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Prediction of Fatigue Life in 2 Ply Rubber/Cord Laminate
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ABSTRACT

In order to simulate the crack connection between cords and the interply crack growth in the belt-layer of
real tire, 2 ply rubber/cord laminate specimens with exposed edges were tested in 4~1lmm displacement
control. Measurement of the crack connection is evaluated when crack reaches the half of the length between
45° aligned cords, and the amount of the crack growth is measured by the steel probe method. 2 dimensional
analytic modeling was performed to simulate the crack connection between cords at the exposed edges. Also,
the theoretical life of the specimens was calculated from the crack connection life between cords(critical value)
and from the critical value to the final failure by the use of Tearing energy(T); the strain energy release per
unit area of one fracture surface of a crack. Then, theoretical life was compared with those of experiments.
The life prediction up to the critical value has about 20% error compared to experimental life, and up to the
final failure about 65% error. Therefore, total theoretical life has about 45% error compared to the experimental
life, which is conceivable in the case of rubber.

z =

Elojo] MEZ Y] =R FEIZE € FLAEIAE BASE] A8 ARdE e 25 ATIE HSAEH

e 4~1lmm FHA ] AFE FPBUCh AFDe] =R FEAEANY B0 FEAAFL 45° FA Z=EET
dole] At =g Wo] EFF o g, ol AP FHAJY £, AFDelA Z=EF TED

< EAE719E 234 oldsd 2EY 7|EE nAEsith o]2FE L HOFAUAFEAEHY) SAEHTF

[¢F

FUA)E o3t A= FAABFH(PADI oF AFREAAY $HoE FEIUH, olgL AY] 4F
&t vmsgich YARAAY RN AP wlms] o 20%, AFAEAA % 65%2) 237 TSRk, whek
A, AA BFHe 4¥H wmstel oF 45%9] 0T LKA,

Key Words: &9 14 X|(Tearing energy), ©F2](Delamination), 3£ 2](Ply Separation), 3 E of 122 = (Strain Energy
Density), @ 8% 2 (Crack Connection), T %24 &(Crack Growth)

*+ Agoistn 7)AFss dghe, A RHE-mail:djlim@kovico.com)
=+ ZAolFulet HEAw

» Adddn A AN 2R FGE

#xxx 7)o} 215 3f



10 P 0l &7]-&54-ANE

BERUAHHESE

g 7}6}711 H
A &8 FF
= H1EZY ﬂé% Ygoy

s FFL A F BA=Z —"#%%‘ F Alﬂ}

AA, AFo] Fo oFA HoA FZ-F(cord-end)F
o] L B4y dd 98L& e oln Fdo| EAF
tha 7hAEe, o] By Fdel FHF wEslFd 93
AT Alol2 AAHE A2 FHA 4 MAAEe ZEE
ol AAHE dAYd 4, AN Fho) ME F3 F A}
olZ Mt HAFHoZ o WARZ FEL F 3
. folA ER{FE F DAY #E3d 4L Aund
I1F-F= AW(interface)S Wt JAII|EGE, AR
7S 229 IEAlole] ARAAE wel FHol dEFH
23 AP 498 B4, A= ¥E FH F
Atel9) BF- AAE wEt Fdol JAsHA ok mEkA
8L 28 A4 AAE wet AAsGE B4 °‘2E§,
/A= % o o g2 £ PYrE JAME $HF2

zol A1gEE nFAA ZAAY S A H2 F
%aﬁ ENS 248 "art gk
s
H

;
et
0
L
o
-
m;E.
[m
1t

2 A9 F#EAH wE ojy gl
SGHAAAG FEUAY T7F ditd ez AlgEHm glo
o -2 EfA fE g dsddr g L
3 QtH1]. Huang $2]2 E= o] 1172 € & 2
% IA5/2=E SHAC ds 2= 9] gAY FdoA
N&A& gdo] IES FIE Alolm @@5}01 A= Fo| x
£ 8 q7xe 79 ¥ g g2 FHL d7E v
7t Ao, JESI e A= 3 %ﬁxﬂo!l AAA F
AFstFol 4T w, AHEA AR FF & Sl

3}%%&@1 &7 A TH3-9].

ATz olu] & AAR Z=7} =E2H 25 A
%s&oﬂ g P2 9% a5 ©E 828 FFL RAA,
FE-E Fdo] N2 4 GAFg D 24, 2=
b AAolFE FTAlolE FHol IAsY HEF FEIHE
GAR JFAchFig 2). 283 2 gAY N2 £hd45
g FE3Y AP B d549 elgd e AFstax
gck, B Al gl oig 242 Fig 3¢ 7leso Aok
w3 aF4LA AAY FJ2 FIAAEH L AP e
zZ} gAY BAL AgHe] tid g wAds THL
FEsGL 2Ea ol & TE ol&dtd 7 gAE £
B F4S FE39en, o9 i FHE BAL AY

.’.’.’.’.’.’

Fig. 1 Schematic crack connection between cords under the tensile
fatigue loading.
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Fig. 2 Schematic idealization of interply crack propagation under
the fatigue loading.

Measurement of the property for rubber's
fracture and fatigue crack propagation

1

Derivation of T -equation for each step of
rubber specimen

1

Modeling for the theoretical life prediction in
each step

i i

Life up to the crack
connection between
cords

l 1

Comparison of the theoretical life prediction
with experimental life

Life up to the
ply-separation

Fig. 3 Flow chart for the life prediction of 2 ply cord/rubber

specimens.
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Fig. 4 Data of the fatigue crack propagation of the vulcanized
rubber( dc/dn~ T).
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Fig. 6 2-dimensional modeling for life pediction until crack
connection between cords.

Table 1 Fatigue property of the vulcanized rubber specimen

<«1n—¢ M/cycle
A 2.725%x10 KJ/m?
Ty 0.163 kJ/m?®
T, 1 kJ/m?

<10—9 M/cvcle
B 3.05x10 KJ/m®
B 4
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Fig. 7 ldealization for interply crack growth and ply-separation.
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Fig. 8 The diagram of strain energy density vs. cycle number.

Table 2 Specimen size and test conditions

cord width thickness displacement frequency
angle (mm) (mm) (mm) (Hz)
20 38 4 5
20 38 5 4
+21°
242 38 6 3
28 3.8 7 3
+19° 26 38 10 3
+24° 26 38 11 3
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Fig. 10 Photography for measuring y..(= tan @) at the belt edge.

Table 3 Mechanical properties of cord/rubber composite shear
strain at the edge in each displacement control

cord angle & Ex10* G6x10° o<10°
. 7
displacement | [kJ/m’] (kJ/m®] | [kI/m®]
3 1.3261 0.374 4.420 1.653
4 1.3158 0.501 4.386 2.256
+21° 5 1.3054 0.630 4351 2.836
6 1.2979 0.781 4326 3.516
7 1.2887 0.952 4.300 4.286
+19° 10 1.2082 1.620 4.511 6.889
+24° 11 1.1356 1.428 4.527 6.073
Table 4 Initial and critical crack Iength
cord angle co(mm) ["(mm)
+19° 0.389 1.397
£21° 0.370 1.324
+24° 0.368 1.003

Table § Values of T calculated at each step

crack connection between interply crack
cords propagation
cqrd angle & T T

displacement (ky/m?] (kI W , T .
@ c=cy) | @c= I [kJ/m”) [kJ/m"]

3 0.163 0.857 - -
4 0.288 1.526 79.7 0.302
+21° 5 0.484 2.563 109.1 0.423
6 0.748 3.962 168.5 0.640
7 1.120 5.926 599.0 2.324
+19° 10 4.299 15.420 506.6 1.966
+24° 11 3.831 10435 348.1 1.351
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Table 6 Comparison between theoretical life and experimental life

(A : up to carck connection, B : up to ply separation, C : experimental life, D : theoretical life, E : final failure)
E
cord angle & error total error
displacement A&B Cleycles] Dfcycles)] %] %]
Cleycles] Dlcycles]
A 5,319,745 5,031,623 5.42
4mm - - -
B - - -
A 617,000 651,617 -5.61
Smm 2,660,000 3,540,339 -33.10
21° B 2,043,000 2,888,722 -41.40
A 220,000 119,379 45.74
6mm 1,540,000 2,179,112 -41.50
B 1,320,000 2,059,733 -56.04,
A 26,500 25,120 5.21
Tmm 101,500 99,128 2.33
B 75,000 74,008 1.32
A 3,000 1,200 60.00
£19° | 10mm 28,000 47,741 -70.50
B 25,000 46,541 -79.00,
A 11,000 5,205 73.38
+24° | 1lmm 111,000 211,554 -90.55
B 99,000 206,349 -52.00
Table 7 Strain of the laminate edge at each displacement control
cord angle Almm] 0 3 4 5 6 7 8 9 10 11
+19° 0 0.388 - - 0.949 - - 1.5 1.62 -
121° Yu (=tand) 0 0.374 0.501 0.630 0.781 0.952 - - - -
+24° 0 0.344 - - - 0.810 0.885 1 1111 1428
5.2 2 @ 23 QAT o 0%AE BARGOH, o F FE
: HAE o 65% A7), 2Eld oS Fare AA Fv
1 785 eolojzt HAY duiy YFE BESFo| FE 2 9F 45%9) 28 U4 &9t
3% FUE BEAY 9F-AY WAS BASD WE 4 Z=Zo] AL4F AW AAY ARPEE FAAY,

Ho ol nFAA e FEA
A, J25E 54 FY3n
.22 F9 92 9 3 FERAELE e 4
ﬁ@l azstA Z=7k WEd T 7H91 g 744
& YEE AFso wEI}FE 7}} A A gskTh
/‘l‘ﬁ°ﬂ’\1 #E AFE bgoE 3= 49 2%
A& BASlE 9E £E83F E“i;l° nEeH 7€
ol 4Z2d wi7tA 9 FHE 5% A ANFZEFAS H|
nd Z YXEAth 2F SR % b Fgo] e
F Fd AL A Hed oo giF JE oS
olg3te 3 #4AA F£HE dFIHUDL AEEAS
Hzd F GAFES Ak FEA Y AN
#ddol= EZolg & 30%E deAFAIHA diula)
A A9 FYstsich
L E2ED FE9E 2y 458 94
A Ay BAdAz 2agsly oggs

14 EAdue THe=

_Q_

o] & 3]
=

Fig. 5olA 23
Az v

szfe WolA Bk,

ZaEd

[1] Rivlin, R. S. and Thomas A. G., 1953, J. Polym. Sci.,
10, pp. 291.

[2] Huang, Y. S. and Yeoh, O. H, “Crack Initiation and
Propagation in Model Cord-Rubber Composites,”
Rubber Chemistryand Technology, Vol. 62, 1988, pp.
709-731.

[3] Pipes, R. B. and Pagano, No. j., “Interlaminar Stresses in
Composite Laminates under Uniforion,” Jowrnal of
Composite Materials, 4, 1970, pp. 538-548.

[4] Ford, J. L., Patel, H. P. and Turmer, J. L., “Interlaminar

Shear Effects in Cord-Rubber Composites,” Fiber science



#16% % 3 5§ 2003. 6 2% AF/RE BERY A2 £3 dF

17

and Technology, Vol. 17, 1982, pp. 255.

[5] Kim, R. Y. and Soni, S. R., “Experimental and Analytical
Studies on the Onset of Delamination in Laminated
Composites,” Journal of Composite Materials, 18, 1984,
pp. 70-80.

[6] Whitney, J. M. and Nuismer, R. J., “Stress Fracture
Criteria for Laminated Composites Containing Stress
Concentrations,” Fournal of Composite Materials, 8, 1974,
pp. 253-265.

[7] Brewer, J. C. and Lagace, P. A., “Quadratic Stress
Criterion for Initiation of Delamination,” Journal of
Composite Materials, 22, 1988, pp. 1141-1155.

[8] O'Brien, T. K., “Characterization of Delamination Onset
and Growth in a Composite Laminate,” in K. L.
Reifsnider (ed), Damage in composite Material, ASTM
STP 775, 1982, pp. 140-167, American Society for
Testing and Materials, Philadelphia, PA.

[9] Pipes, R. B. and Daniel, I. M., “Moire Analysis of the
Interlaminar Shear Edge Effect in Laminated Composites,”
Journal of Composite Materials, 5, 1971, pp. 255-259.

[10] Gent, A. N., Lindley, P. B. and Thomas, A. G., J. 4ppl.
Polymer Sci., 8, 1964, pp. 455.

[11] Breidenbach, R. F. and Lake, G. J., Philos. Trans. R.
Soc. London Ser. A299, 1981, pp. 189.

[12] ABAQUS Theory Manual, Version 5.5, Hibbitt, Karlsson
& Sorensen, Inc., 1995.



