáðà-

çîâàíèÿ òðåùèíû [7, 9]:

e

N
r

r

m e

e

e

à

ê

�

�

�

�

�

�

1

4
1

1

1

1
ln

�

�

�

�

�

�

�

�
�

�

�

�
�

0 435

1 0 4
1

1

,

,

,
S

EN
r

r

k

m
�

�

�

(12)

ãäå me, mó — ïîêàçàòåëè ñòåïåíè êðèâûõ öèêëè-

÷åñêîé ïðî÷íîñòè (me � 0,5, mó � 0,1). Ðåçóëüòàòû

ðàñ÷åòîâ äëÿ I – IV ðåæèìîâ íàãðóæåíèÿ äëÿ

ïóëüñèðóþùèõ öèêëîâ íîìèíàëüíûõ íàïðÿæå-

íèé � n
ïðåäñòàâëåíû â òàáë. 2.

Ðàññìîòðèì ñëó÷àé (II) íàãðóæåíèÿ ïëàñòè-

íû ïîâòîðíûì öèêëè÷åñêèì íàãðóæåíèåì (rn =

= 0). Â ýòîì ñëó÷àå íåáëàãîïðèÿòíûå óñëîâèÿ

íàãðóæåíèÿ ñîçäàþòñÿ çà ñ÷åò óìåíüøåíèÿ ïðå-

äåëà òåêó÷åñòè óò, âûçâàííîãî âîçìîæíûì ðàñ-

ñåÿíèåì ìåõàíè÷åñêèõ ñâîéñòâ ñòàëè â ñîîòâåò-

ñòâèè ñ íîðìàëüíûì çàêîíîì ðàñïðåäåëåíèÿ

(ðèñ. 5) [10]. Ýòî ïðèâîäèò ê îòíîñèòåëüíîìó óâå-

ëè÷åíèþ íîìèíàëüíîãî íàãðóæàþùåãî íàïðÿæå-

íèÿ äî � n
= 0,85. Ïðè ïðèíÿòîì êîýôôèöèåíòå

âàðèàöèè !ò = 0,07 è êîýôôèöèåíòàõ âàðèàöèè

äëÿ îñòàëüíûõ ìåõàíè÷åñêèõ ñâîéñòâ !0,2 = 0,08

(äëÿ ó0,2), !óâ = 0,06 (óâ), !ø = 0,12 (øê), !E = 0,02

(E), !Sk = 0,06 (Sk) íîâûé ïðåäåë òåêó÷åñòè ñî-

ñòàâèë óò = 164 ÌÏà (äëÿ õàðàêòåðèñòèê ìåõàíè-

÷åñêèõ ñâîéñòâ, ñîîâåòñòâóþùèõ âåðîÿòíîñòè

P = 0,1 %).

Â ñëó÷àå III ðàñ÷åòíûé ïðåäåë òåêó÷åñòè îñ-

òàåòñÿ, êàê è â ñëó÷àå I (óò = 209 ÌÏà), íî ïðåæ-

íÿÿ íîìèíàëüíàÿ íàãðóçêà � n
= 0,67 óâåëè÷èòñÿ

çà ñ÷åò èçìåíåíèÿ ýêñïëóàòàöèîííîãî íàãðóæå-

íèÿ ñ ðàñ÷åòíûì êîýôôèöèåíòîì âàðèàöèè !ý =

= 0,05 è ñîñòàâèò � n
= 0,774.

Â ñëó÷àå IV ïðåäåë òåêó÷åñòè óò = 164 ÌÏà

(êàê è â ñëó÷àå II) è ïðåæíÿÿ ïîâûøåííàÿ íîìè-

íàëüíàÿ íàãðóçêà � n
= 0,85 äîïîëíèòåëüíî âîç-

ðàñòàåò çà ñ÷åò êîýôôèöèåíòà âàðèàöèè !ý =

= 0,05 èçìåðåííîãî â ýêñïåðèìåíòå ýêñïëóàòàöè-

îííîãî íàãðóæåíèÿ äî � n
= 0,98.

Äëÿ êàæäîãî âàðèàíòà, êàê è â ñëó÷àå I, ïîñëå

èñõîäíîãî íàãðóæåíèÿ (k = 0) ïðîâåäåì ðàçãðóç-

êó è îïðåäåëèì ïàðàìåòðû ïåðâîãî ïîëóöèêëà

(k = 1) äëÿ ïðîâåäåíèÿ óïðóãîïëàñòè÷åñêîãî ðàñ-
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Table 2. The results of the durability calculations

Âàðèàíò �n
e

à
r

e
ró N

I 0,67 0,00104 0,265 –0,626 2,97 · 106

II 0,85 0,00117 0,34 –0,69 3,82 · 105

III 0,774 0,00125 0,3 –0,66 1,14 · 106

IV 0,98 0,0014 0,383 –0,732 1,59 · 105

Ðèñ. 5. Ôóíêöèÿ ðàñïðåäåëåíèÿ îñíîâíûõ ìåõàíè÷å-

ñêèõ ñâîéñòâ ñòàëè Õ18Í9 ïðè 20 °C (ýêñïåðèìåíòàëüíûå

äàííûå)

Fig. 5. Distribution function of the main mechanical prop-

erties of steel Kh18N9 at 20 °C (experimental data)



÷åòà â öåëÿõ îïðåäåëåíèÿ ìåñòíûõ äåôîðìàöèé

eà
è êîýôôèöèåíòîâ àñèììåòðèè re è ró. Çàòåì ïî

ôîðìóëå (12) îïðåäåëèì äîëãîâå÷íîñòü N (ñì.

òàáë. 2) äî îáðàçîâàíèÿ òðåùèí äëÿ íàèáîëåå íà-

ãðóæåííîé òî÷êè íà êðàþ îòâåðñòèÿ (ñ/a = 1,

áóñ = 3).

Èç ïðîâåäåííîãî àíàëèçà ñëåäóåò, ÷òî ïðî-

öåäóðû èçìåíåíèÿ íîìèíàëüíîãî íàãðóæàþùåãî

íàïðÿæåíèÿ � n
â ïðåäåëàõ îò äîïóñòèìîãî 0,67

äî 0,98 ïðèâîäÿò ê óìåíüøåíèþ äîëãîâå÷íîñòè

ïðàêòè÷åñêè â 20 ðàç (îò 2,97 · 106 äî 1,59 · 105

öèêëîâ). Ïðè ýòîì ýôôåêò ðàññåÿíèÿ îñíîâíûõ

ìåõàíè÷åñêèõ ñâîéñòâ (ñíèæåíèå óò è äðóãèõ õà-

ðàêòåðèñòèê) îêàçûâàåò áîëüøåå âëèÿíèå íà

óìåíüøåíèå äîëãîâå÷íîñòè (â âàðèàíòàõ I è II —

â 7,8 ðàçà), ÷åì èçìåíåíèå íîìèíàëüíîé íàãðóç-

êè çà ñ÷åò óâåëè÷åíèÿ ýêñïëóàòàöèîííîãî íàïðÿ-

æåíèÿ (â âàðèàíòàõ I, III — â 2,6 ðàçà, â âàðèàí-

òàõ II, IV — â 2,4 ðàçà). Ýòî ãîâîðèò î òîì, ÷òî äëÿ

óòî÷íåííîãî îïðåäåëåíèÿ ÍÄÑ, öèêëè÷åñêîé

ïðî÷íîñòè è äîëãîâå÷íîñòè âûøåóêàçàííûõ ýëå-

ìåíòîâ êîíñòðóêöèè ÷ðåçâû÷àéíî âàæíî ó÷èòû-

âàòü â ðàñ÷åòàõ ýôôåêò ðàññåÿíèÿ îñíîâíûõ ìå-

õàíè÷åñêèõ ñâîéñòâ.

Âûâîäû

Ðåçóëüòàòû àíàëèçà [7 – 11] íàïðÿæåííî-äå-

ôîðìèðîâàííîãî ñîñòîÿíèÿ è ðàñ÷åòà íà ïðî÷-

íîñòü òîíêîé ïëàñòèíû ñ êîíöåíòðàòîðîì â âèäå

êðóãîâîãî îòâåðñòèÿ, îïðåäåëåííûå ïî äåôîðìà-

öèîííûì êðèòåðèÿì, ñóùåñòâåííî îòëè÷àëèñü îò

ïîëó÷åííûõ òðàäèöèîííûì óïðóãèì ðåøåíèåì.

Ýòî îòíîñèòñÿ è ê èñõîäíîìó íàãðóæåíèþ íå

òîëüêî â çîíå ìàêñèìàëüíîé êîíöåíòðàöèè (íà

êîíòóðå îòâåðñòèÿ), íî è ê äðóãèì òî÷êàì îïàñíî-

ãî ñå÷åíèÿ ïðè öèêëè÷åñêîì íàãðóæåíèè.

Ïî ïðèâåäåííîé âûøå íîâîé ìåòîäèêå ìîæíî

ðàññ÷èòûâàòü ïîöèêëîâóþ êèíåòèêó íàïðÿæåíèé

è äåôîðìàöèé â çîíàõ êîíöåíòðàöèè (ïî çàäàí-

íîìó ñå÷åíèþ ïëàñòèíû), à òàêæå ïðîâîäèòü

óòî÷íåííûå ðàñ÷åòû íà öèêëè÷åñêóþ äîëãîâå÷-

íîñòü ñ ó÷åòîì ðàññåÿíèÿ îñíîâíûõ ìåõàíè÷å-

ñêèõ ñâîéñòâ ìàòåðèàëà êîíñòðóêöèè.
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