33 5 S § =S Vol. 33 No. 5
2018 4F 10 A JOURNAL OF EXPERIMENTAL MECHANICS Oct. 2018

XEHS:1001-4888(2018)05-0725-09

TG E S RERA
EHEEMITAHREGHER

st 1 W L 2 SE 2
ERE', BmE, FiRkW
(1 ALk THRME 4 R B REUR TR 2B, 2k 014035;
2. AP NI EFRESLRE, REMTR¥FTRI¥R, K% 116020

TE. A OMHEMEAN R ARBRT R KBTI LA BRI F b2 AR MALER
Vi AR AR e R RN BR N EASEYT R, RASREHMATAME L
BFEAIFRT LT R MG ERIASMHENEERGEB TR THEETA, RALHREL
FPFERFEEMAENFREADO ALY BREIRE . HREWESELTE, K TARTG AR
DL T TF A e AERLSMB LMY RbEE RMAITA N E T EBHIERTIHMA
T e REA R M A R SR A RAE RN B BRE S LA — R,

KEEIF : mAp R R MK BWMAT A BYELUE; ARLT

FESES: 0348.1; 0346.1 X ERFRIRAED : A DOI: 10.7520/1001-4888-18-030

0 BlE

BT 4 SN 45 b0 LA 0 0 LI 5 05 6 1 M A 00 2 b AR (L
7 75 B T LT 596 T 00 Tt 027 28 o0 LA 9 B PR
A 145 1 TR o 2 5 1 a0 B L 0 2 B T2 o MR 800 AR
A3 L AR 5 ST 9 SR AR T B0 J T o R 4 B 0145 1 7R 2 1 bk R U 5
D

I £ 12 SR F2 2 45 I B 4 0 0 U5 T 77 Zho 5038 40 P 5
S0RFHE T AR T R 10 SR 7 % o o 05554 55 0 A 5 P O
AN BB AT B0 R 0L LR SRR R G T A1 T R 1 8 641 25 2
PO B 46 10/ o A o AL OUL T 2 027 A0 A O 505
R E L NI S C N N ST e N e
BHOL L ORI A bR 2 R T 8 B A 25 LS b T 50045 2 5 1 2 L
WEALALFECT A A2 S B0 L 5L 0 0 22 A L
S22 4 O U 07 4 40 T 5 SRS 5 O 0 T 0 11247 03 0 4338 40 2 I
e

E Ao X A B ) 22 A DI A B R e AR Y R (R B L A SR AR v 2 A BR R 2 7 L i HL ]
L0 4 R 08T 58— 5 1 7 9 50 0 7 0 5 (70

* WA 2018-02-06; 1&EIHHI: 2018-03-29
ESTH: BFXARB IS (11572070, 11472070, 11772081 % 1)
BIREE . AEFE972—) 8 1+ Bl HIR, TENFE SR %075, Email: bairx@dlut. edu. cn
EPRI 1973 —) B L H A%, FENF LR S2E 5. Email: leizk@dlut. edu. en



726 S, (2018 4F) 45 33 &

TN ASE ARy I A AECO 1O RE ST i e R R B T L RS G R T S M & Bkt T O B RO O
PEU SR Hoh M S0 L Bl A B IR T L RS RO PR DG AN 3 G RE Al 3 T A A
AN LT AR I

K S8 FVBCEL T AR 45 &, AS SOl R824 8O 2 A 7 12 R it it 806D 20 7 O 0k R W T 0 K 4%
J iz T B T RN S RE AR G R A R 4 s A AR R T . M) P R ) S 6 R 6 s A L A AL
TR I R SRAE TN ST BE AR5 B it 505 AT . 5 4R T RE AU i R A I Y R A B0k
FITE W EEA S AR R R0k L 2 K A 07 2k A L/ 0 AR 2 T7 05 5 AR e O JiE T R 7 BE A 1Y
J 205 T 280 S 98 2 0 480 st AR A 30 A ol e 3 A AN T R 220 ) 4 3 B i A 5 B i A S T o A
B A A FR ST AR Y, 500 R S5 3o Ao o 517 B A 45 4 52 1) T 4 A 1 B AT O L OF S SR B A R EAT XS L
T B R 52 6 45 3R 22 S PR R TR

Object 1 MEFEIE

P AR B I RGO — L

TSR B AR B o DU ) A SR AR =

I HAE B 428 S8 Kl |, SE

Projector —HIE SR E R, AU R BB A a0 R
' e (1S T N 7 o A V¢ T 3 T 7 N =
BLAE B J] 3 2k a0, i 8052 0K 1 e B e v
V14 o] SR 2 S0 4% S 30 4 A 1 ) [ 2

Camera;]

i RAIHLR B AR TE 45 80, IF Wn 78 1 S PG 4
Projected fringe T
Computer N °
Captured image W VAT A% 5% 2% BB B B0 ) 1A 3R P
B 25 80, R N B G 58 AT s
I = a+ beos[ 2nf + ¢] @D)
AL UG RO HL B A SO B SErh A HC @ B b 4 WA 5 A4 I S

Fig.1 Schematic of two-screen fringe projection profilometry K ASAL 5 f P B S S T Y S 0 1Y 22 )
IR 5 @ AT N WA b A% R B S R B AR BRI . AR RS S W A ) SR B B S 5 O 1 AT AT
280, X 1Y G sR FR IA AR

I, = a+ beos[ 2nf + ¢, ] (2)
Hr 86 @ RSV RSN PIRARAL . YRR [ — 8 5 225 1 100 % B A5 8] AR 67 22
Ap = ¢o— ¢, (3

XF T B G AL 22 /e BB R RO BN AR T R AR L 22 / e RE M S R S R BOE

h= > Agt 4)

XoF TR A AH AL 25 5 R BE 2 R) A4 G AR L AT LA B R R B A B i S A 3 Y — AR 91 AH L 25 BUdE L R
JE kL AREEL A VAL Ay ee VA B/ TR R SR AR A 22 /8 BE AR E R AL

R, A B AR L 22 A, 50T F) FHAR & DG 2R 3K HH 43I0 490 T B 2 2% - T A9 e 86 (L, 3 R AR S 12
KA EAM A2 . MR (D GIAMBE 6, J5 1 RB0LRA R

I, = a+ beos[2nf + ¢+ 3. (5)

X T B AR S B S AR RS & 8, =0, n/2. . m.37/2 (n=1, 2, 3. D5 45 FKECFR G U & AH
B 2k BUR A BB 2 W AR R i b Tl R ARBILIE) 25 SR B . 7 — 2R 91 R 2 PR v R 408 0 3 47 7 25 AR
BAHHE S B EMAL o N
I, — I,

11—11;] ©)

1

¢¥ = wrapl ¢] = tan



55 W FRREAE . L AU S A AR EE A TR 4 I AT S 9288 AT 5T 727

Hrp L L L L 435I 0 n/2 a3/ 2 IO s IR . A8 SE Bn Al FH £ i, 5 00 20 (6) 347 S e )
18 FEAARDL 24 B AL B, 159 B S A AL @, o wrap[ 1375 A0 22 s AL

XoF T AN S R AT SN 0 5 R S AR R Y 25 4 B A B 5 AR AR AR R A G AN TE LR X AR
FECL AR LR T R 200 2 B )7 ¥ (Multi-frequency phase unwrapping, MPU) 58 i 25 f4
BEEAE, BARFEBOR £ MM RSAL cm £ o 18, £ b 4 55 o 5w Bl iR R b Sk
(Phase shifting method, PS)#FEIA R [ T HEIEMAL o, WX R 1 K E AN ¢ RH

¢ = ¢ + INT | & (ffgf(j)_@ . or 7

Horp, BAR w R AN INTO Rom BUE SR o M 70 I R4S %N f, f f; 1R 2 A
P, EAREENE . Y RGN 1B, FOEMN ¢ %S TAEMN o TR — 4 Ea A,
BT 130 25 8085 B0 B AHOLRS BEAS /2 7 Bk — AP R ARl %, al Db, DN 1 AR 45 80 i) KA A A7, B8
AT LA AT B R A A A

PL5 B 480 ), anE 2 TR B AR 1 88 .4 B8 .16 .64 AUAN 128 A T 40 PO A AR RS A5 8 (ae)
WA B b W fik % CCD SREEASIE AL, R AR B (R (6)) Fe AR A5 X R A 7] 4% BOI 2 19 )
PR 0T A B AL () . 244080 R Jy 1 I, 1 I % 2 60 32 AR A7 Clo il 25 T JH: o 17 614 4 2 AL A2 (D
MAGUIRE R 4 B AL AL (D 200 R 2 i (GRS & 4 B AL ZEAH 18T (@) R 1 3 4
FAME GO 2] . HAh S 200 LU S, 52 PRI & v T 2R B d i 1 128 S A AH R (o) o

: LN

(I

Bl 2 ANELLREIEH A Z WA F SO TR, (a-e) 43 IR AR &8t ;G = 1, 4, 16, 64
A 128) By LA AR SR B0, () WAB AR E R B A EAIE o, Ok LI R aEMAE o 5T
HABEME o (DREE (g, K RIXTRL 4 SSFL 2B EEME o (m-o) 80L(D 753 2 i X B

16 43t 64 AU 128 43t 7 BCHK 22 00 25 0 BE A K
Fig. 2 Flowchart for the multi-frequency phase-shifting method.
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(m-0) the unwrapped phases for fringe frequency of 16, 64 and 128 can be obtained similar to step ()
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Fig.3 (a) Geometry of the composite panel reinforced by I-shape ribs and (b) the prepared specimen
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Fig. 5 Compressive loading history
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Fig. 9 Local buckling deflection evolves with the load, “~”denotes convex and “—" means concave
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Fig. 11  The finite element model for stiffened composite panel. (a) the boundary constraints and (b) the mesh
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Fig. 12 (a) The off-plane displacement and (b) deflection curves along the line between ribs 1

and 2 of the stiffened panel by FEM simulation under failure load
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Experimental study on compression buckling
behavior of I-shaped rib stiffened composite panel

WANG Cai-ying', BAI Rui-xiang?, LEI Zhen-kun®
(1. Baotou Light Industry Vocational and Technology College, Baotou 014035, China; 2. State Key Laboratory of Structural Analysis for

Industrial Equipment, Department of Engineering Mechanics, Dalian University of Technology, Dalian 116024, China)

Abstract: During the overall buckling loading process of composite structure, the local damage, such
as fiber breakage and matrix microcrack occur at microscale, and then delamination and propagation
occur with the increase of buckling degree and the transformation of buckling mode. In this paper, the
buckling behavior of I-shaped rib stiffened panel composite structure under compression load is studied
by combining experiments with numerical calculation. Non-destructive optical method was used to
detect the full-field buckling deflection of the panel surface, and to capture the evolution process of
buckling mode. Based on the numerical simulation of finite element method, the buckling and post-
buckling behaviors of I-shaped rib stiffened panel composite structures are predicted. It is shown that
the off-plane deflection distribution of the experimental and numerical results is consistent.

Keywords: stiffened panel; compressive test; buckling behavior; projected fringe method; finite

element method (FE)



