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Crippling Analysis of Z-Section Composite Stringers

J.H. Kwon*®

ABSTRACT

Crippling stress and failure behavior of Z-section graphite/epoxy composite laminated stringers are
investigated by the nonlinear finite element method. Stringers are idealized using 9-node laminated shell
element. The complete unloading model is introduced into the finite element method for the progressive
failure analysis. A modified Riks method is used to trace the post-failure equilibrium path after local
buckling. Finite element results are validated with previous experimental results. The results show that
the most important parameter affecting the crippling stress of Z-section stringers is the flange width. In
terms of stacking sequence. the highest crippling stress is found at the stringer with [ +45/0/90]s lamina-
tion.
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Fig. 1. Nine-node laminated shell element
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Fig. 2. Stringer geometry and boundary conditions
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Fig. 3. Typical finite element model of the stringer
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Table 1. Crippling and local buckling stresses of [+45/0/90]s
stringers by finite element analysis and test[2]
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Fig. 4. Crippling and local buckling stress determination

EYAL 7232 9 2E3 A% vXEe 9L
BT BAXHAL w0 sleAE FdeAE
Al AARANN e AFzAol e
T 71E 439232)%e vlng 8 AS4/35029)
A8 E AHgHAT

E,=127.5 GPa, E; = 11.31 GPa,

Gy = 6 GPa, Vi = 0.3

Xr=1.45 GPa, Xc = 1.45 GPa,

Yr=>517 MPa, Y¢ =206.2 MPa, § =13.5

Web Height | Flange Width | Buckling Stress (MPa) | Crippling Steess (MPa)

{mm) (mm) FEM Test FEM Test

W1 | s D | sy 189

“as 45.51 166.17

2540 | 69.64 6164 171.89 237

61.78 157.21

- 4.7 18341

3175 49.99 ] 174.44 FAG

3175 67.36 205.47

2540 | 7506 | 68.67 | 20064 | 20961

66.54 20071
AR 2288E 9 2259 Y 9 22
THY AR FYstd FUA Z3 Q9 o] ¢ 2
EY A9 ol zbzk 31.75, 44.45, 254 mmel AL
Fig. 3oll4] 59l wutel Zo] Zolwek 2074, Zax Z

5F 2
< T} 747 A7) Qe w470, 2A

Ag 98 ARAE AHEHY $ED AL FAR

ToE AAHY 22FYE AYsiATh & Exle ¥9
o Aok 22 Bl 4SS slslds we] A

ol 2] uRe] H2L Do) Hal 2719
& 71 2es} ok WA Fig. 4o 23l wjst 2
HlAY AN 93 B39 SHomwE AE
Aol Rpa2 3¥% 29FY U 4A 7
ok

o o

Y ot 9, g

38

4314 A% 5 24

4.1 siMo] ElEY AE

B4 2ERAY AE3Y g OF 4¥es
A Anel A2g 98 Table 19] 7]1& A8A72]
ool Bla A5 E AASATH fEessAe] A=
AEe 2712%E nesA gtdolx EFstn B
22§89 A% ddge Ry 1 13.5% oy
o A5 Helm, A2)EY 839 A% HAm 13%9)
22 Zet AlE A9 Agd, 71setd 27143
2 =249 o x(Miss-alignment) & g&A|8o] ¥
5ol e 2F44S nE 1 f3e2847 A4
3 e ¢ 2 X Aeg B 4 gtk Fig-



70 #3132

25
O P
[£45/0/90)
20 by /Lm0.125
by /L=0.125
= it
Z 15 |
~
Qs
©
(o] FEM(Potted orea considered)
o] 10
-~ Test
» FEM(Potted area not considered)
5 po
O 1 | - ] 1 1 i
0 05 1.0 15 20 25 30 35
End" shortening (mm)

Fig. 5. Load - end shortening curves by finite element analysis
and experiment

ure 5% Eol| AAE Az 3 9 goleh EA FHol
2F 3175 mmel 2E A digh - dEe]
o} FnEE [2]9] dgoldE st 47 127 mmy
o] IARRAF FPo] glonz olF ;¥ A4
ZAE Ao e AR E 25 AN 484

HY A9l 28R G Aol Hal BT 2
WSl7k 12 % 719 Z7tah Qusez 2EYA
AANA F28 Ae 29EY $Yolnz 4T 9
o) &% A%E ¥R W 23AAY 9 (Potted
Area)g 2% Bat gAou AN BN
2AANE F4e TFE AN FPsoF T ©
F gk

2 Agolie 2

ol
25
N
A

&2

A

dlo

2
Kl o=
(4

-

ob

X,
o
o, 22
A
= & o
-3
i
bl &3
e
ulo

s, 1

2
W2 2oy o2 oS oo 2 ol Rkl oMo

i
e
i
32
T

o
N
3
)
i)
o
olt
o
82
z o

_

_mq-}i
=2,

m
ol
X
.2
m
2

ofl
o J8

oom

it

o

_9‘_\5

~

£ b
e

2

HE

2

T

A
i
ot

o

Ol

R

N

2

2

AU

-

2
fr
of
o
M
RO
S
1
i
i
ol
olo
A
2
o, W
2 on
e
o
=R
o

%Y 7bsgelt BAAE 38
290 G5 27149 49E FUs 2

ot =i M

X of
lo o,

3
{m

HEAMELEER
350
@  Crippling
- &P e Buckling}FEM
< Crippling
ol [ g 3 R
(- =254 mm
Camnd
& 210+ 0
= <
4 i
~ ° '
4 -
o 140 o
o /" e,
i \\\
70 + o e .
— \~1
o 1 L 1 |
o] 0.25 0.5 0.75 1 1.25
bs /L(x10)

Fig. 6. Crippling and local buckling stresses of stringers with
various flange widths (b, /L = 0.175)

4.2 BHUIX] Zo §1}

Figure 6& 9 &o] 44.45 mm, B&EEA [+
45/0/901s91 2EH AL 27z= ¢ I=EH &
Fg Hoj&r) g AZEYL EUMAF/ ol
¥ by/L =0.05¢ W Hoirt 51z Z9A Fo] AXA
U Zold 4R ZojEe AL B F QUth ojAE 2E
PA9 HZ =2 Aegozy A HA4E
ek

AR Z ZdA] Eo] R3] & AL A
oMo FEFZo] AA Yehtn REHAZRE AT
Hydo] AA FXwA I ZYo] =gdtA €t o=
Fig. 7(c)st T(dyol AAE A125(by/L = 0.125, b, /L
=0.175), A0T5(b;/L = 0.075, b. /L = 0.175) 2EH
Ael HZRSsoA FHE. FdR Fo] E 2EH
A 2EAZe F2 ZAA A HoztzEe e
S Hed Z2-98 2EZAY EUX s Holw
gow B o IdFe 9 3 deAAgn e
zo AFAAZL F7] i HAZEHe] vl$ Lk



B12% H6HE 1999. 12

Z-23d B9 2EYAY AT EY Y 71

oA EYR|9] FEFAZo] WA dAYE(EdA
o] &) 2EHAY A REAF o] HolxF
£ Aojth A075 2EY AL Fdlx]g 4 2 2]
A9] F2 F W AAPTE Fig. 8(a)ol AAlstac)

He] ZYR] Fo] olm AL 2EHYA A9
FHUHGEUE 19 gho] oA 2EYAL 2]
FEFZSE FEHSHY AA FFo] g ¥
£ RolA €t Figure 7(b)ell 7132 Fo ¥y
12 AAE A0S0(by/L = 0.050, b, /L = 0.175)
BAS Z57F A7)0 gt kA xr)FE &
2 A9 REHZTT BAF= AR Folx

o

a8 i

" (@) byL = 0025

(e} b/L = 0075

Fig. 7. Deformed shape after local buckling of stringers with
various flange widths (b, /L = 0.175)

1.0 S
HA g o
= by /L=0.075 "~
ey [ .
by /Lm0.175
2 os ——‘L -
L+5]
...‘J L
™ o6 |
[ o
.2 o
5
S 04 F
°
o
% 0.2
<
0 1 1 i I I3 ]
4.0 —~2.0 0 2.0 4.0
Deflection/Thickness
(a) byL= 0.075

A drt =3 R FFoA BRoels E3X9
Zo] ZolAFE Yol g FE&2AY FgPo] FUH
o2 AR g REZZ $¥o] AXA B
A0S0 2Eg A9 HZ ¥ He AR iz FHH
A7ke Fig. 8(b)o] AN EHATh

ZE{th7t 237 Fo] 6.35 mm o]y}t HA 2713

1.0
e
’ by /1.=0.050 1
= € b, /L=0.175 il
< o8 | .
o -
bl N .
o
I
0.6
~
c L
I3)
= 04 F
o
O =
Q
.~§ 0.2
X
< -
0 [T R N WU it N N T
-30 -1.8 -0.6 0 0.6 1.8 3.0
Deflection/Thickness
() byL= 0.050
1.0
A P
= by /L0.025 &
c € b,/L=0.175 e
0.8 + B .
provin e,
2 P
@ \ L R
d i ’
0.6 : A
~ . ; y/
S04 F \
o . N
o L . N
o T
§ 0.2 RN :_\
é I~ \\\»
1 1 1 !

0
-25 -20 -15 ~-1.0 -05 0 0.5

Deflection/Thickness
(c) byL= 0.025

Fig. 8. Deflection curves along longitudinal axes of stringer (b, /L = 0.175)



2 223 BENAHEEEE
350 350
G P —_— Crippling B G P
- —o-- Buckling - [48/0/90]s "
[£45/0/90)s <> Crippling by /Lm0.075 ~—8-—  Crippling Stress
280 - b, /L=0.125 Buckling } TESTI2) 280 - by /L=0.125 ~—o--  Buckiing Stress
L=254 mm N L=254 mm
P " ﬁ
o 1t =)
% 210 / s\ L 210 \B/\\v”‘
= L VEERN A = B
<C
L <
o 140 “ E 140 -
S N e e
» - . - P R R )
70 - \8‘\. 70 & - g
o 1 1 1 i O i ] 1 i 1
[¢] 0.25 0.5 0.75 1 1.25 o] 15 30 45 60 75 90
be /L(x10) O (degree)

Fig. 9. Crippling and local buckling stresses of stringers with
various flange widths (b, /L = 0.175)

2L ¢ ol =H4 o] opd AAzEY FHE
LA g2t A A FEFHTO] WA LAt
T ARt 271FE §¥c] goRinh FllA] Fol
6.35 mm °}3}9l A= Fig. 7(a)o] AAE svie}t 2
of A #AEo| vl 27|FHF BRYE7L Ak ot £
A Fo] ofF ZopAH 2EJPAE FF EWAL
e BRe Fejzt H7] i H2EYol Al ¥
ol AAl €tk A025 2EF AL Hz F He A
0 A A3k Fig. 8(c)l A€t

ZERAS AA7IE0] He A2EY $HL 27
g $¥de 98 A Fo] 19.05 mm o]dA
o & @S Wiz gl oA 2EFAY 273
2 Efsrh dAFEe] HY FH2EHL o= A=
F7FIAIT 27132 3 A TS =e¥E 9
ot B g 27)H20] EdA Y FEHE FHE
T 27132 9L wAT 43 E4A7) Ty
T EAZA A d§ & 4FINFS AA
Bo] w2t FEHE Polx F7HHQY 52 AXE
T 0 Rolvth mety 2EYAL HAZIE] AHF
B $Ede A o EdA S F2 Zo] v 4
g B &R JAldiMEe 0.075)9 #E 7EA Ed
A9 FEFSol WA TAse Zo] o HAEE
itk =g B ~EJAY FAYEY Fgol
79 Z23E FE E 2EFJAE 47
°IUr BAME 4958 Zdx9 FAE
3¢ 2EJAY FEHZ $YE Y
A5 2EYAY AHAEE FIE

ﬂ?UWﬂﬁa%mg
o g gy
H mérkz
fr
®©

P )
Ar

Fig. 10. Crippling and local buckling stresses of [+6 /0/90]s
laminated stringers

ol @ Aoz wadd aeu 3R FAE
Hog %U}‘Jr o AA ok P-—7P°}- Rne 76‘
me e § glenz 2EHAY Ao} A3
A, BAAzA %"ﬂ ulel AEG $3o] oA
ojt}.

Figure 9% 9] ¥ol& 31.75 mm& 9 & g
Mo} 55 Fdx] & HIAIHEA Mg 73
& Azjolth. g1 Eolg& HIANAR HEY HY
BXE Fig 69 A G Zziel Aol B4 AFgE
B Zt) o]|2HE] B REIAAY HAA Ed
Ao £ 2EHYA Zolg 7.5 % YR s Ao|
1 g a8 SEIYT B S UEE C F
Aok T3 AAH 2= e 1“°l bW7} Zold L5
FZgEoly AHUEY o] HolAE AE B F
ded oA o Fol/t FAolALE B2 &
7} AR Qe es gd.

2 ol o
i ofye ‘{o o>~'

PUURSY

M

4.3 HEzM9 50t

Figure 102 §] o] ¥ Zdx Zo| 77} 31.75,
19.05 mmol 3, B&EA7) [£6/0/90]s2 ~EZ A
sl 37t 68 15° 0402 WA 2EFE
s FAEY €S 7 AFolvh FHR EF
9 xolE Ztz}t 19.05 mme} 31.75 mm=E A AL
Fig. 63} 99 ZAF2RE 257 =ZAEH ¥
5 o] FoA HIXNE Yeilr] wEoltt sadd
3 ZEY Y3 27FF 38 TF 0=45"9A
A7l Hn AAFHY Age iﬂ% S8 2%




BI124 $£648199. 12

29W 2gA ~EYAY 2959 44 B

olo

A

=

By

ol i3

My =

ﬁﬁ
oﬂ,

P o

L

%y

N

4ﬁﬁ
o 1o

e

4 £ =

)

S 55 Ph XN oft

Zet dgs AxerE gE & 4
A 224 "o} a8y Z-dd 2E
A EY Al e 2N vehd vle} go
#z 3ol AL EY 28 2T AL 69

b EdA %o g3 vlg] vlmA =X
<= ¢ F 3ok wetA EEA 2EFJAY AA
&

Folb AZeARTE FAA Zo] ¢ F
o

'_"oE
o 2 ok fo

7

—

o x
e oo ot

h
g
rfu

2

v oo
]
ot

2

e

—

=~
-4
=
X
r
>
uld
3
3
o X
L

offt to rl
rﬂ
N
R
%
J
s
o 3
21
Tl
9 M 1o
38
£

i
nd
A Ih)
h)

b
24
_315
$odr R
S A R A Y

oy o rx S
X
o
o

o e

-10 Lz
Mo o i

fo

P>

we

=
Sop &
olr i
m]o ol
Xorg
lo
ju
iCA
)
o
A% o

“ fT
o
rir
P2
fljo
% o
ofN
o
38
A

~EgAdNY 22159 Qe T
A A=) g,

Yol /g 2 9L WAL Aoz
4 o) 2p4Rel e Z v
DEY o) & JYS v 28

LEQ EAA9] Zo] 2

oz Q% 22EYo] ol BEst
A9} Zo| o} Hobd A% WAz
2EYAY FEAEE Aok Aoz Y

[+
o, —‘E

i U
—=
ES
TN

Ruf

3

i?
m

o ;ﬁ

2

fdr g g
P

_,.
oWy,

o {m
4 LU o
Mr o

l?l—il
moﬂ,
:{o
Y
m

iy o

o
)
£ w

14

o o i rf

N 39
o,

f K

2 a7t fEmewdn Agse 948
AT 981-1003-020-2)¢) U5z g g 74
#e), olol] ZA=FUL

Haed

1. Bonanni, D.L., Johnson, E.R., and Starnes,
J.H. Jr., "Local Crippling of Thin-Walled
Graphite-Epoxy Stiffeners”, AIAA Journal, Vol.
29, No. 11, 1991, pp. 1951-1959.

. under Compression”,

2. Wieland, T.M., Morton, J., and Starnes, J.H.
Jr., Scale Effects in Buckling, Postbuckling and
Crippling of Graphite-Epoxy Z-Section Stiffeners,
Report CCMS-92-25, VPI, 1992.

3. Jun, S.M. and Hong, C.S., “Buckling Behav-
ior of Laminated Composite Cylindrical Panels
Computers and Structures,
Vol. 29, 1988, pp. 479-490.

4. Hahn, H.T. and Tsai, S.W., “On the Behavior
of Composite Laminates After Initial Failures”,
Journal of Composite Materials, Vol. 8, 1974, pp.
834-855.

5. Chou, S.C,, Orringer, O., and Rainey, J.H.,
“Post-Failure Behavior of Laminates. I - No Stress
Concentration”, Journal of Composite Materials,
Vol. 1976, pp. 371-381.

6. Tsai, S. W. Composite Design, Think Com-
posite, Dayton, 1988.

7. Chang, F.K. and Chang, K.Y, “A Progressive
Damage Model for Laminated Composite Con-
taining Stress Concentrations”, Journal of Com-
posite Materials, Vol. 21, 1987, pp. 834-855.

8. Kim, Y.W. and Hong, C.S., “Progressive
Failure Model for the Analysis of Laminated
Composites Based on the Finite Element
Analysis”, Journal of Reinforced Plastics and
Composites, Vol. 2, 1992, pp. 1078-1092.

9. Kweon, J.H., Hong, C.S., and Lee, I.C.,
“Postbuckling Compressive Strength of Graphite
/Epoxy Laminated Cylindrical Panels Loaded in
Compression”, AIAA Journal, Vol. 33, 1995, pp.
217-222.

(109213, T4, "HYES 45Rd BT ¢

S, WEASE =27, A18A A43E, 1994,
pp. 958-966.

11. Riks, E., “An Incremental Approach to the
Solution of Snapping and Buckling Problems”,
International Journal of Solids and Structures,
Vol. 15, 1979, pp. 529-551.

12. Crisfield, M.A., “A Fast Incremental/ltera-
tive Solution Procedure that Handles Snap-
Through”, Computers and Structures, Vol. 13,
1981, pp. 55-62.



