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Abstract

The article deals with lattice thin-walled load-bearing shell elements equipped with an external sealed
shell and applied in civil aviation as aircraft fuselages. Analysis of the existing experience in lattice composite
structures design and application as appllied to both spacecraft and atmospheric aircraft is being performed.
Composite skin together with composite bearing ribs, ensuring the structure aerodynamic quality and the
aircraft internal volume tightness are being employed as a rule in the said structures.

The flight speeds increase, as well as possible shock impacts from objects of various nature, do not only
hinder, but also make composite skin of aircraft elements application potentially impossible, whereby the
authors propose to apply metal alloy skin in a lattice thin-walled shell structure.

The article proposes a technique for the design stage calculation of stiffness characteristics of lattice
anisogrid structures with metal sheathing, which allows solving the problem of optimal design of this kind
of structures by increasing their weight perfection. Comparison of the results obtained by analytical solving
with those of the numerical experiment is being adduced.

As it follows from the results obtained, the presence of a metal edging does not only serve as a solution
for creating a reliable mechanical linkage between the metal sheathing and the composite load-bearing element,
but gives some increase in both flexural and membrane stiffness as well. The proposed method for stiffness
characteristics determining and its verifying employing the finite element method (FEM) demonstrates the
fundamental possibility of designing and calculating composite elements, such as beams, anisogrid plates
and shells containing a metal edging or metal sheathing. It can be applied not only in aerospace designs,
but also in the field of ground structures developing, as well as shipbuilding.

Keywords: a structure from composite material, reinforced polymer composite material, averaged stiffness
coefficients, anisogrid lattice structure, metal sheathing, thin-walled load-bearing shell
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Ââåäåíèå

Êîìïîçèòíûå àíèçîãðèäíûå ñåò÷àòûå ñèëî-
âûå êîíñòðóêöèè àêòèâíî ïðèìåíÿþòñÿ â íàñòî-
ÿùåå âðåìÿ â ñåðèéíîé ðàêåòíîé òåõíèêå íå
òîëüêî â Ðîññèè [1—4], íî è çà ðóáåæîì [5—8].
Ýòî ìîæíî âèäåòü ïî çíà÷èòåëüíî âîçðîñøåìó
êîëè÷åñòâó ïóáëèêàöèé ïî äàííîé òåìàòèêå â
ïîñëåäíåå âðåìÿ, ÷òî ïîäòâåðæäàåò àêòóàëüíîñòü
íàñòîÿùåé òåìàòèêè. Âìåñòå ñ òåì, íîâèçíîé â
ïðèìåíåíèè ñåò÷àòûõ àíèçîãðèäíûõ îáîëî÷å÷-
íûõ êîíñòðóêöèé ÿâëÿåòñÿ èõ ïðèìåíåíèå â àâèà-
ñòðîèòåëüñòâå â êà÷åñòâå îñíîâíûõ ñèëîâûõ ýëå-
ìåíòîâ ñàìîë¸òîâ ãðàæäàíñêîé àâèàöèè, òàêèõ
êàê ôþçåëÿæ, êðûëî, îïåðåíèå.

Íàðàáàòûâàåòñÿ îïûò ïðîåêòèðîâàíèÿ è ïðè-
ìåíåíèÿ ñåò÷àòûõ êîìïîçèòíûõ êîíñòðóêöèé
ïðèìåíèòåëüíî ê àòìîñôåðíûì ëåòàòåëüíûì
àïïàðàòàì (ËÀ) [9—14]. Â óêàçàííûõ êîíñòðóê-
öèÿõ, êàê ïðàâèëî, âìåñòå ñ êîìïîçèòíûìè ñè-
ëîâûìè ð¸áðàìè ïðèìåíÿåòñÿ êîìïîçèòíàÿ îá-
øèâêà, îáåñïå÷èâàþùàÿ àýðîäèíàìè÷åñêîå êà÷å-

ñòâî êîíñòðóêöèè è ãåðìåòè÷íîñòü âíóòðåííåãî
îáú¸ìà ëåòàòåëüíîãî àïïàðàòà.

Ðàçâèòèå àýðîêîñìè÷åñêîé òåõíèêè ñòàâèò
çàäà÷è îáåñïå÷åíèÿ ñêîðîñòåé ïîë¸òà, ïðåâûøà-
þùèõ ñêîðîñòè çâóêà – çàäà÷è ñîçäàíèÿ ýôôåê-
òèâíûõ ïî ìàññå è íàä¸æíûõ â èñïîëüçîâàíèè
ñâåðõçâóêîâûõ ïèëîòèðóåìûõ è áåñïèëîòíûõ ËÀ.
Îäíàêî ïðè ñâåðõçâóêîâûõ ñêîðîñòÿõ îêîëî Ì
1,0—1,5 íàáåãàþùèé ïîòîê âîçäóõà íàãðåâàåò
àýðîäèíàìè÷åñêèå ïîâåðõíîñòè çà ñ÷¸ò òîðìîæå-

íèÿ âîçäóøíîãî ïîòîêà äî òåìïåðàòóð 250—420°Ñ
[15] â çàâèñèìîñòè îò ñêîðîñòè è âûñîòû ïîë¸òà
ËÀ. Òàêèå òåìïåðàòóðû íå òîëüêî çàòðóäíÿþò, íî
è äåëàþò ïîòåíöèàëüíî íåâîçìîæíûì èñïîëüçî-
âàíèå êîìïîçèòíîé îáøèâêè ýëåìåíòîâ ËÀ, òàê
êàê ìàêñèìàëüíûå òåìïåðàòóðû, êîòîðûå ìîæåò
âîñïðèíèìàòü êîìïîçèò íà îñíîâå, íàïðèìåð,
óãëåðîäíîãî âîëîêíà è ýïîêñèäíûõ ñìîë, ïðè

íàãðóæåíèè íà ñæàòèå íå ïðåâûøàþò 120°Ñ áåç
èñïîëüçîâàíèÿ òåðìîçàùèòíûõ ïîêðûòèé. Íàëè-
÷èå æå çàùèòíîãî òåðìîáàðüåðà ýôôåêòèâíî
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ëèøü ïðè êðàòêîâðåìåííîì íàãðåâå, òàê êàê â
ñëó÷àå äëèòåëüíîãî âðåìåíè òåìïåðàòóðíîãî âîç-
äåéñòâèÿ åãî ýôôåêò áóäåò èñ÷åçàòü.

Îäíèì èç âîçìîæíûõ âàðèàíòîâ ðåøåíèÿ
ïðîáëåìû âûñîêîé òåìïåðàòóðû íà ãðàíèöå âîç-
äóøíàÿ ñðåäà – îáøèâêà ÿâëÿåòñÿ ïðèìåíåíèå
îáøèâêè, âûïîëíåííîé èç ìåòàëëè÷åñêèõ ñïëà-
âîâ [16].

Ïðèìåíåíèå ìåòàëëè÷åñêîé îáøèâêè íà êîì-
ïîçèòíîì ñèëîâîì íàáîðå, êàê îæèäàåòñÿ, âûçî-
âåò ðÿä íåðåø¸ííûõ íà äàííûé ìîìåíò ïðîáëåì:
âîïðîñû àäãåçèè êîìïîçèòà ñ ìåòàëëîì, âîïðî-
ñû çíà÷èòåëüíîãî ðàçëè÷èÿ êîýôôèöèåíòîâ òåð-
ìè÷åñêîãî ðàñøèðåíèÿ ìåòàëëîâ è êîìïîçèòîâ,
îòñóòñòâèå ìåòîäèêè ïðîåêòèðîâàíèÿ è ðàñ÷¸òà
òàêîãî ðîäà êîíñòðóêöèé. Ïðåäïîëàãàåòñÿ, ÷òî
èñïîëüçîâàíèå ìåòàëëè÷åñêîé îêàíòîâêè êîìïî-
çèòíûõ ýëåìåíòîâ (ðèñ. 1 è 2) ïîçâîëèò ïðåîäî-
ëåòü ðÿä ïðîáëåì, ñâÿçàííûõ ñ òåõíîëîãè÷íîñòüþ
èçãîòîâëåíèÿ òàêîãî ðîäà êîíñòðóêöèé, à òàêæå
ñ àäãåçèåé ìåæäó ìåòàëëè÷åñêîé îáøèâêîé è
êîìïîçèòíûì ñèëîâûì ýëåìåíòîì.

Òàê, ïðè èñïîëüçîâàíèè ìåòàëëè÷åñêèõ ïàçîâ,
îáðàçóþùèõ íà îïðàâêå òðàåêòîðèè äëÿ íàìîòêè
áóäóùèõ ð¸áåð ñåò÷àòîé ñòðóêòóðû (ðèñ. 3 è 4),
ìîæíî îòêàçàòüñÿ îò èñïîëüçîâàíèÿ òðàäèöèîí-

íûõ ýëàñòè÷íûõ ïîäëîæåê è ñîçäàòü ìåòàëëè÷åñ-
êóþ îêàíòîâêó äëÿ êîìïîçèòíûõ ð¸áåð ñ ïîâåð-
õíîñòÿìè äëÿ ìîíòàæà ìåòàëëè÷åñêîé æå îáøèâ-
êè òðàäèöèîííûìè ìåòîäàìè – êë¸ïêîé, ñâàðêîé
èëè áîëòîâûì ñîåäèíåíèåì.

Èñïîëüçîâàíèå ìåòàëëè÷åñêîé îêàíòîâêè
ð¸áåð ïîçâîëèò ñíèçèòü òðóäî¸ìêîñòü èçãîòîâëå-
íèÿ òåõíîëîãè÷åñêîé îñíàñòêè ïðè ñîçäàíèè
àíèçîãðèäíûõ ñòðóêòóð – èñêëþ÷èâ ïðîåêòèðî-
âàíèå è èçãîòîâëåíèå ìåòàëëî¸ìêèõ ïðåññ-ôîðì
äëÿ ïðåññîâàíèÿ ýëàñòè÷íûõ ïîäëîæåê, òðàäèöè-
îííî ôîðìèðóþùèõ ð¸áðà ñåòêè; ñíèçèòñÿ òàê-
æå áåçâîçâðàòíûé ðàñõîä ìàòåðèàëà îäíîðàçîâûõ
ïîäëîæåê. Â ñâîþ î÷åðåäü, èçãîòîâëåíèå òîíêî-
ñòåííûõ ìåòàëëè÷åñêèõ ïàçîâ ìîæåò áûòü â çíà-
÷èòåëüíîé ñòåïåíè àâòîìàòèçèðîâàíî, à ìåòîäèêà
èõ êðåïëåíèÿ ïðè ðàçìåùåíèè íà öèëèíäðè÷åñ-
êîé èëè êîíè÷åñêîé îïðàâêàõ íå âûçûâàåò âîï-
ðîñîâ.

Âìåñòå ñ òåì, îïèñàííàÿ âûøå êîíñòðóêöèÿ,
ñîñòîÿùàÿ èç çíà÷èòåëüíî ðàçëè÷àþùèõñÿ ïî
ñâîåé ïðèðîäå ìàòåðèàëîâ è ÿâëÿþùàÿñÿ ê òîìó
æå òð¸õìåðíî-àðìèðîâàííîé, â íàñòîÿùèé ìî-
ìåíò íå èìååò ðàçðàáîòàííîé è àïðîáèðîâàííîé
ðàñ÷¸òíîé ìîäåëè, êîòîðàÿ ïîäõîäèëà áû êàê äëÿ
îöåíêè ïðî÷íîñòè ýòîé êîíñòðóêöèè, òàê è äëÿ
å¸ îïòèìàëüíîãî ïðîåêòèðîâàíèÿ.

Íåñìîòðÿ íà òî, ÷òî óæå äîñòàòî÷íî êà÷å-
ñòâåííî ðàçâèòû ìåòîäû îïòèìàëüíîãî ïðîåêòè-
ðîâàíèÿ íåñóùèõ òîíêîñòåííûõ îáîëî÷åê, â òîì
÷èñëå àíèçîãðèäíûõ èëè ñåò÷àòûõ [17—22], àï-
ðîáèðîâàííîé ìåòîäèêè îïòèìàëüíîãî ïðîåêòè-

Ðèñ. 1. Ñèëîâîé ýëåìåíò èç êîìïîçèöèîííîãî ìàòåðè-
àëà ñ ìåòàëëè÷åñêîé îêàíòîâêîé è ìåòàëëè÷åñêîé îá-
øèâêîé

Ðèñ. 2. Ãåîìåòðè÷åñêèå ïàðàìåòðû ñå÷åíèÿ êîìïîçèò-
íîãî ñèëîâîãî ýëåìåíòà ñ ìåòàëëè÷åñêîé îêàíòîâêîé
è îáøèâêîé

Ðèñ. 3. Ôðàãìåíò ñåò÷àòîé àíèçîãðèäíîé ñòðóêòóðû,
íàìîòàííîé â ìåòàëëè÷åñêèå ïàçû íà îïðàâêå

Ðèñ. 4. Ôðàãìåíò ìåòàëëè÷åñêîãî ïàçà äëÿ íàìîòêè
ñïèðàëüíûõ ð¸áåð
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ðîâàíèÿ ñåò÷àòûõ êîíñòðóêöèé, ñíàáæ¸ííûõ ìå-
òàëëè÷åñêèìè îáøèâêàìè, ñåãîäíÿ íåò.

Äëÿ öåëåé ïðîåêòèðîâàíèÿ, â òîì ÷èñëå îï-
òèìàëüíîãî, è ðàñ÷¸òà ðàññìàòðèâàåìîé êîíñò-
ðóêöèè íåîáõîäèìî îïðåäåëèòü ýôôåêòèâíûå
æ¸ñòêîñòè ïðåäëàãàåìîé êîíñòðóêöèè, òàêèå êàê
ìåìáðàííàÿ, èëè îñåâàÿ æ¸ñòêîñòü è èçãèáíàÿ
æ¸ñòêîñòü.

Îñîáåííîñòü ðàñ÷¸òà äàííîãî âèäà êîíñòðóê-
òèâíûõ ýëåìåíòîâ çàêëþ÷àåòñÿ â òîì, ÷òî ñëîè-
ñòûé õàðàêòåð ýëåìåíòà ïðîÿâëÿåòñÿ íå òîëüêî ïî
âûñîòå ñå÷åíèÿ äëÿ ðåáðà è ïëàñòèíû, íî è â
íàïðàâëåíèè, åìó îðòîãîíàëüíîì (ðèñ. 2 è 5). Òî
åñòü ìû èìååì òð¸õìåðíî (3D)-àðìèðîâàííûé
êîìïîçèòíûé ñëîèñòûé ïàêåò, èëè äðóãèìè ñëî-
âàìè – òð¸õìåðíóþ ñèñòåìó ñëîèñòîãî àðìèðî-
âàíèÿ êîìïîçèòíîãî ýëåìåíòà.

Íàïðàâëåíèÿ À è Á, ïîêàçàííûå íà ðèñ. 2,
ÿâëÿþòñÿ íàïðàâëåíèÿìè àðìèðîâàíèÿ â ïëîñêî-
ñòè ñå÷åíèÿ.

Óðàâíåíèÿ äëÿ îïðåäåëåíèÿ îáîáù¸ííûõ
æ¸ñòêîñòåé êîíñòðóêöèè, òàêèì îáðàçîì, ìîæ-
íî ïðåäñòàâèòü â âèäå:
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ãäå n – êîëè÷åñòâî ñëî¸â â ïàêåòå; iE  – îñðåä-

í¸ííûé ìîäóëü ñëîÿ; ti, ti-1 – êîîðäèíàòû âåðõ-
íåé è íèæíåé ãðàíèö ñëîÿ.

Ïðè ýòîì íåîáõîäèìî ó÷èòûâàòü, ÷òî îñðåä-
í¸ííûå ìîäóëè ñëîÿ äëÿ êâàçèñëî¸â òàêæå ïðåä-
ñòàâëÿþò ñîáîé óðàâíåíèÿ âèäà (1), íî òîëüêî â

ïîâ¸ðíóòîé íà 90° ñèñòåìå êîîðäèíàò:

( ) ( )( )0
1

1

.
l

mn j j j
j

I E b b -
=

= -Â                 (2)

Òàêèì îáðàçîì, â èòîãå èìååì

( ) ( )( )( )1 1
1 1

1 1

1
,

1

n l
k k k

mn j j j i i
i j

I E b b t t
k

+ +
- -

= =

Ê ˆ
= - -Á ˜+ Ë ¯

Â Â   (3)

ãäå bi, bi-1 – êîîðäèíàòû ãðàíèö ñëî¸â äëÿ âû÷èñ-
ëåíèÿ õàðàêòåðèñòèê êàæäîãî êâàçèñëîÿ.

Æ¸ñòêîñòè ñëîèñòûõ êîìïîçèòîâ, ïîäêðåï-
ë¸ííûõ ïî âíåøíåìó êîíòóðó ñå÷åíèÿ è èìåþ-
ùèõ îáøèâêè, ìîãóò áûòü îïðåäåëåíû ïðè ïîìî-
ùè óðàâíåíèé (3). Òàê, èìååì:

(0) (1) (0)

(2) (1) 2 (0)

, ,

.

mn mn mn mn mn

mn mn mn mn

B I C I eI

D I eI e I

= = -

= - +
            (4)

Çäåñü mn = 11, 12, 22, 14, 24 è 44; Bmn – ìåìá-
ðàííûå æ¸ñòêîñòè; Ñmn – ñìåøàííûå æ¸ñòêîñòè;
Dmn – èçãèáíûå æ¸ñòêîñòè; e — ïîëîæåíèå íåé-

òðàëüíîé îñè ñëîèñòîãî ïàêåòà, 
( )

( )

1
11
0

11

.
I

e
I

=

Òàêèì îáðàçîì, âûðàæåíèå äëÿ îïðåäåëåíèÿ
èçãèáíîé æ¸ñòêîñòè ïðåîáðàçóåòñÿ ê âèäó:

( )
( )( )
( )

21

2
0

.
mn

mn mn
mn

I
D I

I
= -                      (5)

Â êà÷åñòâå ïðèìåðà ðàñ÷¸òà è ðàáîòîñïîñîá-
íîñòè ïðåäëàãàåìîé ìåòîäèêè ðàññìîòðèì áàë-
êó, èçãîòîâëåííóþ èç îäíîíàïðàâëåííîãî êîìïî-
çèöèîííîãî ìàòåðèàëà è èìåþùóþ ìåòàëëè÷åñ-
êóþ îêàíòîâêó ïî âñåé íàðóæíîé ïîâåðõíîñòè.
Ñå÷åíèå ðàññìàòðèâàåìîé áàëêè ïîêàçàíî íà
ðèñ. 6. Ãåîìåòðè÷åñêèìè ðàçìåðàìè, îäíîçíà÷íî
îïðåäåëÿþùèìè äàííûé ýëåìåíò êîíñòðóêöèè,

ÿâëÿþòñÿ: H, a, δ . Òîëùèíà îêàíòîâêè ïî âñå-
ìó ïåðèìåòðó ñå÷åíèÿ îäèíàêîâà.

Ðèñ. 5. Ïåðåõîä ê êâàçèîäíîðîäíîìó ìàòåðèàëó ñ îñðåäí¸ííûìè ôèçèêî-ìåõàíè÷åñêèìè õàðàêòåðèñòèêàìè
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Ââåäåì áåçðàçìåðíûå êîîðäèíàòû, îòíåñÿ âñå
ãåîìåòðè÷åñêèå ðàçìåðû ê øèðèíå ðåáðà a,

, ,  ,
a H

a H
a a a

δδ= = =

è ïåðåéä¸ì ê êâàçèñëîèñòîìó ëàìèíàòó, ñîñòîÿ-
ùåìó èç òð¸õ ñëî¸â.

Â ñèëó ñèììåòðè÷íîñòè ïàêåòà êîýôôèöèåí-
òû ñìåøàííûõ æ¸ñòêîñòåé äëÿ ðàññìàòðèâàåìî-
ãî âàðèàíòà êîíñòðóêöèè ðàâíû 0. Òîãäà ìîæåì
çàïèñàòü âûðàæåíèÿ äëÿ îïðåäåëåíèÿ ìåìáðàí-
íîé è èçãèáíîé æ¸ñòêîñòåé â âèäå:

îêàíòîâêè

îêàíòîâêè

;

.

B E

D E

ψ

χ

=

=                     (6)

Çäåñü

( )2

1
2

2
;

1
2 1

2 2
H

λ δ δ
ψ

δ δ ν

Ê ˆ+ +Á ˜Ë ¯
=

Ê ˆÊ ˆ+ + -Á ˜ Á ˜Ë ¯ Ë ¯

( )2

1 ðåáðà2
12

2 ðåáðà

1
1 ;

2 1

H
E

E

ξ ν
λ

μ

Ê ˆ-
Á ˜= +

Ê ˆÁ ˜
-Á ˜Á ˜Á ˜Ë ¯Ë ¯

           (7)

( )

( )

3
2 3

2
2

13
2

1
4 8

2 2

1
4

2
3

1
2

2

1
96 1 .

2 2

H
H H

H

H

H

δ δ

δ δ δ

δ δ

χ λ

λ

λ

δ νδ

-

È Ê ˆÊ ˆÊ ˆ Ê ˆÍ Á ˜= + + - + -Á ˜ Á ˜Á ˜Í Ë ¯Á ˜Ë ¯Á ˜Ë ¯Ë ¯Î

˘Ê ˆÊ ˆ ˙+ + +Á ˜Á ˜Ë ¯Ë ¯ ˙- ¥˙Ê ˆÊ ˆ ˙+ +Á ˜Á ˜Ë ¯Ë ¯ ˙̊

È ˘Ê ˆÊ ˆÍ ˙¥ + + -Á ˜ Á ˜Ë ¯Í ˙Ë ¯Î ˚
Çäåñü ν  – êîýôôèöèåíò Ïóàññîíà ìåòàëëè÷åñ-
êîé îêàíòîâêè; îòíîøåíèå Å1/Å2 – áåçðàçìåðíàÿ

âåëè÷èíà; 1 ðåáðà îêàíòîâêè/E Eξ = ; 12μ   – êîýôôè-

öèåíò Ïóàññîíà ìàòåðèàëà êîìïîçèòíîãî ðåáðà.
Äëÿ ïðîâåäåíèÿ ðàñ÷¸òà ïðèìåì ñëåäóþùèå

õàðàêòåðèñòèêè ìàòåðèàëîâ:

–2
1 2 12

3
îêàíòîâêè ðåáðà

3
îêàíòîâêè

 170 ÃÏà,  6.7 ÃÏà,  0.782 10 ,

 220 ÃÏà, 1550 êã/ì

7800 êã/ì ,  0.3

,

.

E E m

E ρ

ρ ν

= = =

==

◊

= =

Ìàññà ñå÷åíèÿ ýëåìåíòà ìîæåò áûòü îïðåäå-
ëåíà ïðè ïîìîùè âûðàæåíèÿ:

( )ðåáðà îêàíòîâêè2 . M a H a Hρ δρ= ◊ ◊ + +

Íà ðèñ. 7 ïðåäñòàâëåíà çàâèñèìîñòü èçãèáíîé
è ìåìáðàííîé æ¸ñòêîñòåé, à òàêæå ïîãîííîé

ìàññû ñå÷åíèÿ ðàññìàòðèâàåìîãî ýëåìåíòà îò δ
ïðè H = 2a.

Äëÿ ïðîâåðêè ïðàâèëüíîñòè ïðîäåëàííîãî
âûâîäà óðàâíåíèé áûëà ñîçäàíà êîíå÷íî-ýëåìåí-
òíàÿ ìîäåëü (ÊÝÌ), ïîêàçàííàÿ íà ðèñ. 8. Ðå-
çóëüòàòû âû÷èñëåíèé ïðîãèáà áàëêè ïðè ïîìî-
ùè óðàâíåíèÿ (5) è ÊÝÌ ïðåäñòàâëåíû â òàáëè-
öå.

Êàê ñëåäóåò èç ïîëó÷åííûõ ðåçóëüòàòîâ, íà-
ëè÷èå ìåòàëëè÷åñêîé îêàíòîâêè íå òîëüêî ñëó-
æèò ðåøåíèåì äëÿ ñîçäàíèÿ íàä¸æíîé ìåõàíè-
÷åñêîé ñâÿçè ìåæäó ìåòàëëè÷åñêîé îáøèâêîé è
êîìïîçèòíûì ñèëîâûì ýëåìåíòîì, íî è äà¸ò
íåêîòîðûé ïðèðîñò èçãèáíîé è ìåìáðàííîé
æ¸ñòêîñòè âåëè÷èíîé îêîëî 3.6—3.78% ñîîòâåò-
ñòâåííî.

Êðîìå ýòîãî, ïðè ïîìîùè ñîîòíîøåíèé (5)
ìîæíî ïîñòðîèòü ðàñ÷¸òíûå ìîäåëè äëÿ êîíñò-

Ðèñ. 6. Ñå÷åíèå îäíîíàïðàâëåííîãî ðåáðà ñ ìåòàëëè-
÷åñêîé îêàíòîâêîé

Ðåçóëüòàòû âû÷èñëåíèé

 Àíàëèòè÷åñêîå 
ðåøåíèå, ìì 

ÊÝÌ,  
ìì 

Ïîãðåøíîñòü 
âû÷èñëåíèé, 

% 

Ïðîãèá áàëêè 1.099 1.086 1.18 

Ìåìáðàííàÿ 
æ¸ñòêîñòü 

4,903⋅107 4,896⋅107 0.2 
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ðóêòèâíî-ñèëîâûõ ñõåì èç ïîëèìåðíûõ êîìïî-
çèöèîííûõ ìàòåðèàëîâ ñ ïðèìåíåíèåì ìåòàëëè-
÷åñêèõ îáøèâîê, à òàêæå ýôôåêòèâíî ðåøàòü
çàäà÷è îïòèìàëüíîãî ïðîåêòèðîâàíèÿ êîíñòðóê-
öèé òàêîãî ðîäà.

Âûâîäû

Àíàëèçèðóÿ ïîëó÷åííûå ðåçóëüòàòû, ìîæíî
ñäåëàòü âûâîä î òîì, ÷òî ïðåäñòàâëåííàÿ ìåòî-
äèêà îïðåäåëåíèÿ æ¸ñòêîñòíûõ õàðàêòåðèñòèê è

å¸ âåðèôèêàöèÿ ïðè ïîìîùè ìåòîäà êîíå÷íûõ
ýëåìåíòîâ (ÌÊÝ) ïîêàçûâàåò ïðèíöèïèàëüíóþ
âîçìîæíîñòü ïðîåêòèðîâàíèÿ è ðàñ÷¸òà êîìïî-
çèòíûõ ýëåìåíòîâ: áàëîê, àíèçîãðèäíûõ ïëàñòèí
è îáîëî÷åê, ñîäåðæàùèõ ìåòàëëè÷åñêóþ îêàíòîâ-
êó èëè ìåòàëëè÷åñêóþ îáøèâêó.

Ïðèâåä¸ííàÿ ìåòîäèêà ïðîåêòèðîâàíèÿ ñèëî-
âîé êîíñòðóêöèè ôþçåëÿæà ËÀ ñ ìåòàëëè÷åñêîé
îáøèâêîé ñ îïðåäåëåíèåì ýôôåêòèâíûõ æ¸ñòêî-
ñòåé êîíñòðóêöèè ïîçâîëèò óëó÷øèòü ýêñïëóàòà-

Ðèñ. 7. Çàâèñèìîñòü èçãèáíîé è ìåìáðàííîé æ¸ñòêîñòåé, à òàêæå ïîãîííîé ìàññû ñå÷åíèÿ ðàññìàòðèâàåìîãî

ýëåìåíòà îò δ  ïðè H = 2a

Ðèñ. 8. Êîíå÷íî-ýëåìåíòíàÿ ìîäåëü êîìïîçèòíîé áàëêè ñ ìåòàëëè÷åñêîé îêàíòîâêîé è îáøèâêîé
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öèîííûå õàðàêòåðèñòèêè ëåòàòåëüíûõ àïïàðàòîâ
è ïîâûñèòü èõ âåñîâóþ ýôôåêòèâíîñòü.

Ïðåäëàãàåìàÿ ìåòîäèêà ìîæåò áûòü ïðèìåíå-
íà íå òîëüêî â êîíñòðóêöèÿõ àýðîêîñìè÷åñêîé
òåõíèêè, íî è â îòðàñëè ñòðîèòåëüñòâà íàçåìíûõ
ñîîðóæåíèé, à òàêæå â êîðàáëåñòðîåíèè.

Ñïèñîê èñòî÷íèêîâ

1. Áîêó÷àâà Ï.Í., Åâñòàôüåâ Â.À., Áàáóê Â.À. ×èñëåí-
íîå èññëåäîâàíèå âëèÿíèÿ ðàñïîëîæåíèÿ êîëüöå-
âûõ ð¸áåð íà ìàññó êîìïîçèòíîé ñåò÷àòîé öèëèí-
äðè÷åñêîé îáîëî÷êè // Êîíñòðóêöèè èç êîìïîçè-
öèîííûõ ìàòåðèàëîâ. 2020. ¹ 1(157). Ñ. 3-5.

2. Ðàçèí À.Ô., Ñëèòêîâ Ì.Í., Ãàðàùåíêî À.Í. Ìåòîä
ìîäåëèðîâàíèÿ òåïëîâîãî ñîñòîÿíèÿ îòñåêîâ èç
ñåò÷àòûõ êîìïîçèòíûõ îáîëî÷åê äëÿ èçäåëèé ðà-
êåòíî-êîñìè÷åñêîé òåõíèêè // Âîïðîñû îáîðîí-
íîé òåõíèêè. Êîìïîçèöèîííûå íåìåòàëëè÷åñêèå
ìàòåðèàëû â ìàøèíîñòðîåíèè. 2018. ¹2 (189).
Ñ. 28- 34.

3. Àçàðîâ À.Â., Ðàçèí À.Ô. Êîíòèíóàëüíàÿ ìîäåëü
ñåò÷àòîé êîìïîçèòíîé ñòðóêòóðû // Ìåõàíèêà
êîìïîçèöèîííûõ ìàòåðèàëîâ è êîíñòðóêöèé. 2020.
Ò. 26. ¹ 2. Ñ. 269- 281. DOI: 10.33113/mkmk.
ras.2020.26.02.269_281.09

4. Êîðîáåéíèêîâ À.Ã., Áàðûíèí À.Â., Æãóòîâ À.Â.
Îïòèìèçàöèÿ òåõíîëîãèè íàìîòêè ñåò÷àòûõ îáî-
ëî÷åê ñ èñïîëüçîâàíèåì ìíîãîëåíòî÷íûõ ðàñêëà-
äûâàþùèõ óñòðîéñòâ // Âîïðîñû îáîðîííîé òåõ-
íèêè. Êîìïîçèöèîííûå íåìåòàëëè÷åñêèå ìàòåðè-
àëû â ìàøèíîñòðîåíèè. 2018. ¹ 2(189). Ñ. 17-21.

5. Sorrentino L., Marchetti M., Bellini C. et al. Design and
manufacturing of an isogrid structure in composite
material: Numerical and experimental results //
Composite Structures. 2016. Vol. 143, pp. 189-201.
DOI: 10.1016/j.compstruct.2016.02.043

6. Ehsani A., Rezaeepazhand J., Attaran I. Fabrication of
Laminated Composite Grid Structures Using VIP //
Fibers Polymers. 2019. Vol. 20, pp. 1909–1917. DOI:
10.1007/s12221-019-1205-x

7. Ding B., Liu J., Huang Z. et al. Axial force
identification of space grid structural members using
particle swarm optimization method // Journal of
Building Engineering. 2020. Vol. 32, 101674. DOI:
10.1016/j.jobe.2020.101674

8. Giusto G., Totaro G., Spena P. et al. Composite grid
structure technology for space applications //
Materials today: proceedings. 2021. Vol. 34. Part 1,
pp. 332-340. DOI: 10.1016/j.matpr.2020.05.754

9. Âàñèëüåâ Â.Â., Ðàçèí À.Ô. Ïåðñïåêòèâû ïðèìåíå-
íèÿ ñåò÷àòûõ êîìïîçèòíûõ êîíñòðóêöèé â ãðàæ-
äàíñêîé àâèàöèè // Ïîë¸ò. Îáùåðîññèéñêèé íà-
ó÷íî-òåõíè÷åñêèé æóðíàë. 2016. ¹ 11-12. Ñ. 3-12.

10. Ìàñêàéêèí Â.À., Ìàõðîâ Â.Ï. Èññëåäîâàíèå òåï-
ëîïðîâîäíîñòè ìíîãîñëîéíîé òåïëîèçîëÿöèîííîé
îáøèâêè ëåòàòåëüíûõ àïïàðàòîâ â óñëîâèè ïîëå-
òà // Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòè-

òóòà. 2021. Ò. 28. ¹ 4. Ñ. 118-130. DOI: 10.34759/
vst-2021-4-118-130

11. Áåççàìåòíîâ Î.Í., Ìèòðÿéêèí Â.È., Õàëèóëèí Â.È.,
Ìàðêîâöåâ Â.À., Øàíûãèí À.Í. Îöåíêà âëèÿíèÿ
óäàðíûõ ïîâðåæäåíèé íà ïðî÷íîñòü èíòåãðàëüíûõ
ïàíåëåé èç ïîëèìåðíûõ êîìïîçèöèîííûõ ìàòåðè-
àëîâ ïðè ñæàòèè // Âåñòíèê Ìîñêîâñêîãî àâèàöè-
îííîãî èíñòèòóòà. 2021. Ò. 28. ¹ 4. Ñ. 78-91. DOI:
10.34759/vst-2021-4-78-91

12. Toh W., Yap Y.L., Koneru R. et al. An investigation
on internal lightweight load bearing structures //
International Journal of Computational Materials
Science and Engineering. 2018. Vol. 07. No. 04:
1850025. DOI: 10.1142/S2047684118500252

13. Liu F., Feng R.-Q., Tsavdaridis K.D., Yan G. Designing
efficient grid structures considering structural
imperfection sensitivity // Engineering Structures.
2020. Vol. 204: 109910. DOI: 10.1016/j.engstruct.
2019.109910

14. Ëþ Ë., Øè Ö., Áàî Õ. Ìåòàëëîêîìïîçèòíîå ñîåäè-
íåíèå è åãî ìåõàíè÷åñêèå õàðàêòåðèñòèêè // Âå-
ñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. 2019.
Ò. 26. ¹ 3. Ñ. 220-227.

15. Öèõîø Ý. Ñâåðõçâóêîâûå ñàìîë¸òû: Ñïðàâî÷íîå
ðóêîâîäñòâî / Ïåð. ñ ïîëüñê. ê.ò.í. Ë.Â. Ëåâèöêîãî,
Ë.Ë. Òåïåðèíà è ê.ý.í. Þ.À. Èâàíîâà. — Ì.: Ìèð,
1983. — 432 ñ.

16. Ñêëåçíåâ À.À., Âàñèëüåâ Â.Â., Ðàçèí À.Ô., Ñàëîâ Â.À.
Íåñóùàÿ ñåò÷àòàÿ îáîëî÷êà èç êîìïîçèöèîííûõ
ìàòåðèàëîâ ñ ìåòàëëè÷åñêîé îáøèâêîé è ñïîñîá
å¸ èçãîòîâëåíèÿ. Ïàòåíò RU 2765630 Ñ1. Áþë. ¹4,
01.02.2022.

17. Vasiliev V.V., Morozov E.V. Advanced mechanics of
composite materials and structures. - Fourth edition.
— Elsevier, USA, 2018. — 856 p.

18. Francisco M.B., Pereira J.L.J., Oliver G.A. et al.
Multiobjective design optimization of CFRP isogrid
tubes using sunflower optimization based on
metamodel // Computers & Structures. 2021. Vol. 249:
106508. DOI: 10.1016/j.compstruc.2021.106508

19. Babkov A.V., Dekhtyar A.S. Load carrying capacity of
cylindrical shells // Dorogi ³ mosti [Roads and
bridges]. 2020. No. 21, pp. 146-153. [in Ukrainian].

20. Liu F., Feng R., Tsavdaridis K.D., Yan G. Designing
efficient grid structures considering structural
imperfection sensitivity // Engineering Structures.
2020. Vol. 204: 109910. DOI: 10.1016/j.engstruct.
2019.109910

21. Êðèâîøàïêî Ñ.Í. Îïòèìàëüíûå îáîëî÷êè âðàùå-
íèÿ è îñíîâíûå êðèòåðèè îïòèìàëüíîñòè // Ñòðî-
èòåëüíàÿ ìåõàíèêà èíæåíåðíûõ êîíñòðóêöèé è
ñîîðóæåíèé. 2019. Ò. 15. ¹ 3. C. 201-209. DOI:
10.22363/1815-5235-2019-15-3-201-209

22. Li Z.Y., Gan H. Optimal Design of Space Grid
Structure // International Conference on
Architectural, Civil and Hydraulics Engineering
(28—29 November 2015; Guangzhou, China), ðð. 41-
45. DOI: 10.2991/icache-15.2015.8



227Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò. 29. ¹ 2 Aerospace MAI Journal, vol. 29, no. 2

À.À. Ñêëåçíåâ, À.À. Áàáè÷åâ A.A. Skleznev, A.A. Babichev

Ñòàòüÿ ïîñòóïèëà â ðåäàêöèþ 11.03.2022; îäîáðåíà ïîñëå ðåöåíçèðîâàíèÿ 17.03.2022; ïðèíÿòà ê
ïóáëèêàöèè 18.03.2022.

The article was submitted on 11.03.2022; approved after reviewing on 17.03.2022; accepted for publication
on 18.03.2022.

References

1. Bokuchava P.N., Evstaf’ev V.A., Babuk V.A.
Konstruktsii iz kompozitsionnykh materialov, 2020,
no. 1(157), pp. 3-5.

2. Razin A.F., Slitkov M.N., Garashchenko A.N. Voprosy
oboronnoi tekhniki. Kompozitsionnye nemetallicheskie
materialy v mashinostroenii, 2018, no. 2(189), pp. 28- 34.

3. Azarov A.V., Razin A.F. Mekhanika kompozitsionnykh
materialov i konstruktsii, 2020, vol. 26, no. 2, pp. 269-
281. DOI: 10.33113/mkmk.ras.2020.26.02.269_281.09

4. Korobeinikov A.G., Barynin A.V., Zhgutov A.V.
Voprosy oboronnoi tekhniki. Kompozitsionnye
nemetallicheskie materialy v mashinostroenii, 2018,
no. 2(189), pp. 17-21.

5. Sorrentino L., Marchetti M., Bellini C. et al. Design
and manufacturing of an isogrid structure in composite
material: Numerical and experimental results.
Composite Structures, 2016, vol. 143, pp. 189-201.
DOI: 10.1016/j.compstruct.2016.02.043

6. Ehsani A., Rezaeepazhand J., Attaran I. Fabrication
of Laminated Composite Grid Structures Using VIP.
Fibers Polymers, 2019, vol. 20, pp. 1909–1917. DOI:
10.1007/s12221-019-1205-x

7. Ding B., Liu J., Huang Z. et al. Axial force
identification of space grid structural members using
particle swarm optimization method. Journal of
Building Engineering, 2020, vol. 32, 101674. DOI:
10.1016/j.jobe.2020.101674

8. Giusto G., Totaro G., Spena P. et al. Composite grid
structure technology for space applications. Materials
today: proceedings, 2021, vol. 34. Part 1, pp. 332-340.
DOI: 10.1016/j.matpr.2020.05.754

9. Vasil’ev V.V., Razin A.F. Polet. Obshcherossiiskii
nauchno-tekhnicheskii zhurnal, 2016, no. 11-12,
pp. 3-12.

10. Maskaykin V.A., Makhrov V.P. Thermal conductivity
research of the aircraft heat-insulating skin under flight
conditions. Aerospace MAI Journal, 2021, vol. 28, no. 4,
pp. 118-130. DOI: 10.34759/vst-2021-4-118-130

11. Bezzametnov O.N., Mitryaikin V.I., Khaliulin V.I.,
Markovtsev V.A., Shanygin A.N. Impact damages
effect assessment on compressive strength of integral
panels from polymer composite materials. Aerospace
MAI Journal, 2021, vol. 28, no. 4, pp. 78-91. DOI:
10.34759/vst-2021-4-78-91

12. Toh W., Yap Y.L., Koneru R. et al. An investigation
on internal lightweight load bearing structures.
International Journal of Computational Materials
Science and Engineering, 2018, vol. 07, no. 04:
1850025. DOI: 10.1142/S2047684118500252

13. Liu F., Feng R.-Q., Tsavdaridis K.D., Yan G.
Designing efficient grid structures considering
structural imperfection sensitivity. Engineering
Structures, 2020, vol. 204: 109910. DOI: 10.1016/
j.engstruct.2019.109910

14. Liu L., Shi J., Bao H. A metal-composite joint and
its mechanical performance. Aerospace MAI Journal,
2019, vol. 26, no. 3, pp. 220-227.

15. Cichosz E. Rozwój samolotów naddzwiekowych.
Wydawnictwa Komunikacji i Lacznosci Warszawa,
1980.

16. Skleznev A.A., Vasil’ev V.V., Razin A.F., Salov V.A.
Patent RU 2765630 S1, 01.02.2022.

17. Vasiliev V.V., Morozov E.V. Advanced mechanics of
composite materials and structures. Fourth edition.
Elsevier, USA, 2018, 856 p.

18. Francisco M.B., Pereira J.L.J., Oliver G.A. et al.
Multiobjective design optimization of CFRP isogrid
tubes using sunflower optimization based on
metamodel. Computers & Structures, 2021, vol. 249:
106508. DOI: 10.1016/j.compstruc.2021.106508

19. Babkov A.V., Dekhtyar A.S. Load carrying capacity
of cylindrical shells. Dorogi ³ mosti [Roads and bridges],
2020, no. 21, pp. 146-153. [in Ukrainian].

20. Liu F., Feng R., Tsavdaridis K.D., Yan G. Designing
efficient grid structures considering structural
imperfection sensitivity. Engineering Structures, 2020,
vol. 204: 109910. DOI: 10.1016/j.engstruct.
2019.109910

21. Krivoshapko S.N. Optimal shells of revolution and
main optimizations. Structural mechanics of engineering
constructions and buildings, 2019, vol. 15, no. 3,
pp. 201-209. DOI: 10.22363/1815-5235-2019-15-3-
201-209

22. Li Z.Y., Gan H. Optimal Design of Space Grid
Structure. International Conference on Architectural,
Civil and Hydraulics Engineering (28—29 November
2015; Guangzhou, China), ðð. 41-45. DOI: 10.2991/
icache-15.2015.8


