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Abstract: The multiweb box structures in the wings are paid special attention in aircrafts’ structural design.
The multiweb box is mainly composed of skins and stiffeners. The skins are approximately divided into many
rectangular panels by stiffeners. During the service of an aircraft, the wing majorly bears bending, torsion, and
bending-torsion coupling loads, etc., so the panels in box structures are susceptible to instability. In traditional
buckling analysis of composite panels, the boundary conditions were typically simplified as either clamped or
simply supported boundaries, with significant deviations from experimental results. On the other hand, compre-
hensive simulations with the finite element method are generally inefficient. Aimed at the above issues, a rapid
buckling analysis method combining the unit cell model with the differential quadrature method for composite
panels was proposed. Firstly, the unit cell model was established to calculate the stiffness coefficients of elastic
boundaries of rectangular panels. The governing equations were then solved with the differential quadrature
method to obtain the buckling loads on the panels. Finally, the buckling loads on composite panels in different
types of box structures were calculated and compared to the results obtained with the finite element method to

verify the accuracy of the presented buckling analysis method.
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Table 1  Commonly used formulas of node distribution

number formula
i-1
1 xi=2N—1,x1:_l,xw+1:1
11 [(i— l)w]
2 X, = — — —cos
! 2 2 N
1 1 [(N+ 1 —i)w]
3 x; = —+—cos | —————
! 2 2 N
[(N+1—i)1'r]
4 xl =cos | ———
N
1 [(i—l)ﬁ]
5 X, == ——cos | ———
2 N

12 EEAFRURERBFRES
SR e A e ot 0 R R 3T ) AR A B3 A TE S A 1) e AR e o s D A )

D a4”’+4D &w +2(D,, +2D,) w_,
11 a964 16 ax3 ay 12 66 axzayz
9 9* 9° 9* 9*
4D, D, SN S N S v on, T =, (24)
dxdy ox dy Ty " dxdy

Forbr ) w AL R B N, TN, SRR R A ARTE « Ry J7 10 R Z Bl A N, 02 G ARTE xOy F1i N
HRZ I BYIEAT; D,(i,j =1,2,6) KZERAIBEAEM TR,

VAT M D SRS A A 11 5 17 S DA S R S S A Rk T AR

(a) [T AT

w ‘x:(),a = 0,

y=0,b
Jw B
axl L, (25)
wl
ady y=0,b
(b) T3z F 40
P
y=0,b
M|, .=0, (26)
My‘y:(),[) =0;

() FpE %A

w ‘x:(],a = 0’

y=0,b
M +ka—w 0
! L o (27)
J
Mo+ k] =0,
) ay y=0,b

bk Ry i 5 W EE R AL
FEF I RF SR A Oy Rt R S0 g5 3 1A s BT o5, VR RE T BE A A 58 P AT ) £ B NV A
BIHOR, JFE TR0 (22) L (23) SRR AR, LAMCRE 12 25 5 B O 0 B B WO AR 72 4 B OB X0
P BRI A A N AR K
SU=0, (28)
Horp, SERBUER:, U RBHCT SN e, 2 LR R R R EBOEREA T 208, R a] i Ak



5 9 B, 4, ST R TR 2 B R A bR B 2B 7 v 1187
2.
X (24) iy D, W] LLGE LT AT
Y
D, =] 0}, (29)

Horr, i, =1,2,6, Q4 J5 k S22 00 On T vt W 32 R 2R, 5 IR U B R A QIR OC R R

Qll B 4 4 2.2 2.2
_ m n mn mn
2 4
0z n m! 2m’*n? 4m*n? 0
@12 m*n*  m’n’ m* +n’ - 4m*n? Q0
- = 2 2 2 2 i’ 2 2y2 0 ) (30)
Qs mn mn mn (m n") 12
O m’n  —mn’ mn’ —m’n 2(mn’ —m’n) | |Q
) 1 | mn®  —m’n m’n-mn’ 2(m’n - mn’) |
Qs
H  m =sin 0,n = cos 0,0 FNAFRHN x BRI LT 1 A A, LIS B J7 ) R e,
A AT O ) R R AR T DL S R TR S RN
Ell E22 UIZE]] v21E22
Qu = _ » U =777 , 0 = _ =7 y Qoo = Gias (31)
1 -v,v, 1 —v,v,y 1 -v,v, 1-v,v,

Hh, G, NI, E |, E,, ebEH 805 10 B3R R vy, v, N Poisson o, H vy, = v, E /E,, .
1.3 B HES

PAE S8 45 1] St B2 5 W R 461, Xof SR P SRR 1k 43 T o i)t g e S5 A R i P A 7 DAL B 2
J& 1 D,, =4D,, Dy =0.85D,,,D,, = 0.3D,, RJZMAKTE a = b = 100 mm . 175G, DA S HNE] S AT 1RSS4 W)
S PE SR B SR B T 0 2R, X SRBETH RIS S, 2 SR B B RO B N
2R T2 N BORFIE RS, BZ MR 53 378 [ 5 (6 SR AT i s 28 sk = (32) AT o s 4 A b 3L .

Npraz
“ D,
Horp, N, a1 S TORMEER RIS S F A W B RS T BOSR R ES R AT 3 — A ab B AT 0L
RS ECN 20 B SR 48 32 Al IS SR T AT SO0 AR SCHE T S P00 SR ARG SR ik 52 5 1 RLBE Al

N

(32)

JoE A i) R 502K 2 AR N B 20 , i PRUER AR 2 A9 [] e 428 0 T 80%.
2 IESCH I S MG R MARAT N, (00O S BT

Table 2 Dimensionless buckling loads on the orthotropic single-layer plate

dimensionless buckling load ]7Vm,

N clamped boundary simply supported boundary
5 11.175 4.479 2
6 12.321 4.498 9
7 12.428 4.500 0
8 12.487 4.500 0
9 12.403 4.500 0
10 12.448 4.500 0
20 12.449 4.500 0
50 12.449 4.500 0

SESCLO, 1 ]E M Tt R R, Tl e S B SR S AR M N D6 R 2, m = N /N,

M ) 3 1 LR B 2R B0nT LA i 3K (33) L (34) #5313 R fe i i 40 oR AR R A XU PR 4 100 R JE Ttk
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Table 3 Dimensionless buckling loads N « on the orthotropic single-layer plate under elastic boundaries

n R ref. [27] present
0.1 6.436 1 6.436 1

0.3 7.5374 7.5374

03 0.5 9.073 5 9.073 5
0.7 11.147 11.147

0.1 4.827 1 4.827 1

0.3 5.654 8 5.654 8

: 0.5 6.820 4 6.820 4

0.7 8.5116 8.5116

0.1 3218 1 3.218 1

0.3 3.769 9 3.769 9

2 0.5 4.548 4 4.548 4

0.7 5.688 3 5.688 3

AR SR FA T SR AR A 1 e B 2 S e RHZE A By i th 2. )2 B @ = 500 mm, 5& b = 200
mm , %R/ TR SRR 130079761 Hobt RHE PS50z 4 B 2R N[ 90°/0°/45°/-45°] , BA.
JEMREE K 0.25 mm .

R4 T300/976 [HRIZH
Table 4 Material parameters of T300/976

material parameter Ell /MPa Ezz /MPa Glz /MPa 613 /MPa 623 /MPa Vi

value 156 500 13 000 6 960 6 960 3450 0.23
BRI RS ORI R L R A2 (0, 1) T F N IUE. 25 R O 1 I, 3Pk SR [ S 55 24 R
O I S FONGR A T S B A2 G A RHR S R Sk B R Ak, 45k, )i X (33) A
(34) 13 EN R I RBGE 0 SR A S D 5T S G 4 0= G e B4 s OBURh e T 00 i 28, 3 o X
(32) AT ICHEE LA, i T oA Al S FL i SCRREE R R IT 45 R S5 FROGA RIS HE, AnEk 5 55 6 FIn.
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Table 5 Dimensionless buckling loads N, on composite laminates under uniaxial compression

R No error £ /%
FEM present

0.000 01 22.110 22.288 0.80
0.1 22.802 22.987 0.81
0.2 23.599 23.792 0.82
0.3 24.530 24.729 0.81
0.4 25.632 25.836 0.79
0.5 26.964 27.170 0.76
0.6 28.616 28.821 0.72
0.7 30.756 30.959 0.66
0.8 33.743 33.945 0.60
0.9 38.428 38.645 0.56

0.999 99 47.122 47.422 0.64

R 6 WUNE T T ARG B I8 N,

Table 6 Dimensionless buckling loads N, on composite laminates under biaxial compression

N,

R error £ /%
FEM present

0.000 01 9.942 7 9.970 2 0.28
0.1 10.457 10.491 0.33
0.2 11.071 11.113 0.38
0.3 11.816 11.867 0.43
0.4 12.650 12.744 0.74
0.5 13.642 13.743 0.74
0.6 14.932 15.039 0.71
0.7 16.690 16.804 0.68
0.8 19.259 19.380 0.63
0.9 23.406 23.532 0.54

0.999 99 30.298 30.423 0.41

13 3 Al Rl SR BRI BT LB 52 4% 1) S5 P B2 At 330 24 2R -5 SOk b R T AR 0 2 301 5 o 4 21
FEY) G 2 S AR 6 Al oo RBGE R AR A2 5 U fh 45 2R 54 BROCE R & BAF , e RiR 2 A
i 1% UEB T SR B R AR S 5 R HE AR 1 AL HE A 1

2 SRR S IEE R R

WIRTITA | 2052 B 2258 2 B b 4 v B B Al i St il A3 B ), i) R 5% P2 Ah [ SR RT S 22 [ 1)
— PR 2R SR A AN 2 R SERR TARRR A, JC i A R B R ME LIRS, (A5 L 1 NI R B
B2 AR T, E 2 TR G [ R SR i
21 BELRRERBNITERRE

T2 A A BR8] B A A 1 A T SR SR XL LK 500 mm, FE 200 mm B A A RHETE )2 A iR
R, Rt A AR EET300/976, HMPEUEMESENER 4 IR, 26 B HTZ T [ 90°/0°/45°/
—45° ] BREMRUEERE N 0.3 mm B B TG, 2T R BEAR R 0 0 A, THI R A R T BE AR A [ S
8 S LA R st T 04 e o 2 A 1 B T A R AR T AN R A R 430 0.3,0.4,0.5,0.6 F10.7, 24
PEEHEIE BEN 1 30 10 RN RE R A ke, 5 ke, o3 X (33) R (34) 45 i, S it 2amr 45 2R a3k 7 Bm.



1190 A R~ G SO | ) = 2024 4E i 45 &

ATATA

=
=

WAVAV

B2 SRR

Fig. 2 Schematic of elastic boundaries

R7 AFDLFTEEMEZE A I 2

Table 7 Buckling loads on composite laminates under different boundary conditions

simply supported boundary clamped boundary elastic boundary N /N
N /N N, /N R =03 R =04 R =05 R =06 R =07
61.42 130.68 71.96 76.88 82.85 89.91 96.12

B3 g5t 1 B AT S A BRI BER AR = M T B i e, R LSRR B S A R R
BEA 14 2 B A3 A T i 5 55 18 S B 2 T T R T AR 2R 0 R K s SRLTRT A S 1 5 TR] S AL B R Sth i
IS4 R R 25 R AR SORF U 100 5 Ak B BT SN2 5% A 2R B 3, B R FAAL e £ 0 S50 M,
SR B MIEE Rk 3 (35) TR 2

M

k:;. (35)

120 -

100 -

z
~
o
80
60F
simply 0.1 0.3 0.5 0.7 0.9 clamped
supported R

3 EAMEUEG R AT SRR R
Fig. 3 Buckling loads on composite laminates vs. the boundary conditions
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d,: the thickness of stiffeners
of the aluminum material

d,: the thickness of
the composite panel

L,: the length of
the composite panel

B4 s
Fig. 4 The unit cell model

i B AR 5 S PR A A AR BE A i SRR T AL e o 2 RO S A S P TSR AR AN [ 320 5 ) R AR
Fi BB SO 2R s N B AR BT SR 1 2, 0 SRR R i S R L K G AR R 5 B 5 AR
S, BRI AR i R A s RSl 2K (35) THEAR B B AR S POREERR 1 SR 2 BRI EE FR AL

B §//

\

v
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Fig. 5 Boundaries and bending moment loads
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Fig. 6 Z-coordinates of each layer of the laminate
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AR B T AL AN R G B S A I SR it 2B, LAIEL 8 () i B 2 A MR G B S5 40 R 5], T ST
FRMIERL 1, R 5 B RS 25 4B i 2 AN B BEAR , DA SRS 5 MHRHE T BE ARV R 40 B % 42 5 G BE 4 1
KR 500 mm, FEHEH 500 mm, = EEH 100 mm , NFRZEF RSTANIE 8 (b) iR, & Be 2ty I F RIS 5 ¥
T/ S E S G MR T300/976, 52 G M RHEEAR (48 )2 F 4 [ 0°/90°/-45°/45° ] FRJEARIEFE R 0.25 mm;
ZERAERE, TR 2 mm, SRRl E = 69 GPa, Poisson R v, = 0.33. 550251 Jy SAR | A% K/
N5 mm.
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the buckling analysis method for coposite panels in multiweb box

structures based on elastic boundaries )

divide the stiffened composite
panels into many rectangular
panels with elastic boundaries

establish unit cell models to
calculate the stiffness
coefficients of elastic boundaries

get stress of discrete nodes by
fitting functions

solve the governing equations

\ by th1 DQM J

[ buckling loads of rectangular panels with elastic boundaries j

7 STk A A 2 X B S S R BEAR i AT

Fig. 7 Process of buckling analysis on composite panels for multiweb box structures based on elastic boundaries
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Fig. 8 Box model 1
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Fig. 9 Box model 1

B 10 SRAPAEIL BE AR S 100 27 R 32 2R A B M A R
Fig. 10 The unit cell model for calculating the stiffness coefficients of

elastic boundaries of the rectangular panel
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Table 8 Buckling loads on the panel in box model 1 under different boundary conditions

boundary conditions

FEM

simply supported boundary clamped boundary elastic boundary
the buckling load N /N 8 763 3261 11 776 8723
error & /% - -62.79 34.38 -0.46

WO f BRI R | RSO OD B 2, 0P 11 () R , G B45 K0 IKTE D 1 200 mm, FEHE4 600 mm,
R 200 mm , RBAEHI S AT 11 () B 0o e By | T 45 0 0 50 bR 5L bRLIR P
BRI S5 B0 1) 35 2 0 SE B RE, A A0 2 mm ORIl SAR RS/ S mm.
B 2 SRR U 1A A5 ORRBUA T RIS 3 B S AT FLRRARTE
B L7 5 R A W S48 SR TR 1, 25 1% 9 P,
£ FRIMRFHUE 2 SRR T i 2

Table 9 Buckling loads on the panel in box model 2 under different boundary conditions

boundary conditions

FEM
simply supported boundary clamped boundary elastic boundary
the buckling load N, /N 3 854 1975 4 685 3950
error € /% - -48.75 21.55 2.50

AR B B A R SE R SRR AR 3 I 12 (a) Fis, BB R 2 000 mm, 5555 A 700 mm,
R EESR 200 mm , NSRS RSTANE 12(b) i b & B s i b R 52 e ¥ o0 B A vk, 2 G 0 R E T



559 1] AL, A T S ) 2o X R A S G FORLEE AU il oA 7 ik 1195

Bl Z P SRR 1 AR 5 AR R 2SR EA 2 mm JRITRALN SAR, RIS R/INA 6 mm .
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Fig. 11 Box model 2
1500 250
§100
700 500
2 000
(a) =4ipsn (b) Z“HERSF (B mm)
a) The 3D mode b) The 2D dimensions (unit; mm
(a) Th del (b) Th d ( )
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Fig. 12 Box model 3
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Table 10 Buckling loads on the panel in box model 3 under different boundary conditions

boundary condition

FEM

simply supported boundary clamped boundary elastic boundary
the buckling load N, /N 1477 740 1724 1492
error € /% - -49.87 16.70 1.03

U G B RT, F SCRIAR 9B RL 4 18] 13 (a) PR, @ B A A B 2 500 mm, 58 )% 4 2 500
mm , (5 B4 200 mm, NERZEAE RST AN 13 (b) s Hh & Beghtl N RS2 ¥ E Sk B & kS
PEFNERIZIUT SR 1 AHIE], {7 2 05 8E AR BE D 2 mm LICZEAL N SAR, A% R/ A 8 mm .

TR 4 SRS AR S BIR 1 AR RO SRR TSRS 2 A st i B | S DL T S AR T BARAETE
BEM (%) i 1Hh 20 7 SR A A BR T TSR 45 SR 70T b, 25 SR R 11 B,

FA1 RFIL TR 4 BEA A i

Table 11 Buckling loads on the panel in box model 4 under different boundary conditions

boundary condition

FEM

simply supported boundary clamped boundary elastic boundary
the buckling load N /N 2 663 1 160 3203 2 764
error & /% - -56.43 20.28 3.82
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Fig. 13 Box model 4
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Fig. 14 Buckling loads on composite panels in 4 types of box structures with

different boundary conditions under bending and shearing
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Table 12 Buckling loads on rectangular panels in 4 box models with different boundary conditions under uniaxial compression

elastic boundary simply supported clamped boundary
box models FEM N, /N error & /% error £ /% error & /%
N, /N boundary N, /N N, /N
model 1 55 545 51 690 -6.94 21 166 -61.89 67 471 21.47
model 2 36 460 35 986 -1.30 17 994 -50.65 42 783 17.34
model 3 24 664 24 396 -1.09 12 929 -47.58 27 861 12.96
model 4 64 470 69 312 7.51 34 543 -46.42 81 996 27.18

15 BhE T

Fig. 15 The uniaxial compression condition
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Fig. 16 Buckling loads on composite panels in 4 box structures with

different boundary conditions under uniaxial compression
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