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Investigating Fracture Behaviors of Debonded Composite
Sandwich Structure — Experiment and Simulation

Student : Yen-Kun Lai Advisor : Jia-Lin Tsai

Department of Mechanical Engineering
National Chiao Tung University

Abstract

This research aims to investigate the buckling behaviors and failure
strength of the composite sandwich structure with a local debonded interface
between face-sheet and core.. ' When debonding length is longer than critical
debonding length, the compasite sandwich would: fail in local buckling, on the
other hand, it would fail in global buckling.  The effect of the face-sheet
thickness on critical debonding length would be of concern in this study. The
composite sandwich samples were fabricated by adhering the composite
face-sheet to the Polymethacrylimide(PMI) foam core, while for the generation
of the debonded interface, the release fabric film was inserted between
face-sheets and foam core. The [(0/90),]s and [(0/90)s]s composite laminates
were considered respectively as the face-sheet in the composite sandwich
samples. Experimental results indicated that for the short debonding length,
the failure is dominated by global buckling, while, for long debonding length,
the failure is initiated by local buckling. Once global buckling occurs, the

structure fails rapidly. On a contrary, after local buckling, the sandwich



structure can sustain for a while until the face-sheet and core completely
separates. It is noted that the sandwich structures with global failure exhibit
higher strength than those with local buckling. Moreover, the buckling load
and failure strength in sandwich structures decreases with the increment of the
debonding length.

In order to characterize the buckling behaviors as well as the failure
mechanisms, the finite element analysis (FEM) was performed on the sandwich
structures with debonding defect. The buckling mode obtained from the linear
analysis was regarded as the initial imperfection in the nonlinear analysis. By
comparing the numerical analysis with the experimental data, the size of initial
imperfection associated with different debonding length in the FEM model was
estimated. It was found that when the face-sheet is thick or the debonding
length is short, the corresponding imperfection is relatively small. In addition,
based on the maximum principal.stress.criterion, the failure load in the
sandwich structures was predicted from the nonlinear FEM analysis. Both
failure stress and buckling behaviors obtained from FEM analysis is coincided
with the experimental observations. Finally, by FEM analysis of different
debonding length, the critical debonding lengths of [(0/90),]s and [(0/90)3]s

composite sandwich structure are obtained.
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ASTM):7 ASTM C 364/C 364M — 07 = P jp S ehip] v B 4558 A2 2 1528 3p
## 7 /% (Standard Test Method for Edgewise compressive Strength of Sandwich
Constructions)[19] » & ¥ B P = B ad P 482 F Sk (72 2 o A3
S it F A MR Rk ¥ (Material Test System, MTS)i& (7 gl » &7 * =8

el AE A A 5 0.002 mm/sec o & B B RIATIFBIERF TR A 4

W2 AFFESZIOMM P AFETARELT~35mMm: &% E 5 2 Bl4cE 2.3
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%ﬁ’ﬁﬁﬁﬁﬁiﬁiﬁiﬁ’%%?$E%W§%EﬁW$&{@$
T LA A ERE U AR g o S RIEEAEL T &
ZPeREFS e - s 2 - R RAARREEE R c H R E oB] 2.2 97
T ERRA R RE R K o A ERAR-B R RN R RET

e PR R T AR 2.4 1o o

23 RE&R*
231 § %A [(0/90) ] 4 H = PP i 438 ¥

2311 %k £ B R 75 R E

» 1 BELE[(0/90))s AF H Z e SHER T AR 7 5 0 AT E Y A
£ & 3 10mm -~ 30mm 2 50 mm sE ¥ e 7R GERIED &

FALRE LR 10 mm s o FREFED BRRA 2 BRA
CRIE DR PR R KRR A T 2 R S o AR
% 4oBl 2.5 417 o Azde(0-2) 0 = P in SRR H R 0 A R
RERBR( L) L FEREERATUAME « Ko o § § PRTEA
PR BRAR-ARETRGEL < AHF > B¥R-B MEEARE
R@ ) Bhed REGERER 20 B - B3> 0613 1 > 2 %

F PTER (B S BRER E) 2 A R ang 4 hf i\.,lﬂﬁbjx,gn Bk R
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¢ f %A R4 ¢ (Buckling load) » i & = s S HEE AL A4 4
By 7 5 e

PR REs L (b B R AL R Pkt B BUR
(Failure load) « B3k {2 @ & Ul E A S 5 B2 0 (CB) > A7 4 &b
BN 5 B84k (Global buckling) @ 4o @) 2.6 #77 » 3% i R AF &
TRy o P B A RRHEEL > KIS TS > S F]m A4 LA o
KRB OGS T UFR - F P BT FR DR 7 AP DAL R(R
26(0) @ MR 3K R (AoR 2.6(c)) -

A b e Bk B Ao A 24 o OB B FViE K 5 17.7 KN @ BUR
fREN 5 183KN- 1295 H 25 f PEER LM BT UFE R F R
i (BRR-A) 0 B BERY T SRFEE Br A FEIRG AL
H BT L 0 3R PEIEREG S AR A ERDESHAA > A B A 2 D
BAEd $ = Feh) VAL FTRFRAR

BT R AEE ARG 30mm 22tk B Ao f Ak
M o ® 27 #ton o fSERY a B LB BER-A
PR EABRGERER LY R A BRA-B MAFREER - M
P 3R B s kR st B e A 4 B 3R3 Ay (Local buckling) sk % > 4o 2.8(a)

L

géi\‘%éﬁh')‘ﬁ??é(b,@é) FIT RGeS HBE A A FHT A

11



SHABRR RSN PG E c B A KB SH A R P AcR] 2.8(D)
T BY TR R . REPEA R AR Y - R RRR-BRIE S
g bt pE Y 4 f E(RE) RS BN ApEe o 7K DK
B FTR 3038l > BOR IS8 b d > R E(BRR-A)D G2V BR > BT
PR FISHAR S EREFETHR

Ryp bk F3F 5 AL RS 30mm o 4 & a5 A
PR TR AR KBS A B A A f B 5 108 KN A BUIR
BX5 127kN o Al P PP s b % B4 i 25 977 o

BT OAMBRAEE R SOMM L PR ke ko A fE Y
LR AcB 2.9 from o HE RN, 2 30 mm sk £ OB R P AT A

B AN L B I A TR A R TS S H B o d St AR P Rk K

E'D

Bk o i 18 B 2R Ry A 30 mm sk E B T L P AT 4o@ 2.10(a)

L E

TR

ST 0 BRI A W o A R DIRP Rk IR (7
BRI AcZ 26477 A A EXN S 46KN 2 BURE 25 5 80OKN-
F 29 AFET T R AHLS AR P ER BT S o[ A

w7 AR [(0090))s A M = P in B ¥ R R % o o A 17 @z 10

mm SR KR 23R T BRI S AR By o PR H S NI 7 5L
PR ApHEE > mELRLZ30mMM2 50 mm2@EL > FRE REA L
A A FERA KL SH ALY o ek £ & A 10 mm F| 30 mm
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chfe B2 B0 A 4 EOREGS a0 Tt F e anfeh m k£ R 2t 10
m 3] 30 mm g2 B oo q s R RE R 2 BUR L M
B 4@ 2.22 4757 0 BlP T PR IR > B R R RAR DR HOA f B
RS EAR T S LA A 2 DR R L B - 2
ERARE > R h 4 (50 BHET ORENS PR A PN AR

3 o

2.3.1.2 K & R B A X in R

o

hE N e g R [(090)s)s A = PLUs B s P ehEk i 5 o AR B

3 48

TR

BB e A5 A

=1

L»,fﬁ’f“%ﬁa}"é;m %y(m ﬁ‘};ﬁ;f\] Hf&iﬁ_ﬁﬁ%é@%}bipg%ﬁﬁ’l

10 mm % £ & g

ETIRS

A2 o (N R Y 4c B 211 o 0 B¢
ARy ik hd & 95 417 (AR 2.10(D)) o KB nE & T LR 0 B
B4 AR TR P Es FRASHERE FRBY F(HRE D
14 =8 eS8 4 Bk > BOR S A R B A & 5

o RN A ERRAE S RIELSHAHN HRENV I A S0
WA H A R B S H A8 - B 212(a) 5 30 mm sk £ B 23R8 g A
REBE O OBFPFUFRIEDERGFIIFHEZRESH A

R 212(0)F Mg R e BT 3 Ay N S oo AR d SH e
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Bieg 4 o B 213@)% (b) 5 50 mm sk £ & 2 R 5P chE R A Rl s o H
B e 30mm B E & RaE Y RIT T S M AR S SH A R
st e 30 g ey mF > %30 mm 2 50 mm R K £ & i 8 A
RET R E (g AL TR oBA R R B4cB 2.12(0)% B/
2.13(c) %7 o

d 30 mm 2 50 mm %k amE R T g e s ank ko Aol 2.14 2
Bl 215 #7m A BEenA R TR TIRAE RS RlIv G 3F PSR F Ak
HBrwm o BERHOImMmM~20mm B AR B SHIESE W4F o d P %R
BFGEARZE Y Ak o TR 4 g o Fpt = B P ik
ARBIERED R Y 3N F2EFHRE AR ARB4 2 Ao

B % o

232 7% K [(0/90):)s 48 # = P ip B HEsd ¥

2321 %k £ R HER 75 R E

0 VR ek K B EOR 7 5 PR & & #333m[(0/90)s]s A7
PR A 7 5 0 Y A MK £ & (30 mm & 50 mm)émE ¢
i TRERRIET oo

A BREWAELR S 30 mm gy o Sd BER-AZ BEA-B

RIE e 2 o P Ao B 2.6 407 o A2de(0-0) 0 = P s R E
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PR B HOERRAERER(] ) RA o F § RG]
B)iE o BRRA Fhd REREHESLY 0 5 BYA-B RIE PR GE

BEF 2BV UFREL R P e %k o A > 4oB 2.17()

F_&

g <
e A IlE A f (b E) R PR AL BUR(TIE cB) A &P
BRSNS A8 42 B (Global buckling) 5 cris H L & > 4o B 2.17(b) #7
TR K A A e B s S HE 2 B 2 2311 &2 10mm
%k 2 [(0/90)s]s 4F 4 = P ip S Hfsd & PR & w 4R & (BUIR G Al =
R4y )odp B 38 5 PR Sl % B Ao & 2.7 w4 By f $49 5 205kN %
Box f 95 2LTKN
=T ORE_ 50 mm kR RORRESE 0 AFTRER-A Z RER

TR e |2 R M Gde Rl 2087w o SR KR REERGE R §
PR ag)e > BRRA-ATERELARGEEEL SV R » %
Ho-B R R E PR AR T B e A 2 753 Ay (Local
buckling) =38 % » 4o B 2.19(2) %77 o

AT RER S fPEbE) TR S HE LR WA RS
2 HNHA RN T A dF o KiE c B HHEE W 3 A FH DR 4o B
219(b)# 77w - BP VAR 2F AR AR Y - RIS > RER-B
RIE R E ;PR | B(RGE)ERS T E(EW) tafe o 70k

g B FL B R By BLRES HP  d  R B (B A-A) R R %
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BT AP FICHBEA ERETHAE o oh KB 2.19(b) 7 48R B %
b BE A R E RS R PR A FTHEIROSH 0 FIPAREF LR D
BN G R IR B S AR S R AR R R R DR SR B R e 4 2.8
S 3R B ;u % 137KkN % & % § ;ﬁ X5 16.2kN -

AEEY - [t RS R o R R L B
BA TS DR feded 29 467 o g7 A [(0/90)s]s AF H 2 P i A Y

R T A M o 30mm AR E R 2T B RS S BHA > Rk R

W

BETRR T ARERC, AR E R o RE R A S B0mMmM Y FRE R
WA R R A R A K SOEH A S B A S ek £ R 5 30mm 7
50 mm e 2 B 0 A 4 BIRHES el o m s K R OR SRR f 2
B f ;‘1 B TR RI R 4o B 2.22 %000 Bl 8w g ARmaim kR R o B §

P g f PoAp LA% ] o BB LR S 30 mm e G AR By chplUR

BRBT B EORP R AL PF AT KL E BT 2 F 0] A

2.3.2.2 %R & R BRG] R0 IR

A RE[(0/90))s 4F H = P s B Y PBUR T R o B A F

% 2 [(0/90)) 45 H = M i S HE% ¥ PR HET 87 00 0 5 4y 255 A s
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BB @ R RO A S AR A 2 R IR R B AR

- RHHE A A EROSHBA 0 deR] 2.20(@) 2 (b)4T 0 B¢
FEHRAEEARL 30 MM SHARE RRSAY - RlE S A8
[(0/90):)s 4 +1 = F* i S s ¥ 2 AR Ay BURHCSS 7 Fe e [(0/90)s]s 47

HEZWis By 30207 P AR R RE 3 BUROE 4 BY 5 8 5

\4

Rk
By SR (B AR RS RIT 2 SH)ARR o @ Bl 2.20(c) EK-Ie 1R
G S B R R e e (R R )@ R e R R T R

FofE RIS ERMAES RIEFLCHAERN ARl 3586
ERAFHERESH A8 B 2212 () a &%k £ & 5 50 mm @ %
FELRA R BT > A R RN A M A R e S H A4 A Bl 2.21(c)
T P ARES G S e AR T A1 AR -

i o [(0/90)s]s 4 H4 = PP ip SHEed ¥ BURBEY 2 0 H > o 4
RECHZEEUF A oRFPERPFACERFFRY 5 A F 2

ETHRE > e BRI 2 AR o

233 4 & BB $EUIK 7 5

SugE A & n[(0/90))s % [(0/90)3]s 47 4 = A ip B il ¥ 2 3 Ay 2 AR
750 Aok 29977 > HER Ay f 2 UKL PRAcB] 222 #1T o KA

ST LA AR A R R S 30 mm b T o R ARS K
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QAR A PEUR S 6 R L o e o R 0 AR 3 RV
Sl By (75 0 BRI g ? [A]RBAT I BT A R L R B
N AR

FRMAL A DR 5 @ 5 0 [(0/90) ) A HE = P s e aEaR A 4
B E R G 10mm - Bk G AP DA AR deR] 2.11(b) 5 [(0/90)s]s 4% H
SERRER P F A RE LR S 30 mmo BL 15 e 5 deB] 2.20(a) 0 4
PRI AR R 0T 5T R LR BB DR A TS o A A
% #d %

TR

IH
-\ﬂ\y

)T&E;v%‘ﬂii—%;ﬁﬂfii%ﬁé‘f’}%ﬁ bk E R S 50 mm R T o A
RS 2 BRI R R ERENH A

Bt IR 2.22 7 vl R o 210 mm s 2 [(0/90) )4 H = P
it S & & S0 mm sk 2 [(0/90)s]s 2 1 = P! ip g HRE B AR 04

FRE A SR AR R TR AKERRS B R §
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F=2% A

AE R - R P HRESE 0 G L Z 2 (Finite element analysis)
Bz WA = P ot By (7 5 o 5 o ) 1 3B (Buckling) 7 F
FiE IR A4 E > TR FRPEHA D AR DA AN o kR R &R
B AR FaE 2 g AR F A 0 B 7 A R A 47 (Linear buckling
analysis) 2 L4 4 4 47 (Nonlinear analysis) o & d &3 Ay &2 477 IR G &
By e A5 40 8k (Buckling mode) o 4 3 B3k By enfic Ay F 1745 Fe(imperfection)
EIETAERME LAY BREHRSFET R FI R BRET Y T AP B
otmEARE R R T B EE 5 0 FI[(0/90)]s % [(0/90)s]s 4F +4 = B

o AR P TR B K R

3.1 Fh A7 2

# Ay (Buckling) & T firenig i e A 2 R AR s 2w 0 £ 2 BiE

£ %_(Structural instability) sFa5[20] © @ 7 & T_ehEA5 F 2 4 s

(Slender) 45 ~ T 4= (Plate) & # &« 2 (Shell) F < T & p £% 4 iz >
% IE- et 4 pF A 4 e =4 (Lateral deflection) -

2

bd LA E R o ROR A 3TV A L SRR A T 2 2La e 47[21]

LAl g P8 M RAeB 31 4T o Bl Y i 4 AR A T SR A 4T 0
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By R FRMEM G ;g‘ggi ¥ Hcw B 42 (Eigenvalue problem)w 3+
EETRA A #*(Critical buckling load) » p* §@-2% #& Jy f L eniz & ¥ 5 4wt
2k (Bifurcation point) » & & 5 THFELSF 4 A E il 5 @ BlY 4 ha
e Ve I S AR SURRUE R = el R AL O AR

BT A b B 15 B UB(LImit point) o G2 gR[11, 22] vzt A
CAREE AR R EE AR BT KA ] SR R A

SRR L= s VA & B PF

3.1.1 M3 h L {7

B RAF 7Y o P RAER SRS 2w > B85 At
75 Xigd K3 B A (eigenvalue problem)t B fdt ok f ¢ 2
By 253554 o Ao & B G U A F 2 ahr SUE| R 4B L (Tangential
stiffness,[Ky]) B 4 > +3dp 04 By el A TB3K > d A By o 58 o

1755)31%1]&:;5@_([KT])#§; ""]‘#‘ %’ 4 2% er);}* 4 mpﬁj}i%@ s # f’\@}z

ﬂd\

‘J?E.ﬁ,ﬂ}'}( %’T)mﬂc%\‘ He g;ﬂ;«gri/w\[zq:
K=K ]+ K]+ K] (3.)

 [KL] 5 &) % 25) k] & &L (Linear stiffness matrix) » [Ky] 5 25414

[—

(% e < %25)k] & 2=E (Nonlinear stiffness matrix) » @ [K] 2 & # B R B2

(Stress stiffness matrix) £ £ & = k| & %L (Geometric stiffness matrix) - &%

20



BB AES ik AR h R R > R R S BB Ee Y AN 5
PEPRMRRAEL b FRERR > 2B EBET M EF SRR
B o MR R B R S 0 F2 B 89 0 2k
BRAELT vk o 5t BHRELREAZ OB FERAFTH HETa
N4 ¥R # eEl BR[20]

ARARRELI R E PRI L EBHE DM G S N T
K, JdQ]=[df] (3.2)
Ik, |+ 1Ky ]+ <, ool = [of] (3.3)
[ 5 3% 2 0 5 [dQ] = 43 3 £ e 4TI MM Ay PR 0 B
B 2w G M ET L T A RAERPRIREL o vt F P RlETR
BB AL d B PEG BB LTS B o R
dehix o FRHMELE o EHHET
(I, ]+k,DldQ]=[o] (3.4)
e - B 5 f §(Reference load, [fle)*t B4 ? » £ & FREE LA
1o gt R FAY F5Tf Pk o A f ) (Mfler) © i
VTS PEAE o A S BRI R M T
i T BB ELT LTS
[K,J=A[K, ] (3.5)

M #(3.5)78  ~ (3.4);N T B A
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Ik |+l | JoQl=[o] (3.6)
SO E ek g it mzbE 2 (3.6) 58 2 HciE P 42 (Eigenvalue
problem) &% » E[dQ] = [@] > F P& E4k fy > 258 ik A A 4o
(Ko J+ 2o K, Lo @] =[0] (3.7)
HP o hy o FHciE @ [0 5 =8 e £ 0 20 oh o i@ (Eigenvector)
& g § § fhde(Critical load factor) » & 4+ fcw & (Eigenvector) i* £ & A
#- 4k (buckling mode) = F@t f * Glick b 5 F f T F IR LA L
(Critical buckling load, [f]) :
[F L = 26 lf L (3.8)
B kG RA G R A 4T T R BB Rl |
2R gk s TV S e B e e P o FSH ER
PR B2 R R IR PR R P E[22] Ra > 20 i

- BRI A P L R R AL 0 R R RREA o

3.1.2 P

- AT B LA EE P o AR R B BHE S AU W
ﬁ*ﬂ@nﬁﬁr\ﬁi' PyBCRE 0 Tt 0 B0 BB GRS R gk
A2[22] 0 % o AU R PR (B B 2 ) 0 B B A 4

(Nonlinear analysis) -

22



MR AT R HACER A d R R R B R

-

m ]

PRE AR ROl 7 5 0 B HCAlL G~ 4% i(imperfection)

i

FL3g B> (perturbation) » & i (7 B iv < R0 fR 0 @ B w2 o ah
75 0 2t 2 E X F G 2EA 18 B & 45 (Nonlinear Post-buckling
analysis)[22] -

HEED e pFI s BRI AT R 7S G T B

¥ - f > 5 o] higds 4 (Perturbation) A g % 52[23] 0 R E = P
SRR I TS o

PR B SRRV DA R £ 0 B FARAE R P 4 o 4o @ tergaard[13]
= 1 HF 4% Fe(imperfection) 3 = P s B2 4 By 17 5 PR By d sin S0l
THE WK T Bk R4k 1(local imperfection) £ A8 % i e 3% &8 4% F(global
imperfection):& {7 2E4 4+ & 45 o L “F > Sankar 2 Narayanan [22];:5 d 2Eas
AITHERR T A Z P B AR 2 B4 o p A MU A
A7 18 B #8088 75,5 (Buckling mode shape) » #-# By Hicis & 170 3F ehim £
o R R engipd o R BHE G 47 4ok B(imperfection) o @ & Sankar
Z Narayanan shzbsu s 2 47 ¢ > HOB ORI R P 10%h4 &k B R T3 %
A de ik A 2 o

AP A& F* Sankar 2 Narayanan 77 2 > fL A enZb it o 470042

2

Il 32 HhF o F Ao @ FABAE A AT 0 BRSNS - B AW
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# (Buckling mode shape) » # # S erdd Ay (7 5 4% > 3 7 &7 2L A

¥ RS - BRAKEF TERSEOR RS E > T S RRAEL

AL (T A oo A2 T_E ik DA T
emax
r =
¥ (3.9)

# ¢ or L4k kAimperfection) s & & B B R AR A v edm GRS &K R
max P & BHA LB T D5 IRAR o § B RS E DB S R
(Bmax) = 0.01mm P> @ 2 B B R () = 1mm- R & 0 ehak 1) = 1% o
B tb o A dn i B B e X Ble @] 38 o ey - HOR R (TR
FA(F dc & SRR B HE R & R R BB FRs) o m B % IR TR S emax ©

hEE G A e 1L A A £ IRAE (ANSYS) [21] 0 T sk Ay A
2RV O ARl 35 R L A e o

B TE o R WAL G Mol e A o

BZH o RTBP A R EBEF S R E R S0 Ry
AetRMEalPiE ) APy % i fg2 2 2 5 2 P &2 (Newton -

E=!)

Raphson approach) » #-i=# & Ip & 5 "Rehdh dfe > 32 5% - Hehf 4 & >
&= S AT AR RE R R A R i B et

B fd o i LA A TN R T U E TIREEEAY s et 02
B> FL T - R o g-—‘ie_%;af‘k’*ﬁ;O%%'E’ k45 18 1) e

A B RAERRPTENE 52 PRI R A R R
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fgv ot d ATEIEH RS AT T O SRR f 2

B R o

3.2 # 3 A% HA
it eng AR A SR AL TR~ £
B 5 R(t) 2 Mk & R (L) Aot (7 G oS £ T ¢ o e SR

o3 IAEWALER Y chak 5 SOLIDAS > 5= Aeh i~ % > £ 4

BEEB F BEBT 2B epd R LHESEARYE B R

J& o
Fdo 4k & PR A T RA R 00 Gin F 4 pho

< 2
—

oo PR ek RS B AR 4 TR R > f a2

R E & R B2 SH AR & (merge)(BRR AR R R > ¥ £

RATSHRERZE) LU MEFREDOLZT MALE P R AR B SH DS

ik wHP Lo T2 45§ ~ % (TARGEL70 2 CONTAL73) 14 17 ik £

K553 5H 4B 3.4()% B 34(0) 77 o IR F HEE B E AR L

BB Rk RS OV EZRIRA B AL HRERY Rini

FROB 35T B 36/ F VA F A AR TRE P LR Ao

388 2 ¥ (Global coordinate)sh Z = & 3 = P ip BHhER P e 0@ X 2

SERG o AE A AKX P EAMARE RAX S ek
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kb Bd 2 F AR AGX D ede y 3o FL R o F T iE N

33 REH ML, RE

1R~ pR[15] > 5 U~ F B2 7 g d TRl H Ay | R~ R jean o
A ATz E Jactidod 3.1 907 o % g K R 5 50 mm o [(0/90),]s 4F +1
SRS E A0 FE L A FEE L 02 mm pF o fRR R f
AT E P ar o Fl F RIS Ry e gk By f N 5 T.24 KN e R S
FATER R P o [(0/90))s AF 2 P S E B eh U A 47 5 % Ao R
37 477 JELE A R T R R iy g o sk £ R & 10mm
s 0 3 F e RO & R4k B (Global buckling) 5 & £ & & 30 mm

% 50 mm shiHE 0 A Hendk By HCRE & B ¥%4k Ry (Local buckling) o gt ¢h o

[(0/90)2]s #F 11 = PP ip S Hsd ¥ ehaUE A 47 2 % 4o ] 3.8 i3 > § Wk £

N

Bow 30 mm shig i pF o A Y ehdk By ik 5 348 3R (Global buckling) i

Fa Rt R (v g Ry eI g g sk KR S 50 mm pE o A gk By B0RE S

e

$R8 4 By (Local buckling) -
Rt dEREL 4705 0 T AR RS R REZDE L -

RoHTAREET %ﬁd ﬁy}j:k}g,,;}ﬂ}fr4 e IR R AR o B 13§ ;u
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SR B BRGS0 SEUEAL By A 45 ek By B R o] inik e it
2R 5 o
2T Ok PZEAM A A X Z BIA S F A Mg LA E AN S

BRI F O BRI AT HRBY R T %L BRE Y EIRR T

44

A RS RE kit L AR AL R(REE R S 10
mm I 70 mm)T sk B v ak B 17 [(0/90),]s 2 [(0/90)]s 4 H = P s
g d b 4T o S h LR R R T B f e Bl 0 O PR
B £ BT e g o i [(0/90)]s 2 [(0/90)s]s 48 1 = P i 43R ¥ iR 5

KR

34 RFIpAMPLFTHFLWR

AE 2 P A TR B ek AR R S HPBUR R ] 0 A e 3
4+

B R e AR RET A BB P R A
Falh® it > T AP % EERRIT A F R

oo FIRYORIEE  RAF BT o SHPA RS B EF
PRV R T IR RDERF L R F .

BT AT P EEEEAP I BRSO AL E LT EE
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341 % 10 mm % & 2_[(0/90),]s 4 1% = PP in B H 3 7

)

FIE R 7 Ak et ) 0 A& RN 10 mm st g 2 [(0/90)]s 47

B

M= P s ¢ 1 01-005%% 5% kB & 5 (T4 il (74 4704 Fa
%-0.05% % 5% f 2 i % e B 3.9 41w MR B A G DY

LAEA R R T e A KR 3.9 ¢ W IR B 2 R
Bis(HY - FoRRIIER A RERE) P EST G A T
PP S 2 R 2 B S R R KR T e

Ceb g g endfing 0.05%3 BY%pE > BREIE R f 1 0 EF R e

e

0o BREARS PE A BEER 0 R ERED [ HI -
Bk ins 0.05%3 598 A%k el 3.10(a) 7 » 4 F A T 8
G Ry o B R BRI R SRR o TP RN A AT T B B R
R 4 e # 15 -0.05%¢0 f 52 M 2RI ho B 39w o F sk e
SEEFNAF RO AP R- B e o K ERBAEIET ORERE T %
Wl a5 -0.05% A R EE RS EEREE o b 355 -0.05%
AR % 4o 3.10(b) 0 FF e REF LK o BHMA R > A ORE R B DL

BRANH (K 2 SHRM) 25 - R T R RUR R L wp A

~E

F ek 1% 5 -0.05% o

BF e 5-005% A sk 0 B R 2 g 02 )
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139k 2 jpkdp 1 [25] > P At R e +# (ROHACELL® ) e # sk Bo3s % 95
Mo Tt ;ﬁd B~ A4 % p](Maximum principal stress criterion) ] %744
i B 2 Bk o gtk o R }*J<[26]tJ e’ g 4 )& (Pure shear test) &g -+ >
B IR 4 ROHACELLY i & en¥ 4 sl & B 5 45° A7 Bk d B
AR A A S e Bt A R B s A4 FRIRAE R SRR

FRARE I 1T6KN B S E 2 A 4 R EAeF] 311 A
R PUER . BAAFTLEFTAEA IS - R g ARE R
HEAR G bt A Bt B 95 1.67 MPa s ¥ AZiE S H R W B 5
B e Bofs o #i d BEEIZ L4 SR 2 skip| B P B Rag
#oo 4oB) 3.12(a) % B 3.12(0) 5% B A ARG B4 chin R B AR Rk
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SRUEN A
30 10.8+0.4 12.7+0.7 fo R Ay ER B prg T A
50 46+0.8 80+17 ERLE ] R B SH A
, SHELA o Bk
[(0/90)s]s 30 20.5+0.9 21.7+0.2 X BN
LN
50 13.7+0.4 16.2+0.5 fo 3R Ay e N Jos A

% 3.1 A& e acth (5 50mm & 2 [(0/90)]s 4 11 = B i i )

ol AR R TR 4 4
(mm) (kN)
0.5 7.40
0.4 7.33
0.3 7.29
0.2 7.25
0.175 7.24
0.15 7.24
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WHAER kLR B p R E(E®) AL EAH) RO P ERR) BB PE(S) Rl

TS

/; 2>

g (mm) 1) (kN) (kN) (kN) (kN) (5 %)

[(0/90),] 10 0.05% 17.7+1.9 17.4 183+ 1.6 17.6 4 TEEAL
2dg - U.UoY70 Y s i I . i ou nil I . ££1/4}_§@

WA T B

30 3% 108+ 0.4 1016 12.7+0.7 13.0 A w
SN e 5
WA T
50 506 46+08 51 8.0+17 9.3 LR
A Rl H
R T
[(0/90),], 30 0.5% 205+ 0.9 19.7 217402 21.8 :E i 4;
W T
50 1% 137+ 0.4 13.6 16.2+ 0.5 16.6 R

B RS




% 33[(0/90)]s 4 = P ingtisd d L2 Amk L RT A48 %

REEE L wrmon  wepem ERARE S RBIEE e
10 -0.05% -55x10* 17.4 17.7+1.9 WA
12 0.255% 0.003 16.8 ; WAl
14 0.56% 0.006 16.2 - B2
16 0.865% 0.010 15.7 - B 30
18 1.17% 0.013 15.1 - B 2R
20 1.475% 0.016 145 - B 3R
30 3% 0.033 103 10.8+ 0.4 B 2%
40 4% 0.044 7.0 - B R
50 5% 0.055 5.1 46408 B 2%
60 6% 0.066 3.8 i B 2t
70 7% 0.077 2.9 i B 2

% 34[(0/90)]s 4 = Pic SRS ELARE L AT P18 %

BEEE L wrmon s e B ERLEE g
10 0.05% 0.001 232 ] A
16 0.15% 0.002 22.5 - KX 1
18 0.2% 0.003 222 i WAy
20 0.25% 0.004 21.8 - B3
22 0.3% 0.005 215 - B3
24 0.35% 0.006 212 i g
30 0.5% 0.008 19.7 20.5+0.9 By 2R
40 0.75% 0.012 16.7 . 2%
50 1% 0.016 13.6 13.7+04 By 2R
60 1.25% 0.020 11.0 i e
70 1.5% 0.024 9.1 i B 2t
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2 35 AFHEZP AR AL ERA LR T AR

[(0/90);]s 4F #4 = 0 i B Hes # [(0/90)s]s 4 #4 = B ip B3 &
S ) P AR e UL A
10 -0.05% -55x10* KX i 0.05% 0.001 kX i}
20 1.53% 0.016 Ban 0.25% 0.004 PRy
30 3% 0.033 PRy 0.5% 0.008 PRy
40 4% 0.044 & 38 0.75% 0.012 B 3R
50 5% 0.055 PRy 19 0.016 PRy
60 6% 0.066 B 3R 1.25% 0.020 B 3R
70 7% 0.077 By 30 1.5% 0.024 Fa 3R
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E Strain guage - A(debonded)
25 Strain guage - B
o T D === - (Failure) _ _ _ _
 — - - - pRi_----= c--Z-ZzZzZZ1
< | ] (Global buckling)
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o i
— 10 ~
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i ] c
O i L I L L L L I L L L Q L L I L L L L I L
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Bl 25 § 2k % 5 B (5. 10mm % R 20[(0/90) ) 4F H = P i i )
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Strain guage - B

15F
b  (Failure)

Load (kN)

5
| L L I L C\ I L L
-(9.004 -0.002 0 0.002 0.004
m/mm)
B 2.7 f 2 % P BI(5 30mm A 2 [(090):)s 48 + = P iv iR )

(a) (b)
Bl 2.8 Btk aplR (7 5 (B a3t 75 (D)2 K &2~
4)
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o 5
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B 2.10 5 283k Ry sk 7 5 ((QQBUR T ek 3k by 7 5 (D)3 K &t A
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X 44F
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He By e A ()R F B S R (C)A) RE S A 1R BE)

60



4 Fixed end

ey E Xp. crack path

Face-
sheet

Debonded 37
36.5

36

region

w
a
a

3451

X-coordinate (mm)
()
a

w
N

IlllllIIIIIII

33.5

ENNS ATETETEE AN AR R

X=0= . 14.5 15 155 16
~ Z-coordinate (mm)

T (©)

Bl 2.13 & 50mm % & 2 [(0/90)]s 4F +4 = 7 i s & ehmsk ) ((a) ko 3%
By B A R (D) A T B R R R (C) A R A R 2E)

61



5o
o

&

® 2.14

£ 30mm %k 2 [(0/90),1s 4 H = B iisik 1 A

62

%4
b4

k2t
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20

18 ; -0.05%
16|
1l
~ -
Z 12
A4 [
— =
a N
@) 8k
| =
6
- ———— FEM (1= -0.05%)
4 | —v—— FEM (= 0.05%)
[ ——=—— FEM (= 0.5%)
2F ——— FEM (r=5%)
| —a— Exp. Ad
[ | I | | | | I | | | I | | | I | | |
0 -0.008 -0.006 -0.004 -0.002 0

B 3.9 £ 10mm *t

Debonded region
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B 3.10 £ 10mm % & 2 [(0/90),) 4 H = ¥ i %
W Has 0.05%~5% 5
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Debonded
region
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—.252565
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.228728
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.950667
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1.67261
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B3I A RAE LS 176KN - &,10mm % 2 [(0190):] 47 2 7 i 2
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"' _— - - - —d’ s |
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HEEE - Failure point
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Crack path 71217~
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Pl P P P P
722727l AA
i‘;?g::w N Pl P P P B e
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CAig+ >z pifgi>})
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Debonded face-sheet
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iy EXp. crack path
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