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A Study on the Evaluation of Fiber and Matrix Failures for Laminated

Composites using Hashin - Puck Failure Criteria
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This is an Open—Access article distributed under the terms of the Creative Commons Attribution Non—Commercial License(http://creativecommons,org/licenses/by—nc/3,0)
which permits unrestricted non—commercial use, distribution, and reproduction in any medium, provided the original work is properly cited,

In the present study, the fiber and matrix failure of composite laminates under arbitrary biaxial stresses were evaluated based on
separate mode criteria such as Hasnin and Puck theories, There is a limitation to predict the fiber—dominant and/or matrix—dominant
failures under arbitrary stress states using limit criteria (maximum stress and maximum strain theories) and interactive criteria (Tsai—Hill
and Tsai—-Wu theories), There is little literature for failure analysis of ships and offshore composite structures considering advanced
failure theories such as Hashin and Puck theories, Furthermore, there is not enough practical commercial finite element analysis (FEA)
code which is basically adopted the separate mode criteria, Hence, in the present study, the user—defined subroutine of commercial
FEA code ABAQUS for evaluation of fiber and matrix failures of composite structures was developed based on Hashin and Puck failure
criteria, And then, the proposed subroutine was validated by comparing with a series of experimental results of carbon— and
glass—implemented composite laminates to guarantee the reliability and usefulness of the developed method,

Keywords : Composite laminates(XZ Z8IH=), Fiber - matrix failure(AS - 7|KIEY) Hashin - Puck failure criteria(Hashin - Puck
IES7 1), ABAQUS user—defined subroutine(ABAQUS AFZXF Ho| MERE)

1. A—I 2 ZTAfoiFRolo AEk=l= SeE PR ofiMst RES

LleiM= sHAMTHDIA Hest xRueEI IS 3isiofof ot

SEZS| o2 2, o|EHM, HFM S v|Xet 5t Cf = =23z 2R20IM LIEl £ Ql= mRsol M

HPW HIZE, 7oid, Ueal, dets Mads, it Tk(fiber breakage), &7 ||k (transverse matrix cracking),
=] o

I'_>'L
il

P |X| Tk (shear matrix cracking) = HZUsk @rlsiod
EBICH 2X19) 2R0IAQ] Zizlo| IASHS AMHEN AlS

[©)

Lot Aol 2% 7|;T°Aiér=wo+| ool pmen e oefllongiudina) S 0, 52 SEY S, 0l
Mot TTL 1 & L _ Sl A = _ Sihe
D et Ao ° _ g Foohe ok SElS, & |K|okee 2l iransverse)
Qct ol EM, =AHE URF(Umbilical-Riser-Flowling)= o e et e o o
L s N - 53 0,, T2 YU HYE ¢, 7} TS Foh=s Tk el
2(reeling) As0| I FHECt Z20HH, FEMEECH 7
= =l k=¥ == =
OISRt (e EMAG) U (32 oY) mejze = TPLL DEDRINSE TESH o, 22 AR -,
- - . (=] A Sl
M2 Sl 25ME URFo| b5l 258 Reeling MsS P Iksg Fshs i eSS LIERAC

-— -
\J

SITY7EK| of? Cleh S| & ulto|Z20| B2 IS
=25z TREes ZERE Z2ER{o| vl5| TS ol 2lsf MAI=IeH, oIS 3 Ml 7HK|2 2FsHH CE
Ol|2} LHEAIMO| 45l STHIRIAS XZHs2io| o 2Tt (Nahas, 1986; Hinton, et al., 2004; Lee, et al.,
Slct (Lee, et al., 2012). 2007; Barbero, 2011; 2013). AMWZ A 7|Z=(limit criteria)

n
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HE !
8 rol
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2 Zizte| MZ(lamina) SHME o)), 0y ¥ 0,5 20|
(ply)2| Z[ch o1& b5 MekdEo) 37I9+ HmEo=M M7
oen J|X|oeg Eekshke 7|FoIn, 2 33 MR (B2
HSE MF) Ztel ZHig3k= 12i5(x] ‘B:t t. zlci 8240
21} z[cieigE0|=20| olof| SHHTICH

(B2 HyE) MES x;esh okl o|x[EFAl(single
quadratic equation)O|Lt ElIA CFafEEEAl(tensor polynomial
equation) S &&5104 S40| 2HEE off Ikto| Uojbs A
o Hish= 7|Folct S8, cladlg sk BWE 8
H MEs Zust 33 MEsh ¥ MoeH MEss 2zt

T&3510] ofist M2o| Tibof| 3H T|ofHEXIE BAEe
EM MRIE 22 J|X|dg Eoks &= Qlok tEEQ] 0]

Eo=2& Tsai-Hill, Tsa-Wu 50| 2ict.

OX|2te 2 2|2 E 7|&(separate mode criteria) 27|
o FI|EE Bt WHO RN, Rruldnt ZY|X|uke, M
T |X|oksS Hoie| cratdrdaloz J2|slo] Eoke 4=
£ 0t ol2}, CrEkAl MEH 7|FEA0| WaSichs ZEO|
Astct 3], Tsai—Hill 2 Tsai-Wu 0|2 Sz} 22 ASEE
7|&0| 7= 2HIE, g &M, 0, ¥ 0,2 OP|E MR
nEgeol Y X(udEe Zto| ZRYFIE XL 2=
sh= 2MdEE Heket = = §8o| Ut (Barbero, 2011;
2013). CHEXQI 0|222= Hashin, Puck 50| Ut

TE2 IR0|E 7RO SR 7R el 281

__>J

r

= 7|2 ZUIS=Ho|Z, z[fHYE0|ZE, Tsai-Hillo|l2 %
Tsai-WuO|Z22lH| (Sun, et al., 1996) 1 0|F+= 0O|E 7|&0|

H| WA chrsto] 2E0| of<
SMXE 2| B2X|

T2 Mast iRt 242 EMEE 5 EXisk=H|, o
gt ZME 3535P| 2ol 835 Szl M7 2 7|X| ok
2 Z2#2t 225101 D25k M2 A7} 1980 Hashinoi|
ols M okel HE 2l20q (Hashin, 1980) 1998 Puckoll 2lsH
2 Aoz MA=KE AT (Puck & Schirmann, 1998;
2002). Lo} Ol& Tt J|F2 olg] SERIE sl
olsff AleA 3 FRHo2 AZE Hb ACE (Hinton &
Soden, 1998; Soden, et al., 1998a; 1998b; Hinton, et al.,
2002; Kaddour, et al., 2004).

ool =2 &=5PFE0Rt 7|AZ0lAM 2
ot nd "ot ARVF RES| 51 2leH, 59,
B4 Al0| £hEESF HashinO| 20| 20| &Ei=1 Qlct (Kim &
Kwon, 2013; Park, et al., 2014). J2{-} Z=Msi2E200lA
= OFAI7IX| HashinOl|22| && A7} BX| 242 &8t op
2}, HashinO|22Ct 4= sk Puck0|2e] ME A= =
5| L5t 2 # (Son, et al., 2012), 1 oIE ZolE7 |7}
ZX| gict S 0| mY|FEA0| 7|2XMez EHHE HE

251 Aol R7sE AR
ep| wj=olct,

|2E 7|= 7|

Bl T

— Ao

FoeAsiMFEE 5| YFof| X[LX| ot SRiE 7=
=9| ntgrpt x| k2 AFolct

JHo| = 27l SHUNMY|Z S20|=EE Zefkst 5§t
M2 7|8 MHATEEC| HAHA Al &7 TRV [EAIS| HE
2 9|35t /2 (Germanischer Lioyd, 2010), a2l M
Z=o| A A ARHIME SHY T |FEAS| MZ of7}

NFES| 50 U= FA(O[E,

wl2iM 2 o470l Hashin 2 Puck TkE0|20i 7
SEES| M7 ¥ 7Kzt HItE 2lsh FR[sHA

ekt &, Muukdnt 7Kg 25 Hoket
Hashin % Puck I:O|2S HIECE HEREIR 5H
AEARYS| MEREIS THSIL Al2|= mhdsiA
ICh Lopt 28lez AE H1E ME Sz é.*
J|X|oko| Zofetel HIWE Saff M[QH R[sHA! HHHO|
e 3 7E8AE A3Eh

= I"I

=
s |'0||
= [

2 o0 4> JJ 30 IE X

N |'| rir mlo Ol
r°l' ot

|0 1z -|> 0

lI°|'

2. Hashin 2! Puck Zk&7|FAl

2.1 Hashin Tk&7|ZA|

19801 Hashin2 7|&2| ASZLE 7|FAl0| Tt EY 7
t AI EOUKH EE'&%?E

C} (Hashm, 1980).
Hashin Tkt7|&=AIS LIERHM CRSop 2o}

(1) Tensile fiber failure for oy, = 0

(&)2+ lth (1)
XT 512

(2) Compressive fiber failure for oy, < 0

2

=1 2)

011
Xeo

(3) Tensile matrix failure for oy, 4+ 035 > 0

2 2 2 2
(022+U33) 093 — 099033 019t 073

Yy Sy St

=1 3)

(4) Compressive matrix failure for oy, + 035 < 0

022+033+ (022""‘733)2 ‘753*‘722‘733 Ufz"'Ufs: (4)
Yo 49 223 S5 2%3 S 122

144
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2.2 Puck ZRET[ZA]

$HH, Puck and Schirmann2 Hashin k7 |ZAIS 2
HaUshl| HksiRi=tl, oIEHH, S8 XpetsollM LiEk
T AU 7Kt M TR ERoIICH, 7|X|IkEe R Al
A4 MM=l= mchHol| oi$t ZHE(angle of fracture plane)
27 |HE FMeksIFTt (Puck & Schirmann, 1998; 2002).

Puck mE7|FAIS LIERH ChS2t 2t

rl

(1) Fiber failure in tension

71 (s + ifit] m,_ ;o
1 o 2
ar Ef1 !

=1 (5)

(2) Fiber failure in compression

Viio

&)+ ——m, 0y ||+ (107)? = 1 (6)

(3) Matrix failure Mode A for transverse tension

2

T2 0y
e Do @)
PS5  Oip

1_p+YT)2(Uz
o 521 YT

(4) Matrix failue Mode B for moderate transverse

COMpPression
1 / _ 2 _ 01
S ( Tgl + (pv.va-Q) +p'1;p0-2)+ o =1 (8)
21 1D

(5) Matrix failure Mode C for large transverse compression

|

2 2
To1 )
2(1+pvv)521) +( YC)

071M ¢ ,2F ¢, & 242 M FE0l| A 2] Cidalsk 2f0(0]
(unidirectional layer)e| Q1%+ X LFLIHHE, » 2 Cidt
gk 2folofe] HHME, 1,2t £, £ H7el XoksH| I EHY
A, m,, £ dRradolrel drol ga3e i,
o, = ARTALE $AZHER, 4, 2 7, = 212 CilulEk
ojofe] MEHHYE ¥ MEhSH, 5, = awatent 4 3
LRt chldkst gojofe] MetmltktE, pf ot p, S p
ok Zie o= miRjole|, v,of v, = MRdetnt $2lst
chukst fjojofe| ol ¥ AFICRIE, 2|1 o, = MY

— 0

S
Mode A, Mode B 2! Mode C2| 7|X|zktR EE M I

=
weksel FIEkSe el Alof LiEke Fig. 12} 2ch

]

Mode

4'- “
ACETEY =
| o\ —
AT =

0sfft< |—r1;°| d
oy RL
Mode C

Fig. 1 Graphical description for matrix failure Mode
A, Mode B and Mode C (Puck & Schirmann,
1998)

5, olojo| Z3IstEol ol M5 HEMRO| Puck T

ZAl M22 o8t LAkl mCb|E=2 Table 12} Zich

= s
Sk, Puck I&7|ES

dry,
o :(d%)m . of (047y) curve, o, =0 (10)
_ dry
Pup ——((mz)a » of (02,7'21) curve, o, <0 (11)
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Table 1 Application condition of Puck failure criteria

Failure condition Condition for validity
Fiber failure Vi1a
_— . =
in tension at Ep, MosTz = 0
Fiber failure Vs
, . g+ ﬂmﬂfJZ <0
in compression Ef1
Matrix failure in
transverse tension 0, =0
(Mode A)
Matrix failure in
moderate transverse 0y R,lfj
; 0,<0 and 0<|—|<
compression Toy |7-21(:|
(Mode B)
Matrix failure in
T- T
large transyerse 0, <0 and 0< REN B | 2:|
compression o, R
(Mode C)
Yo So1 Yo
4 = - 1+2p,,=——1 (12)
2o(1+p,)  2p, 21
Pow = Doy o (13)
VU vp 521

Tore = Oy V 1+2p,, (14)

13>9| xQ mejjeise olg
s 4 glche EREo| ZRfgict. ool we
sAlSIE DES S5 2ot 2 Xy

E AE Table 22} 20| HMoksIKCH (Puck, et al., 2002).

ol

-
Rl
=

>

o

O o

I

Taro=M AIBAP} Haks Mz2
=2 ABAQUSOIA AIB5H2 R4 Metlel 2Bolct

£ ¢i70llAM= ABAQUSE &
N5 =umEsl 59 U MuE HuE
(1)-(14)8 HAE 5 o0t 55 AL Zajel Tk 228

ABAQUS &lol|A] 2felgh == Act

2 o1 7o| s EHé,F% B REMR U ofEAGAZ T

o|o| o2 HsfAi=o 2fsl lele
SeiZo| mof st 04—?7“5'?:“5‘
e 2 70ME= Sodensoll 2fs 3
2 & OFOE‘EF (Soden et al., 1998a; 1998b).

£ A0 ARBEl MZ= E-glass 21xK43 F2ld 7 2
LY556 Of|ZAl(epoxy) FXIZ OO0 ME SEREet AS4
ERM T X 3501-6 Of|ZAIFX|Z O|ROZ MEF SEETIt
AREEACE CHAN AlRlHe| Z2jo| MEBHiY, ME 3 =-Est
Z Sof 2st AM| MEE Table 3 (Soden, et al., 1998a;
1998p)0f| LIERHCY,

rn

2
Ol
I
icl
=
I:ru

rm o |-g, 0x
Ao U ]Igr,
ot 6& %
rf =
o O
- e
2
0 0I>|u

Table 3 Details of laminates and loading conditions

Case |Laminate layup Material Loading case
Biaxial failure

A stress envelope

VS
[90/+30]s | E-glass/LY556 [T Y3 @)

Biaxial failure
B stress envelope
(0, vs 7,)

B|aX|a| failure
stress envelope

C [90/£45/0]s | AS4/3501-6

Table 2 Recommendation of the inclination parameters (0, vs o,)
Constant Values Values . . .
(GFRP/Epoxy) (CFRP/Epoxy) Table 4 Material properties of E—glass/LY556 laminate
Py 0.30 0.35 Constant Values
p:,p 0.25 0.30 E,(MPa) 53,480
oo 0.20-0.25 0.25-0.30 E,(MPa) 17,700
G, (MPa) 5,830
V1o 0.278
3. HrklA Hx} £, (MPa) 80,000
Vi 0.2
3.1 ABAQUS AtEAIEe| MEREI &y 7(%) 2.132
&0 (%) 1.065
M&3t Hashin @ Puck LREV|ZAIS HIEfOZ H2F5H X,(MPa) 1,140
LAFMIE ABAQUS ME ARBAIYS| MEREIS TE5t X(MPa) 570
Cl 2 oAM= UWARM MEREIS E3f| Tla7|TAS A Y, (MPa) 35
M5 ==, 07]M UVARMOIZE ABAQUS SOLVERE & Yc(MPa) 114
5 AAEO|X|= EX Sr|ake ARRAP oz =& gl 7} S51,(MPa) 72
146 CHEIEAS SR X152 H H2 5 20154 48



0[x|5- O|HY

Table 5 Material properties of AS4/3501-6 laminate

Constant Values
E,(MPa) 126,000
E,(MPa) 11,000
G,,(MPa) 6,600
V1o 0.28
£}, (MPa) 225,000
V1o 0.2
e (%) 1.380
£,0(%) 1.175
X,(MPa) 1,950
X(MPa) 1,480
Y MPa) 48
Y.(MPa) 200
S5(MPa) 79

shH, 2t Sl Ro| 2 MESAMXI= Table 4 2 Table 5
(Soden, et al., 1998a; 1998b)2} 2Tt 047|A| E—glass/LY556
T SRS F4oke 2 E2lole] FAls, 90° E2ole
4%, 0.172mm, +30° & -30° Z2jole| AR, 22t 0.414mm
ol 2t Z2f0|2| & FHE 2mmolct B AS4/3501-6
M SPMEE PMsks 2 E2/0le] Tl ZE MFakel
CHsll 0.1375mmolod i2iA Z20(9| & FHl= 1. 1mmo|ck

ot 4 (5) H (B)oll ARSEl ¥ m,,, &, dRTHY
gojMe| Hwel H3SH stfdre AFMoR FlXl=
A0|0, Puck and Schirmannoll 2fs REIMFel Z<9
1.3, EEMRe| A2 112 Mok db ot (Puck &
Schirmann, 1998).

2 ofToAE Table 3} 22 TS S2ialelof 01 =3
Mz PrBo ARE FE5l0] RILLTIAS MASIGO
2| iy My

pAvAs

i i |

Fig. 2 Loading and boundary conditions for case B

L

(a) Ply stacking sequence [90/+30/-30]S

(b) 90° fiber angle direction at first ply

=

o
c) 30° fiber angle direction at second ply

AT

T

(d) —30° fiber angle direction at third ply

Fig. 3 Ply stacking sequence and fiber angle direction

for E—glass/LY556 composite laminate
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HashinPuck THA7IE 714t 55 Seimzel 4% o 7IXae Bl Bet o7

skd, ME SE=0f 2k25= 322 Soden S0l 25l ' L '
- _ - - - | nitial failu: vel Case A-2
2oisl SER AlEE7AD} S8t 27| wte] 22 (Table 100 =g aysmcmsen o ®ee .
39| SEEEZ)E F0{5ICt (Soden, et al., 1998a; 1998b).
) L o -—-.-‘Case A1
Fig. 2= Table 32| Case Bof| L3t 515 5%' BAZFNHE HE 0 °
st 352 LIER|D QUct Case A-5
Fig. 32 E-glass/LY556 MZ =arjEe| ABAQUS &4l s | |
g Feteantol Mel=l MEujdut zF Z2joloiMe| M7 :é:'wo B |
[ +]
Histe ol L _
=] o |'E|'LH—|— [:l'- .Case A-3
-200 Case A—?:/ -
4. MAGHA o} .
Case A4 Case A-B
-300
4.1 MABIN AL ME | L .
-300 -200 -100 0 100
o, (MPa)
B2 oAM= M= 2s5kl=0 TIASIALS Jliks] !
[ EO“A-II_ e _|=le | —l—7| AL dOE 7H l A|' (a) Case A
SAL Heo| MEREIZ 2+3510 MiklAE etz Ji 1 ' I ' ' ' '
gt F=o| MMl Mg HSSIC 120 ::’,E;:;";:;:m srvelope B
Fig. 4ol &9l Hie} 20|, Soden, et al. (1998a; 1998b)
of olsh =H2El E—glass/LY556 % AS4/3501-6 M5 SEHK| L 1
o| x7| k22 E2HM (failure stress envelope)2 HIE
Case B-4
OZ (AMoZ ¥Y|) & 247X|2] TAkHA Ho|AE ez & 80 Case B-&Y Case 6 7
MBI (Mo B, =1
- [ .Case B-2 )
Table 6 Failure analysis cases of composite laminates 40 — —
Case Loading condition Failure Case B-1
A1 o, =0, =25MPa No I |
A-2 o, =0,= 100MPa Yes
A-3 0, = 0' —150MPa No ol 1 | |
A—d o, =0, =—250MPa Yes -300 200 -100 0 100
A-5 o, =10MPua, 0, = 50MPa No o (MPa)
A6 o, = 100MPu, o, = 500MPa_ | Yes _ BCeeB |
A-7 O, =7 2000 Pa, 0y = 10MPa No = [nitial failure stress envelope
A-8 0, = 250MPa, o, = 10MPa Yes 400 — @ Analysis cases —
B-1 o, =10MPa, T, = 30MPa No i Cas:C—ﬁ ®case c2 |
B-2 o, =10MPa,7,, = 60MPa Yes ] ® |caseC-1
B-3 o, =—50MPa, 7,, = 40MPa No 0 coees
B-4 o, = 50MPa,T,, = 80MPa Yes —
© - ® JCase C-7 b
B-5 o, =—150MPa, 7, =40 MPa No <
B-6 o, = 1500MPa, 7,, = S0MPa Yes = 00 - -
B-7 o, =—200MPa, T,, =40MPa No | .Case c-3 o |
B-8 o, = 200MPa,7,, = 80MPa Yes Case C-8
C-1 o, =0, =100MPa No -800 — ]
Cc-2 o, =0,=300MPa Yes I ® e |
C-3 o, =0, =—600MPa No
C-4 o, = Uy =—900MPa Yes -1200 1 | 1 | 1 1 |
C-5 o, =100MPa, o, =—200MPa No +1200 -800 “UTMP ) 0 400
— T o, a
C-6 o, =300 Pa, o, = 2000 Pa Yes (c) Case C
Cc-7 0, =—200MPu, 0, =100MPa No Fig. 4 Initial failure stress envelope and analysis
C-8 o, =—6001/Pa, o,= 100MPa Yes cases
148 CHSIZEMSIS=2%! X|52 # X|2 & 20154 4



0|x|5- O|HY

XXloll olal oz MM= 2471X| 544 Ho|Ao| 5IF =
712 Table 60l LHERHSICE o|mf, ME Sz it 2
H|xk AEfe| Melst HIopt o|FUF=XIE Eksh| 2ok
127K|9] mhe 3 d|mks MEfE 242 MY SISt

Z, Fig. 42} Table 60 &2l HI2} 20|, Case A-1, A-3,
A-5, A-7, B-1, B-3, B-5, B-7, C-1, C3, C-5 2 C-72
CIES3 AffollM =7|uke3e el LfFof fx[si
ASBZ mi0| WMSIK| 2b= A0|0{, Case A2, A4,
A-6, A-8, B-2, B-4, B-6, B-8, C-2, C4, C6 ¥ C-82
Q|Fof| fIx[sk 222 7| mk0| ME SRl 2o

o F2loilAM sk Z<olct

4.2 TihoiA Znt

o
Kl

MokiA Zale| thEX o 2M Fig. 5, Fig. 6 % Fig. 7
Case A-2, B-2 & C-22| =glolsol =2l tie HE =
MZof Hashin & Puck m7|FA| 7|8t TthalA| Zt (
£ S Bo|1 Uk Fig. 5-Fig. 70fl 2ol Hiet Zo| 7
ABAQUS ArBARES| MEFEIS Soff ot =& (UVARMI-
UVARMAE £ melgt 4= qlctk. Jgle| M5 e =of

o 2

1
o

—~-

LASARM L

Envelope (max abs)

(Avg: 75%)
+1.000e+00
+9,167e-01
+8,3339-01
+7 500e-01
+6.667e-01
+5833e-01
+5.000e-01
+4.167e-01
+3,2339-01
+2.500e-01
+1667e-01
+8,333e-02
+0,000e400

]
£

LASARMI

Envelope (max abs)

(Avg: 75%)
+1.100e+00
+1.000e4+00
+3.167e-01
+8,333e-01
+7 500e-01
+6 667e-01
+5.833e-01
+5,000e-01
+4,167w-01
+3,333e-01
+2 500e-01
+1667e-01
+8,3330-02
+0,000e+00

2]
-

(c) Hashin matrix failure contour

A TEo] Yol BE, &, mEX|STIL 1.0 oAl H2

sploz EARCZM SRR FEE0 LEo{FE EA

L=
S3l, &5 =EE0l ARUEHHRAEE 0/55150|
SAlol BSSPAH HFUE ASIIBT MRUSMFIRY

= =
J|E oy |FAMoRE THEE = QlE I
2op iME oY |EAlel LeMs & HoiFs o2t & £
Uk

Table 72 Mok siAl7 o2 HAEl HashinPuck A5 &
7 |X|mkeX|g=et ole] 28 Z1t (Soden, et al., 1998a; 1998b)
Qlo| H|WE LIEHT ATk Table 70l 22l HiQl Zo|, 2 o
TE Soll TAE TAiA Zapt 261 Znet 79.2~91.7%

+FoR Uxfsion, Ok MO S ZHS LIk

T
CH? & 4= Uk it @9 CaseollM Hluk:g Tkeo2 Eot
Stz Z7t UAAH (Hashine| &9, Case A-5, B-1, B-3,

B-5, B-7, Puck| Z&2, Case A5, B-7) 2% M| 2ol
Mz A BMEX| 2= Zo}b ZekElc)

LAARM2

Envelope (max abs)

(Avg: 75%)
+1.000e+00
+9.167e-01
+8,3339-01
+7 S00e-01
+6.6678-01
+5,833e-01
+5.000e-01
+4.167e-01
+3,3338-01
+2,500e-01
+1667e-01
+8,333e-02
+0,0008400

4
£

(b) Puck fiber failure contour

LAARM 4

Envelope (max abs)

(Awg: 75%)
+1.100e+00
+1.000e+00

+8,3330.07
+0.,000e+00

&
£

(d) Puck matrix failure contour

Fig. 5 Fiber and matrix failure contour based on Hashin and Puck failure criteria for Case A-2
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Fig. 6 Fiber and matrix failure contour based on Fig. 7 Fiber and matrix failure contour based on
Hashin and Puck failure criteria for Case B-2 Hashin and Puck failure criteria for Case C-2
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Table 7 Failure analysis results and their comparison
to literature results

Case| HFFI" | PFFI? | HMFI®' | PMFIY | Failure| CH® | CP®
A-110.1726(0.0371]0.4362|0.4363| No | O | O
A-2 |0.6903[0.1483|1.7450|1.7450| Yes
A-3 |0.4640(0.4454|0.8473|0.9012| No
A-4 |0.7733[0.7424(1.2890|1.5020| Yes
A-5 |2.0460(0.2222|0.4242|1.5900| No
A-6 |4.6050(0.3327|1.5740|1.5740| Yes
A-710.4050(0.4113]0.9500{0.9386| No
A-810.5071[0.5116[1.1400(1.1720| Yes
B-1 |1.3670|0.0661(0.7310[0.7311| No
B-2 |2.4500(0.1384/1.3100|1.8240| Yes
B-3 |1.1530(0.1674|0.8035(0.3495| No
B-4 |4.3100|0.2333|1.6330|4.3120| Yes
B-5 | 1.155|0.3727|0.8611(0.8922| No
B-6 |2.3070|0.4379/1.6030|9.7880| Yes
B-7 |1.1580|0.4767|0.9575(1.0430| No
B-8 |2.3080|0.5415/1.6210|1.6640| Yes
C-10.0925(0.1018]0.4098|0.4098| No
C-2 |0.2774[0.3054[1.2290|1.2290| Yes
C-3/0.7311(0.7174]0.4500{0.5901| No
C-4 |1.0970[1.0760|0.8499|0.8852| Yes
C-5 |0.3782(0.3804(0.6133|0.5977| No
C-6 |9.3910[0.5059|1.2550|1.2550| Yes
C-7|0.3782(0.3804(0.6133|0.5977| No
C-8 |1.0450(1.0470(1.4620|1.3040| Yes
Accuracy of analysis results (%)

©lO|O|O|O|O|O|O0O|O|O|X|O|X|O|X|O|xX|O|O|O|x|O|O|O
OO0 |O0O|O|O|O0|0|O|X|O|O|O0|O|O|O|O|O|O|Xx|O|O|O

~
N
©

YHashin fiber failure index

)
2Puck fiber failure index

9Hashin matrix failure index

“Puck matrix failure index

5)Consistency between literature and present analyses
based on Hashin failure criterion

6)Consistency between literature and present analyses

based on Puck failure criterion

5 4 E

£ o0l Hashin 2 Puck TH0|EE T|tloz 2
SsimiEel MR TIKTHE BILE SRIEHA 7IHS WL
of. Lop} T ARl FAkiA 2l 23loz B
27| TS ERM} 8| TSIt

= 7ol F2ot AES 7|ssiH ofEat 2ot

r_l.l.
1]

o HZ =yMzol MNuKy|ZoR Y| BB
| 2 S

10 -
T|FA U ABEIZ J|FAS Bk 4+ e AwE T}

k

[ )
r
)
ih
x

rim =
o

il

2

>

A1 71 2 ABAQUS At
oz 2ot SEE gdE
gt S5, 7|x|uks
Aoz of&Ect

>
]
1o
T
u
lo oY
3
0 I
o 3
o

M
I
|

.I

ol >
ok
=

HoN
=

ki

I

7l
\I —
W rr
|0 Hu

-,
4> B o
0t Mo o
w10
—4> 0
>0 1

pod
mjo

o
I

R Zelol=, AME SHHE =aE =
AltolA] 1 7ho] 25| O|FOIX|T U
Tz NI Jl¢ HNEeLIE 98

T2 Z2EE F US A2Z 7|dhEct

ne Iy
0
MU o g

0l
%
g

ror
i

0 Jr HU O
El

0[0

7|

ok

O] =22 20144: FF(uSF)2| MU2Z sh=oA7x
ol X|elE dol =slEl 7] ZFATAIAIRI(INRF-2014R1ATA2
006102).

References

Kim, S.G. & Kweon, J.H., 2013. Strength Analysis
of Composite Double-lap Bolted Joints by
Progressive Failure Theory Based on Damage
Variables. Composites Research, 26(2), pp.91-98.

Park, K.J. Kang, H.J. Shin, S. Choi, |.H. Kim,
M.K. & Kim, S.J., 2014. Strength Prediction on
Composite Including
Nonlinearity and Continuum Damage Mechanics.
Journal of the Korean Society for Aeronautical
and Space Sicences, 42(11), pp.927-936.

Son, B.J. Huh, Y.H. Kim, D.J. & Kim, J.I., 2012.
Analysis of Wind-Turbine Blade Behavior Under
Static Dual-Axis Loads.
Korean Society of Mechanical Engineers A,
36(3), pp.297-304.

Lee, D.G. Jeong, M.Y. Choi, J.H. Cheon, S.S.
Chang, S.H. & Oh, J.H., 2007. Composite
Materials. 1st Edition. Hongrung Publishing:
Seoul.

Barbero, E.J., 2011. /ntroduction to Composite
Materials Design. 2nd Edition. CRC Press: Boca
Raton.

Laminates Material

Transactions of the

JSNAK; Vol. 52, No. 2, April 2015

151



Hashin-Puck Zk&7|Z& 7[8F M5 S3ze| &5

2 7IX|oke golol et o

Barbero, E.J., 2013. Finite Element Analysis of
Composite Materials using Abagus. 1st Edition.
CRC Press: Boca Raton.

Germanischer Lloyd, 2010. Guideline for the
Certification of Wind Turbines. 2010 Edition.
Germanischer Lloyd: Hamburg.

Hashin, Z., 1980. Failure Criteria for Unidirectional
Fiber Composites. Journal of Applied Mechanics,
47(2), pp.329-334.

Hinton, M.J. & Soden, P.D., 1998. Predicting
Failure in Composite Laminates: The Background
to the Exercise. Composites Science and
Technology, 58, pp.1001-1010.

Hinton, M.J. Kaddour, A.S. & Soden, P.D., 2002.
A Comparison of the Predictive Capabilities of
Current  Failure  Theories  for  Composite
Laminates, Judged against Experimental
Evidence. Composites Science and Technology,
62, pp.1725-1797.

Hinton, M.J. Kaddour, A.S. & Soden P.D.,
Failure  Criteria

2004.

in  Fibre Reinforced Polymer
Composites: The World-Wide Failure Exercise.
1st Edition. Elsevier: Oxford.

Kaddour, A.S. Hinton, M.J. & Soden, P.D., 2004.
A Comparison of the Predictive Capabilities of
Current  Failure  Theories  for  Composite
Laminates: Additional Contributions. Composites
Science and Technology, 64, pp.449-476.

Lee, S.G. Nam, J.H. Hyun, B.S. Paik, B.G. Lee,
C.S. Jang, H.G. & Nho, I.S., 2012. Enhanced
Manufacturing and Performance Analysis of
Flexible Composite Propeller. Journal of the
Society of Naval Architects of Korea, 49(6),
pp.521-5627.

Nahas, M.N., 1986. Survey of Failure and Post—Failure
Ttheories of Laminated Fiber—Reinforced Composites.
Journal of Composites Technology & Research,
8(4), pp.138-153.

Applications. Design, Analysis and Optimization
of Subsea and Onshore Pipelines from FRP
Materials. DEStech Publications: Lancaster.

Puck, A. & Scharmann, H., 1998. Failure Analysis
of FRP Laminates by Means of Physically based
Phenomenological Models. Composites Science
and Technology, 58(7), pp.1045-1067.

Puck, A. & Schirmann, H., 2002. Failure Analysis
of FRP Laminates by Means of Physically based
Phenomenological Models. Composites Science
and Technology, 62(12-13), pp.1633-1662.

Puck, A. Kopp, J. & Knops, M., 2002. Guidelines
for the Determination of the Parameters in Puck’s

Plane Strength Criterion. Composites
Science and Technology, 62, pp.371-378.

Soden, P.D. Hinton, M.J. & Kaddour, A.S., 1998a.
Lamina Properties, Lay-Up Configurations and
Loading Conditions for a Range of Fibre-Reinforced
Composite Laminates. Composites Science and
Technology, 58, pp.1011-1022.

Soden, P.D. Hinton, M.J. & Kaddour, A.S., 1998b.
A Comparison of the Predictive Capabilities of
Current  Failure  Theories  for  Composite
Laminates. Composites Science and Technology,
58, pp.1225-1254.

Sun, C.T. Quinn, B.J. Tao, J. & Oplinger, D.W.,
1996. Comparative evaluation of failure analysis
methods  for composite laminates, NASA,
DOT/FAA/AR-95/109: Springfield: NASA.

Action

£
mMm

IEE

Pavlou, D., 2013. Composite Materials in Piping
152 CHERAMSIS|=2E] R 52 # X2 & 20154 4



