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Ïî ðàçðàáîòàííîé ðàíåå ìåòîäèêå ïðîâåäåíû ðàñ÷åòíî-ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ ïî îïðåäåëåíèþ íà-
ïðÿæåíèé â øàòóííûõ áîëòàõ øàòóíîâ ñ êîñûì ðàçúåìîì ïðè çàòÿæêå áîëòà, à òàêæå ïîñëå íàãðóæåíèÿ øàòóíà 
âíåøíåé íàãðóçêîé. Ñóòü ìåòîäèêè èññëåäîâàíèÿ íàïðÿæåííî-äåôîðìèðîâàííîãî ñîñòîÿíèÿ øàòóííûõ áîëòîâ 
çàêëþ÷àåòñÿ â òîì, ÷òî íà âíåøíåé îêðóæíîñòè ñòåðæíÿ áîëòà íà íåêîòîðîì ðàññòîÿíèè äðóã îò äðóãà íàêëåè-
âàþò òåíçîðåçèñòîðû. Êîîðäèíàòû òî÷åê èçìåðåíèÿ äîëæíû áûòü òî÷íî îïðåäåëåíû â ïðÿìîóãîëüíîé ñèñòåìå 
êîîðäèíàò, à îäíîé èç êîîðäèíàò ïî îñè z ïðèíèìàþòñÿ íàïðÿæåíèÿ â ïîïåðå÷íîì ñå÷åíèè ñòåðæíÿ áîëòà. 
Íàèáîëåå ïðîñòûå ôîðìóëû äëÿ ðàñ÷åòîâ ïîëó÷åíû, åñëè òåíçîðåçèñòîðû íàêëååíû ïî îêðóæíîñòè ÷åðåç 120° 
äðóã îò äðóãà. Ïî ñðåäíåìó çíà÷åíèþ ïî âñåì òðåì ïîêàçàíèÿì òåíçîðåçèñòîðîâ îïðåäåëÿåòñÿ íàïðÿæåíèå 
ðàñòÿæåíèÿ. Êàê ïîêàçàëè ðåçóëüòàòû ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé, â ïðîöåññå çàòÿæêè ñòåðæåíü øà-
òóíà èñïûòûâàåò íàïðÿæåíèÿ ðàñòÿæåíèÿ è èçãèáà. Èçâåñòíî, ÷òî ïðè óñòàíîâêå âêëàäûøåé â êðèâîøèïíóþ 
ãîëîâêó øàòóíà èõ äëèíà ïî ïåðèìåòðó ïðåâûøàåò äëèíó ïîñòåëè íà âåëè÷èíó âûñòóïàíèÿ. Èç-çà âûñòóïàíèÿ 
âêëàäûøà âñÿ íàãðóçêà ïðè çàòÿæêå áîëòîâ ïðèõîäèòñÿ íà âêëàäûø è ïðèëîæåíà âíåöåíòðåííî. Îäíàêî äàæå 
ïîñëå äåôîðìàöèè âêëàäûøà ïî ïåðèìåòðó óñèëèå íà áîëò ïåðåäàåòñÿ ÷åðåç ñðåäíèé ðàäèóñ ðåçüáû. Ïðè íà-
ãðóæåíèè âíåøíåé ñèëîé øàòóíà íà øàòóííûé áîëò ïåðåäàåòñÿ òîëüêî ÷àñòü íàãðóçêè, ðàâíîé ïðîèçâåäåíèþ 
ýòîé ñèëû íà êîýôôèöèåíò îñíîâíîé íàãðóçêè. Îïðåäåëèâ íàïðÿæåíèÿ â øàòóííûõ áîëòàõ ýêñïåðèìåíòàëüíî, 
à òàêæå óñèëèå â êàæäîì èç áîëòîâ ïðè êîñîì ðàçúåìå, ðàñ÷åòíî-ýêñïåðèìåíòàëüíûì èññëåäîâàíèåì îïðåäå-
ëåí êîýôôèöèåíò îñíîâíîé íàãðóçêè øàòóíà. 
Êëþ÷åâûå ñëîâà: øàòóí, áîëò, êîñîé ðàçúåì, íàïðÿæåíèÿ ðàñòÿæåíèÿ, íàïðÿæåíèÿ èçãèáà, êîýôôèöèåíò îñ-
íîâíîé íàãðóçêè. 

According to the methodology developed earlier the experimental-calculated investigations of a determination of the 
stresses in the rod bolts of connecting rods with an oblique connector when the bolt was tightened, and after loading 
the connecting rod with an external load were conducted. The main point of an investigation’s methodology of the 
stress-strain state of connecting rod bolts is in that on the outer circumference of the bolt body at some distance from 
each other strain gauges are glued. The coordinates of the measurement points must be precisely defined in a rectan-
gular coordinate system, and one of the coordinates along the z-axis is taken by the stresses in the cross section of the 
bolt body. The simplest formulas for calculations have been obtained if the strain gauges are glued along the circum-
ference 120 ° from each other. According to the average value for all three indications of strain gauges determines 
the tensile stress. As shown by the result of experimental investigations during the tightening process the body of 
connecting rod experiences tensile and bending stresses. It’s known that when installation shells in the crank head of 
the connecting rod, their length exceeds the length of the saddle by the protrusion amount. Because of the protrusion 
of the shell the entire load during tightening the bolts falls on the shell and it is applied eccentrically. However even 
after a deformation of the shell around the perimeter, the force on bolt is transmitted through the average radius of the 
thread. When the external force of the connecting rod is applied to the rod bolt only a part of the load is transferred, 
it’s equal to the product of this force by the coefficient of the main load. After experimental determination the stress 
in the connecting rod bolts, as well as the force in each of the bolts with the oblique connector, the main load of the 
connecting rod is determined by the experiment-calculated investigation.
Keywords: connecting rod, bolt, oblique connector, tensile stress, bending stress, load factor.



ISSN 0321-4443 Òðàêòîðû è ñåëüõîçìàøèíû, ¹ 12, 2017

Ò
Å

Î
Ð

È
ß

, 
Ê

Î
Í

Ñ
Ò

Ð
Ó

È
Ð

Î
Â

À
Í

È
Å

, 
È

Ñ
Ï

Û
Ò

À
Í

È
ß

Ãîö À.Í.

38

 Ââåäåíèå
Â øàòóíàõ ñ êîñûì ðàçúåìîì êðèâîøèï-

íîé ãîëîâêè øàòóííûå áîëòû ââåðòûâàþò â 
òåëî øàòóíà. Ðàñïðåäåëåíèå íàãðóçêè íà øà-
òóííûå áîëòû íåðàâíîìåðíîå – áîëüøóþ íà-
ãðóçêó èñïûòûâàåò äëèííûé øàòóííûé áîëò, 
ðàñïîëîæåííûé íèæå ãîðèçîíòàëüíîé îñè 
êðèâîøèïíîé ãîëîâêè. Ïðè ðàñ÷åòå øàòóííûõ 
áîëòîâ ñ ó÷åòîì ïåðåìåííûõ ñèë îò äåéñòâèÿ 
ñèë èíåðöèè äåòàëåé, ñîâåðøàþùèõ âîçâðàò-
íî ïîñòóïàòåëüíîå äâèæåíèå (ó÷èòûâàþòñÿ 
ìàññû ïîðøíÿ, ïîðøíåâîãî ïàëüöà, ýëåìåíòîâ 
êðåïëåíèÿ ïîðøíåâîãî ïàëüöà, ÷àñòè ìàññû 
øàòóíà íà ëèíèåé ðàçúåìà êðèâîøèïíîé ãî-
ëîâêè), â êîíêðåòíîé êîíñòðóêöèè êðèâî-
øèïíîé ãîëîâêè íåîáõîäèìî çíàòü íàãðóçêó, 
ïðèõîäÿùèéñÿ íà øàòóííûé áîëò. Äëÿ ýòîãî 
íåîáõîäèìî çíàòü êîýôôèöèåíò îñíîâíîé íà-
ãðóçêè ðåçüáîâîãî ñîåäèíåíèÿ øàòóíà [1]. Âîç-
íèêàåò âîïðîñ: îí òàêîé æå êàê è ó øàòóíà ñ 
ïðÿìûì ðàçúåìîì èëè îòëè÷àåòñÿ îò íåãî [2]. 
Íàãðóæåíèÿ øàòóííîãî áîëòà ïðîèñõîäèò ïî 
ïóëüñèðóþùåìó öèêëó. Ïîýòîìó ïðè ðàñ÷å-
òàõ íåîáõîäèìî îïðåäåëèòü íàèáîëåå íàãðó-
æåííûé áîëò, ïî êîòîðîìó íåîáõîäèìî âåñòè 
ðàñ÷åò íà äîëãîâå÷íîñòü.

Öåëü èññëåäîâàíèÿ
Èññëåäîâàòü íàïðÿæåííîå ñîñòîÿíèå ââåðò-

íûõ øàòóííûõ áîëòîâ ïðè çàòÿæêå (â ïðîöåññå 
ñáîðêè) è ïðè íàãðóæåíèè øàòóíà ïðîäîëüíû-
ìè ñèëàìè, îïðåäåëèòü êîýôôèöèåíò îñíîâíîé 
íàãðóçêè ðåçüáîâîãî ñîåäèíåíèÿ.

Ìåòîäû èññëåäîâàíèÿ
Èññëåäîâàíèå ïðîâîäèëèñü ïî ìåòîäèêå, 

ïðèâåäåííîé â ðàáîòàõ [2–6], ñóòü êîòîðîé çà-
êëþ÷àåòñÿ â ñëåäóþùåì. Åñëè íà ñòåðæåíü øà-
òóííîãî áîëòà íàêëååíû ïî îêðóæíîñòè òåí-
çîðåçèñòîðû â òî÷êàõ A

1
, B

1
 è C

1
, êîîðäèíàòû 

êîòîðûõ èçâåñòíû, òî ýòî ïîçâîëÿåò èññëåäî-
âàòü íàïðÿæåííî-äåôîðìèðîâàííîå ñîñòîÿíèå 
øàòóííûõ áîëòîâ – îïðåäåëÿþòñÿ íàïðÿæåíèÿ 
ðàñòÿæåíèÿ è èçãèáà. Â ïðèíöèïå, âûáîð òî÷åê 
îïðåäåëÿåò âèä îêîí÷àòåëüíûõ óðàâíåíèé. Êàê 
ïîêàçàëè ðàñ÷åòû, åñëè òî÷êè ðàñïîëîæèòü 
÷åðåç 120º, òî â ðåøåíèå ïîëó÷àåòñÿ íàèáîëåå 
ïðîñòûì.

Ñðåäíåå çíà÷åíèå íàïðÿæåíèé â òðåõ òî÷êàõ 
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Ìàêñèìàëüíîå èëè ìèíèìàëüíîå íàïðÿæå-
íèÿ â ñå÷åíèè ñ ó÷åòîì σ

r
 è σ

i
 ðàâíû:

max,min r i     .

Åñëè íà øàòóí ïðèëîæèòü âíåøíþþ íà-
ãðóçêó, òî îáùåå (ñóììàðíîå) íàïðÿæåíèå σ

s
 

â øàòóííîì áîëòå áóäåò ñêëàäûâàòüñÿ èç íà-
ïðÿæåíèÿ îò óñèëèÿ çàòÿæêè σ

z
 ñ äîáàâêîé íà-

ïðÿæåíèÿ, êîòîðîå âîçíèêàåò â áîëòå îò ÷àñòè 
âíåøíåãî óñèëèÿ [1]:

 ,s z N      (1)

ãäå χ – êîýôôèöèåíò îñíîâíîé íàãðóçêè ðåçü-
áîâîãî ñîåäèíåíèÿ; σ

N
 – íàïðÿæåíèå â øàòóí-

íîì áîëòå îò âíåøíåé íàãðóçêè ïðè óñëîâèè, 
÷òî âñÿ íàãðóçêà ïðèõîäèòñÿ íà áîëò (ïîëíîå 
ðàñêðûòèå ñòûêà).

Äëÿ îïðåäåëåíèÿ ïðîäîëüíûõ ñèë â ïî-
ïåðå÷íîì ñå÷åíèè îò ðàñòÿãèâàþùèõ øàòóí 
âíåøíèõ íàãðóçîê áóäåì èñïîëüçîâàòü ïðè-
áëèæåííóþ çàâèñèìîñòü ñ ó÷åòîì ðàâíîìåð-
íîãî ðàñïðåäåëåíèÿ íàãðóçêè ïî íèæíåé ÷àñòè 
êðèâîøèïíîé ãîëîâêè. Åñëè ïðîâåñòè ðàçðåç 
ïîðøíåâîé ãîëîâêè ïî îñè ñèììåòðèè, òî â 
ìåñòå ðàçðåçà ñ èñïîëüçîâàíèåì êàíîíè÷åñêèõ 
óðàâíåíèé ìåòîäà ñèë ìîæíî îïðåäåëèòü èçãè-
áàþùèé ìîìåíò M

0
 è ïðîäîëüíóþ ñèëó N

0. 
Ïðî-

äîëüíàÿ ñèëà N
0
 îïðåäåëÿåòñÿ â çàâèñèìîñòè îò 

óãëà çàäåëêè (ðèñ. 1) êðèâîøèïíîé ãîëîâêè [1]:

N
0
 = P

j 
(0,572 – 0,0008 φ

ç
),

ãäå φ
ç
 – óãîë çàäåëêè, ãðàä (ñì. ðèñ. 1); 

2
ç max (1 )jõõP m r     – ðàñ÷åòíàÿ ðàçðûâàþùàÿ 

ñèëà èíåðöèè ïðè ïîëîæåíèè ïîðøíÿ â ÂÌÒ.
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Â ýòîì ñëó÷àå ïðîäîëüíàÿ ñèëà N
1
 â äëèí íîì 

áîëòå îïðåäåëÿåòñÿ ïî ôîðìóëå (0  φ  90°) [1]: 

 1 0 cos 0,5 (1 cos ),jN N P     (2)

Â êîðîòêîì áîëòå (90°  φ  φ
ç
) ïðîäîëüíàÿ 

ñèëà N
2
 ðàâíà [1]:

 2 0 cos 0,5 (sin cos ).jN N P   ïã  (3)

Îïðåäåëèâ ïî ôîðìóëàì (2) è (3) óñèëèÿ N â 
ñå÷åíèè ðàçúåìà, ìîæíî íàéòè íàïðÿæåíèÿ σ

N
. 

Ñ èñïîëüçîâàíèåì çàâèñèìîñòè (1) îïðåäåëÿåò-
ñÿ çíà÷åíèå êîýôôèöèåíòà îñíîâíîé íàãðóçêè χ.

Îáúåêò è ðåçóëüòàòû èññëåäîâàíèÿ
Ïðîâåäåíû ðàñ÷åòíî-ýêñïåðèìåíòàëüíûå 

èññëåäîâàíèÿ ïî îïðåäåëåíèþ íàïðÿæåíèé 
â øàòóííûõ áîëòàõ äèçåëÿ 4× 13/14 (Ä-440) 
ïðè çàòÿæêå â êðèâîøèïíóþ ãîëîâêó øàòóíà, 
à òàêæå ïðè íàãðóæåíèè øàòóíà ïðîäîëüíîé 
ðàñòÿãèâàþùåé ñèëîé. Èññëåäîâàëèñü ñåðèé-
íûå øàòóíû ñ êîñûì ðàçúåìîì è ââåðòíûìè 
áîëòàìè (ñì. ðèñ. 1) (êîðîòêèé äëèíîé l

á 
= 71 ìì, 

äëèííûé – l
á 

= 84 ìì, äèàìåòð ñòåðæíÿ 
d

0 
= 13,6 ìì (ïëîùàäü ïîïåðå÷íîãî ñå÷å-

íèÿ ñòåðæíÿ áîëòà F
á 

= 0,145 10–3 ì2, ðåçüáà 
Ì16×1,5). 

Ïëîñêîñòü ðàçúåìà íèæíåé ãîëîâêè øàòóíà 
âûïîëíåíà ïîä óãëîì 55° ê îñè ñòåðæíÿ. 
Êðûøêà ñîåäèíÿåòñÿ ñ ãîëîâêîé øàòóíà ïî 
ðàçúåìó ïðè ïîìîùè òðåóãîëüíûõ øëèöîâ. 
Äëÿ èçìåðåíèÿ íàïðÿæåíèé íà ñòåðæíå áîëòà 
ïîä ãîëîâêîé áûëè íàêëååíû ÷åðåç 120° ïî 
îêðóæíîñòè â ñîîòâåòñòâèè ñ îïèñàííîé âûøå 
ìåòîäèêîé òåíçîðåçèñòîðû ñ áàçîé 5 10-3 ì.

Ìîìåíò çàòÿæêè Ì òðàäèöèîííî îïðåäåëÿ-
þò ïî ôîðìóëå [1]:

 ,M k Q d  (4)

ãäå k – ïðèâåäåííûé êîýôôèöèåíò òðåíèÿ â 
ðåçüáå è íà îïîðíîé ïîâåðõíîñòè áîëòà; Q – 
óñèëèå â áîëòå; d – íàðóæíûé äèàìåòð ðåçüáû.

Êàê ïîêàçûâàþò ðåçóëüòàòû ýêñïåðèìåí-
òàëüíûõ èññëåäîâàíèé, çàâèñèìîñòü (4) íå ÿâ-
ëÿåòñÿ óñòîé÷èâîé è îáåñïå÷èâàåò òî÷íîñòü 
ïîëó÷åíèÿ óñèëèÿ çàòÿæêè íå áîëåå ±25 % [6], 
÷òî îáóñëîâèëî íåîáõîäèìîñòü â ïðîâåäåíèè 
ïðåäâàðèòåëüíîé êàëèáðîâêè êëþ÷à ïî óñëî-
âèþ ïðåäåëüíîãî ìîìåíòà çàòÿæêè øàòóííûõ 
áîëòîâ. Ñ ýòîé öåëüþ áîëòû ââîðà÷èâàëèñü 
â ðåçüáîâîå îòâåðñòèå â òîëñòîé ïëàñòèíå, à 
ìåæäó ïëàñòèíîé è îïîðíîé ïîâåðõíîñòüþ 
áîëòà óñòàíàâëèâàëàñü öèëèíäðè÷åñêàÿ âòóëêà 
ñ íàêëååííûìè òåíçîðåçèñòîðàìè [3, 4].

Ïðè çàäàííîì ìîìåíòå çàòÿæêè è ïðèíÿòîì 
çíà÷åíèè k = 0,18…0,2 óñèëèÿ çàòÿæêè Q ñîîò-
âåòñòâîâàëè 62500…68750 Í. Ñ ó÷åòîì ýòîãî 
ïðè èññëåäîâàíèè ìàêñèìàëüíîå óñèëèå çàòÿæ-
êè áîëòà áûëî ïðèíÿòî ðàâíûì 68750 Í. 

Â òàáë. 1 ïðèâåäåíû ðåçóëüòàòû ýêñïåðè-
ìåíòàëüíûõ èññëåäîâàíèé ïî îïðåäåëåíèþ 

Òàáëèöà 1
Íàïðÿæåíèÿ â äëèííîì øàòóííîì áîëòå ïðè åãî çàòÿæêå

Óñèëèå
çàòÿæêè, Í

Íàïðÿæåíèÿ â òðåõ 
òî÷êàõ íà íàðóæíîé 

ïîâåðõíîñòè áîëòà, ÌÏà


max,
ÌÏà


min

,
ÌÏà sin

0
 

Íàïðÿæåíèå 
ðàñòÿæåíèÿ


r
, ÌÏà

Íàïðÿæåíèå 
èçãèáà


i
, ÌÏà


i 
/

r 


100 %


À1


Â1


Ñ1

12500 –14 2 91,5 –18 291,5 –118,5 –0,8716 86,5 205 237
25000 139 242,8 152,8 2243,3 113,1 –0,7983 178,2 65,1 36
37500 188,5 342,8 252,2 350,8 171,6 –0,5842 261,2 89,5 34
50000 264,3 432,5 378,2 460,5 249,5 –0,2973 355 105,5 29
56250 340 432 412,5 450,8 338,9 –0,2011 394,8 56 14
62500 398 459 445 470,9 397,1 –0,2191 434 36,9 9
68750 450 505 494 516,6 449,4 –0,1890 483 33,6 7

Ðèñ. 1. Øàòóí äèçåëÿ 4× 13/14 (Ä-440): 
1 – ñòåðæåíü øàòóíà; 2 – êðèâîøèïíàÿ ãîëîâêà; 

3 – êîðîòêèé áîëò; 4 – äëèííûé áîëò
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íàïðÿæåíèé â äëèííîì áîëòå ïðè ðàçëè÷íûõ 
óñèëèÿõ åãî çàòÿæêè. Â ðàñ÷åòàõ ïðèâåäåíû 
òàêæå âû÷èñëåííûå çíà÷åíèÿ sinφ

0
 äëÿ îïðå-

äåëåíèÿ ïîëîæåíèÿ ïëîùàäêè, ãäå äåéñòâóþò 
ýêñòðåìàëüíûå íàïðÿæåíèÿ.

Íàïðÿæåíèÿ â êîðîòêîì áîëòå ïðè åãî çà-
òÿæêå ïðèâåäåíû â òàáë. 2.

Èç ïðèâåäåííûõ â òàáëèöàõ äàííûõ âèäíî, 
÷òî íà íà÷àëüíûõ ñòàäèÿõ çàòÿæêè øàòóí-
íûõ áîëòîâ íàïðÿæåíèÿ èçãèáà áîëüøå è 
â 2 ðàçà ïðåâûøàþò íàïðÿæåíèÿ ðàñòÿæåíèÿ. 
Ýòî âûçâàíî òåì, ÷òî ñíà÷àëà ïðè çàòÿæêå 
áîëòîâ ñòûê ìåæäó êðûøêîé è êðèâîøèï-
íîé ãîëîâêîé øàòóíà íå çàêðûò è èìååò çàçîð 
Δh = 0,07…0,09 ìì è äåôîðìèðóåòñÿ âûñòóïàþ-
ùàÿ çîíà âêëàäûøåé íà âåëè÷èíó ýòîãî çàçîðà 
(ðèñ. 2). 

Â ýòîì ñëó÷àå íà áîëò äåéñòâóåò âíåöåí-
òðåííî ïðèëîæåííàÿ ñèëà ñ ýêñöåíòðèñè-
òåòîì e, îáóñëàâëèâàþùàÿ íåðàâíîìåðíóþ 
äåôîðìàöèþ êðèâîøèïíîé ãîëîâêè è ïîÿâëå-

íèå äîïîëíèòåëüíûõ èçãèáíûõ íàïðÿæåíèé. 
Óñèëèå äëÿ äåôîðìèðîâàíèÿ âûñòóïàíèÿ âêëà-
äûøà ïðè åãî øèðèíå 45 ìì è òîëùèíå 2,5 ìì 
ñîñòàâëÿåò 11500…15500 Í. Ïîñëå çàêðûòèÿ 
ñòûêà ðîñò ïðîäîëüíîé ñèëû çàòÿæêè ïðèâî-
äèò ê îòíîñèòåëüíîìó ñíèæåíèþ èçãèáàþùèõ 
íàïðÿæåíèé â áîëòå è ðîñòó ðàñòÿãèâàþùèõ 
(òàáë. 1 è 2). 

Íà ïîñëåäóþùåì ýòàïå èññëåäîâàíèÿ ïîñëå 
çàòÿæêè øàòóííûõ áîëòîâ øàòóí óñòàíàâëè-
âàëñÿ â èñïûòàòåëüíóþ ìàøèíó è íàãðóæàë-
ñÿ ïðîäîëüíîé ðàñòÿãèâàþùåé ñèëîé 30, 40, 
60 êÍ. Ðåçóëüòàòû èñïûòàíèé ïî îïðåäåëåíèþ 
íàïðÿæåíèé â øàòóííûõ áîëòàõ, âîçíèêàþùèõ 
ïðè îáîñîáëåííîì âîçäåéñòâèè íà øàòóí ïðî-
äîëüíîé ðàñòÿãèâàþùåé ñèëû, ïðèâåäåíû â 
òàáë. 3 è 4.

Äëÿ ïîñëåäóþùåãî îïðåäåëåíèÿ êîýôôèöè-
åíòà îñíîâíîé íàãðóçêè ðåçüáîâîãî ñîåäèíåíèÿ 
ïðîâîäèëàñü îöåíêà õàðàêòåðà ñëîæíîãî íà-
ïðÿæåííîãî ñîñòîÿíèÿ áîëòîâ, âîçíèêàþùåãî 
îò ñîâìåñòíîãî âîçäåéñòâèÿ ìàêñèìàëüíîãî 
óñèëèÿ çàòÿæêè (Q = 68750 Í) è ïðîäîëüíîé 
ðàñòÿãèâàþùåé ñèëû, äåéñòâóþùåé íà øàòóí. 
Îïðåäåëåíèå îñíîâíûõ ïîêàçàòåëåé íàïðÿæåí-
íîãî ñîñòîÿíèÿ ïðîâîäèëîñü ñ ó÷åòîì çàâèñè-
ìîñòåé (1–5) è ñ èñïîëüçîâàíèåì ðåçóëüòàòîâ 
ðàíåå ïðîâåäåííûõ èññëåäîâàíèé (òàáë. 1–4). 
Îïðåäåëåííûå òàêèì îáðàçîì ïîêàçàòåëè 
ñëîæíîãî íàïðÿæåííîãî ñîñòîÿíèÿ ïðèâåäåíû 
â òàáë. 5 è 6. 

Äàëåå ñ èñïîëüçîâàíèåì ïîëó÷åííûõ ýêñ-
ïåðèìåíòàëüíûõ äàííûõ ïî ôîðìóëàì (8) è (9) 
îïðåäåëÿëè óñèëèÿ âíåøíåé íàãðóçêè N â ñå÷å-
íèè ðàçúåìà è îáóñëîâëåííûå åé íàïðÿæåíèÿ 
σ

N
. Â îêîí÷àòåëüíîì âèäå ñ èñïîëüçîâàíèåì çà-

âèñèìîñòè (6) îïðåäåëÿëè çíà÷åíèå êîýôôèöè-
åíòà îñíîâíîé íàãðóçêè χ (òàáë. 7).

Òàáëèöà 2
Íàïðÿæåíèÿ â êîðîòêîì øàòóííîì áîëòå ïðè åãî çàòÿæêå 

Óñèëèå
çàòÿãà, Í

Íàïðÿæåííîå ñîñòîÿíèå 
â òðåõ òî÷êàõ íà íàðóæíîé 
ïîâåðõíîñòè áîëòà, ÌÏà


max,

ÌÏà


min
,

ÌÏà sin
0
 

Íàïðÿæåíèå 
ðàñòÿæåíèÿ


r
, ÌÏà

Íàïðÿæåíèå 
èçãè áà


i
, ÌÏà


i 
/

r 


100 %


À1


Â1


Ñ1

12500 –12 289,2 –8,4 279,2 –106,7 –0,8608 86,3 199,9 224
25000 124,2 298,3 107,4 298,7 54,6 –0,9030 176,6 122,1 69
37500 182,4 406,3 195,9 406,5 116,6 –0,8379 261,5 145 55
50000 248 462 344 456,9 233,1 –0,5504 351,3 1124 32
56250 258 486 436 506,6 269,5 –0,2086 393 138,5 31
62500 412 470 438 482,3 386,3 –0,5507 440 33,5 11
68750 449 512 476 533,2 420,3 –0,5695 479 36,5 12

Ðèñ. 2. Âûñòóïàíèå âêëàäûøåé ïðè ñáîðêå øàòóíà



Ýêñïåðèìåíòàëüíîå îïðåäåëåíèå êîýôôèöèåíòà îñíîâíîé íàãðóçêè 
ðåçüáîâîãî ñîåäèíåíèÿ ãîëîâêè øàòóíà ñ êîñûì ðàçúåìîì
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Òàáëèöà 3

Íàïðÿæåíèÿ â äëèííîì øàòóííîì áîëòå ïðè íàãðóæåíèè øàòóíà ïðîäîëüíîé ðàñòÿãèâàþùåé ñèëîé

Óñèëèå
â øàòóíå, 

Í

Íàïðÿæåííîå ñîñòîÿíèå 
â òðåõ òî÷êàõ íà íàðóæíîé 
ïîâåðõíîñòè áîëò à, ÌÏà


max,

ÌÏà


min
,

ÌÏà sin
0
 

Íàïðÿæåíèå 
ðàñòÿæåíèÿ


r
, ÌÏà

Íàïðÿæåíèå 
èçãèáà


i
,, ÌÏà


i 
/

r 


100 %


À1


Â1


Ñ1

30000 16 26 22 26,4 16,2 –0,3974 21,3 5,1 24
40000 22 35 26 32,2 23,1 –0,6759 27,7 4,6 17
60000 34 52 38 46,7 36 –0,7406 41,3 5,4 13

Òàáëèöà 4

Íàïðÿæåíèÿ â êîðîòêîì øàòóííîì áîëòå ïðè íàãðóæåíèè øàòóíà ïðîäîëüíîé ðàñòÿãèâàþùåé ñèëîé 

Óñèëèå
â øàòóíå,

Í

Íàïðÿæåííîå ñîñòîÿíèå 
â òðåõ òî÷êàõ íà íàðóæíîé 
ïîâåðõíîñòè áîëòà, ÌÏà


max,

ÌÏà


min
,

ÌÏà sin
0
 

Íàïðÿæåíèå 
ðàñòÿæåíèÿ


r
, ÌÏà

Íàïðÿæåíèå 
èçãèáà 

i
,

ÌÏà


i 
/

r 


10 0 %


À1


Â1


Ñ1

30000 8 24 15 22,3 9,0 –0,5610 15,7 6,7 43
40000 18 25 21 24,4 18,2 –0,5695 21,3 3,1 14
60000 24 37 28 34,2 25,1 –0,6759 29,7 4,6 15

Òàáëèöà 5
Íàïðÿæåíèÿ â äëèííîì øàòóííîì áîëòå îò ñîâìåñòíîãî âîçäåéñòâèÿ 

åãî çàòÿæêè è íàãðóæåíèÿ øàòóíà ïðîäîëüíîé ñèëîé

Óñèëèå
â øàòóíå,

Í

Íàïðÿæåííîå ñîñòîÿíèå 
â òðåõ òî÷êàõ íà íàðóæíîé 
ïîâåðõíîñòè áîëòà, ÌÏà


max,

ÌÏà


min
,

ÌÏà sin
0
 

Íàïðÿæåíèå 
ðàñòÿæåíèÿ,


r
, ÌÏà

Íàïðÿæåíèå  
èçãèáà, 

i
,

ÌÏà


i 
/

r 


100 %


À1


Â1


Ñ1

30000 466 529 516 541 466 –0,1954 504 37 7
40000 472 540 520 548 473 –0,2861 511 37,5 7
60000 484 557 532 563 486 –0,3369 524 38 7

Òàáëèöà 6
Íàïðÿæåíèÿ â êîðîòêîì øàòóííîì áîëòå îò ñîâìåñòíîãî âîçäåéñòâèÿ 

åãî çàòÿæêè è íàãðóæåíèÿ øàòóíà ïðîäîëüíîé ñèëîé

Óñèëèå
â øàòóíå,

Í

Íàïðÿæåííîå ñîñòîÿíèå â 
òðåõ òî÷êàõ íà íàðóæíîé 
ïîâåðõíîñòè áîëòà, ÌÏà


max,

ÌÏà


min
,

ÌÏà sin
0
 

Íàïðÿæåíèå 
ðàñòÿæåíèÿ 


r
, ÌÏà

Íàïðÿæåíèå 
èçãèáà


i
,, ÌÏà


i 
/

r 


100 %


À1


Â1


Ñ1

30000 457 536 509 542 459 –0,3362 501 41 8
40000 467 538 515 544 469 –0,3073 506 38 7
60000 473 551 522 555 476 –0,3678 515 40 8

Òàáëèöà 7
Ðàñ÷åò êîýôôèöèåíòà îñíîâíîé íàãðóçêè â ðåçüáîâîì ñîåäèíåíèè øàòóíà

Íàãðóçêà
íà øàòóí, 

Í

Íàïðÿæåíèÿ â äëèííîì 
áîëòå, ÌÏà Íàïðÿ-

æåíèå
σ

N
, ÌÏà

Êîýô-
ôèöèåíò 
îñíîâíîé 
íàãðóçêè

χ

Íàïðÿæåíèÿ â
êîðîòêîì áîëòå, ÌÏà Íàïðÿ-

 æåíèå σ
N
, 

ÌÏà

Êîýôôèöè-
åíò îñíîâ-
íîé íàãðóç-

êè χ
Îò óñèëèÿ 
çàòÿæêè
σ

z
, ÌÏà

Îáùåå 
íàïðÿæåíèå
σ

s
, ÌÏà

Îò óñèëèÿ 
çàòÿæêè
σ

z
, ÌÏà

Îáùåå 
íàïðÿæåíèå 
σ

s
, ÌÏà

30000 483 504 102,5 0,2048 484 503 89 0,1910
40000 483 511 144 0,1944 484 506 117 0,1880
60000 483 524 216 0,1898 484 515 177 0,1751
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Çàêëþ÷åíèå
Ïðîâåäåííûå ðàñ÷åòíî-ýêñïåðèìåíòàëüíûå 

èññëåäîâàíèÿ ïîêàçàëè, ÷òî äëÿ ðàñ÷åòà äîëãî-
âå÷íîñòè øàòóííûõ áîëòîâ â øàòóíàõ ñ êîñûì 
ðàçúåìîì êðèâîøèïíîé ãîëîâêè êîýôôèöè-
åíò îñíîâíîé íàãðóçêè ðåçüáîâîãî ñîåäèíåíèÿ 
ìîæåò áûòü ïðèíÿò â ðàçìåðå 0,18…0,20. 
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