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ABSTRACT: The aim of this article is analyzing the fatigue behavior of off-axis unidirectional
rubbery composites under uniaxial tension-tension cyclic loading based on the developed damage-
entropy model. The main advantage of the damage-entropy model is that it accounts for the viscoelastic
property and temperature increase during the fatigue loading conditions. The off-axis rubbery composite
lay-ups exhibit a nonlinear stress-strain response similar to the rubber matrix. Hence, the Newton-
Raphson method is employed to capture the nonlinear behaviour of rubbery composites in this study.
The failure criterion in the damage-entropy model is based on the fracture fatigue entropy value. To
characterize the longitudinal, transverse, and in-plane shear behaviour of rubbery composites, static and
fatigue experimental tests on different lay-ups are conducted. Moreover, the damage energy, the energy
dissipation due to viscoelastic behaviour and the heat transfer to the environment during the fatigue
loading will be calculated. Furthermore, the experimental results of [45]4 lay-up are utilized to validate
the developed damage-entropy model. Finally, the experimental and modelling results of hysteresis
energy, temperature change, and fatigue life of steel-cord rubber composite [45]4 lay-up for different
stress levels subjected to stress ratio 0.1 and 1 Hz frequency, are compared. The comparison between the
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analytical results and experiments indicates the capabilities of the present model.

1- Introduction

The unique properties of rubber, including its softness,
elasticity, resistance to cutting, high friction coefficient, and
low gas permeability, make it an invaluable material for
creating elastic structures such as hoses, belts, washers, and
vibration insulation. Furthermore, rubber is a fundamental
component of pneumatic tiresl] ]. Through the operational
lifespan of rubbers, their components are exposed to static
loads and fatigue. An effective approach to enhance their
mechanical properties involves the integration of fibers into
the rubber structure, thereby producing composite materials
[2,3].

Nowadays, fatigue in composites is recognized
as a definite phenomenon. With the increasing use of
composites in various industries, it is essential to consider
the deterioration of mechanical properties due to cyclic
loading [4,5]. Multiple fatigue measurement models have
been proposed by various researchers over the years. These
include classic models like fatigue-life models and models
for residual mechanical properties (such as stiffness and
strength), as well as progressive damage models characterized
by a gradual, cycle-by-cycle nature. The progressive damage
models integrate classic fatigue criteria, fatigue life models,

*Corresponding author’s email: Bijan Mohammadi@iust.ac.ir

and residual mechanical properties models6] ].

In recent years, a novel method has emerged for
examining the fatigue behaviour of composite materials.
This method utilizes the concept of entropy production and
has demonstrated considerable potential for advancement
[7]. The concept of “Fatigue Failure Entropy (FFE)” was
introduced by Naderi and colleagues in 2009. It quantifies
the consistent amount of entropy generated in material under
fatigue load, from the point of loading on the specimen to the
moment of failure. Importantly, this measure is independent
of load situation, load frequency, load magnitude, and other
environmental conditions [8].

Rubbery materials undergo a considerable temperature
rise due to their viscoelastic properties during the fatigue
process. Previous studies have revealed that there is currently
no model available that considers both the viscoelastic
property and the temperature increase in steel cord rubber
composites (SCRC) during the fatigue process. This research
aims to analyze the fatigue behaviour of off-axis unidirectional
SCRC structures using the damage-entropy model. Due to the
non-linear stress-strain mechanical behaviour of SCRC, it is
important to develop an entropy-damage model that accounts
for this mechanical property of SCRC materials.
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2- Methodology

In the present study, we present an analysis of the fatigue
behaviour exhibited by unidirectional off-axis SCRC under
tensile fatigue loading. This analysis takes into account the
nonlinear stress-strain mechanical characteristics of SCRC
materials, employing the developed entropy-damage model.

The stress-strain behaviour of SCRC exhibits nonlinear
changes due to the rubber matrix present in them. The article
utilizes the Newton-Raphson method to accurately analyze
the nonlinear fatigue behaviour of SCRC materials.

Damage-entropy model expresses that:

er +Ed :mT +Ediss (1)

In which, " and £« are the dissipated energy because
of the viscoelastic nature of the matrix and damage energy,
respectively. Also, ,, C, T, and £a define the density, specific
heat capacity, temperature, and dissipated heat, respectively.

The failure criterion in the damage-entropy model is
determined by comparing the FFE value obtained using the
model with experimental data. Parameters for failure growth
in the longitudinal, transverse, and in-plane shear directions
are calculated using CDM to measure the energy resulting
from failure growth during the fatigue process.

E,=Y,D, )

i

Where £, ¥, and D are damage energy, the conjugated
force, and the damage variable, respectively.

Additionally, the dynamic damping behaviour of the
SCRC structure, caused by the viscoelastic properties of
rubber materials, is analyzed using DMTA to determine the
energy lost due to viscoelastic behaviour.

W, = J.; [e,0,wsin(ax ) cos(art +8)|dt =ne E, (3)

Where ¢ o,,E,,w,6 and ¢ are strain amplitude, stress
amplitude, loss moduli, frequency, phase lag, and time
duration per cycle, respectively.

Heat exchange from the sample to the environment is
calculated through conduction, displacement, and radiation
mechanisms.

3- Results & discussion

The damage-entropy model developed for unidirectional
off-axis SCRC structures is validated using experimental
results from [45], lay-up. Finally, experimental results
and modelling of hysteresis energy, temperature changes,
and fatigue life are presented in the following for [45],
unidirectional off-axis SCRC at different stress levels and 0.1
stress ratio under 1 Hz frequency.
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Fig. 1. Temperature variation of [45], according to
experimental results and model simulation

0.8 T T
[45], O Experiment - 80%
Model - 80%

A Experiment - 60%
= = = *Model - 60%

¢ Experiment - 40%| |
—————— Model - 40%
0.5 i

0.7 |-

0.6 -

Hysteresis energy per cycle (MJ/m3)

<] ° © M
0.4 ° R
[e]
03¢ D S “ ""A_""f&
zu”
02+ o P S— D
01l 4
0 . . , . . \ . \ ,
0 0.1 02 03 04 05 06 07 08 09 1
N/N

Fig. 2. Hysteresis energy variation of [45], according to

experiments and model simulation
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cording to experiments and model
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4- Conclusion

In this article, the fatigue behaviour of off-axis
unidirectional [45], lay-up by using the damage-entropy
model was predicted. The comparison of hysteresis energy
changes in composites with an epoxy matrix and SCRC
shows that the wasted energy of SCRC is significantly
higher than that of composites with an epoxy matrix. This
is because the viscosity of the rubber matrix in the SCRC
structure is higher than that of the epoxy matrix. The diagram
of hysteresis energy changes indicates two stages of rapid
growth followed by an increase with a constant slope until
final failure. Additionally, the fatigue life of laminated
[45], unidirectional off-axis SCRC was predicted using the
entropy-damage model and compared with experimental
test results. The results showed that the entropy-damage
model’s predictions were in acceptable agreement with the
experimental results.

References

[ITAN. Gent, Engineering with rubber: how to design
rubber components, Carl Hanser Verlag GmbH Co KG,
(2012).

[2]S. Weiser, T. Lehmann, R. Landgraf, N. Goldberg,
H. Donner, J. Thlemann, Experimental and numerical
analysis of cord—elastomer composites, Journal of

569

Rubber Research, 24(2) (2021) 211-225.

[3]V. Golovanevskiy, A. Kondratiev, Elastic Properties
of Steel-Cord Rubber Conveyor Belt, Experimental
Techniques, 45(2) (2021) 217-226.

[4]H. Hatami, M. Shariati, Numerical and experimental
investigation of SS304L cylindrical shell with cutout
under uniaxial cyclic loading, Iranian Journal of
Science and Technology, Transactions of Mechanical
Engineering, 43 (2019) 139-153.

[S]W. Van Paepegem, Fatigue damage modeling of fibre-
reinforced composite materials, Applied Mechanics
Reviews, 54(4) (2001) 279-300.

[6] M.M. Shokrich, L.B. Lessard, Residual fatigue life
simulation of laminated composites, in: International
Conference on Advanced Composites(ICAC 98),
Hurghada, Egypt 1998, pp. 79-86.

[7] P. Ladeveze, A damage approach for composite structures:
theory and identification, in: Mechanical Identification
of Composites. Dordrecht: Springer Netherlands, 1991,
pp. 44-57.

[8]M. Naderi, M. Amiri, M.M. Khonsari, On the
thermodynamic entropy of fatigue fracture, Proceedings

of the Royal Society A: Mathematical, Physical and
Engineering Sciences, 466(2114) (2009) 423-438.



75 ool SlSo (owigee g pui

DAY B OSY Slixio V¥ Lo F 0)los OF 0,95 ¢yusS ppol SilSlo pusigee 4y il
DOL: 10.22060/mej.2024.23129.7720

F b dge S5 S aly (el (g, la L (S JU8) (2,5 9 (595 (o)
205 (St (it oSy Jo 31 03liwl b je2e
4.:)5\.» Jb).e(o dgete AT AVC O ‘ule-m

Ol ol ol s g ple oKl (SOl awlize 0uSil

1891 au )b
VYY) F redl
VY00 16,555k
VoY 0NVA 1 sl
VX8l 1ol )

o ably drwgi 3 29551 gy 5 ol b (St b (clacojoelS  (Sund jkby adlllas lio oyl an s
uu.l.:lﬁ‘ ;w“ \j4.3‘[;duw)y.olfdlf@lp—d9ﬂ1wa))lbbl&w)l Jﬁjﬁ .Lu:l.sLsn ,.WS S— ,.wS i b)wxgstﬁﬁd)lﬁ)l{
2 odle St VlgSanng 3l 48,5 a5 3 e 9 (S Aol s oled Slyuss 19,8 blod )3 b, cpl 3,8 4 yuaswie
&5 5L oo Pl LB u..;l)sl ‘J\,;M\JIMﬁ Caols ) I s & Sz 1y Wil o u_imo oS Sy
SeoY G ple Sy a8 e (et e Ol gl (S al ey janels i S— i sy WS e dyye |,
OBl s g Sty (Slacy ol (oS il by 585 il g 455 (sl 5eios ol 3 e gl 0 35250
J3e y ojle oleg (Silaly jlxe laie a censis alasd B o wgs (ogy8] JS ¢ Sind cnSi gyl D945 s 03l

1605 Clols

S o

S by gy joels
w8l dsgs (ol 3951 Jae
S CanS g y5]

Lod &l puuss

Sladigel 59y 2 (Siud g (Sl slaialojl jlodlimal b 153,90 (sl (slayial)y 3,5 o )8 o3lisnl 3)90 (3= 29,51
Wl e (oS 38y (6 (S (5 s g oo (hdasiie il gl @Y Cod (S 4l (ujsesls
ol celd] )3 8395 oo dsmlore Laoes &) diged I ()l Jol g o3l bl St VIgSiang )18, S a0 (ST (g5 ¢ S
s J @ (St Socjorls sl o a8l dngs ol 395l Jao (miuojlitel (d [FO), ur 4Y (128
Y Glp (s pes g od Sl i G5l Gildibe 5 (28 @l ales 3 2580 okl g S5
@l Om (5> il 4 580 onliin g oo )] Fpp ) (S8 COS /) I G g 15 iliSe olaw 3 [YO

bl )8

Slaco;emelS Ll 4 a8 conl obigS GUI L lac jonlS « SuiwY
AU 5 s atwy p [A-F] 408 o olisS” BUI L SawY 4l
Olgie d &S 2445 o odlatnl (SwY a4l CujenlS Mg gy diwge
Ao ol g oo ALS '2)55 L odd Cogl (St aly glacy joels
2U e (Sl a5le gmuo i la i5u 0 (gl 00 yS o)
[IY=2] 0515 o
w8)S i )3 (lab glosy Glgis & o jopeld 3 (i gl
glio ) bcojosls Sl odlatul (958l59) damg & drgi b g 2950
S sl 13550 s 4 (Sl olgs bl 8 )3 )l s ccalisee
by gl (St )85 (siloe 9 CELS )3 (6 pSader (bd piyy

1 Cord-rubber composite

doddo -
BB g (0,8 aole S cploie sla Sig il cle d KoY
Sils b ale Lol slaojle cilo gl o 5 4 odg dog
s Jds 4y S aiS o oolatwl o g (55 Bile bl cdous
upd oy plp  Ceglie (S (o Wile (L p2lgE (9
ol bl sl 51 LS dnglS 1y )3 o s piudgis 5 YU STSkau]
Cov 355 Sho yar Job 5 L Sete¥ bbb [Y-) sl e Solosy
by 585 a3 &S S (o ) (S g Sl a5l
lagbyy 3l S sl e Sl Lol plgd 5l liabl (ol (Saus
U1 355 osizal Ll 3, & 055 L Slgn Sl ol sl

Bijan_Mohammadi@iust.ac.ir :olsle jsesge odivng ™

(Creative Commons License) _edpe (Sl ule cov dlio cpl ol oad odly pu pal oSty @)l & 156 Gois 5 (Bsimng 4 cuilpe Goi>
BY NC

Asleyd s https:/www.creativecommons.org/licenses/by-nc/4.0/legalcode sl jl (uilud ol Slija (sl ool 48,5 )5 las yoy2ud )


https://dx.doi.org/10.22060/mej.2024.23129.7720
https://www.orcid.org/0000-0001-8360-0631
https://www.creativecommons.org/licenses/by-nc/4.0/legalcode

53,8 &l 33 ool o3 — gy Jde g aB sy

PGB iol38l (S VIsSiuny Cuols g Db s 4 e
g SuwV¥lgSung Cuold Wlgny &5 Jae &S 0 asuie YU 0 ol
33 o b 0 ooy St Al slacy jralS o Lod ol 38l pismen
g4 BB sl yp o)l a9y 2,50 i o) (S sl e
odlo ol Slyuis 3,8 blod cubls Ll 3= g5l Jie )3 4 yuascio
o3l Sz¥lgSg Sl (585 Jlai ) (izmed g (Stud Sl b e 5
N8y oz o cnl B plply Bl (s pee (i
bogre Sl @B are SO (SeY Al glacyjaels Hisle (Sus
= SilSe by a8l an g b el ol 3 g5l Jde I ool
el elnle iliee (Seo¥ Al Glacajanls s e (1S
Slge (Sl by cpl Wlgn U bl dawg g ol gyl Je
Dy 5 )3 1) (S by s jepelS

B e SO (St b oty joels (s )ld) dlde oyl )
SHle )8y (8)5 Hlai o b oS (Sus ()lS)L cod e ]
Jde I eolaiel b SowoY Gl sujeels dlge Jas e 55,8- 55
—u”):ﬂ Jdo 10 Cunss Hlro Dgu oo )] bl dmwe d‘?‘uﬂ?}”i
JAA )1 odlasiwl L\ &S Cul V‘_SA.MO Sl @9)»1 )‘J.O,c u»l.wl)) Lf")>
A 48y oyl bl e s 4 225 sloodls g B 5]
Sl gy bawgs lxio (503 (p0y 5 (22055 (Job s »
sl 2y L b Gl b Kgd e pastie Mgy e 5
uSwoL.:.) U_:‘).m )Ls) ‘U”‘ 2 OQM.C ..\.sy.u Ml?u u.iu.» .,\.».sl)B O
Sgo SitwVleSus g cusld s 4 (SawY Gl sy jaels sl
Oped Doy @YINg S8y s 4 ead b 65)5‘ G
ol wolia Glpusle 3k | o 4 &l I Sl Jols
Se¥ b Glacojols (55,5 — A LB 9 o duslxe @indl g
kol ;3 39390 (SwiwY o yile s a5 wizwn s e ol ol
G50 o g 435 jolate o (ygmdly(Pgs gy Al (pl )3 bl o
Dgd o odliwl ¢ (S al slacyjeels Jas e Siws L,

Steel cord-rubber composites

Fracture fatigue entropy

Continuum damage mechanics
Dynamic Mechanical Thermal Analysis

O 0 3 N

ovy

Mgy calire (pbive lawg (gddaie ol Cuwl ond Jols
Odsl 23 oS sl Jde ol 0a 03 dawg bl Job 4o
oo plyis Cov g din blyjeeld ) (Sud slaJae I 4
g i) oxledl (SSle (ol slaJae g W] (Siudejoe
SlaJse daJde 3 305 (S g oo aib sy ool 4 [V VAT (plSxl
SaoMS Sy (loylins ) Ll don S &S Nifud 059y o]
Egune obladl (Solle plt e 5 (Sd jes sl
9 4SS b st I 432 &2 g (20 Snle Lol g oo
Gl 1y oty ia ol Jao [VF=Y+] 355 Ylio dcgoso ;0 "5 )
cdl Jao" 4 a5 Wdges ) aigr S5 BUI L s Cu g (slacy jgselS
oy 5 5503 So ol Ggpno "Bl maass obledl (g3lo olys
Gl Gl Sl ) i jorall (Sl 513y (o) (Sl wree
3l [YF] sk 098 sley o
6l syl S 5 by jenelS (Ss ld, i cols b
by 5 4 slabg) (s3alS6 rizran 5 il (Saus | )5y ol
b g Jde G 4 (i d2gi dayjonlS (gojg ) Il
Casgey glolame ol 3 SOl (loJae la] 3 b Clr (Seolydge
2y 090 Ndg LBl 5 ytS dlwgn Lo Seeludgey (wluly &S
Jb 58S Sygo gl ) ool slacd ity g 15 |3 ob;
SR Gl g el Jle w3 VO] s (g Jls 55 5 ol
02l (5 5 &ly 1S T 955] 155 amlho S edlitl b 5 0 ol 5
2 955 pordo 3l odlizel 2l dmgi (gly (631 oy bl &S
buwg lilb oje > bl & Casl (shte oyl dlge (St )18y sy
ool b layl s 48,5 )8 @ Voo Jlo ) [V8] il Sam g (5,00
gord did I (Saud b cos il o wal oLt g5l pordo ||
LS o 35 98l 0B ke S aland b aabad (g9, 2 (5, HS L
s ylo 50k o3l ey l3S5L (S8 b Jlasl Ll 3 I e oS
" Std s g yl" 1) 0ad sy gyl ake ] & ASl e
2 ol )b ol @l YY) olslss 5 6530 sl )3 el
5 sdaze 3l (slaJl 53 20l )15 Gialesl 3,50 Cojgrals Dlge 0j>

bwjomls 53 ol g (hey yidw sopn & [Ye=YA] 350

1 Lessard

2 Generalized Residual Material Property Degradation Model
3 Paris law

4  Entropy

5 Fracture Fatigue Entropy (FFE)



DR 1 OFY asxis V¥ Jlu oF 0)led DF 093 «yusS ol CSilSlo pusiio 4y 3

L ¢ gyl dnlonn sl &' )90 5 S e ol 23— 95T Je
2l w0l Clus 4 Kb o ole Hlidls ;> clpis cel &5 lapys
SetwVlgSang (olss 4l 4 g5 b (pizmon D9 g0 Juols (653450
Ao 3 11 o3le Jlidlos yuuis B b oo o3le )3 &)l s Wgs el yuds
i3 A iag sl Jue )3 s g5l 5l ol 900 a5l

{PV-YA] 595 oo i85

t
r E,

—=dt
o T

Ya =

o3y L Y, b casls ol 29,0 hade g T L les YU alaly
CanSd L&"?)*‘j Ml}w ‘_5‘).: .)9“)‘-;0 o.}.tnl: CaSd L_;J?).\JT &S Cawsl 005
£ ol bl g2 0 i > 4 o3 b 1 () el 34
IVYA] 298 o0 dnls y3j Buyb 4 (olod Ol s
_E.

diss

T: W)€+Ed
pC

R - P WA R e
by b A 5 6 end AT (65l gl s 4 ol
Soy ssbowen 5 (D) 3 gl polie b cwl s E, =YD
e 3l yshaie cl (el gd anwbre (Y) o1 b jblie  Suolidge s
&S VY] OI)KA@ 5 oo byl Al dawg dwgy o u_gb&

23gub oo 03l (il o Hgrede 3131 (g5 bl

+T0 7 | (¥

XX XX Yy oy

Lo e 40,0
pY =3

izt Fgreln Sl G550 5 S5 cs ey p
e el ) (e GRS ( S S 551 dmlre Gl
29 s b (St ADl G dxdo (3900 (b 9 )5 o
slapel)l b jbliie (Soaldge s (slagys cdin cpl 4 oliwd

Ao (19)d (B 9 00y (Jobo Can el 3 Sl e dw g I3

S A el Jao o liel (l [YO] s 4Y 08 @l
gl dlgr ST el @)l (S b (hjeelS sbaylisle
S35 Sldin 5 25 @l il 3 pbien oolital o il
WSS (YO s Gl ((Sud jes g lod Sl (g s
Cupd g (05 Bl golaw 3 (S @l (05eelS Hoe Jl )

Do o Sl 5V JWlS8 cod /Y s

398l (B e Jse Y

(sow OMIS Cal 5 (St (o 5lo I (Ste¥ by slacy joels
RS OAE (Sle ) (gl (S uple sl ond S
ol el (o o gl 60V g8 puw o5 b j0 il Jad yie
Jak S al @bcgjaels )kl Ji85- 05 (SSlke ),
b (oS e ol ) g sl StV e lo 4 4 o pgore
ab ol glaojle (Suud )8) Jlod g 4o pslaie 4 o
—o (Sl baly) (il ol (Sad jee i Gy g (SeY
Olim e gy 3l elie cpl 5> a5 098 485 Jlai )3 (S 8 )8
ol (Sewo¥ ly gl joels (s pd (SHlSe )18y o gl
Do oo

9l Jhe 3 «Sealudgers pgd g Jgl owlgd 4 a2 L
Slop 358 b bLiyl )3 5 bl {¥V-VA] (639000 g (gdomo (Mo
Do o Byl cadgr Gyl Bruas 0955 g o3l yd &yl Db
E,+W, =pCT +E, ()

1SS

Myl g5 E gy g o0le SV lsSngg Lolss dlanly 4 005 1 g5
2 dblre pl Co Chomw sladles W I Oyl sl aawly 4 on
by Cunly Cuous (slop 5 g A 03lo pd &l > 2w glap 10180 34
G Cuomw slop 3 Egamme MLil o g O ylys GBpns by g B &
Conl oy 4l Colne b o0lo o yium (5553 Blg)o (V) doles
dos il il mlio Wilg5 oo g 29 g0 ais s 'O 555l leie 4 oS
G5l g mplel BUI StwVlsSs g @l wile S5 5l Jols (55,

TEV] A5l il o 5 by sl S5, j Jobs i)

ovy

1 Damping energy



dD. A.
log—L =log| ——— 25 .
ng g

(26 )™ 0

i

+(2B, +C,)log(1-D, )"

G (LOZ N) Jboge s jI By (3) dboles @ 255 L
hCos Al e cassy 8 sodh il (Log o )
o (Log dD/AN) Jlages chis 5l poe 9 e ) lyicee
25 o (Log (1-D)))

Swd 213 Yo )3 S 5l o3 esd AT (55 £ gecne
2 Oope & Ol ) dxio (9> By g (2 (Jsb Slea
2,5 duwle

E,=Y,D, (V)

o3le St VlgSanng 5l b ol g5 Y Y
alols 555 5 539y G5 ot 36 53 b elaslsy StV 15 oo
2 gl e 8 85 o g Gyl S5 Sl JSw a0
255 51 e dusbee el 13 ol dings LB Jaloe Lo b o
Sty Jho S 4 5l Sty Cuols dawly 4 os

RS Iy odle > o .\Jy ‘:’)‘P Jlade (LS Q‘J.,,n Lkl U s
» (W) Sta¥lgSmy casls 5 b oas S (55, [VF] a8

Y] Wl Gty pj Sppmr 452 0

w. f O'—dt

f o,E,wsin wt cos wt +4 dt =

—mo,e, sind =—me E

3 BMsl O il e i g LS a0 9 & o o oS

JS.MA)&;U9LJD)9JTC ‘W.wlwlf)sw 5()‘“’9()‘“’;

1 Loss modulus

ovy

VY] Sgd drmloes Ll (Siwd L5l 8

o

E, =E,(1-D,) (8)

oy __ (o)
oD, 2E;(1-D,)

Y, =p

9 5wl b clls KoYl gl E° G E o 5 o8
Dy s syl b blie (Solodges 98 Y dites g5
w25= «Job e (1 =KX, YYXY) 1 opl 2 ogMle sl (3 el
A3 g0 (LS |y doio (4903 (LB

9 2= ok livl) > (S ol S ole syl A3
Y] 28l gl LB ) O g oo 93 (S0

dD, A, O
- ’ v)

N e ) (-n)"

Siwd iolojl e 3 5 Sl g bas s ol 0 g N
VL dsles Byl 93y jl it (ole slayiel )y C, 5 B AL s
YY) 59 o0 48,5 o2 I (D=0 D)

o B
oy (2£7)
e A; (2B, +C, +1) ()

X(l—(l—Dc!,. )23,.+c,.+1)

09 B 5 555 sk Sl bl > (3 Sl i D
clabisly  ghe ialS (o5 claiole] ls 5l 45 ol axio

I¥Y] 290 48,5 w5 )5 (A) 5 (V) ©¥olro ;|

(2£)

a2

+(-2B, )logo,,,;

logN =log



DR 1 OFY asxis V¥ Jlu oF 0)led DF 093 «yusS ol CSilSlo pusiio 4y 3

(Sl o S 5 (Sl (SIS ol b 35 ol aises 53
S5 s 8505 S VlgSy Lo (sl bl 5 Ko J2o (55l
s 48 il "y mio oSl 3 abgye 2Kislej] ol g0
olialejl 5 0y Slaid o b sl Glo)lBls (g
A5 pbol il o (g jaome

Gilwdasiio dobl o g baigel cals by Il )0 iy opl js
Ol 0 e e Sl (S Gl (055008 slrdises (golo (sl yiol )y
G e (S Al u)5elS ksl il sly Buioo
BPNOI-460 oS L )L (s5lopl <8 s pb ,o oalatwl 5)50 iubg
Sl b o b osd sty St Slran (V) S5 6 0 ool
00iS Cugll maw g (SuiwY ojnel Jols a5 yieuie VA« oxV e ex)/)
A o ol 1y abl e

diges Moy (gly odlaiwl 3y90 muw b odd Cooti  SuiwY Clis
03 3 oo A0 2T 5 yiodio +/F puw yhad el VY Celbus gl
93l > (St dle) b jorelS (sladiges ds (gl ALl oot yrewslo
b doldl y3 509 didlio 5 (il 5L 3550 CIB Tl sl Ja5 5550 dwiin
5 o0l | vy 5 I8 0151 b anslito cod s Satas i
g 4L 4185 090 (St ol (05900l sladigas op)S oy oS0

diej SaigelS sladiged slaggell plsl ly Sl 4 a2 b
dadigas Jla3 50 dlasl et jolaie s )l dgng (o3 luliwl ¢ S
Slr gladsl el g b adlo gladsl QB Ll 3 0 Jos 5 @5
o1 bl (sloypo]] @l 4 drgi b g A5 4B a0 ladiges
Sl 53 gl & 4 does gl LBl ol asls sladiges 59 2
03l Cusdy lyt 93 00l s (Canlies 5 (058 (Jsb) Wodiges
3o pbml ol ygesl 5 iU Sluyos 4 dn i b ladiges cunlio Slul
el sl b cslizo gl silias] cadgl B 5l o0 155 eladiges (5,
V] 5250 g2lye wlwly zmen 9 (ASTM-D3039) i jemelS
A3 olel (Sl (njeels claylile b akaly > [¥-
S5 Can obes bdiges )b 93 ;0 &S 20 dogi ME A8)S
@ bcand (pl ) Culus a5 Slods awsi Lialoj] oS 5eusid 5
Al o it diged lawg jl iadlo ¥ ojl]

QY 5l s o slul pimes 5 bdiges (gdm dw glos (V) JSUS
o] ez aY Cubrs cwl osd iy plis Sia ©jga |y b i

8  Delft University of Technology (TU Delft)
9  End count Per Deci-Meter

sl Ol Jols - =Y

odws AW L;j)jl ey

) colin sy 5l el sl dwg E

diss

9 oSwd (slacss 4 (Erad )Vu"“"““"" 9 (Econv )vLSJl}ul> ‘(EC””d

Y0] 24 o Jiio iyl laro

Ediss = Econd + Econv + Erad (\Y‘)

Kb a4y bo)S g ol 0sd (158 Cull diged guS Cuomd ) Lod
a4 il e g o b ool olKues sbess 4 o)l s ezl
Y] 5 [Y¥] 39300 il 1o L

Ediss = 2kA00nd £+h Ts _Ta ASM .
Vo Az

+eBT' —T; A—;‘L

Coluo sy & Ay 5 Agg w2 SV ] o o8

o oles olS AT in addid 7S argione conluns 5 plaie g
Copd iy A BgAZe h k Al oo oiwd (SE g zuS odgdre
5 s (B s Lol Ol JEl cops T pleS colie
g Blibl e glod onablis T, 5 T, aied ¥ o g litl cols

Ll oo diged pdaw (lod

Cou g b -V

Sy b S5melS dlas (oole (ol yiol)l (gjlwdasuin —) =Y
sl o oolo sloyially 4y 5l (ol S8l Jao 5l eolitl (ol

lodiges g9y 2 275 Slagile)l tul bl gjludasuto gl &

slaaiges &8 Canl jli Ll 55l by 298 plsl (Sl by (598

o g Bgh able Gl sla s (S 4l (bjeelS

2 I8R50 5 (Seols il g (Sind ((Sslil (028 laginlej]

Conduction

Convection

Radiation

Thermal conductivity coefficient
Convective heat transfer coefficient
Surface emissivity constant
Stefan-Boltzmann constant

NN B W N~

ove



Cord Steel Wire

K I | o2
N\

Rubber

50U Gl G C8 i 51 00 dngd o b 00l Sy gl (Sl Oilxbin ) S

Fig. 1. Coated cord planes which are from Barez industrial group
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Fig. 2. 3D drawing and dimensions of SCRC in different lay-ups
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Fig. 3. a) SCRC sample preparation for doing static test, b) Zwick 20kN static test machine in Delft university
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Table 1. Mechanical properties of SCRC structure
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Fig. 4. MTS 15kN fatigue test machine in Delft university; a) fatigue test machine, b) Sample preparation in
test machine
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Table 2. Material parameter for damage model along longitudinal direction
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Table 3. Material parameter for damage model along transverse direction
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Table 4. Material parameter for damage model along in-plane shear direction
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Fig. 6. Storage modulus variation of rubbery matrix for different frequencies
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Fig. 8. Temperature variation of [45], according experimental results and model simulation
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Fig. 9. Experimental hysteresis loop variation of [45], for 60% of static strength loading
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Fig. 10. Hysteresis energy variation of [45], according to experimental results and model simulation
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Fig. 11. Comparison of fatigue life of [45], lay-up according experimental results and model simulation
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