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WRINKLING ANALYSIS OF MEMBRANE STRUCTURES ACCOUNTING
FOR ANISOTROPIC PROPERTY

YU Lei', ZHAO Yang' , WANG Zhen?
(1. Space Structure Research Center, Zhejiang University, Hangzhou 310058, China;

2. Zhejiang Province Institute of Architectural Design and Research, Hangzhou 310006, China)

Abstract: The constitutive matrix of an anisotropic membrane material applied to triangular membrane
elements of Vector Form Intrinsic Finite Element (VFIFE) is derived. The modified constitutive matrix of a
wrinkled anisotropic membrane is also derived, and a more reasonable method is proposed for the calculation of
the angle between principle stress and local coordinate system. On this basis, a computer program for loading
analysis and wrinkling analysis of anisotropic membrane structures is developed, and numerical examples are
provided. It is shown from numerical results that both loading analysis and wrinkling analysis of anisotropic
membrane structures can be performed well by the developed VFIFE program, verifying the validity of the
theoretical derivation and the reliability of the computer program. It is also indicated that anisotropic properties
and the wrinkling effect in membrane materials have a significant influence on the structural behavior of
membrane structures.
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Fig.2 Flow chart of wrinkle judgment for anisotropic membrane
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Fig.10 Structural deformation and wrinkled element

(f) 4.0s

distribution in hexagonal air cushion

K11 LA T 5 RS AN EE AR AN I S RE
LR RARE . AT, ARG LR
5 8RB AP B R BRI AN AR RN 1.5
B, R R RS N SRS R R AR K,
3BT R LTS 732 FE AR AN (KT o

AEFHI N A AR e ik, SIS
FIRTAALERALS, VEANSS 1 SRR A5 R 2 i 381
TR R FEGIE B AT tE O, AREL T AL
THEAERR AR oy H i A R E AL . S 4 K%



VAl 2 189

BE— 3B B R 17 S % X R 4RO R 2 A

AR

\J

o 1 2 3 4
Il /s
K11 Ak i

Fig.11 Displacement of central point in air cushion
B0 4. K12 Pos SEIEIREE R, PSR A
A em HIZETE |, DI E, & A SRR A e
ZERN Im. SERKI5 N 200 A = MR IC. P
X 2 Hh P R R TR T ) IR AR ], PR
207 M REM A . A AR B RN
600MPa, £ [a] 5 LA & Ey 7375 B 1200MPa.
1050MPa. 900MPa. 750MPa. 600MPa F1 450MPa
AT 2B M B2 AR AR B S5 K4 52 I ML BE OS2I, B
D) £ & G=20MPa , 1 & b A v, =06,
Vo =(E, 1 Evy,» EEE t=1mm, TR S0, =0, =
2KN/m? , 3% 45 LA 1Pals (¥)58 Z i i 40KN/m? 344 i1
AT

K12 SEguBas g1 aa R R R &l 7
Fig.12 Initial shape and model meshing of saddle-shaped
membrane

Bl 13 From e A o A sk AR f it &, w7
AR HH AN [ A ARk By T 5 25 ) I i 2385 K HA B
A . 24 E; BU 1200MPa. 1050MPa.
900MPa. 750MPa I 45 AR5 4 H B A a5 ok
RAHIE . 4T 3] 0.3kKN/m? 4245 T4 H 8 )
4, FEGTER RGO, JHRRARIEE. &
] P BE R, FE A A e B (K . 2 5 AT 2 )
WK, REA R TR T, Y EIE ERA N
[ I SR Y35 W - s 0/ A N 8 - e '
T2k T W) T REBEY . A MNIEE RN, TR

BEIER AN R 2 S B A far 2SOk, METH A JR)
REESY LR N 0 - % S Uk A L v 8L S
BRI o 35S AN ) I P B 45 ) ) 48 B T B AR A
[F], 355 20 4~~30 /> o 41k %% A [F] 14 (E1=600MPa)
I, BREEH A R A TR D, IR BIE(E f5 A
ARk, 24 E,=450MPa I, G5 A= AR B A BT
IYRTEE SRR, TS RS M i T 2R T A I P
Ko BRI G = AR IR, BOR% 5 =4

(RIS
A

1201
1001
80

60 |
R
j

LR TP

40

Y

0 1‘0 20 3‘0 4‘10
iR/ (KN/m?)
Bl 13 L 8B T ok 4 W) 8 4 o TG 4
Fig.13 Number of wrinkled elements in

saddle-shaped membrane

K 14 74 E1=1050MPa i By B 45 #a  T diL RY
I ZIHRE A AT AN G TS . RS TR BRI T
R LR b, JFREE B K, RS T8
WK, SRFEIAF] 0.6kN/mM? I, BRZE g rh R IX
3 LT A A B RE A 4 EROA B 4.0KN/m? B
i AN 2B ETE, E y  ESGke,
IR ERE A 7 BT AR N AR o B e A
K, Al X AR K, ST EA S 40KN/m?
I, AXCEE P e A BT XA LR /D B R A R T .

A S ) b2 AR TR, T IRLE R
AN v A BT DX 3 L K e /0 1) Ry R AT B, T
JE A PR AETT AR S a1 AR TR (B 14(c)) B IX
B T 2 ZRBCRHIBSUM B IR, AR AR TR
RS T H8 A 19T B A7 2 A b T s O B A (R
14(d)) . ¥ )46 TR 3 A FH R DA e 1 9 e i
BHTTAR, ) Ao 2 P B0 ) R e 4 45
RATEIRAATEE W IE S Tl e s AR B
AR BIRE, H AT SR T M B KA, f
KA KRB BT R G TR AR E 1

KRELBIRE oA T A R AR R, X
TR B T B B BTGNS g, BT
ATy H T HE R Z1E A FRILR (B 3 WA
X R RE A 53 A B B B B ORI R AN



190 T 2

¥

FR)s 3 b B AT BROTIE BB AR B2 51 i /s 3h
SRIGEHAAL, B PR AR, AR
e, FEA N AR TR ZE B RS, AT
GiA RoT Tk, B iR 2 51E IR A X AR P 52 i

B

(a) 7% 0.35kN/m?

>

(b) fii#k 0.6kN/m?

Lo |

(c) FiEk 4.0kN/m?

L |

(d) %% 40.0kN/m?
B 14 DEUREI SR T KR 4 0 o A

Fig.14 Structural deformation and wrinkled element

distribution in saddle-shaped membrane

FESKBR LREH, HRESHIAREARZ NS, |
THRIE < Ao 30 LA B 388 B R 72 A8 DR 3K 1 AN T Al 4
PRI G . IRESHIREAR R BR R,  HTAE
G P LT AN K SRS N ) OB 0 AT, 4k 3B
JRIFRN FJHE LR 5 S R AU o ) A 8T S8
(R TR B it — 2D 51 R AR TR A 45 22
F FEURA WA . 5G] 2 Bk T AT
T RS R MR, TR 3 RWIRE

SR REIA AT I AT IR B 50% A b o BRI T8 bR LA
5 RO MR AR, FEAPORE RIS 113 00 45 ) B A
PERE BA BRI

5 ZEig

() ZETmEXERT=MEEST, ST
1) 5 P FEAA FR) A A R RO DA % 1 S M A 8 4
WRETIMEIEARIERE, IR 1NN 2
KAV HRTTE, BRI, €T AR SEHL.

(2) Bl B 1 2 aCA BR o Re iy 7T AR B 3 58
% [7) S PR 4 ) ) i B S S AR A i, BRI T
R HE S I IR PE AN 2 T R e 1 T S

(3) [A & AT PR T S 1 AR B 3 57 S sl i
AL, ST E R R A R B i R A — 2 L3
FERESS R RE G 0 M 7 T BAT A R R B IR f B,
i fey S W ARG, TH AR R

SE3CH:

[1] Haug E, Powell G H. Finite element analysis of nonlinear
membrane structures [C]// IASS Pacific Symposium Part
II: on Tension Structures and Space Frames, Tokyo and
Kyoto, Japan, 1972: 83—92.

[2] Bletzinger K U, Ramm E. A general finite element
approach to the form finding of tensile structures by the
updated reference strategy [J]. International Journal of
Space Structures, 1999, 14(2): 131 —145.

[3] Valdés J G, Miquel J, Ofniate E. Nonlinear finite element
analysis of orthotropic and prestressed membrane
structures [J]. Finite Elements in Analysis and Design,
2009, 45(6/7): 395—405.

[4] Bames M R. Form finding and analysis of tension
structures by dynamic relaxation [J]. International Journal
of Space Structures, 1999, 14(2): 89—104.

[5] Maurin B, Motro R. The surface stress density method as
a form-finding tool for tensile membranes [J].
Engineering Structures, 1988, 20(8): 712—719.

(6] JARER, WAL, A HRIE J5 k- ot o LT
N FH J1225440, 2008, 25(3): 421 —425
Zhou Shulu, Ye Jihong. Modified force-density method
for form-finding of membrane structures [J]. Chinese
Journal of Applied Mechanics, 2008, 25(3): 421—425.
(in Chinese)

[7] Wagner H. Flat sheet girder with very thin metal web [J].
Z Flugtech Motorluftschiffahrt, 1929, 20 : 200—207.

[8] Roddeman D G, Drukker J, Oomens C W, et al. The
wrinkling of thin membrane: Part I - theory [J]. Journal of
Applied Mechanics, ASME, 1987, 54 : 884—887.

[91 Lu K, Accorsi M, Leonard J. Finite element analysis of

Journal of

membrane wrinkling [J]. International



T ®

2 191

[10]

[11]

[12]

Numerical Methods in Engineering, 2001, 50 : 1017—
1038.

Fujikake M, Kojima O, Fukushima S. Analysis of fabric
tension structures [J]. Computers & Structures, 1989,
32(3/4): 537—547.

W, BRI, 2. WSS 3 A eb R RE AR )
T B F o A 7R [T]. ABIEASE R 544, 2006, 30(1):
35—39.

Tan Feng, Yang Qingshan, Li Zuowei. Wrinkling criteria
and analysis method for membrane structures [J]. Journal
of Beijing Jiaotong University, 2006, 30(1): 35—39. (in
Chinese)

Ting E C, Shih C, Wang Y K. Fundamentals of a vector
form intrinsic finite element: Part 1. Basic procedure and
a plane frame element [J]. Journal of Mechanics, 2004,
20(2): 113—122.

Ting E C, Shih C, Wang Y K. Fundamentals of a vector
form intrinsic finite element: Part II. Plane solid elements
[J]. Journal of Mechanics, 2004, 20(2): 123—132.

Ting E C, Shih C, Wang Y K. Fundamentals of a vector
form intrinsic finite element: Part III. Convected material
frame and examples [J]. Journal of Mechanics, 2004,
20(2): 133—143.

. A IR e RS R 7 Hr b R [D]. Bt
Mz WK, 2011.

Peng Tao. application of vector form intrinsic finite
element method in the analysis of cable membrane
structures [D]. Hangzhou: Zhejinag University, 2011. (in
Chinese)

T Fi T )N RS B K 32N 0 77 1) g BT A )
[7]. 125518, 1991, 13(5): 65—66.

Wang Ruizhang. A simple criteria method of two
identification of maximal principal stress and its
orientation [J]. Mechanics and Engineering, 1991, 13(5):
65—66. (in Chinese)

Miller R K, Hedgepeth J M. Finite element analysis of
partly wrinkled membranes [J]. Computers & Structures,
1985, 20(1/2/3): 631 —639.

(E35 176 1)

Russell B P, Liu T, Fleck N A, Deshpande V S. The soft

impact of composite sandwich beams with a
square-honey-comb core [J]. International Journal of
Impact Engineering, 2012, 48(1): 65—81.

SRIBZL, FEME, BEER. BAEEMER T g s ks
IR JIma R[], HKE 5 ik, 2000, 29(4): 356 —360.
Zhang Xuhong, Wang Zhihua, Zhao Longmao. Dynamic
response of sandwich plates with aluminum honeycomb
cores subjected to blast loading [J]. Explosion and Shock
Waves, 2009, 29(4): 356—360. (in Chinese)

Dharmasena K P, Wadley H N G., Xue Z Y, Hutchinson J
W, et al. Mechanical response of metallic honeycomb
sandwich panel structures to high-intensity dynamic

loading [J]. International Journal of Impact Engineering,

[10]

[11]

[12]

2008, 35(9): 1063 —1074.

Radford D D, McShane G J, Deshpande V S, Fleck N A.
Dynamic compressive response of stainless-steel square
honeycombs [J]. Transaction of the ASME, 2007, 74(4):
658—667.

ABAQUS/Explicit User’s Manual, Version 6.12 [CP].
Hibbit, Karlsson and Sorensen Inc, 2012.

ZED, B4R, EE4. TIRKEXT SHPB MR
FIREFE[I]. HUBGEREE, 2010, 32(6): 942—945.

Li Zhigiang, Chen Weiyi, Wang Zhihua. Study on the
effect of striker bar length on the SHPB measurements [J].
Journal of Mechanical Strength, 2010, 32(6): 942—945.
(in Chinese)



