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A MATHEMATICAL MODEL BASED ON MOLECULAR STRUCTURE OF
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The aim of this research was to formutate a mathematical model based on the
motecutar structure of vutcanized rubber under tensile tests. The assumption of the
model formutation was that the tinkages of polymer chains in rubber coutd be
classified as two different tinkages, physicat [inks and chemicaI tinks. ln the first region
of the tensile behavior, alt physica( links were assumed to be active before they
graduatly faited. ln the yield region, the physical tinks were stitl faiLing whil.e the
chemical links were assumed to graduatty become active. ln the hardening region,
onty chemical tinkages were assumed to play an impcrtant rote on the tensite
behavior, so the chemica[ links were progressively active in this region. The formutate
modet consisted of 5 parameters, Er, E., 0, a and B . E, and E. represented the
modulus of etasticity of each physical link and chemical Link respectivety; /
represented the faiting rate of physicat [ink; a was the shape parameter; / was the
scale parameter in weibutl distribution function which expressed the distribution of
the activation of chemical tink. The parameters in the model were determined by a
curve fitting the numerical sotution with the experimentat data coltected from
vulcanized rubber in tensile tests. lt was shown that the model was abte to
characterize the tensile behavior of vulcanized rubber very welt in every region. The
variation of the parameters in the model was compared with the experimental resutts
of vulcanized rubbers with different amounts of chemical components during tensile
testing. lt was found that the variation of En related to the variation of the amount
of carbon black (N330) white the variation of d related to the variation of the
amount of tetra methyl thiuram disulphlde (TMTD) and sutphur (S) in vulcanized
rubber. lt is anticipated that the findings from this research couLd be developed to
produce an advanced mathematical model to predict the mechanical behavior of
vutcanDed rubber with various amounts of chemicaI components.
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1.1 aruriulruacaeudrdon a{ilo r
, floluiunr:urj.rniuvrr.rdruo:fioqnarran::rrfir{ltriu nr:ryouuriaqiarn::lrdol#toiian

-4.-_- -. - y . t qe 11 t " - Jfru,t!rvaruacdurirrionr:1{.:rufirf,uairudrntpfiovrirhionarvn::raur:ori'arur0rrju iand
iarrrdrnrpra'alrumr.rdruiarn::rrJ:vrnnr,tfi,:60 ur.lnrlrJ nr:ar6nurrn.l:rJrdohii
a arluflttnna rull1ca!nan1: [r.rruur.:inln::uu]uaio.rdurua-arrirlf,iiruuavnarlunr:aar
finao.:nna.:urn rdoiornurrflr:r1ui ooriui:rnra.: uriurn r:rarlr:nair.r urudr aoo,r.r

- .Jnr[q61aniy=a1rr:ooBuruuaynronvtunqfin::lnr:iunr:cu:.ira{u1116'ovrilunr:ao
rirltiirulunr:i,i'uuavnr:r6oar6ndruriur.:ldadrllrn 6nvirJ.:aur:oryruurar6nnirurierr.!1,il'fi
qruauuS6iuki6nd'ro

--J, s .)r, t)a- -n'rnn1u?ouytHlulJ't [our? hlttluiilaalyrlnfinaranifrl{aiurunq6n::rLtfr.:nato.lur.l
,1 . J -nr:!r uuuliiraolfioBuru :rnnnr:niri.:natalur.r Iouri'rurl:nruluuluiirao.:hii

)- -, .u \ v { j - .!,R21rJ1.[t1Uvl1{ nlUnl vrauvru0 filJ Inl.:a51.!n']ulu1,a.rur r fr.rov 15unuutriiraola"nuruyfi.ir
uuuiiraorr€.: :rnnnr:01 (phenomenotogical modet) rrju uuuo'rao.:5a nrou (ogden
modet) r',a"4adiv{au (Mooney-Rivtin modet) riuoiu tll miio-ufiriouiuriorairl

tJ -uuuiiraalrr':nrinnranS6{n"ruu:nroluuuuiiraorinrua"rr{uiiriud'nuorvyrl{n1un.r}mo.r
In:rairrnruluur{ Iouocriunuuuil'ra ola'nuruvdiruuuiirao.:rrlnnlnnraniri.rln:.rairr
(structuraI modet) dlurudrao.:lu.:ruio-uovrirosuronr:ru6uuu!a.ltorIa:rairurulud
drri'rgta.:ur.:nr:rJrruciu u:!6!In ulduur6nornrrui iu rSor ELastic and viscoetastic
properties of a type r cottagen fiber [2] drrflunr:draornr:rlaJauu alnrunrnuo.r
In:.:air.rnrulutoriantruviuu:.luuuRarunrrrtrdu (ReLaxation) rirrooEurunruaulTialn
daradnuav6arafi nto.:noaarrouly{ruoi

eirurJ:vnourir6'19to{n:rafr.:nruluto.:urlnr:u 6o ItTrLranatolurrdlfinr:rdolrio
niurirtniuocrnirfluln:lir.rnrrjru (crosstinks) uavk1lraqafiniuri'uo{vrrrnrunrnlouhii
nr: riollarrirurYuovrrr rni nr:16orria rYuto.rhluraqaia.,r,.r:o ntjroonldutu 2 uuu fio
nr: 16orsiori'uvrr{ nrunl uac n1:16o!siafi'uriruv,i]uoc rni ey,ttiurruiiud6.:air,r uuuil'rao.:
rr.:nfi nnraoinruld'al4fi rrufi 'jr ludr'rriuoiutornqfi n::rnr:iuu:.r6rrjuldllranafi
16orriorYuyrrnrun',nr,,''.rrrr'norioTrranafi r6a,rio riur.r',nur rolu.,.,i;;#;ii;

- A e ', j jn'Dluu:n uarrlat?nn:1n[r LrLranavrrtorriofiuur.rnrunrnovrirraaoo anornriu o'.:d.:ruahi
,l , j y,, . -lcn1t!oaa10{u1.11rnrana.: uavrl=ar.[ra,tjr lori otroufr.:]t1!raqafi16ouriori'uvrrlri'uoyrnfrlu

air ufi dlhiiu u:.: o v rir iu u:.r o'.rd.rzu a'[ri'rirlro a-at o.r u r.riJ., rfir,fiuIo u rir nr:rfi rn oi'tu



rllj1J0140{y]At'rn?,u0ca'u'r:o!'r [Ua5r.rnr ua=u}{u5n]rtl5rrrutolar:rnivr [{l.ra1lur.:luan:
fl1.r 'l to uav aolnnl:n'lu?tuvrtnnlnuuuolaorovnn urtu5uutfruuduaranr:floaauu:,r
o'.1 (Tensi[e test) urta.:: didruararLt olar:rni unnrir.ln-ud.:ovrirl#a rur:nnronr:ni

.)d ,uqdn::lrtlnauolurlnl: fr idruruaurir,:fiulddohJ

t.2 r-noU:sa.ritol.rruidu
t.z.t rdolri-kiuuuiiraorvrrnnlnaraoridnr:rirnoiluuuuriraorinrr,aaoadorriu

To:lair.:to.:ur.r
t.z.z rfralvTloiuuu<l'rao,:urlnfiooranirtrln:.:airlytarur:naBurunq6n::urt,:nauav
.Jn1:[UAuuuUanri.:ln:.:airltalur.:n{:Utrruc:'uu: :6.t

1.3 naultn{1uio"u
t.3. t airruurdraa.:rnr.:nnfflflrasrirrnln:lairlnrulutorurrnr:!Iou16uuuu!

r,iqfi n::lnr:rr.JaruuurJa.fl n:.:air.:nru1,u!ruy:-uu:.i6.r
1.3.2 riuualnr:vrrlariornrani rfi oo6urunqGn::ltalurlnl:Utruciuu:16.:

OJ
1. 3.3 filnilytoaolrn'ournqfi n::lri.:natruvilrr:l6ltalur.:n l:rJdidruHaurirlnlu
1.3.4 urrirnr:rirnailuuuldra olyrr.:nfisrnraoridair ldu lou:srfiu!i6nr:rJ:curru

'Jnrvtaluanr-u (Curve fitting) to :zuanr:rirurruornuudraolffurJanliytoaa{ro.:ur.:nl:rJtrus
:! u:no.t

1.J.5 flnu1n21!a!fll.tslJotyl.t:1r]rnaidunrualf6ti.:nrunrntolurla.l:U Iou
r Eurrfi uulanr:n'rrrruornuuuiiraorfiuaanr:yoao.:

1.4 rJ:glutifi nra'iro;ldiu
t.4.t 16'uuuiirao.:yrlnfinnranifiarlr:n oBurunqfi n::lri.:nato,r ur.:nl: truviu

u:.:6.:1d'luvrntixnllrniuo Iounr:rirnoiluuuuiiraorinrua-rnTuiin-rrJirrruar: rnfifil{
lunr:fla!ur,:

t.q.z ldol6nr,,ifiumulunr:n'rulruuuiiraolfiarur:nnrnnr:oinqfin::ur€lna to.r
urrnr:rlfr fi druaralyrlrnioir.:rYuldluournsr
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- )tn'rnn1:Anuifr rilu!1rru'j1 u'tiriou ritunr: oun.r:tl (prevutcanized rubber) ov uaol
nqfin::rrtrnarr,riourYuiaqialndar66n (Vtscoetastic) tutruciur.:ua-,:o!o.:?ily;aGun.j.l
urlnr:! (Vutcanized rubber) ocuao.!nrr!riuialn6ara6nrloua.:ouLieilnao'urf,ur]udr6'ru
rionqfin::lri':natolurln.::r.J n-.rriulur rui o-u ila1u 1n1u tal 6lairluuuo',ooor.,to

- ,.4 -atiornraoirfiaoGurunq6n::lto.:urln.:JrJ lnuau4fihiur.:n.::tlfiqrualuTyrlnauuulauJai
6ara6n (ttyperetastic) Iotrurfi'ocuBu.6oor''rrirtro',rr,durriuloroofrurutuddrri'rural

a t -"1-, - -- .L, . "a"-u1{n{:u o alJufl?a taaalanauau [EL!0iiialaelnylyru tuul.r :rudll ruiiufr rhul{oi fr{1.8'
e. i 4 . -e . u q ^ ti!1JU11U61U[Un1tyr12oua',] tu?ytulu uou

z. 1 In:lairruaJn'rifl eeu'ln6.!lJ
tdo.:ornurr6u (NaturaI rubber; dr:rldlror nurrnr:rialu5hjrr,rlrvauiovrjrltfl{

" c. )e -rru louEr:.r i,:o"rriuyt-d'a.: fin:c!:unr: i!U:tarua:Lu'fiIo u nr: aal orl6un'lar:rnn'oir.:1
) qu d rJ ' )-rfralfurllarualt6firralrvalnnnr:ldlrurirll nrufrda,:nr: ar:sirrfiu (riLter) r{luar:ri1d--'r,-araur-r'uurrdurfro,tiruiaiuu:l (Reinforcement) rtiu rfiuar1116'ruyrl u:.16t rfiun?,]u usia

y a)-n'r:Anniou louln:lairlylr{rnifiiuvruudrd'rgrionru6oueiluac nrrr.rtt{.!u:.:ro.turrn.::rJ.-:rouuan .'l xo.ru
2.t.1 la:lair.:r1.t16iidd.:Harioaeru6nu{uuavmun'au:l6l t:l

ntvu2unrlouRn:Uur.r (Vulcanization) louyhhjoyldrilrvn]u (Sutphur) rfilal
'r. A .j . v)a -- -t!Luu'r.rou rn nt!vduQvri114t1fi[!urhdni!:vuirrrirlldhra naro.lu.t.i nr:rfi!ri,],]cfiuov
rArr vuo a!u'1.:n-rar:rnirirr 1 riourjrurrlrJoun.r:rJ liarjr urlfiurrarauniuar:rniihjou

.in.::u0vyr1!unluvn1] [ot!n?1ri0uttauri,lrlvduou r!untnar unr:riorisioyir thranatraI
.qt , d iu1.r vrl tvrul.tlJn?l!uoyuu u,?.:u:ntrav uytltJet0r!i.Ifl.: rinl:iuUolghranaa6lruldoylnrlr

fi 2.t nT:iu6o::r.''jr.:ltiluraqato.rur.:rYuovnortorrirlvriu nr: rfioriuov n r:rtordo
(crosstinks) roiriucdunv rfiokid rfiozu ariiu riu ar:rir n:vdu (Activator) uacar:n-ari,t

e ,,,etr,-e ?! 1. - j r. y o l.(Acceterator) n?nsvoLrytl,ryt? LUn0 r ln00n Ltottas n:oarduin s.ifru{rfrrfrrJiirururi'uov
rnuyr'r111u1.: n?1rJut.lu:.tru ar: pir rilovdrarfrlo'n:rnlrIrir uav'J:vf,l Bnrr,rtolrJflfiiur
n:vulunt:utlnltrJ

n2
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nrlrnt z.t nr:{udn:cy,jr.:Iiilurana?arurrrYuacno!ta.!rirucdu [1]

z. t.2 Ia:lair.rrr.rraiiddrirasiaatuuiru:l [3]
J - !-nlitotJ.:n1:!ouolTUt421{n:u!11.1n,t:uo a!u.lnIrioy:.[larirlriurlfufin:r!

u6.ru:.urnduuaru-lrf,unr: rfirf;hiriuur r r:ru rru rariu ouriroanrflu a rl:vrnvrry.ld uarrJ
(Lamp) riua.:nriuouo'rrir'lri'urlfif, trtirua (Channet) rf,uzulnriuoln'rrirl#urlruru6'r

i^rrniuuavrailu:.:ldrlrl rvlauua (Furnace) rf,uil:nriuourirtirl#ur.:raiuu:.:ldlrndao rul
c. i^nriuourirdrriuar:firfirr.flrlfl#uy:nn'r:vra.irrltfuuanaro.:In:l,tiruln6rrioi Iouosooli . J- ,q ?- -!- , s , .rJ .J r.-r JLFrU?'U0nn'r:uoLtvrrnx[rl LUnyau [ur0ia1.:laiLn: rilurirlfnruaur]6tolur.ruJ6uuhj frru:nfi

d.rrnfl16Fon?1uui.rto.rur.: rrav12a.tnl:ounngrJ ioo"urir6'rylunr:railu:l,trolar.:nriuourir
6o nr:tnrvrYuto'rolnrnr':oriuouriruavturntolrurnriuoucir zu.rnriuourirvrtfiounrnLnly

i-duuuulrnovrirhiur.:rfrl nr: d'ruyrurionr:uurun-rto.l:ouintrnuayrfilnrud'rurrunr:
rJdrd'rdndrtr loonrnfi 2.2 ntnan scanning Electron Microscope uo,:urr tfrunriuouo'r

20 phr

ReaI Micro-Structure

rmfi 2.2 nrfldra Scanning Etectron Microscope to.lurlrfilnriuourir zo phr tql
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Z.z aurihialaiardin (MscoeLastic properties) [3J
fr - J -riryiuiaofr Inrua!fA u!uia Indar aAn Li oi Bi{n: vrirri olnilrrrafl aronu 1n n1i

-^-.--.^--'-..-].r-.' o. ,t r' re Ja - - J ,no!4u0.: el0 u5.i vln: vvr'rn a tf, t! ra na0ura nufus Fil.rol nia nfrrnfuar1!-6truuaa1a6n t.lFi1
n?'r!lniunnuu iaild'udrnrtrriulou, Lrlefifr'1urj:ranr?alrtrrrlrduido.t trrin:oiro{iao uuu
ialn6aradn kllraqaov6od'radrl{r 1 ou6.:anrrcikluraqavrnldno!auaroiou:ln:c.yir) "-adrralu:ruuavdloriroiou:.rn:vriroon ldllranaovrioul rio.ro"a{tio.:.jr! rtasn?lr.Jrniuony

,-'Js"j
a na{danrrcrduriouflln:lairloviu:urn:vrir 6lnqfin::liaIn6arafin rijun:vlrunr:

r,-.Juouna!uto u,au!nl:aqlaufld,!.11r h.Junayrouno.riqoh:tolnr:r onr:uJ6uuu al; irl
-^-& +e a,. I )quyrflulntuauust?dInaalannrulUnfland]ra1uyi.'lufr'Lrinrrlaulo rdu ulndrra

(Maxwett) luar{ulu (Bottzman) uasraaiu (Ketvin) nrnrtraui,olua'rutalnruallGnr:fi1
d'r (Creep) uacnr:6un'r (Recovery) ,uo.:r-anyi,:LirirdrrYnnmuuavvrqufrrfir,rfir.,ouarrar.,rj6

- i i c. - !?a [n0araflnna1u[Uult?!ad1nrur.tnifllnt:1.lr]r:1yn1:rfrrLtu,uolnr:ld.l.tu1iao tcrn fi u,ay
y 6!'vlonlnqoluaruallun[uniSoanuu! anrIrufl

a'ruiunqGn::r:r8rna,uornrualrifiiaIn6arafinta.:iaqloari'rhl arur:nuunloirflu
- -iJ UUU On1/

2.2.1 n1:6u (Creep)

vrqfi n::r nr:6urf,r nr:uaornlua'rn-udto.:rirnru rdr uavnru rni uo fiurrar
d d d . - --.J-- - ts <, . s a " jna uJ0uu:{nluuan!1n:cytlla0rnfudr.rumruuu!ulalndara6n Iourirvuo !liu:.:n:clirn.rfi

J.(rirnrurdunlfi) naoorla'rra.:n1{#nr:yn:clir ocar}.tr:noB!ruuq6n::lnr:6u ryutrfi
z.l nr:6uo'rdrf,uf,.rridu'ua.rrrardrrarlo l drd.rnraLirirnrrurn:'uodrfioduocrL!:ajul!ntr
trar (Time dependent) 0.rrrarlrn{urirtolnlurn.:'ero6ovr.,ndrr.,rr,ro.., 6o arur:n6o
oonlrJGou .1 Ioul{u:.r6,:rriru6l

nrnfi 2.3 nr:6udrnrrflufl .rriduuarrearfi r.larln 1

2.2.2 n:naa:ruar u rdu (Stress relaxation)
vi qfin::r nr:nar trnrurdu rufi#nuruvn:ltrufiuuqfin::unr:6u 6o nr:naru

Time Time

nr"r rriuuilunr:1#u:rnruuo nn:vrirrYuianuulialn6arafin l#ujfiuuur.Jal: r.lir r:vuvyfi l
4y ,t j - < j.i

ua20.i nluuo Li41lJ:1.tn.iyl n0 n1t [rn.].uLnS unnlfrfurol arrLr: oosurunq6 n::l nr:na"u



J e )a. r t- J on?''lrJ rnu loo.rn1 yt 2.4 ni:na1un']'urnufrrUuf,.lrit-ul,o,i r?a.tfrr?a.t1o "l ovfir.laf1lfin?1rl
u )- ! I , - 4 , , q. J ,Lnuv]lnotu lut?.rtl5nto{n1:n{t1]unla.iaoLLau0vFiou 1ana.!gl,tu:yuut?a1 0.:t?a1u1nf,uFi.t

-)?rann?1!tnunoJana.!n't!t?a1 no ut.:n1un1:dnaoanr:yucEnryi,tLri!

load) riaqrJ: v rnlr ut.!nsi n1i n:vn'] u1,o.:
e .iy- dd -ina.:.r'ruyr''l [r[noHan:vylUfrriu n'ii darna5€a (Hysteresis) fianrlvn.rot"rovrioudi,: unnri.]n

i . o J- )- ,n1nAn1?vt:UnU [UUtny1rflrJA']:!l v nO!, L5 Un.j1 Stress-induced softening !1nn:-iOy
d 4d Jna12o.!n21!rdu14'tun.!!a1r q!1o1nln:.:rirul,!ra nafr uu nr-too ano.tn,i'u u,avnlnn.t:udngT?

:s i1.!1r,raflaronu'tnflu61: tvnor firurii.',ur.rovin?tJu,{ {n 1u16'dn1?un1:yyiuiluou tu

6^zo(L

=
E
610I

.o
.L

Eo

Time Time

nT lrd 2.4 n'l16a1un?1rtliudriufl .rrir'ut,oqrearujrrarln 1

2.2.3 n1:rfiaEidrnaioa (Hysteresis) [1J
)an1Ulnnl:uytr uuuu'].rl OU (Cyctic

AiJ,fr ovoEurun: an1?vfru'r{ejoud'?al druan,rlunrnd 2.5 qfin::r,n.r5r,finatX16u6arnoi6a
(Hysteresis toss) riunr:6luuuaaluurunuryirnjuro.lul.:ni:!tt6lfiuu d!u.].io::xt16rfilru{
nriuousir 50 phr ua: nr:6.ru.1.:a',rrnlrv styrene butadiene rubber (SBR) rlnfilfiuuri'u
SBR tfirnrnriuoueil 50 phr

NR'50ph r
carbon-

N3

123 4 5 6 7 t
Extonsion ratio, i-o

12315678
Extonsion ratio, L

SliR ' cQpr"
ca,.bor>irack

n'lyrii 2.5 fiqAnir!nlrrfio6qrf,uEarnoE6a ttl



h Jlnalnyr-a'.:rJa.i1y:-un1:rnoEarnaS6ano.rul.r i 5 rJ:vnr:r.rdn 1 ryrfi
2.2.3. I attutduoyrunr u1u (l nternat friction )

nrrurSoourudrfioiunr u1u rf,uruaaTndu: nta.r nr:o-o ri uror-rlyrito.r
ln:rairrllranaraa':ornkiiunr:vuacnr:6ulnaroiltiluraqa rJ:rnnnr:ni ualnlrrf,uoyru

- ..!nruluyioarrryIonruluiuoq'fi'lantvdorura4i4.r f,oi'ud:uvuaqjryrqruranidrororoov
-J-!00u1utoilnLtu?non']:[,]4au!u un fr o nrltluioocaoa.:daoruran!a,:iu

2.2.3.2 SIrain-induced crytaLLization

nr:Uodurn (Large extension) uavnr:unndu (Retraction) yalu .l
.i.. -. - t 4-.-----,n:{toi'taq0a1a LnuJ0t0vr2ur !aq:.1n1:dost-[avo=n:rnr:aarutollanld':vr,l.jrldr.rnr:

J- )vonau 0o:1n1:na1unt1l.lrnu!n.trnu0n:.tn.l:0oq.talltilurana rfr afr or:zurornnrufi 2.5
1t

0v L14u?1u'r.rdiiut'tnuao.!y{qnn::l]aarnoiia!.tnn.jiy{oduoia-.:rn:rvr,i
2.2.3.3 nnootdlto.:Rrurdu (Stress softenin g)

nr:rliu rrJd uuuav n r:fiu;rJluri t o.rla: rrjruln:,:airrto.: u rrrr n nr:
-J:-rnt:yn:-.ru:n d uahinrruudtaoatuavnruaui6uoluouil.: (Damping) uJduuttfluiaqur.:
rfi ru.:nriuouo"r nqfi n::la-nuzuvi'6an.jr ruan:yyutorlafiu (Muttin,s effect)

ntrd z.o nr:roaau6lrf,u?.lrou (Cyctic Load) til

ornnrnfi 2.6 uanrirlu nr:moa or o,: ruu ual: ou iaonnldnr:y1u
a"nrsruvn'.:ornriloi'u oufilaarrvnrrtl rniufl " 1,, ufrun:rv{i.rhjsrrl rdunrl ,,a,, rfiorJriou
nr:voanrdun:t{ovilna'u n:rylnrrluriuniuaru rnSuoo:i.:lUnrr uduyx ,,u,, drkinr:v
riohj6nouison "z" rfrun:ry,{oylriJouna'wrlrdu uas rfio!dounr:ynr:6u6'rocndurlrerru
riumrl "c" 

^aaindornn:rv'luanrl#rfiudrnrlrudlfiao a{urran finuruvto.rnqfi n::r:nr:
ii oud'r rr or nr rr: udu uo n o r n nr : r!5 u u I ar ua c n r : rio :llv:"it o lIn :.r a irl t o.: u rl Jr fi
rr a n: vyruto,:61:rJ:v n ouyr.: rnfi nr rr rf, oyraln:r airo":rnn oun rn n.:rrrfraurutorld
l-.__- ! ,4'. . r , id! .r,- - !L Lana rldvn'rllju:uvrtlrd1L5a naLnr alt!a1U [vUdOnr:lUrud'rutnfrut o rounrntolut.r

2.2.3.4 atrutduuruto. n:.:airl (Structu ra t brea kdown)

b
o
U'utcr
o

STMIN (cl



'tuur.ltfi lzurnriuouoir ounrnrornriuoun'roc rioFTr r{Juirrrruruu t!Lr,tftr,Jnfl t)uuun-l iruJt.tftljo.ln't:uou9l103n0n?LUu5,l{t!14 tlay
-j-r--:-- 1 ,v - -ur,r20vrjn1:[ta!siadu Inr:riurndorto-lln:.:drutarlt"brrana:vyirlniuu?ulillfiu1ini:
6ryr nlnr: rduu'ru ySouu nd1:uyir.:{ulura n a oyrirtrin"uo cLiu6! u: r Lflua1lilqlfirno
nqfin::u6arnoi6aki

2.2.3.5 flaurterrolnr:rf,u:rJ (Domain deformation)
n1lfi 01:ru1a11!rdu nruyio6oyuuutjloonrf,u z n:ni 1un:nidriu

, Jr , y a aJ :n?1 uo14uua!u: n1:rno 0etn::r0aLnol{a ov rn n Lutirlfr Lrinf rl usr-lun:dfrurliu:l
, " --_-!- ,i 4_ - q , J v a g "au1.!01?:l'tay!urJn?luuol,tuu L0nlar qnn:5rluarno5{a oyrhnlutxfrnSrliurn{u

2.3 uuuiiraa.:ta.riaqiala5ara6n (Viscoetastic material modeLs) [5]
o J . ly. u )qeu , Z -uuu0laanyllinayl0nul!.'lLrytlu.tu qnn: t}]?a Laiial a n nra.:iaofrltriutjo uni,rl

3 uuudra o.rd'ru ri'u 6o uuldraaluunrirra (Maxwett modet) uuuiiraoirnaiu (Ketvin
modet) uuuiiraonaunufllioe Liult6o (Standard Linear sotid modet) 6.i n1:i Ln:.tc#n?1rr
tdu nrurniuno'rnuu!iirao.:flqfi n::r rfirnaro.:l-ao ur.: o vuaorviqF n::uyr'rnruu6.: u:.r
ttavalrur.rin uyunruudlu:.:drunluEnvtjuto,rarJi,: (Spring etement) n1!nflonDnuav
ttyuarruyioto.:rr,tarri:uet"ru ri (Dashpot etement) nrunntoli.lorll (NeMon,s taw) o-.1i"
n1$yt 2.7 n1:n1a o.lnqnnl:r.l

Ltl0 E
ry

n0 LUoaaflll!uolluu?ra !4115 i
. '-,.Jn0 n1fl u:ya115n11r] !O10{Ft't14U2I

2.3.1 uuuiilaa.:rrundrra (MaxweLt modeL)

. riryunaufillilyi!:cnouriruarli,rnjud'tyrjr.: (Dashpot) 6lrio oun:lnlu n'lnrn
--! ^^ o - i, " - i - o; i- -- "v z.u uu!n1a0.i u! nt t1a t! 0un1: Larl:u Ldl Ltl[ruJlirao:t o ovrdonr:rndouy-ytiufrvr"ulo
I A ,- --111- -- , ILournfl11nn11!U0vuL/1'0iaut{v5!n1:unounlniuovr o nr:6ulo u qruarLf6to.rsirlr rI
luu;d-;
[umr.: na'uri'u ri o:vu v 0nn.rfi nr:vfrtd rtrh]ov rir an a.:aoondor rylal nr: ra ndTnruu 16ua
(ExponentiaI equation) uuurirao.: u! ncirraoyaur:n iiraolnqfin::rL nr:oar anru lduld

.+ ,+



I )-.! a.tnatnunn!?ao0:.Mnn21n1:n! n?1!rn5unyt.i14tloylrnntut u a:1!,iu:vy j,t.:Fi1
d i, - in't1utn5uot0.!tua?uau:{uastud?un?141J1.:

=€E+€,1

o-_o, =o-t'
n1flfi 2.8 uuudlao{utndna

.o..E

(,
'4

ouuiu uuuiilaa.:ro.:ur.tnqirla Lfrnnin,Jai.:r:ro.la-n:rnrrurnicto i = i,. + E
iae

o 1 n a r n 1 I yr- ( 2. 1 ) tta y a ].r n 1 : fr ( 2. Z ) a u r : n rfi u uldo".r i

.o"o,,ooE=----t-+---_=-+-E n Eq

LUA 8 f]0 [l.Jf]aa n1]]J UOl4fiU?t0.: fl1 15.S

olnnl?o.:an o r = E . E r o"el5'tn1l1[niUolJalafil6nr.rt]lqounfiaur:nlfi uuld

dr=E'ir

olnnlroli?oir o 4 -- n i q o-n:rnruraEuoto.li'urirud'ryilr.: allr:0riuild

(2.1)

(2.2)

Q3)
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o
6E
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iE
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. '-,.Jn0 n1aulJIyd 5nl',r,lr41.Jo't 0,:9t114u?.r

na n?1utnu5?lJ,u0{ulualao,t

6o nrtldutaraG.r
no n21!tnulja.l9r?14u?n

,J,n0 09r:'tn1tr!auul'lua.:nl1!rnu:?lltatu!u0-1aaitio u?ut.]a.1
.)

fr o d'n:rnr:uJduuu alnrurd'uto.:arjitqioilil'turlar
.d..n0 00:1n1: tua uu Llua nn?1! Lnu,u 0.t 9l1t4u'] n 9t014u? u L?a,t

na n't']![n:ufi:?!ta{u!1J01a0.t
6a nrurniuotalaGr
na n21!tn:u010,lo?14u?n

,J,ao 0q:''1fl 11tuauuu,ua{n1'l!tn5un:'ul110n[!!uii1a0nr]a]1u?uL?a1',)6o d'n:rnr:uj6uuula.:arurniuoro{aGiqioy lur?a.l
,J,no aol1n1: tuau! uua {n1'tr.l tn:uolJ0nfl?uu2.t0t 01.ru? u t? a1

2.3.2 uuudraalrnaiu (Ketvin model.)
" - i-ttuuiirao.:rloi15undnotjr.:.jr uuuiirao.:raur{ (Voigt modet) r]:s nolriruarJ3l

n"u n"? 1.r ?,: ri o uu u r u l u nn o r n n l yr d 2. 9 ua o r ur u iir a a.: r o a i u ri o fi n r :1;i n r : c rdr'lil
ur!uo'raoru,iodovhifinr:rna'oudri'ufi ryr:ry6'rrar.irlocriluer'rruiurlil#riou1 rndouflttl
---. -=-- i :, < .s
n 1: Ina 0uyr?o.:9t?14u?n 0v!a nufuvtuua! n1t tont [ [!u[dua Lt!uii.]aon tna-uoviir a o.:
vrqfrn::rnr:6ukilndr6u.:riuianoS,ur nnirnr:nar onrrrLrdu nrurduto.:uutdraolrnaiu

4 ,''- Ja1''l50tuuua!n1:Loo.:u

e=Er.=€q

O=Or+O

nrnfi 2.9 uuudraorrnaiu



n'rnnln0.:fln

11

n?rrtalrl{ud:u itnn?t!rdurrayn?rrtrn;unro{a i.i6ornduoolnfi

Q.4)

(2.5)

. ,. - talUltotl'UU Ln 9l.tu

ot: = E'e

olnnlrani?eriu o'n:rnrurniunto.:durirupTrrarjrrarur:nriuuld o-rd

or=4'i,

01nn?1uarltu6 0 = oE + 04 9i.!uuuLluii1aa.:[naaui{ tnno.]n at?ul,o{n?11l
tdutorarnr:fi Q.4) uat aln1inr (2.5) arur:oriauki o-.ti

o=E.e+q.in

2.3.4 uuudraoslrn:muirfiufic6a (Standard tinear sotid modeL)
. - iduu!d'raonriofrrSu ndn o tir.:yfi.r.ir ull iiraol6ruoi (Zener modet) rilu

u!ua1aa{yr:?llta'tuuun laa{ Lr!nt[?an!tua?uarJ5.t[t-]olunu tnodra a:nqd n::utollyr6
ruLoi rilnrufi 2. 1o uaoruuuil'rao.:rrsr:oru6riuflof, o

(2 6)

ntrfi 2. lo uuu;irao.:urn:oruirfi aflr6o

aur:oi rn:rvdnrrrr6'uuaynlrurniuoli nid

o=Et.q=fE e.+ry irl (2 7)

lO

*€. Q8)

)
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nlnaunl:fi (2.7) rar (2.8) ovld'

Q.e)

z.+ alrihlauJoi6ara6n!ruciuu:l6l (Hyperetastic properties)
lrqin::uto.:urrnr:rltruviuu:lo,rriu nlu r6'uuayn?urniuodrinfiurdold'iunr:yoyi

n?1rauliu6 [ua=nuruv hjr urt,rrdl (Nontinearity retation) tluonoirtornian :ymylar,rv
.i,r, er ).yr? LU n::!?5n1:,.1anu1,:n{!U1ln15 telr.tdlu :v noua1:rnut.firlUrfr o1fi nruarlJ6in21!

i - '- ,, J-vruvr1u!rniu uqfi n:ix?0.:u'l.ti.rr!duuhlnlr]a1:rJ:cnoufi rFlriirlil
^- &e- J,.r1uii"uillri'Anulurlfrairun:curu rhiur.:n.:1J (Vutcanization) t'.:ovfirarirtfiqzualtG

rir.:1 to.rurlu.JduuLJ rirluqa'anrr!6oudu?,o.: uliurac nr:6on-rovLir,iJua-odrulsruqr:rnTr
Jr ,-n'r:srlriiu rSunar r qdn:i!uurlhiriluri.: rdu (Non[inear behavior) firr:raur:nu .t

a"flufuvn1:uaonllqfin::!rtlnato.:tLr.l,Uzuviu u:.16 r'[6riu a drl 6o,tjrlGloiu (First region)
tirrn:rn (Yietd region) uavtjr.rarSoroufi{ (Hardenins region) oYluaollunl d 2.1 1 uaol
vrq6 n::uuuuhJ riu ril rd'u,uol url

t1.l 15lJOLJ t?.1fl:1n
(YieLd region)

j
{?no1:oLnuun

(First region (Hardening region)

Strain

n1l^rii 2.1 1 uqfi n::uuuubirflur0lrduuo.rurl

. E. le. *r.l a
e + ___!_. E = | ___r_________L l. O + _n Ln'E, ) E,
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z.s .rrui{adrntar{ol
ornnrlfr nuruaym!yr?L/?i5tun::rarrn:oa:rllonrudr6'rpli' d'.:i
Tomita, y and et al. (2006) t6l ld'oSurul{ir ur.:il:vnor:trjsir alr'll rana (chain)

)te
rtorLriarTuvaru lrduourflula:.:dru (Network) 6.:l,rlrTrrana usiavrdri6r.J:vnouhJdrurJdo.:

,y ) q(5e9ment) a1U 1!a0.:ti tuu,flayrja0{ frocrijudru Iu [urloi (Monomer) ra{a1i!lrna!
rorur.: ri'utri 2. 1 2 In:.:rirukllrana

/= 1.51,{

Chrin Nt't'.rork

ntud z.n la:.rriruIiilu rana [o]

rIofr or:rurln:.:airlnrulutruyiu u:lnuirarlr:n utir nr: rtarL rio: vnirlltilu uana
oonrf,u 2 dnuruv 6o nr:riorrionnuuuur.:r[uocrniuavttuull1.!n']ufl1vl 6.:o3uronintrfi
2.13 nr:ujSururjailn:rairrairlnruh or.: ornln:.:air.:nru1un"r 2 a'nururd 6.rr:rovtd
uur6ndhnr:oon*uulr:roa,uo.rur,:n.:: rruciuu:.lo.rlu.:rui,i'ufi oioltl

i"'"1 chemicat tinkage C) physicat. tinkage

(a) Gududouo'.: (b) r,td-.:orndl

ntrfi z.t3 nr:uJiuuurja{n:lair.rair.rnruluurr [6]

a s4{ment



t4

Goktepe, S uav Miehe C. (2005) tql 1d'06lruirur.:rJ:ynouhJoiru nr:rdoudori'u rflu
In:.:rjru:cu'jr{rhraqa6.:ItLraqa (crosstink-to-crosstink (CC) network) uacinr:rda!eia
nnor nounrnfiraunrn (particte-to-particle (PP) network) r,riolrYlldtirnr:roao.l rdo
irn:rvriaraornaran:vyruto{!aeu 6.r rfinor n nr: rf, u:rJr o.:Ia:rair.rnroluurrd.: u

Marckmanna G and et at. (2002) IZI ldoiuru6.:yqufrrir.:1 lt'rir1#rfio,ran:vyruro.lrra
au uav Lou'rt u0'tinrt lnl 't:1ltn o: uaJa! n.ny r.ln runnraotirirtl t ol uuuiira ollr,:

' jv
nrinoraoririrll fil{o6urunr:rfi orJan:uyt!ro,:!aAuld'

Tezopoutos D and et at. (1988) t8l 16'uao,:hiuiuir nr:srouauolrio u:{uas:vuc6o -

vo taltorianlyi6uLoiaur:oumukidrunr:rJ:cnouri'uta,rrarjruqruarrJ6o'.:d

Elastk un

r^ ,r,---,
F"-.{

Vis.ous ur

f-r-=-*,
F"-.1

Plastk unit

f.+'-,
F" --l

nt'rfi 2.t4 n'rinouaua{isr,r.ir.ru:rriu:vucEa [8]

r.rrjrunruaurj6uti.:rf,u 3 tin 6o yrjru6ara6n (Elastic unit) yr.iruian'a (Viscous unit)
ruasu ru arafin (Ptastic unit) 6:nq6n::r:nr:r!f,uu[rJa.r:;us ionouauolsiou:.:fiidrrjrh, c ^ - i- .- Jroi14!'tuvrn 3 ruflu no lnirudara6n o6l rulddruarJS16.:nr:uJSuuutjal:vus60ovur.J:rTu
n:rn-r u: rfildrirhi lutrurfiuriruian-aovoilr ulddruor-rv r: fi r osr:rnr:uJduuurlal:vuv
6oovutJ:fiun:tnluu:.:fl,tirdrhJ a'ruu runarafinovfinqfrn::trfrlna 6o rflokiu:.:rdrhjritu

i - : .! c-i -'uinn.r,1 iJUuuoivrnltuLor:ou.,l oiuaq.:Lun.tflyt 2. I4
Sopakayang R and et a[. (2011) tz] kirjrrauoullqiraolmr rnfinaraoiuullr,tri 6lutlu, ;--n'r:yr1u1Jllita0trt.:n flfl 1an: [d uu rL!!1.l 1n t n a nuruu [n: lair rnru Luta liaol:vrnrnfri riu

'ludunoaarror (A type rcottagen fiber) 6:rrnzuanr:riru rrut o:rruuriraolurj:'uuufiur rirr a
n1:yroao.!rannluiiudr{6rfl!.irfinrrrLaoqndo.irYu 6'rriuur udra o.:iir a rrr:noBur a

- &.e.n aMnll rtluoalaFr nIav.]d [n0arasrnto.riaou Loruu oti r r6
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Yang L and et al.. (2000) [9] ldrirnr:yoaoiuav L!;uurfiuu anl:roao{riui.tanr:
a ir -J .J

n 1u2 ru n't n ttuu 01a oryrlnnflo fl1a n5 Luyl'Nflqu, r110flayanu.tu1{qn n:.5! n1:n oua1.la{9ia
i*n?1![nuttaJfi?1rJn?1!tn:u9lt0.lu1.: t!nu uannnuax!fln?1!r,uuaa9]l'l'uula [nda1a0lnl.tau

ruu ula ril a i6 a r a 6 nr o.r u1.: 6'1 u

dorynrflo.rfiu ,,if lcblL

khanitha




uvrtl 3

fl 1:A:1{UUU0',lao{ytlrtR0inf, ,ldniua Jn1:ilnaa.l

11-v !q --&v J -uuunlaa!yl1tn n61an:ral1.:1u [u{1u2iuu [oo.]n n.t:n.ra:J!d51UO1nn1li rn51ul,i
In:rair'lnruluta.!u1{ Iouriafrldolnnl:fi.ru?rura.:uu!d1ao{nc0nriuruJiuurfiur ri'uara
___.-_-_. J , - .r . .i,rn1:yloa0{t or41n1Ir'D1tltna: Luuuuola0{ {.! [ouaolnl:ai1.: uuuii.] aa{y't{n ofl1afliuau

- ', .!nl: naa{ nnnatuu

3. 1 fl llail.ruuudraolnrtanf narani
o1nn1:finu1ii?u!:cno!.i1ii'rgra.:1n:nai1!n1uluro,1u1.in{: fi0 kluuana,tro{ur.i6{fi
) ,-unr:rt-o!siarTudruyr"uoyrnilrf,uln:l jrlnrrjru (Cross unk) Iounr:rdourionlutollr1rlranad)..,arlr:nu roonld'rilu nr:riolriorYu lnnrunl (physicat. Linkage) uavfi'uovrni (Chemicat

linkage) [6J o".:urulruii'udi.:airruuudraolyrr.:nrisraraninruld'auqfigruiir lurjxGroiu
- ! S , s,s Ji10.! qnn::!nltiuu:tdlriu n'silr ll,riLlra nafr rfrauriariuvrr.: nrunrnn-lr,tlnuasr(uayrnfi

ur':drufiuyruryrrir6'rulunr:iuu:,: uiartr{drrn:rnvir.fltfuranadrdorrio ryuyrrnranruov
tr - d , .ty,s I v,, r .t , -,L:U aoaann'lnnu 0{ai a [ua1[! ndato.:u 1:un1an a{ uac r! at{rdti,: lariotoufr lyirlld

I J{ , u e q ! J-!,- I -LUranarLta!nonum'tn?ru53rn tu6?r.i vtu{ Lr]Suut{ny15r5utr:.1i.:d{r.]allirirluoalalolur lfrrirdgl lJ?u
-- :- c e

':ruio'ufri.:kiairluuuo"raolrrlndnnrani lnu16uuuuu qfin::!n.r:r 6uuuUalnr:
i , J- o -rdaldorouii 2 uuu truviuu:.:61 d'luao{unrnfr 3.1 nr:oonuuuuuuiirao{lnura'uuttuu

,i-sjnr:riouriodunruluu'1.:nt:U Iounr:riouriorluyrtnrunrrumudluilil?uaU3l (Spring unit)
i, -firia nr"uuuuturur,raru 1rd'urr.,fiallr'luranaluln:iai1.rntuluu1in,::rJ 6rnq6n::unr:
iunr:vu:':toraGouuunrun.,nd oriru:r#.:urn,zurG!6{uacdou 1 r,,,aooonornri'ulotrtd
uqufrnruriuvrr uvrlaifi uavflrritlunruvuru utolnrrurirovrilu (probabitity density
function) tarnr:yaoriunr: uonuolnruduulronrilnrlurfiua (Exponentiat distribution)
-l4a'run1:rfror.reioriuuulnr.:n'uor rnfr uuupiruaJiruaru 1d'ruaioultlr:rar-raluln:tair.rir . , u - -Znru tuul.lnn:utt!nr L[na!:{tluu uoutnr.tUuoyr qqn::unr:iunr:su:lttnnsitlornulu

53-<.-yr.:nrunrr[oudurit fro a 5.:uutmrlr{uov unfiovriou 1 iuu:l uavov'[rir.ta oo onor n riu
rirrauohinqfin:: ni:dou l iru:rtorn{rarlSrfllnat{nr:uronuo.lnrrrLiyrraifi uuul:ua
(WeibuLL distribution)



i"' j ct,".ni."t

t7

[inkage

----r,z\Az1z1^-
niyrd 3.r n1:oonuuuuuuiirao{aurf, uuuuunr:rdoun'oriunru'lutnlnr;rJ I61

o'rnn'r:'ldal!Airurr".:ndi? a1 'ri0a51{ur.lun1}luulJiiiaanyi,:ndnflra0floura'uuu!!
nq6n::rnr:ilar:vu:.:,uora-nuruvnr:rdouriorYu#raoruwtorurlnl:tJ,trilci!rL:.!6{6'n'r

q i-- .ttao.i1un1 fr 3.2 tt!!iirao.il11.:nfinnramira{ur.in,::!truviuu:r6l

€_-
J.ntnfi 3.2 uuuiilao{x'1.!6rin616n{ro{u1{n{t:rhruciuu:ln'.t

"iotn uaunrnuwiirao{froc rliuira iltolvi.: Z n(rLtYuo:rio rYu uurlruru rirlririr
n't't! tn I uo lvl'r fl uo.lu

tlr 0 6a nrurniuorirr.r!oro.:u1.:a.r:U

(31)
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i,a_ a0 R?1rJta5utll0nn1:ttounauuuytl{n,lun1
P

Ec fio nrrrLrnieroto{nr:riarsiouuufliuovrnfi
e?trrduyr"rulroo"rvirfiunruriu:al#.:ulnto.raG.:vi,: z ndrri'uov:rlri'u rYrd

O = O_+O-

Ja.Xu0 0 aa n21!LRu:?Ltyt,:14l]o Luu'tifi{:u
! A. J -o - ao n?1![nu:?l]y1{14!]oatnnllnn1:[t0!nu[u1Jyl.].:n1un1
z a_ J -o. noa?1![nu:?Iylnu!o tnoo1nnl:tto!nutlu!fluocLn!

; , J, v - - inlrrtnuulu!un1:tt0llnau!uy1nn1un1nylu:cnouo?utdlxtanayaturduyrJunr-uq-luyru
-Jd'ruarJiuaarul d'r16olrio6'uuur:tururiuGl:-uu:,r (qctive) nfouriuyY.rr.trnri'ufidurrririu

ru:.:6ludr6lriou 1 r,taotro oanorn riu ouf,.:dtlun:rur,tururjutarnrrtLriroyrf,u uurronri
b,rrur16ua (ExponentiaI distribution) Inualrll:0!fiuuatnllo6uranlrlfrutr'ud:vra.jrlnlu

9 . ,--!tnuuaunll!ratun Loo.:u

o, = E,e ol[ pGyle - t p{e nldeo) O.3)
00

o,, = rnefi p@'sde -i n@)de ol O.4)
00

rdo Ep 6o rirllqa'anrrlOor.4tjurooiuscnrunrfi

eh no n?l![n:uo nl:rtornonu linlun1 uanoonn1nf]-u

.1nr:lrnnrlonn2r!d,uonn1:,u'rooonro.:It'llranauuuurrniunrnriurruuronfiuruurtua
(ExponentiaI distribution) aur:nufi uukio'lalnr:fi (f .S) rilfi

p(e)= @-F' (3 s)

si,^i
LOtOvt Q> 0 u]o / na n1t[anin?1!.]r-1lunl:uaoto !14',uf,yn1un.]11

ornarnr:fi (3.4) uav (3.5) a,l1lr:nrarruaraautolalnr:fi (3.4) Inunr:5ufirn:n ki6'.ri

o, = E ofl! p@)de - [ p@)deo)
00

o.2)
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o, = e ,c1f p+ at -ifu-*^ar,l
00

or=Eo4(1)-(l-e-F)l (3.6)

drufiuocrnfioydau l iuu:.1 (Aaive) nruflrritnnrruraururjurjrov rflu (probabitity
density function) uudrqa (WeibuL[ Distribution) aur:o riouaunr:oBurun'lrua'lriuii
:vy'irrnrurd'uuac nl!r raiuoldd'rd

rlJo E"

€

6" = [e.6-e,)p(e,)de"
0

n0 a1 uJoaan?'[JUnuu1.l10.:1ru6s[n!
4A6a nrrura5aofr nr:rialrioriuuuufiuocrniriil:"uu:.i (Active)

(3.7)

rirrauolri p(e ) 6o fl.:ri.ilunllr.ruruilurjroyrf,u (probabitity density function) ro.t
d - - dJnr: t5liuu:.1 raln'uoc rnifi e > q Io u1,dnr:uo nuolarrl6 ulutrqa (weibutt

distribution) oclti

ot ,t=1(L)"' ,l;l (3 8)

idtIo a do rirrr:rfrrnai:rjd1.: (Shape parameter)loud a > 0
p 6o rirn, :rirsroituro (Scale parameter) Ioufi / > 0

ornalnr:fi (3.7) uac (3.8) al llol4llaroautoralnr:fi (3.7) ld'o"larnr:d ta.sl tsl
onu

,. = r,(,-*,<*,rir,) oe)

1oufi
^t,,;r,11 

;r",-oo (3 10)
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L!0 60 lncomptete gamma function

uiokiaunr:a,rLrdu:rornr:rdorrioniui'.: z uurudliu Srir6unr:yrrruuodtrihjuvru'tu
.l . c ,ea!n1:vl (3.2) o = oe+oc ioc [na!ni:n2i'la-'l,riuii:su'irlnrrrJr6unr"unrrurn5unlu

uuuiirao.lrrr.rnfi naranito.lorrnrgrJdrrui6'udoonuuuuavairriuld o-rd

(3.1 1)

3.2 nlrfloaa{ [10]
--i.:ruioiufiovrirnr:roaornualrjfinr:6lurl (Tensite properties) lua'nurusnr:l{t[:ltu

ls ov Iuurdrloulfrn5olroaauu:lal Inuoc oaold'r.t6lnrurn:_qru tSo 37 Type 1 Rubber in
tensite mode rdorirrirdkilrrGourfi uuriuuuliiraaofi air.:?u

-Jur.:nl:locfrahuzuv ra rvor"lfr uqnrirlorniaotin6u 6o ar lr: n6o oonldraaruryir d'r
- | I Aedr - 1 eLtayuouaou LrL uaa:y noya'tr]1:o nafun-uanrn rdlld lunr:yroaouaut6rr.:nrunuto I

) t - )'"urrov rfiurio,:riuu:,rfiai.rhjn:nir rioiuur{ uacio rualuJrJrolnr: rUduuurjal:rjjrl ra6o.Luurrnafuriurirlo'lounr:rirlriiuar.rinr:uJduuurJargrJir.:trJudrina 
aluiura.rrilu:{d[d1u

. "z.r 6 - d,! J .--! -
nllntuyt.luu t1.tfl 't:yloaouaxunnl:nnU'tunlytuilurnl:5ond.ii

ririlqd'a (Modutus) rf,unr:ion'ru:lr6'u (Force stress) tolurlfinndoaanl nrunlrr
i"urrfrriruun rdu 100% Modutus 14!1u6i nl:iodlu:nrduronurn ur'our.londooon 100%

- i"u5o 1 ryi'rro.in?'ruurr16lfr rit,,tuoli
u:r6.:urloutrn (Tensite strengh: TS) rf,unr:ioriru:lr6'utolarlfion6ooonhJouur.l

t,'lo
nll6nnutlo (Elongation at break EB) rf,unr:r-rrrirn?1tru.'l?ro.!duu.t{6'roair,r dnndo

---'tv- - 4- , --.\ -,-- --i, ' , 4oQnLnIln an (01nn?1ru't?toI) nol.lyru.lilulj10 ri.tu2rufi-tliuSouavto.lnltlurr 16u rriu
ulntuylJ{ n'r EB = 675% uan.t't't ulituiarur:nUnoonld 6.75 Lyiuonn?luuIrdrldoufr
u''l.t0vt'to

!.-n15o1l!Un1:yloA0!u0y01n0{n'trJlt19lti1u ISO 37 fype L Rubber in tensite mode
Iouo n:oinr:roao,:uavi3nr:ynao.rfi niriohjd

3.2.1 0 nr0in'l:x6ao.!
.,! '3.2.1-1 rniaworJarrrlJU!io (Two-ro[L mitt) rfi ouohiurtayrSuouavzualur.:

riuar:rni
3.2.1.2 rni o{yrnaou ur,:1un r:rlonrrurafiouav6or,ltjuro{n oa [r.]oi (Mooney

Viscometer) rfi oriru'lruur:vavnarnr:outalar.rluuriavan:
j.a;

3.2. 1. 3 rni0.!ouni:Uur.luac!dontolrn5o.loln.::rJurr

o = E ptt(\ - (1 - e* lt * t,(, - ! r1).$r l)
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3.2.t.+ rnia.ryroaoua.lurt (Tensile tester) ju tnstron / 5565 14r]1uLarrn;o.l
5565Q2696 Inunrlrnrud:rn:-oruriruuo'ir 6'arrf,urniariodaur:orr'rur.rlrrutriailn:nifitd
:---g- =- 4- -- :, , t l' - ; - :- .- '-', -
a'n4:uuntunluB?au'l{rnaauyta0n0,'}ntlu6lun2t!ti?ar]-tla!o n1!!1fl:stufi..n4uontrutia
500 lad[!fltlulfr ar!r:nrindru:lfinnarq (Uncertainty) ld'l"riti\ + 2Vo uav6.D]1:otrAo.:
dru:.:a.:aolunr:6rur.routrold uaviqrJn:nhl'aur:nio:vuv6oto.:ur,tld' i.:Hanr:aou
q j .! i u d ) A-)rfluurn:o'rlau n1! [lJ:u:0{aau Lruularyl TN1-334_2009 uIor1fr 3 o'urrnrL 2552 Ioa

vriru.rruaourfiuu Dynitec co.,Ltd rardaaurfiuu 164 a:rjruanr:aaurfiuu lould Force
transducer 500 N no.49647 jrunirrnior d.rrnrurifildaaurfiuldoo soo N rir uncertainty
do.rlilrfiu + 0.5 % anl:aaurfiuurir Uncertainty vilo 5OO tt kiryirrYu + 0.1 % lanli
ulsuru na 1urn flnlruoa1l]l:o [ti1!lnu lrinai1.,8drud

l.z.r.s rniorioionruuur d.rnr:i016'av16uonnd'or uacfi o arnl6'trirfi u
+ 0.025 iaaunr

a.2.1.0 uuueirraiuo'odu,:run'radrl (Dies cutter) fitfituroriruunnilr.t.t0t:6.1u
tso 37 Type 1 n-tuaoflunrr.rni 3.12 ru.,"dr0.,rroao!et1rr!reli61u tSo 37 Type t (vniru,
iaiun:) lunr:d'oilun-:adrrocfr'o{{ oi", dnu hii:ouiu *av6'ori'orrrluio,o.r Dies lfiZ-,))qri.:ornniruduurrfiovd'od'ra rfioflo.:riulriLitarurrriui::aur.riofisirvi irocrfluoounuda.l
lJ0.:tuytoaa! Ln

3.2.1.7 q!n:flj.ilvriuoiu6odu,rrud'rodr l riuuluriuurjulouo'nluffi uauu:{no
_.j- - : ) I -1 : . ! ) e _ )alJ'ttal]0fla00!unlu L!aonuliulnflu ul.!nnuutl]Urlriourn{utfrorlolnnurltaouyaoarn
q!nrfu0uuoo{na1?

3.2.2 ntlrioudtotirlrnaau
:lunr:rniultulruen.:nl: (Specimen) ovl{urls::ltrfiurn:qrurj:vrmnlma

(sTR5L) uavar:rnl'firiursralri'uur.ro::ltrfiriun-r'ort,, 7 otir.: Iouo;lril.:11unr:rir
-!uln:u'r o{u

3.2.2.1 anitlfrur.:nl: (vutcanizing agent) 6o riucdu (Sutphur) riunloatio
'ir s

l.Z,Z.Z n-:ri.:rJfl ffi or (Acce[erator) 6o rn n:v urBalrn g u:llnt'alv,ld
(Tetramethytthiuramdisut phide) 6unlnudo.jr rlatO
3.2.2.3 atzn:;du (Activator) 6o fi.:doonkri (Zinc oxide) rionloudo.ir Zno
3.2.2.4 ar:rlo,:rYunr:rf, olanu (Antidegradant) 6o ar:uou6'oonfr unuri ar:

druyrruyrrttyhiruavrnfi (lsopropyt phenyt phenytene diamine) riunloudo.jr tppD
3.2.2.5 a't:!fiuudi (Fiu.er) 60 a.trtrirrir (Carbon btack) Gunlnudo.ir N3ao
1u.:ruiiai'ovrirnr:nrtrnaounruarLtEnr:6iur.: (Tensi[e properties) rfiorir

rirfrtdhjujiuurfiuuriurirn-r uil:luarnr:to.ruuurirao.:fir:rairr Iouovrirnr:rJiruJ6 uu
rJilrrudruHaluo.:ar:rnfi Iouo; uu-irfi tJnruauuGfrkiornnr:dtJfr iiur 6'.ri
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ar:n'rriu.lfr fiSarlfiur.:nl:rJ 6o tuto ocfirnr:li!l f, uurJirLrrudruruari 3 rir
-3n,lu

nr:rod l.z an:tosar:rafi drjiuuJduuGurrudxuHa! s

o'',:.od l. t an:trolar:rafifirJiuuJduuGurrudxur6tu TMTD

1'U9rd',t5rn TMTD.O TMTD.O.6 TMTD-1.5

STR5L (g) 300 300 300

ZnO (g) 15 15 15

StA (g) 6 6 6

CBS (g) 3 3

rMrD (s) 0 0.6 1.5

S (g) 7.5 7.5 7.5

N330 (s) 60 60 60

PPD (c) 3 3 3

- 1.qu ,J a ' , -ia1:ylyt''l Lyulin{5! flo 5 u:!tuauuu:u1{ualurJa:J 3 01 6l{t

1'U9d1:InU s-2.4 s-6 s-7.5

STR5L (s) 300 300 300

Zno (g) 15 15 15

StA (c) 6 6 6

CBS (g) 4.5 4.5 3

rMTD (g) 1.5 1.5 1.5

S (g) 2.4 6 7.5

N330 (S) 60 60 60

PPD (s) 3 3 3

I

I

I
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a1:rairllr:r 6o ttglo rliuujduuGlrrudruaral r rir rYli

,r:rod 3.g an:ro.rar:rnfidrjiuuJduuGlrrud?ufldu N33o

tuodl:[6tr N330-0 N330-20 N330-60

STR5L (c) 300 300 300

ZnO (g) 15 15 15

StA (g) 6 6 6

CBS (g) 3 3 3

TMrD (g) 1.5 1.5 1.5

S (g) 7.5 7.5 7.5

N330 (g) 0 20 60
PPD (g) 3

3.2.3 n:su2unlta6nurlriauou (Compound rubber) ttacurludlounl;rJ
(Vutcanized rubber)
3.2.3.1 G!n1nn1:rirurruvil STR5L Lil!ul iuyi{fizu6glornr.Irur.:ao aur:ndotd'

muuyei{iirrairuuriuvi.: lnudurel'oriluiuLiiturnnoryrrrlunr:utir rnio.:rorual or-suao.r
o J-- u nLunrllyt 3.J nt:ornu1.luylnL :.lllulqti0tytJ'tyLtnitri^tns0{1,otra!

ntrd g.a nr:n'our{uvi.r'Ififi ruroxon4urc'lunr:rrirrnio.ruoe.rarr

3.2.3.2 d1u'r.: ua y ar: rnfiur t-.: u3ryrin q rl ar,: zual tr'rir n r: oo nan:'[ior I n r: r r r'!tu
3.1 fir 3.3 o'.:uan{unud 3.4 nr:rirurluacar:rnl'lrt'.:riryrinnlrLan: 61t
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n1ild 3.4 n1ld1u1{ STR5L uasdrrlniiurd'.:itarinnuan:lau

3.2.3.3 riald'url$av ar:rafiflrr.tan:narLfi lqriull{u;'r 6rirrr rrilnio.:lnr.ral
:vrrrtln (Two-rolt miLt) rfioun ttayfi6lurlfiiar:rni ,iunouioyld Compound rubber n-.1

nur,rirrur"',rn'',nfi a.s lniuld'ruzualar:uniouan:fi riryuo

nrnfi l.s rn3uudruaarar:rnfi nruasr:fi ritauo

nr:uoralur,:rYunr:rfi uar:rnfl,urn6owol.rar:vuurilo (Two+ott mttt)
1- v qv , a :u 0y0r0.: Ltn?ir: vrlo:u1-{ adt.utn tlol lr nan n6.:tyyltuuo u.t.l na ao rrar uavt:r6'ol1d

. d a t qr ,1 !4 4i Z - ., .j )uonnrn0:n:nlflot?u tynl:!oHa! LnLsx[Lasdd.iiu d.:uaollunrnfr 3.6 drur lur]r rn5o.:lo
uavrualar:tni

a
I

-
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J .. e an1 3.6u1u1.lli1t65A{U6UAJHd:.ld'lt16n

3.2.3.4 rio16lar:rniol!6m:n:!ui'r uavlozuarhJrsoulourioen,:nirolalfiu
a e, a a - "-".;ov a - aa1:Lnlouriur ordurriuudr idrur.:lrrinlirfra lriurlr0r.rd'r rf,o.:n1nn1:uorJarJui inurilf i

- i i ," ;d
u1! LrrRooruyn!ai{xnouiL:royleiur,:fr[5uniT u.tiiiououni:! (Compound rubber ) rfia

, a y 4. e J - 4 - a, ! . Ju'r.tuufl'ta.r0un{0fuynr!nnual nu.ul1tu1rn50{Fto Lr!0f40t!utunl!!6ondl uanllunr1\yt-
3.7 n1:er'nriluiusr1l..lueonuri!u't.lriououRn:! (Compound rubber)

n1nfi 3.7 nr:f,nrfludunruu6onuduurlriouauR.:: (Compound rubber)

3.2.3.5 u"r.!ueiav(nidkiri'Frriuduudr 6rjurr{rrnio,!ytodolrBl{un1:ion?1u
viouav6oratjur;o{roatlroi (Mooney viscometer) rdoo'rurrurar:cuyrla{unriouul{'tuusi
acan: fi-iudoflunrnyrJ 3.8 rjrurlr{rtnCo.: Mooney viscometer

l_

-[

a'

f
4\\'I



26

nTirfi 3.8 rirur.:ritaios Mooney vtscometer

3.2.3.0 rfio16:cuvrrar1unr:orurrudr fidr urrrr l{ru5 o n rfio lmi uuoc rdr
J,"idioLn5o.ioun{i u1.l drur,:fruqSu!Li nlrln:- otol LuoruynfiU: yrti iu 150 oifilr{arfiua q.u

:vuvrrarfirirurzu'tiluuoiavao: riruanrlunrnfi 3.9 uao.:drur.trrrrrirlSonrfiorniulovrrir
Ln:a.la!n{:! u1.!

ntrvrt a.g rirurlrnrriru6onrdorn,:'uuo:rrirrado.:oun.r.:rjt r.r

a! .iJ.z.J./ .!0auu1t Lnnl:l:yuyL'ta1rn0.:.r:uar frdroo"r:rornrni o.: LLaurLnsoon
<i 1 e 1e I u , - .in'rn!aan tr|0unuu1.:00n01nua0n ua? [tn:: lndorirut uyt-touaan nocl6urtaunl:rl o"s

uaoflunrnfi 3.10 n't: unyu.t,ioonor nl5 o n

, 
1 :'* Iil" ,/

\rH
t-:;:-=::-

E,
,:

llll

qFr
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n11{fi 3.10 n't:un:u1{aano,tnu6ofl

3.2.3.8 riokiurlolnl:rludt6rirlrn'oriu8'ulru ufl ugrJ6'l rlari (Dumb be[t- -:shape) louliulldry:nfi'oiu.:rud'rotjrl (Dies cutter) 6lituroriryuotutrn:orunr:
vnaor rriorirr{rrnio.rloaolnr:6lu1l (Tensite test) q-rrao lnrnfi 3. t t uaron..,iyoaol
6.:rr.r nr:roaoufi'u.:rru.',orrr.,dldriryuoan:n6rurrti ounr:rrfi 3.t, 3.2 uav 3.3 firfi
arrralr',rr, 9 an: [qiacao:0, rriul,dro.,u (Specimen) li: 6'u rvr'olirnr:yrnaotlr]1r
r.l'reriflru l5O 37 Type 1 riol!

nrnfi 3.t1 nr:yoaauilur.r (Tensite test)
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nt^rd 3.12 !u1adu{'ru naaunlllrln:ilu tSO 37 Type 1 (urjrtr: ia6ura:)

rdorirnr:uoaorRd:ocldr.ranr:raoaoudu.:ruuriavan:Ha! 6rusiacao:i e du
rirti'td r rir iirovrorrirroda (Mean) luuoiayan:urlfl,unr:irn:rvdrGuurfiou d.rocn.ir?tu
uvrqiohl



u?rd4
fl an1:ytaao{uayn1:il1d'1fl 1:,1fi rnafluuuudlao{

o1n!yfi 3 L:l'[d'riaraaura.]a!n1ruasaafl 1:yrofi oldu.:ruudr 6rsdr!rrirnr:irn:rcri
ivtla3!:c lauar!:uljtyruLnu Lou0y t5!o?un1: ttao: anl:yo aa I t 1:iu[t: r6tta.!u1{ 1un: fi

i -e & - .frorrl- 5lrrutora1:Lnfrufln0i1.! n"un1nuun.:yt1n't:y1n1fl1tit rnoflurr!!iiraol tuayaofr'ru
ovirn:rvr.inrrufiuuUtro.:yl1:lfiLnaiuriavoir rfiofircr:ru.irflr:rfirmoi usiavd'rluatnr:fi
il a qia r,i q A n:: ! $a !:"u u:.r 6.: o d r.r1:

4.1 Hafl1:UOaO{
-- i,.. :.:ruid'ufrkirirnr:roao!6x.r1!u1: nrlfildrir vuo6n:r{a! u1lli n^!n1lrifi 3.1, 3.2

rac 3.3 i.iian:rlalyi.ryr:n 9 aqt uoiavan:oytrriariuor, (Specimen) '[i : dufi'roejrl rdo
rirnr:uoaotqu!]iFtil'11/ ISO 37 Type 1 Rubber in tensile mode louovdrzuayoaol
rir rad a (uean)
druaarto.rdr:

! llf !u n t t i rn : 1 u ri l :- ri ! rfr u ! o 1 n fl 1 :yl n a o.i li.t n r :rJ i! ul 5 e uli il r ru
3 tuo onu

nr:vroaorrJiurl6aurJ3lrrudruzual TNaTD orlrirl,uqr:rlfi 3.1 ruanr:yraruduoru
TMTD-O, TMTD-0.6 uai TMTD-1.5 d'l*aollunrnfi 4.1 c..ra nr: ro aolaldul rl orl fi
r.Jiuu-1f, uulir:rrudruzual TMTD

ornzuanr:yoaol ir.lrlalulliurru?irurud! TMTD fiuaoflunrrfi q. t Lraorli'rfiu.ir rdo
rfiro'r rirrJfr fii a r Vulcanization urnrfirLlilrzu -rrutro lrniu orrir'lriorlinrrlud.l

' J , I -. -^ 4 j.n-(5trnness) !1ntu [el14tnrr! TM]D !1nouLRl,/ [rJovlir Lv:cuvEofrfir lytroioua lfl'r r do av
d < i . !-!n?'luttlj':u''tn1!ua8r.ln't1!l!'tc!1niuolu

Stress (MPa)

tstr"in'

nlnd 4. I Hanl:fl .dau;.rdu{1uu1!dU;urilduuG!1udxuH6! TMTD
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,- ,i ) e
ni:llnao.rUiurUduuUs lruflluzudr.J S orr:rirlunr:rlfr 3.2 zuanr:vnaolt!{tu S-2.4,

o i -" J,- .-:5-6 rtau 5-/.5 0.tLLaq.!tufl"t yt 4.2 ruanlirnaouo.i{LJ.l.turr1trili!Luduutl5lrrudrurual s

Stress (MPa)

rrne.ranr:roaolrjilu!6uurjirrrudrurJa! S d[60r1unrfld q.z uanrLiufu.ir rdoufir
o'rrirlrirlfriSur vuLcanization vrnufrrrjSrrru s lrnf,u ovlirlvior.rinrruu{.r (stiffness)
r:rndr uasrirbi:vuv6oiri.li't.orioua.reiru 6o inrrlui.u rnduuavr:nrur!rvrrndurira

nr:vroaorr]ir r!6uln]ilrrudr!e.ra! N330 nurirlumr:r,:fi 3.3 uon..,:yoa"uduoru
N330-0, N330-20 uac N330-60 ri.: uanl'lunrvrfi 4.3 itanr:yflao!n'l{u:ruar lfilliu uJf, uu
Grrrurirurual N330

Stress (MPa)

o t ' 'struint 5 6 7

a''tyri a.z &anr:yraaauisdu,rruur.:#rJiuuJduuGursudruarau s

,- ,)
n'rn9,J a n1t11o a0 i!t1J t! a uuu:tJ1fual u rJ a! -l o J\ vL[aol lurl$/vr

i t,5 2 2_5 3
Strain

nrnd q.g eranr:naaouirdumuur.rdrJiuuJduuGurrudruaau rugto
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olnrJan'r:yrnaorUiuuJ6uuGlrru;i?uHart N330 fiuanllunryrd q.a uaollfirfiu.ir rfio
ufiror-rrairu:.r urnrf,rGurru N330 urndu ocrirlfiur.!iar1uu6.r (stiffness) lrndu un"hii

a )"ov .J r
zuarirlri: v uc Eofr liilfi 11n LilAuutil

4.2 n1r 1d1fl1:riiraofluuuuiiraol
) cvdokinaraauuara!n1:udl rjrhJrir curve fitting orntolaara nr:ynaou6,: urrlnunr:

) , i o". iroaa!lfroy1ri']11111!rooidr.:.'l i ocli{o!aorni!t'turoaauni!afl5 a!flrtrnfi 5-6 gl.t}l
d d ... , ;e !:erlr'lrvr 3.2 uaunlnarnl:yl (3.11) n11r1:']! rflo51uaun1:fr6o r nlti',.rax 5 n.t:.tirnai 6a

E o, E", d, d \ar B rfia.:ornaunr:fin1:1ilflaiualun-16lrflunr: urnrion.nylalaLaau
- - !" ^-:-"-ta.iriln"l:'rIrfloi1drfru.:lou6urn"lfuluruiiuii.rld'r.l:vlrrurir Epu;arE"Ioul#rir f'ri',r
,)2 rilurirluodanrruEnuduf,rvrldornnrru{uto.rn:rlln?.rua'lyr"u6:vu.j'T,:n?.1!rdurYu

- +r. i,_-- ,)n?1!rn:uoyrLnilnnl:ytoaa{ o{uaq.t[!n1 yt 4.4 ?nn1:u1n1lxoaan?1 doueiufr!u!1uau
olntranl:yloao!6.:url (Tensite test) ovrriu'jrrir E, ovon!:vuruloul,{rirli rrrurJarud.:.1
-' , ) a | )-15!!iu rio.r o'ln rilurir tfrr{uoc yt'r.: n 1un'tnrrn oo n nl nfiuou'[n dos r.]o iii14iu ,'" av 0n

.l <' 4 ' i- --'dlJ:3lJ',ttu Lou [tn1!512nlt?.:al:oLnur.r tuo.: a1ntIut1.:iyi-uoc tnI 15u!uy]!,tyri1n',tu1u n15iu.; - .ru:':n-ra'ruriryrr:rirnaifirra6old1rJ:un:lnolfilrnafll nr: :yurruri.roilun1i Curve fitting
lou:crfiuui6 Nontinear[east-squares method Inuri.rdl!:vBuduao.rnlrs]-neuln
(Coefficient of determination, n' ) iovuoliulu.:ruifro.rhirioun'ir o.qs

rudoldriju O = O.8O4t, a = t.261 *ar B = 5.491 (Rr= O.SSqS) rniol6'rirur:riunoiri'.r
c ,e -5 n?ua?uM aaflni'lylr atrJiuutyluluauiln:lJrrJanaL

15 MPa or nnlll{:v ritrui6 Nonlinearleast-squares method oc artr:nurrirul:liLooifi

'tc

11

drolrrrouu 5-6 i'aru,:nrf,onriryunrdrhoa-anrudnr.rdud E, = 3 Mpa uav I: =

3 3,5 113

^t0
=;E
E

0 0.5 I t.t2L3
strn

s-6 :.
t'+

,ts'

,:t /1.i' L
5- = 49 =;5.M

t

n1rfi 4,4 iSnr:r.trdrluoa'aamu6oudundrulls6ruilnHanl:ytoaou6lur,r
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rirnr:rlrfloifiteiornnr:rir Curve fining Eild'dr R-square : 0.9999 fi.:r{rlnd t urntir
tri'n:rildtdinlluriudur nuioriuu riura nr:roao.r

4.3 ntzltaztziarrlfiuurj:ralnr:rirnai
^ .) ) .-nr:rirnaifirurlrvalfir,trldornnr:!:vlrrurirorn nr:yoaonuau Curve fitting a!nr:d

(3.11) rYrlni:iloao.: 6a Ep= 3 MPa, E,= 15 MPa, g = 0.8041, e = 7.267 sar, B= 5.491
ri.:riurn'oritm:rirnoin,ldrduruyrudrluarnr:fi (3.tt) rdorfiuuri'uHan1:yrnao{ rYruao.rlu
nryrfi q.5 aranr:rGuurfiuudrnrrul6urracnlurniunto.uanr:unao.rrYuuuuriraor

nrnd c.s eanr:rGourfi uudrnrurfruua:amurR?aoro{aanr:moaounuuuuiirao,r

ovrriu'irrdun:rr,,idlriorn uuuiira oririrlndr6urornrJa n1:yn aau!r n lnuuluit'raald
arrr:nuaouq6n::lrirnatolurrn.r:rjtruvilu:r6rlddurnlurnnd:raru rniuel druaorlfi

^ ;!:rfiu'jrall6grufin-rt'ulunr: airr ulu rir a o r y r r n fi n a r a q iii nr r,l,n drdur n'ur,r q6 n::rfi
ri nf, uoirluur.:t ruviu u:16,:

.-a--?---. F d e v !uJovl0'Dot'rtu:uutytu!n?1!auyrui:sui.l{n?1tJtnl.J nun:rl tn5uoto tn-u6uyt1.l n.lunl
r[uovrnfi aanl:vloao'!ttay ato.:uuriirao.: nur'r finmlrni uodr.rolunrurdu'tu ur.:rfioorn

!'eL"n155Utlt.110.:1lU0vvlnn']un1v{vt.t1{uFt nllurnuto,l Ltovnrl nranrnd.: rirr outyirnnnrrl
rnu'uo.rrruuriraoruaur.ranltvrnao{ rfiauirdtir.:n:rnlrhranato.ryriuovrrr nrunrnrilrioa 1.qr 's - d-'- ,14an vl1l,14 Lt L! ranara lnuoc rnrr5uiuu:,: d lara lrinrrrL udurL o{rYuocy r r n run rr,ra na,: dlu
---- y - d.l ! ) .,, , -t.f,n't1rrnu.tj0{fl1.J0v tnrt}u1u u,au t!a tdlatl i ur50 roufr.tltihranata t r,iTu o v ytt I n rufl11{ uaoq e - -:11! ! , .t!tnavrn 111114tttllLanaton usyrnuS!u5 iulniu alrualrinru l6utou'uovyrt.r ntunrnaoa.l

..-:.-: 4 4 -rnouvuo a'tunllulnut0n u5c tnr.Jlflufl1J L5au 1 OUt OItvirnrut6utal uuldrao{ttayzua
v q j i- in15mqa0.! Fr{tta9]{Lun1flvr 4.6 zuartnfrluolnnnovnrulutor!orn.t:rJtruvi!u: r6.r

*i
ID

z5
SE*r
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e
o.Ii
B

t r lt a$..lrrt.'...- modc.... Plrrbl r*t.
+++ OEttd

0.5 I t.5 2 2.3 3 3.5 ,a .t.5Str
J J. Jn1v{fi 4.5 Erafi rfi ciuornriuocnrulura.rur{al:rJrruciuu:.:6r

d ofi or:rurran:cyluro.:rir E, riu ruruo'ra a lnuir 0,r E, irirurn tirro.lrurniuo
Glfru0rrfionrur6'u6rdru rYruao.rlunrnfi q,z 2afirfiodu rYuuuldraorornnr: rio nujduu
a't Eo= 16, O,= l) tn= o.t

' +j.

, tr.
. +....

' tr
.t

ri .'

' * t t 
---"

act
t
rn

t2

t0

0 2 2.5 3 3,5 1 1.5
Slrrh

nrnd q.z nadrfiafirfruuuuiiraalornnt:rfianuJduurir E "= to, E o = 3, E n = o.l

rfiafior: rurzuan:cvruro{ rir z'. i 
^ario 

uulo'rao.: ranrv"turir.: arin uqufir r. l'rirEir
rrn rirnrrr: l6u1urir.:orioroufilSarnuhjdru o".ruanllunrufi q.a lafirio6u fi! uluiirao.:
ornnr:r6onrrjfiuu a't E,- 30, E,= 15, E,= l

+

s1
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8

m

!;to,
d

4-
I
d

t.t.+
ia

.a t

ir'
-6 0.5 r i.3 2 z.s 3 3.s a 4.s

niy{d 4.8 aanrrfiaCurYuuuuiirao.rornnr:r6onnJaduurir E"= 30, E"= 15, E,= I

J.dofror:zuuan:vyt1l?o{rir / finraurJ:arnaiurio $1.ruii.tao.t 0.r 6 iriurn O.:rirliriuov
< I a!r1nn1un1 ,t'1nt5't!lntu anrJa tyn'tllJn aata.:nuny nrun1t,i aoal tiltu lil1f n?1!rrluto i

tr1J1J01e0n Lut't ifluuljnlaoa{o?u otLlao.lLun1flyt 4.g rJayt[ntrdu fl! [uu;1ao.i n.]n n.t: Ldon
rrJaaudr O = 0.01, O = 0.8041, O = 10

23

io

-b o-s i r-5 z zs e s.s ,a a.5
Srrrtt

nrnfi c.9 nafirfinduriuuuuiiraalornnr:ra'onuj6uua'1 0= o.ot, Q= O.BO4:,0= 10

dtyat a *avat p fizuaurJ:arnriurio nli;! tt:.rr on juovlnfi 6a Olrir a uawt p it
-'-- --: clvnMnuivt't !11n1i:lJLr5.!to{v{u5u rn:.rt1aia{rJa [ra1n11![fiuflo:{unv un n-ririoual l-td.rr.ra

f
'+. l-'. *.'+:

. t ..-.*
, . l-l-.i;*i

triuuudraa.rlouronrvril.:arioloui.rfirirnar,ldurioua.rnu}Jriru o-.iuao{1un1rld 4.10



4^ ! - .i ,arrnoiun-luuldrao.rfln nr: rdon uJSuurir a= 0.01, d= l.26t, d= 10 uacn1flfi 4.11
J- i - .J .avrlnn?Jlnu[lualao{flnn1:raanrlauua'] B= 0.01, p= 5.491, p= 1,0

n1il?rr 4.10 Hayrrrfiafiliuuuuiiraalornnr:r6annjduudr a = o.o7, d=t.267, d= 70

2 2.5 3 3-!' 1 15srdi

nifid 4.11 aafirfindun-uuuudrao.rornnr:r6onrdeuuri.t 0= o.01, /)= 5.a91, F= 10

" ;e i 3
0u tl4ui'rLtu!ntaa.r aSl itutalr]t:0 06u1ur{qfrnl:!nr::"lnr:v ur:.ruac nr:r f,uutr aI

In:lairrnruluta{u'r.:Rll!rruriuu:.:n'lldatir.:aoondo.:n"u uavrirr,rr:rfirnafllrarJnr:ro.:
uuuiirao':i draalnun:rrionqin::r:truv:"uu:.ro'rto.: uurriraor arafitriornr:moaorysrur:o
uovUr [Ul"8iun:ryfinJ:-ar-rrfruurYlvrqfin::lnr:iuu:16.: riofrnr:rluurj:ritrr:rfi rmoirir i 1

!.5 2 25 3 3.5 1 a5
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.r c I r < .i.- di-!ultuun1a0.: nloouu? [u!n']1 a0onaa{ Ruril-Jruan1:ytoao!d{ui.:n.!: frU5lrruar:rnIfrrdl!n,-)
rrnnrir lnu rrova:rhaluryrialU



u?rvi 5

d:ilHa

.r1ui,i'ufildail.iuuuii1ao,ryr1{nnioarani 6.:r,rr:rirnoiluuuuriraori#ryrn
5 nr:rirnoi rJ:;noud'ru Eo 6o drluna"anrtr6oyduuoltriuoynlunr u / 6o riruao,r
nrrrrirlunr:yaoro.:r{uoc nrunrn d 6o rirhodan:u6outjutorr[uovrnfi eitu a Ao
rirnr: rfi rn o i: rJ i r,: uat p 6a dtrr:ri rnaituro ,uarfl r rit"rnr:n:vor erol'ruuuhua 6.r

llao.:a"nurucnr::1u:{6{roirYuocrafrtuur.:nrJrJ nr:rlrnailuuuriiraolyro.r s nr:rirooii
nrrlafuyriudrillln:.:airlnruluto.rurln.r: 6.:ornnr:irn:rvr,inrtrn'urrrj:ro{nr:rirqoilu

. .itruuiiraalnr-,:uao{u;rJfr +.2 6{ 4.11 ytujldr E o *atm / iuuurvdra'tyoianqfin::unr:
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lal]- ltUn)1 XneT'tl!LrLU lriLL,rr,! rLnL

i r:)::u:! -11.n?ur'r1.,.rrr..!.r.r"r::.'i',nu rir,'1rr
.6 r! r.' ! 25% ;' L' ijy :n,,.-'i

(tlonlinea behavor) dirrrrr!T rnuritdnuir:
nltuno.:fi nrntt!rt Jnfi 10 :tn.ll,nr:IUu1r9.t It
rilu: irr 6o irr6!r'u (Firn legk)n) ii-)rnlrn
iY€ld rsgon) ua:irloriernuiJ ltrarden,ng
,esion) t-.,rlatJlurJi 3

t Utr I t!qOntlrr LIIlrJtrllrt,IJraUla.!U1t

3- nrrai_r,rsurid,rnoulrcnioerlei
l. n r.r;n:r1 il.,r).lr:no uiho"'ryzorlorlrh.r

nrr'ru'ro.rr.r.rnl:rl 6a ItL:,anotarr,r,ri,rinrr
r6ar:danl-uc,--run-ut:rririlulo:l ir.re, ira lcross
r,nrs) l nL n))''!0!,.r0,1u10 J.Elt,.rf dll(tl ]tn
rur.jroon"driu n-,r,dornolilnlnron.x
tPhysral linkags) $n:Hiu!:tr! (chemicd
hr*4€) Fl a:rgirL /nuul:.r, iului rNdJn.tt

fiill*q 13ll1i',l1utoi!!$t'xnt I .t trItrl!rtai0J
nqen:r!n1r:lJutleiu$ rlJ$)rin L!lanqyi
rio!iianiurr.Jnrfl arr{ ntauu,toa",iur",oi
urrir:irru-rnrhrirllunr:iuu:r rdart-rririr.r
trtlnx )i ti.u.dnarr!0t6dnunttntun, )tt:LrJ
gacaanrrnriu iliraaln-rirllna-azalcrr!rir
nnql ua:l!itmfi I td lrGl9ut tylll5l!rnnii
l!0!ronr.rl Jllr.!:lr,lr.i1qir)1!tuu1 )t:.ir
)uu:rltnJraLllol llJtdir.!0 JU-l Jltfl tl,llll1r

Jrui iuiii r]iRil rruu i_ do.:rnrorinatr n.i

lou.irluurnr;in::ra r:rrlfi ur.urJ,,ln"rriousio
'rJo:nr I utl tra-)llltt.rl rJ,..Gr!.q1Ln 4 iOU

n r:rin!.a,i..n I inrur'th -rrrr i tuvi:t-,irl'i r

lsprrng unrrl iidiriurLrrr.lu:u:rarl I,iuuiau
lilr:rar-siu]nrlr:'.r.:rnolutrrnr:rJ 4.,rxnin: ;r
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ilqi n:run'-rriu-rr:ur,:srni..rt'inu!un1J loi
rilurtlnl0!&nril o0 afttrruunltxrlr:rn!t: o_r,r!rritr;Jt!or:,rilniuon!rfl-lr_r1!;Jn!i
eou ,l iuu'!rbs:r:lrJlrraant'tniir r) rr:Li tolrGrrir z nrirxju!:rrld.u ;iti
vrqinr:rnrrriou. 1 iuur.n orndrir6.:ilc uli' o = o 

" 
, ), (3.2)

rrrurnur.to':rudn, lri,iuuuler;n 1tryo b t 1", "
distnh'lt!'!) o io o-rrrrriu.rrr:r:rsucluurrnl:rl

U(hltd+r r h.xJr.$$ or 5a orrrlrtiu :rr ri,:sur frrfre r.nn,:t!a+f _-ltn.xJl-ll* .,/ oa t\'l'lrJltu ,! ri:$!r virnrr_nnl,

Ml _ .iarriuurr:'r 'ln-unrn

Mi ffi - o 6a nrrr:toiur:r'rriruucirierrnnr:rior

W'l ffi "'",'"lil-,ll*"",r,!.iouuur,,r.,nl,ri
rr: nar.:irulilr,rnnornruiiirrn-uri'u {r.rqri.,u

U( ml td4:r ..ri hrx.t l.Irgr

ffiffi
\-"*;.-, ---;r* -,.r,C:e,r-u1,i,,iou,ir,-u,.rrtr.,rrl,.,irirr"rr
lUn 4 nl1a0ruU!uuutrdortsUrnuutt).U (A.!v€lyita!nuriturrsrrsfrfrLlJri!i!ut!tituiil

nrrriouron-u,r_ullur-:or:rJ 1l; i.rooul unal-rcaantrnniir 11! ihriniunir!
r.nnt,tu'llrlilrlc-rndr, a-rr:nrirl ..ru,ruigr,0nol-l!tili:l uuuvLondltruuriun

ultrr,l, x +u ufiaoJr1ionienrrei Ieu16luiruu (Etp.rl6dtsr d;lriburon) Inumr:nriuurlnrr
xrlinr:lmriun-,t:urrlol inunr:nrr,iorao ciu,u nrt::n-lriui::ui'r.lo-r.':uoiuuo:
TqnJi0toull!0lIn.rnl:Lt tL: tu.r1.:tJ t09 t uitt o)1u.f:tuSlitJrl
lu1,il s

F:--:-*--. , o'= e ,e,tlplc1'le-l /'(';)r/e'l (33)
I -.*'* |k -,^A^,!.- I '=i-- -1ffi - J- o,= E,.Lltp?.,,tc-lpzl).ttht Pa)
i "-^'\ ' I- -',A/;WL . I:t

' ;\,^.,.!!^ ! t:t;d flrluaisa;rliaydurarx:L::

T .Jfi s snunrr-uuirno,r- rnrirqrn;ito.: n1!r'1:T

r: r.rot rJlru: iuu ;.r d.r
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6^ 5a arrr:roigi inrrriarLdari'u n,r
ntunenuatrtaaantt n6'u
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Ae .t=k '' (15)
liLfr C>0 Lio p io o,uac:,rrrr:.irlu
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rlnnlJnlln (3-4) sa: (3.5) n1!'r)n lrlxn

ronuro Js!nlri (3-a) IrrLorr6ufi rnroln-;'.li

o, = E,d) flEtk - I AE. rtc.I

a 
" 
- t,l) *. ",tr - )*. -,n:.1

r,,=r,4irr-rr ":,1 (a+)
arui,lr:Lni r:ial1 iuu:.r tAcrNe) a1!

dr6'l-sorrrnlnuiuirl: rilu (Probabrt,ry deos,iy

lhcron) u:rul)ua (\ rabur drstr,butid)) [n:Lj
nlpooAtlnn:u6r!rln riuuaunr: ai:r-lu
orT tirxiuir:r,ri.rnrur;iuur:c r_r,rriuati

.. r.J 1:i!ii.. .:.rid u:.1.r!r i Jjritry r,tr:,r.'in'J mi; 27

'6.8 yJ ,! t5i6 ;' u.;F:Es:,i

tinn!nlrn (17) ta: (3{) firllrnh.Ila

o =i E,tt: - t.lptt:.1.tc.

Inu
t no n rllJtsnit tLIrflta!ll!d Ir|lur:rn!
,, n0 fr1o7]r:(oruina.Jtlut:tft|Jn11;Jl:lu'rt
n $iln p(E.l n0 r{Jrtrrntuuu'lrtiE

i1r:lil|r (P.@atitty d€nsiy nnd'o.r) rdtn trri!
)rrqIJ (aclrv€) r0rn!!:rPrrn r',rr inLltn-l
urnrrr.:o-:-rrd,,uul:uo lweihlr d'ierburion)

ctit \ l-plt: l--l-l t rl8)!\ ll I
rio a ffa rir stape paramerer hu rr > o

/, 60 ri1 scare pa.amerer lru /, ) 0

rnnr!0nnunrrn {3-7) tsir.r

" - Ll, . L yl! {r't\ (}s)\ a a P )ll

;/ 6a hco.nplete gamma tu.cron
luo l?t!nl: o'11!tfl rato Jn'ttl!0! t0nirn{ 2

lr!l.rt8 )ur. nlrlir,|' 1Ii1,th!tfl tt tlluttBlr|F!mI
it 1l-z\ o = o" r q 6r:1n-aur:nr-rla-rriuf,
't:$ir.rolr!toign"!orr!,niusluuul{rnolnr,r
, rLan-Ait!a lUl IO:l!l1l']LllLt 00nuUUlln:

d-t.lllf rl-.'rl-E " 
!.,1 .r'rrlu dP t

{3'11)

4. mrnldra"luill'lrllluud.raon
.rJ!) lTanlnat,ttJR\n rJddl r._ ltllllutniN

iirr,nrl tr.talLeB us:rit curve fnrng 11n1io!n
tan'r)nl|do.t ln01t-ifl:x-l)1!lf0)s-t,t r).!Jt1n
i!nlr; (311) ii'nr:rirnailuaUnr:firiatnr:
nrfln5 lt'rT]lridi rio E", L .6, d lt

,[an!1nn!n])!Jx r)rlrLrdlnfi 1u$lnnlu!r0-t
u:ndonrrul rJ&lnfi ljroJ rirxrrrirooili'riultn
.t'! I iJLul+l1ul1LlrtiLnllt:x1uar f trn:

t. ln!rtrr.'r t nJ 2ltjun]l!tatnJruacruhnt
m'li't1n 6ir r, r'u! o J nrt rlor-r I I'l n-uf,r: nir.l
r1)]!J!aUnUn)1!lOtUGn llllqn'ltriiA J 9it itt
'lr';rlii o r:,iui-dT I r:nnr}:urorlaulinr
!)L lll. lU! )Jt)lrfllt tu0ll 'f'1U1., J tnYig!:n1l
nl!rlvrl rooTtlnalutti niii:r1&, i-$r_U t'
r:o nd't:rr1rllrul'!iirr.iSrt ruririoriora qiN
t i0: I )Tl Ir L! r Jnltlr!:tl tlr!!UrUlnatrltu Lu

(3-10)

(3.7)
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'/

tu ti unr.J)!r_:rl crturd.loI tL|ryuLh
Invr:n! naan-rrlci0r6J!,1J (Tensd6test)

ItLIUJ^Lrand:lr.rut)l Lnar F{ n rllJrdfr
rr-rriar.ur, it, t.t f. L",U n.,

d=0.s(Hl a 1..267 ue:/=5-r.)l {R = l)
rraLcn n1rtlraomr tl:ir5f) 5 7ludJ ilit
nionrr_r{.iarfi uuriiuu..a:ircr r:ir.r',:1.1

:. a:lhaua:irarr:fpa
n1:1!r90t 'lr$!t:n!nll r tr,trn411alt- r.*
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iunrrenor6o U-- = l, f, =t5. /-08041
d =1.267 ro:- l,= 5.{91 e.Jr-uiai1
)l1l_rJtt0rltAlu!'llrrlutl'liqA!r t1n (11, I I'l0
riuuriuron, :nnno., ti..,!!rsllu:Jfi /

r:riuiruiunrtifi la"r',nl!Lan!rirlrrdr 6s.)

trnnnnlrrcnor!1n lculr,rnair,r',ruunn"
xq;nrr!riJnn! alulrorrul q:iu u.rr6r1,i5!-rn
.rrrlrro:rr,Lnir,n 4:,rii..1:r.ir.)-,r:Jrir: ..rfi

r i?lrltn ]1ir)- r lttrca) r,.tlutr, tJn),i:i

" r,J,:i!1: i i n.oidilL:.)rrr.oior rlr l:r.rr'lnr airn a
ra,ta srur zsss r_rrr r-rvr-stnri

'lJUt,)iJ

:

t'it:

!.
I

, fr 7 umixtnltr ioulriulrircrr!raiqua=
orluroiuaro.:qnnr:rsaoid!I!r*n

llJDfi tl:tulIljlUUtnUUn) t!i!rtL[1:$',t't J

n)-!rCUnUil l&lOlUiiaJrtU!:mln.Un'tlt
yrintrci . rianr:icnor Ia:an .!0.! utiu{1aa.r
ru)a ro')lulnlu9!]i9n o)1!1fl r.Luu't Jtnotlr
n-l:1Jlrlfi 0t)lU!:mJnl0n1fl Il1}]l fl1]l,lfi$
::arr,_ul:nrtmra^xi.li o Liourri riun rlrn'r.
!o{L,rrRlr.:nan']tnanar ri art-rririrln:rnia
'iurnrrnra.rn_u::ntlnrun, rrir:riau1 l_rl f-tlri
itllltOnA.Jrl lYrgJ:rftlrrt!1Ulrt, n tHn(Unt't!!alr
rorri'ul:nrlnruntran nd-runrT lrriqto:titrl:
ln!Ln!!$ ui:lu0tt1a, r r!l1iliuLl.i l!rcne
to,rx-lru:lr-rim!a- rt-tolno'rlo r1'r\il11r:rano
tr o{ n-ul:roir-! u r J !'r n:,ju dJAaLinrr&rri$to.r
vtir.t:yl Jn-runlYlnio 6ou uln dtunrrlrn:uto.r
fiL!:ror,l}lrrtr|l',nU] luLn0!rn1G)t !rnu!OJ
hrooIn:rramrieaar c-.r uan r n ndlurrl i g

It'
.
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! ;r':.t rr,:,1, r)a.r.II lltdi:o:r1;!:n' u/ tfi
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