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Probabilistic Fiber Strength of Composite Pressure Vessel

T. K. Hwang, C. S. Hong™, C. G. Kim™™*

ABSTRACT

In this paper, probabilistic failure analysis based on Weibull distribution function is proposed to predict the
fiber strength of composite pressure vessel. And, experimental tests were performed using fiber strand
specimens, unidirectional laminate specimens and composite pressure vessels to confirm the volumetric size
effect on the fiber strength. As an analytical method, the Weibull weakest link model and the sequential
multi-step failure model are considered and mutually compared. The volumetric size effect shows the clearly
observed tendency towards fiber strength degradation with increasing stressed volume. Good agreement of fiber
strength distribution was shown between test data and predicted results for unidirectional laminate and hoop ply
in pressure vessel. The size effect on fiber strength depends on material and processing factors, the reduction
of fiber strength due to the stressed volume shows different values according to the variation of material and
processing conditions.
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Fig. 2 Influence of stressed volume on fiber strength distribution

obtained Weibull weakest link failure model.
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Fig. 3 Influence of stressed volume on fiber strength distribution

obtained sequential multi-step failure model.

7l B §FY Bo2 BAESS ¢ £ Aok 2dm
2 AEY R3990l Fe G4 AelE} AL

27 &7t BAHOEN A Y2 2L o wA A%
S olEZH 2 Ael7t 912 AYL F3 ¢ & A

3. 88 2= £x 24

E =5d H8¢ 1 Z=E s A{T800) 9F A
a7 &dE d¥zxoez wysia, d¢ md Bgyd o
g 93 ASTM T WE &5 dF AF Al (strand
test, ASTM D4018), & ®3F EA A APASM
D3039) 283 FIHE oRigez A#sE A7 254.0 mm
o] 49 &7 £ B3 AFHo] FYPHJUE AHY A
T <F 307 °]de Aol = HAT, ¢E &)= 829

FaAgAgo] AAHTE olzd AR FES BAMS F
NE A BT wrE AFN] AN AR RE Be
(normal distribution function), 231 AT ¥ X ¥4 (log-normal
distribution function) Z&]X golE EX F(weibull
distribution functiom)E ©]&3l9cth ol 3 X g 3
= #3L 98 39 HEE A (goodness of fit test)>
8 BEXFFE |83 Kolmogorov Smimov(K-S)H< o]-&
sck B igEe 49 @3 39 74 22X 35719
T2 FE Aol 94A 9P E oEY E+A 7 A(reject)
A7l HEE olg A9d 4 X g2 dFsE
Wolry, B =gox o]gd HAYEL 5%
(significance level)o] & & FHATH10]. T oz Mo BXE
Tt BA AR Fd ol g s 4 &
A =1, 2 gEes F BE I, 2 AFREEY
T &£o8 FAsgnt dolE 4R AF W, maximum
likelihood methodell ]3] flolE ¥4 X A® sHnlEr}t
AR Ak

S P
1T

> AT EE ¥4 )
=_1 _—w?
0=~z oo - 5]

> =2 A7 PE ¥F a2

1 [ _nx—p)?
0= i |~
[> 2~ parameter ¥°lE 3

=1~ exn - (£)°

q71A ue FE st BEE BAE Julgr 9
dole X I8 UNFT Z9d 4 13 P 2=
23X T (density distribution function)®} 3 X g

(cumulative distribution function)® FE ¥t} o|m =3 3
EFx)S AE +9(data ranking)7} BLFE oo wiF
B2 Wyol AAFEAoL, B =FoXE Bergman[11]°]
AAE wE s Hgsvh

Flx)=4=03 (13)

3.1 =X =4 AME
A% BEAS A PR A4S B0l we o
Zeet A4S depdoh o822 A% 72 EAS
aAss AR AP A AEH 599 A% TE
Y 999714 Azsfol @k 4R 17k AR
A4

]

o
[e]

¢

Mo xo



Fl6% 5 6 HE 2003. 12

EEA 488719 &8 H% 2= 5

21l A #3743 diEd d=do] FZ 4IYGF F JY
Aol B4 F& 3
A7lE HEE B3 AE A o) o] &1yt o9k 2o
BER A ELS HAF9 HAAMo FLsA BF HHEE
AR Zh e E2 vuy gd ZES A4S JdER
th AlZE AlEE ol §std AR I AF FE AEE
T, 4 AHe2zRY HHe AFsod A4 a2 @
&L AX HoZ ASsrh

Fig. 4~5v Af AT 3 48 234 A4 Ag 25
o A #FES BAANA 7 449 A% 9F 4=
TEE Vel o I BEXol ¥ ¥WEIU 2
A F& AF AF ANH B = 9 HY9 BT g
o2 Yeiggs & ¢ AUtk Afek A AHY 4%
A= 39 A% EEXAE K-S HHoz HAG #Ax

o o 1.0
® Experimental test data
09| y 09
08 Normal function 108
2 orf =5169.8, 0=229.3 lo7
g osf Jos
% 051 Jos
8
S o4l Jo4
Y Weibull funli
o R eibull function ]
ki 03 =02.6,5=5284.6 03
E 02 Ho2
3 ot A - J o1
00 400
0.4 ! ! 1 1 ) ! I 1 1 01

.400042004400460048005000520054005600580060“)
Fiber strenath (MPa). Fiber strand test

Fig. 4 Comparison of various distribution functions to predict the

fiber strength distribution of fiber strand specimens.

10

[ ® Experimental test data §

09|
08 |-
07|
06 |-
05

04 |

03|
Weibull function
02 @=25.7, p=2208.2

0.1

03

02

Cumulative probability of failure

S~ Joa
Log-normal function

1Y | et : Joo
1 1 n 1 I 1 : 1 : 1 I} L 1 A 1

1500 1600 1700 1800 1900 2000 2100 2200 2300 2400 2500
Longitudinal FRP Strength (MPa), unidirectional laminate specimen

Fig. 5 Comparison of cumulative distribution function and test results
for FRP 0°tensile test.

M RE ¥4 BFE BEANE Aoz usat 27}
A NR 2T 908 3¢ st 20 oo Hma
BATL A e FE REE U

3.2 53 &4y &7

E AT olgd ¢8 £7]= A7 2540 mme EF
AlY H7hE 43 &7 (standard test and evaluation bottle) =
A, dgdE 9ggdoz  AFHE B3A dian
(composite motor case)?] A = A2} FA P EA
B4 33402 Z5 Hrsty] 98 oled &3 ¢4F
£710lt}, mZAE oln] 19801 FHlll TE AIF &
4718 FE£33t] AdT4, A 2z T Sl A
3 AAAEAAAIZA Y Blag o o] 83t ti13-14). T
Well M= ZdE 413 E3A " §719 A/}
71eg 953 vmsly] 93 gue] ATF{15-16)7F IFH
Qo B AFE 99 Fg 63 £ o8 &7 AA/
ARt AAe FE Torayd AT ©2 MR
T800(12K)9} o Z Al =4 (Epon826/Tornox 6040y 28319
. &4 ded o9 wHez A A Helica)T} FZ
(Hoop) 491" AZo| Hi FHAIEA 712 FA9} &7)
HAE Y8 48 £7] YRl EpDM 1E7 H L EHATH
AAY HE EAE [(#27.590]8A4, 2710 AA 29l
9L 98 3 3 ~AEEZ HEslu AFTHoE FZ g
9ol HLHATE 4lgo] B thg L&A FAA
717 A8 F7lo] wtRo] Y=, 4 Frie 80TQ
AlZH— 120CAATH— 150CEBAIZHol L, olF F271A]
§ZFA 71t} :

dutdoz FeE oy FERE 7|8 FHF AA
= F ARt BE 35S AWEthe U (Netting)
o] o] w} ofFo|Frt. QY ol 3 Y &7
B9 d8dd 2T F9 AN $EL 4 199 Zol
48 8719 34 4Ee)H v 73 & (ool g

—nef e o
1= |3
kRl
gﬁ :

?

Fig. 6 Configuration of pressure vessel.



6 Fe R -3 AR HREAHHEGR
= P-R
. 2 * theticat) FrP * V1) heticar * €OS 2 a4 ‘-°E 10
O = P-R '{l— ta.nza} o 08[ Jos
Aty rre s V) rrp 2 3 osl Jos
é‘ 0.7 + ~407
4 (14ye g3 Pol A F8% BE Bolg Ad £ R
o2 @A 5 s ' Jos
E 0.4 doa
E
STR(1)=—"18 3 o3 Joa
O fiver) strand 02 o2
STR(I) = 2% (15) o1 Jos
t/fl ) 0.0 - 0.0
_ _thoop) FRP 1 L . . . . . . L .
t}lelic‘(l[) FRP 2 cos 20._ Sin Za 2700 2800 2900 3000 3;3:)6’ s;i:;;l; (M3P3:)O 3400 3500 3600 3700
A= Aol&Mme 7]5_ 2A9 As ZAnet o8 /79 Fig. 7 :?l\lle;)l:eu:;udlés?el:slgl(;n function for the fiber strength of hoop ply
FE 5 44 2= 24 24 0 FF Bl g2ae
2F AT 3724 A7) A AR FARLE DR op0 w9 94y 3719 NRE B TE 4 B9
B A% AIEME IAT A F= T AT BE 95 2o pxE 2 95U2 5T U Twle 19 2
AR Al 25l WD TH FE FATANLE o gy go) 2 94 BR 39 A9 130 4e B
ETAD U 7] AFF FE T AF BE RIS g gojz g sslE) Mad 2 dehkAs, 46 A
Fo7) AN, B8 B2 WER WBAS FEAG B g w0 et e o
(H)Q’]’ @/‘TTZHC} %—}?L*g] EIL‘HI" E7J~ tﬁo] 01%51214[16] O]Q’}' Z‘“%Q] 37]7}_ %_7]_7:;:].0“ Eq-a}- /g% 7(;_5 7.3)\_0] Z:]'.)J\_—a}f‘ 37]
Zol AAE ¢4 8719 48F T4 4¥E ol gt A o oF 2 ol ol®al = gl o] =
i} _ 22347 UdebgE € 4 ok g 27) a9 AR E
(I4HE5E Zr 48879 498 = 4§ $8 £ 8

F5ge,

321 ¢ %9 Ag

48 €719 Uik W 2 Sd by FAL s £
43 NgE AT JE 898 ASS g8 2E4Q
Aol A et dlole] 5 AuH|(System 4000(M/M)E ©] &5+
48 9 HFEEE AZsg A" 2EHY AoAE
YE Tokyo Sokki Kenkyuio co. AIFLE Ajo]A Aol7} 3

mm?d 4% ZEdA AAFLA3-1)S 2F  AolA

(FCA-3-11)7F E=&FUch old 7t &£=e ¢ B3
(Pumping)@ 10 psic]U| 2 Al 7153 § WA s1o

48 $719 X 2 48 #AE FiFEAY 8%
48 87171 AN PE BE 559 H95 F23
T AATh 48 87)E YRR 48R SHdAA ¥
LA oL, 48 vy YX= FUA &) o9 7
< g 483 32289 4 By FHEE o439
A (14HERE Fig. 79 Zo] &Y &rl9 FZ %9 AH
ZE EEXE 7Tk HE AW FEo] AN JY o
Zulefr} 300|1 HE =EbeE]r} 34227 MPagl 9ol &
X 352 BAE = A ol Hd e W
AE NGFHo] BoldLrE 24 2 AR Y AF 4T
2 oS AXA dolE 34 gEgvE e Fold RAes
RA=

i fo of

47 A R A5 15, BARAE 999 $4
A%, YA Be ol FAel 9T e 2o, 9
9 Hue 29A, 493 BAY) 97 293 BdR
59 4 ¥57t 990 € & Yok

Table 1 Experimental statistical characteristic of fiber strength for
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Table 2 Veolume fraction of unidirectional laminate and hoop plies in

pressure vessel

Fiber volume fraction| Void volume fraction
(%) (%)
n s n s
Uni. Laminate 53.71 0.58 1.5 0.83
Hoop layers 57.94 1.10 4.35 0.24

(u: average value, s: standard deviation)
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Table 4 Comparison of experimental distribution with predicted distribution

for Weibulls parameter (Unit : MPa)
FRP 0°Specimen Hoop plies
a B a B
Expermental distribution 25.7 4166 30.8 3422
Predicted distribution 22.8 4434 22.8 3619
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