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Prediction of Biaxial Strength and Fatigue Life using
the Concept of Equivalent Strength

C. S. Lee* and W. Hwang*

ABATRACT

A failure criterion must be considered in each failure mode and loading condition to provide easy
determining strength parameters, flexibility and rational simplicity. In this study, new failure criterion
was developed by introducing equivalent strength under biaxial loading of tension and torsion. The
experimental results showed that the equivalent biaxial strength has a power law relation with respect to a
parameter, cos(tan"Ry). Failure strength under biaxial loadings could be predicted as a function of tensile
strength, torsional strength and biaxial ratio. The scattering of experimental data could be predicted using
a Weibull distribution function and the concept of equivalent biaxial strength. Also, in this study, a
fatigue theory was developed based on a plane stress model which enabled the S-N curve for combined
stress states to be predicted from the S-N data for uniaxial loading. The prediction models can be
predicted a biaxial strength and fatigue life of general laminated composite materials under multi-axial
loadings.
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FAILURE CRITERIA

Macromachanics approach
(Empirical, Stress-based)

Micromechanics approach
{Semi-ampirical)

Explcit form M

Implicit form
Nonsinteractive  Interactive Stress intensity factor }

Parametric
formulation

Strain enargy refease rate
Tsai-Hill

N Naural network
Maximum Maximum  Hoffman Tsai-Wu

stress strain

Fig. 1. Hierarchy of structural failure criteria

o He AEES KBS o]HF ARER FEEE
AAE T F23 AL ) Wgel BT ol
g A W% msiol doke Rolth B ATl
Uehd AHEe Weibull % #4545 AH8a4 24
g 2 A7 E e el BHe 0% 3%
slolM F2FEe dSste dEd AAE AEs
o ook 2% 94 2 HEY SN AE2RE 2
Fetzatel S-NAEE 78 + e J2a4ye 3
w23 ndg ywtog Jdstn gAY} 8w}

pil=g
2. o] & AN

2.1 0|=2E9] EHE 24

Agel 72EE log-normalelyt Weibull X34
o og] adHor HrE £ ke AL & ¥z
Aldolth B Apdde 4F dolg B4& 98 o

&3} Zo] FHHE 2-B4 Weibull £X & 2183819
tH10].
F(X)=P(X<X)=1—exp {-—(—f—ﬂ (1
- X()

71 Fe FREXTH, Xie 48R 0lH, X
= R RE4(scale parameter)o|d, ax 4 —T—
(shape parameter)o|tt. FRESF= AR HFg
S 9w, 33%.‘?_-?—}: Q@XH PI¥IF=E & Ve

o FOKi)e A180] @a}*e 23 92 e ey
A
szl sl Thest o] oA m@_ % g



EI24 FE 23R 1999. 4

SR o) 9% Bait BEAES oSBT B 24T o2 55

Fo(Xo)=1—exp [—(g-f”-” 2)

e}

IR

0

F,(Xr,j)= 1—exp [—(

O

A7) WA 0% TE 47 9EARI £5HEYe
74$% ZAYT =3, 4 ()% (3)2 FRP7} o] %38
& B3 e Al g o-&3t 2ol 3= 3
:‘r: ()

[o}

Fy(Xpi)=1—exp [—(ﬁ—m @

ho

a71A 718 by ol& AEE A3 4 o)
oA o]& Zx dHolE EAE flelMe F /e #Hs
£ Ze Tt A1), o] A% "o 2.9
& BEUxd<(two-variable probability density
function)& 73t7] 98l wj¢- B2 AF deolHE
GHgol 3l7] wiol] ¥ AFolAE o|HREE sl
o] Wigg AMestat. 242t 5|5 o) &3te) AHA
s O ZEE #¥slr] faiA von-Mises 39
$7V S (equivalent strength)e] 71d-& =48ka o]
E7%0 s o3 2ol X & Foslsih

Xpo= [0 +37 = TR} +3 ®)
A71M Rye $UEFH(F4$E) od ¥IEE &9
(A3 o) MR B o] 515 (biaxial

285
ratio)o|vh X;,= 22 wWiog AHogd 4 glon, &
7HeE e g Fe] 35 sk 4 )RR St
3-8 (equivalent shear stress) 7., = J? 79} ¢
o] Zejslold 4= gith 57 Ad3go] Uut Age
g f4al Alggojd w Weibull £X¥7} o]& 834
ACEAE o Z ug#Fr] o] dHolgEe] o
2 ote 2HE B 4 ()94 Xet o(I87
E)ojx, & (3)oM Xt T, (B7HAGAEF ©
o} o|&A T g 2 HEY AR olyg) o)
H Fo 92 we v g dansg |
g7t BAEE o] FH|o] Bo] YETHS]. wElA o]
Z A4 dloleid] g Weibull i/l sE o83 2
o] X84 < Uk

Xb() = Xl)() (O‘f, 73 Rb) (6)

o, = ab(Rb) (7)

dojel Ryoll tislA A BEELY) o]EPTE o
Sotedl 249 22& 53, 571 % Adxe 49
dol8 & 7igte g tS3 e Ade SAE 7
= Aoz spgskych

Xpo=U [kcos(tan'R,) + 11" (8)

d7)1A (tan'Ry)E o—tHEdol|A shyjulee] 2
olg} Mgl HE Uehl: wsidsolch aem
U,V, ke ABA5E, Us Ve o83 2e 27)
o AAZAS o5 P2 4 vk

th = Teys f for RI) =0 (93)

Xpo= 0y for R,= o (9b)

2 (8) 4 (9)F A&sH U Ve the3t 2
Teq’f

U=0; and V=log, ( ) (10)
9

Weq 57} olZEE ARd w W & 3
£ k9l e AgFo2Hd Qod & ok A (7))
V8 ggase test Lol Agsidrh

a, = uexp [v cos(tan”' R))] 1n

4714 ushve 8o 78 4 Yk ARAFE
otk 4 (8)2 thed 2o SAABLHd] W o)
ule] geEH oA 2 £ ok

(12)

Tey =

J3U [ k }V

\/RI>Z+3 \/R1,2+l

Held 94 2 wEde oz s5 FelAe v



56 oAy - BEF WEEAMES e
e ke T
r = [ +1} 7 (130 4N = 4o =t (16)

JRE+3 Y JRI+1 b
N o B Qg 2 uEY =
o oR T R A N CE ﬂ

°

SAAFFD Bele 4 (13)2 ol 8slX e +
o ol @A Tk WEe] Zo o sidAle 3t

Elo) Zolo] wg Foldth A2 FI7b th&3 2o

E ¥

AAE 4 ek
1 o k log.,,( (Z’
FI=——J02+IZ{ - 4+1] (14)
oy JRI+1
FI7b 13 2AY o 2 o glgo] dhagicl. olejgh

AN FE olFdFete I Sent o §H
Fele] AeRAE AME $ ok difEe 4
91 7) 5] BE L 71Z0 2 SEHE ¥ o7 A
g A9A mde HEw s uig AgHo] 2
9lch 4] (14)%= Hashin [2]0] <J8) A|gte sheka]
gre galsts far)Ees AHeg ¢ ok

o—{>_>;

2.2 m| 2 mghy

od7lM @& 92 A AARHE oF I
& d5% + Jde dA Ay Wig AQtetaat gt
g aldyle] Fo8 JXE ol% el U
N9 F& Foled gtk ole 4 (13)2 B4 A%
wot ole} W2E X¥ets Ao FAl] st
AAREE A2F7)9 52 fATezA 7hesith
AAZE Aoz 8 F de oo (N v (V)

o
oo )y
By & o

2 4 (13 B T 0 )& A Hn
og olgded HlE ol U THET 2ol
Jerd % gl
‘ .
q= T({V) =~U—(-:— (15)
T (o)

A714 N o] 71 §85golng s2%
o A (13)3h 4 (15238 thex 2e Azgw

4% ag % ek

AN 2L F e S-NFHez g4 2
24% 4 3

go(N)y=a+b logh

qN) =c + d logN (17b)
o71M a, b, ¢} de A8ZFEIT 4 (1) 22
@z 9249 Ayt FARE o, ¥ IRsF &
A9 HEeEg 4 (16)7 2 o Fstaule =
2 3% F Yk 4 (16)9] Ry = o tidshd 4
(17a)7} Sa, Ry = 0% tidstsd 4 (17b)7F Bt

ks

3.4

2t

i

2 A3 BEgAE Fre 3 (lapped mould-
ing technique)[5]& o] &3t Azstfct Hfie
T300 grade &2 Golnd, ol FA] 3l AR ALE
stk 69 AA-g(volume fraction)2 °F 58%9
th Azd BFEE 100mm 3Eog A8 F 9]
30mme] 3, Zo]7t 35mm¢<l glass cloth end-tab-g&
Fa1o] v o] YANA ABE AzSlsich

7V5d MTS A2’ o] & 0}

of

& 8. &4 93 4

t}h ol A¥Y we o|FHE

53 v EY a5 2HUREE ZH
A} 100 ~ S500N/sec®, §& 4

250N/sec® 315ES FUT ]%%’ ”3¥
FE& olFud e dE2A FUTh §E"£(103d
cellZ 434 dlolHlg £H3s%n PC-LAB DAS &
ZEYE ol &8l HFE nzed rIEsHt &
AFAE R, = (L2 17D, 20/1, 10/1, 5/1, 2/1,
/1, 0/1(5 &) 5 7709 ol&u]7} o] &5 Aok
Z+z}te] olzuld digiA 57 =] AHE 4EI
th 12 AES5E 0.25-2Hzoln, S, E ZArg



B12% 291999 4 SUHE Jdel] o wads

EgAge ol5AE g Haedy d 57

Table 1. Experimental data and Weibull parameters

Biaxialratio  Datascatter(MPa)  Average (MPa)  Number of Shape parameter Scale parameter(MPa)
(Ry) Axial Shear  Axial  Shear specimens (@) (Xo)
0 . 81-102 . 87.5 6 10.747 158.25
1 105-119 101-113 113.8 108.6 5 21.676 22470
2 228-307 113-151 266.4 131.2 5 9.214 367.47
5 523-573 102-114 554.4 108.4 5 26.746 595.92
10 628-720 62-71 656.8 652 5 15.744 686.78
20 687-716  34-35 706.0 34.8 4 51.109 715.24
co 692-749 723.6 5 31.837 734.51
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Fig. 2. Rearranged Weibull distribution of biaxial equivalent
strength at various biaxial ratios
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