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     Only a few werks have so far been dione wegardiitg ifK]ass redmctioit of

agricultvityal tracton 0ne of the relatedi woyks was cendacged foy Motobayashg

et a7.`'¥) Eit whick the slaape of sgdie-xEkexEgber of a ehassis-tygee frafftrke was

optigg}izedi axtdi its mass was redkxcedi by approxtxvgately 42%. Desgeite ghis

pitweering ac} tievement, tke shape of the optixK}izedi ixEedei becaggEe somewhat

complicated such thae soxKke manaxfactKexixig difficRxities rematRedi.

     Ag]other approach of twass rediuctioit inc]kgdies the adieptieit of Mglater

itkaterials. Some stroRg bEat kghter materials, ie. camboxi fifoeec reinfercedi

plasties, ggass fibesc reiitfoxcedi piastics aRdi aliNeg}xtwxgffifx EitIitoys, are gettiRg

papxelew tw vario"s gxkapt"factxayiiRg aspecSs. imong these gnateriafs,

a]EexK}inxe]E} is coitsidiexedi as oite of the iyR6st reasenabgy pricedi caRCRidiate

xKiaterial. Moreover, it dioes not reqgJkire drastic claaRges in predgxction faciitigy

such ehat iititial twvestiEitent ixRay be gess3¥). CeKxigeaxedi to other matex'ia},

alggRE}inu]gN is ¥)if¥)owe adivaittageo"s ixk terxERs ef recyeEabikty axtdi, Row, it is the

secondi xifxgst recyc}edi xg}atexiag aftev steeR iKk the augteffx}otive indvastecy"･ 37).

    Despite the fact that agRem[kinkgxff} has been skkggestedi as a pt¥(iateg'iEalR foec

futewe tractor by Tanigxechi56¥) as early as X99e, axp to now thexe has been no

geagbgishedi stgediy dieaMng with this topic.

g.2 Oloj'ecskves

    The objective ef this xesearch was t6 redi"ce xx¥)ass of a chassis-type

                                       '
                                                               '
                                                    '                                               '
t Jost, K. 1995. Aute steei recyc}iRg approaches 100% aRRgjgagly, Aaxtemotive Engineering,

103(8): 43-45.

                                                       I
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frame of a tractor by Rxsing algeiKgixk"m wtthoEgt saewifitcing its strength aRdi

stiflfgRess. [ifiw# steps ef research were coitdiRxctedi. Foec the fiys¢ step, aAxgx[kanaJaggk

was "sedi wtto ait extseiitg steel design, w}]ich have similar cenfiguratien.

This was prevzldiedi xKxainiy to investigate tke potepteigialg of aRuecg}igmeezg] fonc xgAass

rediuctioit of a steel stxxactEere. Fer the secoitdi step, to eithagece tke extegee of

xgxass redixgctioit axgdi iixkprove the characteyistics of aluREkixEumig fraxi]e, the

shape ef al"mwtRjgxKx membexs was xgxodified andi its mass was ]]]ig}ixif}izedi.

Evafixatioit of styeitgth agxdi stiffirxess was coxtdiaxctedi itgexgkericagey eesiitg fig]Ete

eEex[kegit xgkeehodi (FEM) as we]i as experixnent. FtwgiR]ly, the egifect of this

stxuctEErae xg}o¥(ilification tg itatRxral freq"e]Rcy was alse glkvestigated.

3



                             ¢kogeptex 2

                         kfigeifageeffe ffeviewy

2. fi [R]ypes of Swaceex frgwte

     There are two types of fixrame cRkrrently RJksedi by agricEggtNescaR txactex":

xKxgrRecoqxge- a]idi claassis-type fraixie (Fig. 2.g). Mopacoqgge-tyg)e frame, a

structkxwe coinpgsedi ef eitgine b}ock, traitsxKxissiopt ease, agedi rear axge hoeJgsiRg

conRectedi ifigidly wtth b6Its, was first iRtrodRkcedi by Heitry Foxdi wt a9i7 with

his faNxitous Fordisoit ]ifkodieg andi gap to new has been diolinwtating tke diesign ef

agricEaltgkraf tractor. This fraxgie Eg]eows the Cgrive lme eieax]ents to be perfect]y

encapskklaeedi aitdi weme Ikkbxicatedi, aitdi becakkse it is ixkadie of cast iyon ie

pyevidies gow first cest. }Iowevey, since eitgixEe is ¥(llrectRy cenitectedi to the

txactor bodiy, vibratioig froixR the eRgnxe is traitsKitittedi to whele foodiy of

tractoy50¥) .

       Axkother type of fraxyxe, the chassis-type fra]Kke, forecEgergy kksedi eniy

wtth Germaxe gaydege tyactor a"di speciaf vehicles svgch as UnixKxeg andi MB-

txacs. The kgsage of this type of fra$}e in staitdiaxd tractev startedi with the

East Ger]naxx staitdaxd tractor ZT 30013e3 andi ZT 32e/323. These tractoys

usedi half-frame to reiRfoyce divarabElity ayokiRdi the engiite, si¥)g¥)p}ify frgwt

attach]Kkents, andi rediuce noise by xg]o"ntiRg the engipte on elastic iy¥)atexials.

Based on the stwdiy ef these txactors, Matthies aitdi Rohrs pmoposedi tke

investigatieit of fuM-fraxNke for standiaxdi tecactoy in 1984. Followtitg this, in

i988 KErste andi Rheptkxs deveggpedi fvalEl-fraitae reseaxcla twactow, aRdi gatex,

                                 4
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tractor iyeanufactEarer beguR to maxket its owit versioR of fupm-fraixRe tractor,

sygch as Model 70eO Emdi 600@ froxgi John Deere in g99250¥). As showit ixe Fig.

2fo¥), in tractor with this type. of frame, eitgine, tramsmission case andi rear

axle housiitg are attachedi sepayately to the fraffxke ifesgagtiixg wt i]cr}provedi

seye]kgth characteristics56¥). FRJgrther]gkore, swtce streitgth is provitdiedi by the

frame, other cogxRpoments can be madie sgy}afiter andi lightex. FxgM-frame

nceseaxch tractor presentedi by Kircste aitdi Rhept"s showedi that tecactor wtth

this type of frame hadi Iower xK}ass compayedi to tractor with the menoceqaRe

one.50¥) Othex adivantages axe improvedi froitt kitch attaclament, aRdi better

cgxgipggxent ffextbility. With the i]kcreasing popveigaxity of freget attackedi

ixK}plemewts axedi diexglaitdi on driwtg comfoyt, andi emergng twegedis fox txactey

with lewey specthc inass, tw the future it is likegy that more tyacters wi]IE

adiopt chassis-type frame iitsteadi of xyieitocoqkxe-tyg¥)e oite.

2.2 StxeRgt]ftft angiig]ysgs gf twactgy strEgctgexe

    Due to tractex's pertiitent role in agricecaltaeye, a gueat dieal of reseax'ches

olt strength ef its stxvactvence seexKis to be ceRdiuctedi yxkere aikdi igiere.

    Gaxiteri7¥) xasedi stiffuess xifkatrix aitalysis to calcgglate the diefiectioit ascd

stxess at 3ity point in a ]KkoitocoqRge-type frame. The frame was dividied iitte a

R"mber of styaight beaxggs aKkd flat paRels. Res"Its of the analysis were faiR'gy

coRfirined foy aitalytical solxxtiens that treatedi the fraififxe as a simple beagxx.

Altkoxggh the reskxlts frexNk matxix aREgJitysis exhibitedi gess acckRecate

preCiictions at certatge poixtts, the stkxdy gave more i]tfoxmatioit xegar¥(lii}g the

                                 6



{iilffEasioit ofloadis iitt# the strexct"re, the deflectEeit ofpoiRts iit the strecgctwre,

aitdi the stress levels thait what couldi be obtai}]edi by treatSRg the tractex

fraKxtre as a six¥(xple beam.

     Kgike aitdi TaRaka32¥) coRdigectedi basic analysis to claxtfy the strkRctxgral

dia]if}ptwg of a tractos by theorettcEale aitdi expevi]MRentaf ]Eeeans. In the

theoretical aitaEysis, the siRxesoidia] response chaxacteristics of She tyactor

was clarifitedi kxsiitg a secoitdi order diffexegetiEalit eqveatioit. It has beeR shown

that the peak valgges tw gEwt curves were due to xx]aptpaklations ofpaxaixietexs,

inclaxdiitg the dia]gepi]ig ratio auedi sprixkg ceitstant. The expeximental anatitysgs

paectEy ve]rEfiedi the possibigity of payaxE}eter estixxkation by Kxkeans ef

parameter xEkaptpkklatioRs. The experiixEex}tag reskJelts agso ixgCglcatedi the

itecessity for cEose attention to stxkkctggral damping when dieak}]g wtth the

yesiitient vibecatioit of a tractow frame.

    IR ordeec to iRvestigate the fatigree streitgth ef the rear wlaeeR axts

hogsing, Koike andi Taitaka33¥) attachedi xosette straJitit gages eit the reaec wheel

axts hoAxsiitg. StrEpt¥)k diata were recordiedi for a tractor operatwtg kkitdier the

coit(Iitioit of txacter a[Rog)e, with rcetak"y, a}kdi with ptgw. The glK"eqweency gf actgkag

styess gevel from fieid tests tendiedi te fo11ow the Weibgkll distecibeptioR. Basedi

on these ncesexlts the service ]ife of xear axie hekksiitg was predictedi vgsiitg

Mner's darifgage gaw.

    Nishizaki arftdi inookkE`3¥) testedi a 7e kW tyactor by attaching stec3IR

gages eR its front andi xear axie hovasiitg to measvere stratit. Moyeever,

accelexomeeexs were p}acedi in froitt ef aR epexater seat to xKNeasRxwe
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accegeratioit, andi a toyqRJge tvansdiRJacer was hekksed ta the PTO to xEgeas"ife

txaitsixgittedi torqxee diuifiRg experixxkewts oit grravel roadi, cencrete roadi, andi

fieldi. As predietedi, the PTO Ieadi on guavel roadi at tractoec speedi of 5.0 kwt/ftx

was higher thaR that on coRcyete read even at PTO speed eqveai to five tixff}es

of the tracter's speedi. Fgarthermore, the ]oadi oit froRt axle was always higheff

than that ef year a><Re. Hcwever, for vaitntwg with rotary, the freqRJgeitcy at

aity speed was lowex iiN the raitge of 2.6-4.7 xK}!s2. AiER freqkxency data weMe

aitagyzedi te predivice p6wer spectrag diemsity (PSD). Basedi oit freqRjaeitcy

aitalysis, it was obvio"s that twajor cempoitexftts of freqgxency at freRt aitdi

rear axle were below 5 Hz. The PSD ¥(eestxibigtioiR reached its peak vaavges

whex the twactox y&Rn oit graveg roadi.

    Basedi on these test resgaUts, theR actRjaal leadi sim[ftugation of 392@ N wtth

freq"ency of 5 Hz aRdi maximgixxg acce}eratiox] of 20 au}ls2 was pexfoyix}edi29¥).

The ceptectedi diata were theR Rxsedi to pye¥(Xct the seyvice 1ife ef relatedi txacter

cempexkents. AccerCiting to the S-N cvarve, it was pxeCglctable that the

vemaiiting life of ghe fraxgxe was abcut 5g hours. IR adidiitieit tg loadi

siixexalation, finite eleKK}eitt stgjEdy oR wtodial aitalysis aitdi eit an empeptmeRtal

chassis-type frame was alse carriedi oast. Resgalts showedi that at frequency of

gll.3 ffz, a kvege dieffectioit was dietected at the centey of the fraine.

    VsiRg a 35-kW tracter wtsta]gedi wtth stratn-gage-basedi goadi celE piacedi

at the front aitdi wear axge, Raha]xka andi Chanceitor`8¥) cendaxcted twe sets of

expeximeitts at a specially-designedi pavedi roadway wtth woodiexx b"axnps aRdi

in a fieldi representatioie typicag te agricva}tgeya] enviro*gi}ent ig} ordiex" to

                                                     !
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investigate forces which wokxkl contrib"te to the fatigrge fkigiitvare of difiifeyent

txactor ceNgxpoiteRts. Five ¥(itEfereRt agricaititvgral egeeratieits were wsedi for fieldi

expexlgxkeRts, itaxy}eiy (a) pgowlitg, th) Ctisk haryowng, (c) tyanspertiRg wift}R a

front eitdi Roadier, (di) carryiitg a heavy implexKxent skxspeRdiedi oge the thecee-

poigxt hitch, axkdi (e) trailing a ggadedi wagoit. Resgxllts frcoxK} the expesci}reent on

pavedi readway showedi that the }evels of speedi wasedi eavesedi ]Kkore variatiext iit

PSD ix]agi]itudies than the oRe of bkkxK}p height used. In gemeral, the dmag

bEaKxkps test pvedikxcedi data with essenSiapty the sagi}e ]K"agnitekdies andi

charactegristics as was the case froxgi the siitgle foaxxnp test. For fiteldi

operatioits, the intevactioits of She tractoy andi ixgRpRetweitt wRth She soil

teRdiedi to mi]iiKg}ize vibratigEkaf twoxK}ent vayiatloits in higft}-freqaxeitcy range.

The diffewe]ices tw ioadi impesedi by ¥(Msk haxrowing, plowjitg, ai}di cxess-

harrowing were weffectedi tw PSD magnitEgdies oRly in tke low-freqkxexEcy

vange, ie., O.5 to 4 Hz. It was alse foifgndi that the }K}ean seress, RMS cyclic

stress valRxes, andi PSD valvges in the low-freqRxency range for fieldi aitdi

tya]Rspost operations were at the sa] ERe approxi] giaSe ffgkagrgitkkdies as the stress

vagages obtanedi with the 44 mxKg bEeKy}ps eRcoEggxteredi at a speedi of 3.2 kffifElft}.

The diaSa coeeectedi in tkR its stxEdy were Eesedi to caxxy oEut fatigrue ggfe aitalysis of

tractcr axles.

    'ptg investigate the inffuence of diesign variab}es en the behavior of stress

andi dieforixxation ef momoboqvae-type frame at elastic-pgastic zeme, ffasegawa

et al25¥) cyeatedi three n"xEkexicEk] sigxftxitgatgoit modiels of the frame, nagxEegy A-,

B-, aRdi C-modiel. The A-modieg was propesedi taktwg seiectedi specifications

                                                     i
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froxKk aR existtwg g7.6 kW tractor andi had a frame thickness of 1@ gxRixit. Tlae

B-esxodieR was basicEal[gy the same as A-]xkodiel except thag its rear ax[Ee lao"xsi}eg

part was made thgckey by 5 mgxit. Ome the other hai]di, the C-gxitediel was made

by aStaching one piece efpartitioxt walit iitto the reaec axie heitxsimg paxt of the

B-model. As pxedictedi, aRalysis resgalts showedi that the stress andi

deforiy}atiose were coitcentyatedi in the rear axge heaxsireg, giRptdi St was oniy iit

this part that plastic deformaation was ebsex"ved. Fkxectherxgioye, $itdier the

same lgadE]ig, the C-}xkediel exhibieedi higher valkxes of styess axkdi diefiectieit,

whife A-¥)giediel exhibitedi the Iowest valxees.

2.3 Mass redRgcstgik andi kghS wegghe ffxRateriatRs

    The size andi xg]ass of agncgxltkkxal tractoy has beeit stea¥(XiRy twcreasedi iit

the past. Hewever, this trendi seenks to be levelmg off. Segxvey eit tractox's

frem tep ten cgpt[kpaptes ime the Westerit Exxrope ixkarket showedi that its

speciiic ]Egass decreasedi loy 8% betweeEe g982 andi 199e. This was xEitgrkniy

achievedi by increasing eRgine efficieocy xnostgy with taxtho-chascgng.

ARthough, it was predictedi that it is techRicaley possibge to furSker yediaEce the

specific mass by gO% in theperigdi of 1990 to 200050¥), kxp tg mow there axe oRly

a few publishedi reports oit research to redkkce tractor fixtass.

    Histoxicafgy, the desiece to redikMce styvactakral ixRass withoaxt coig¥)proixRisixtg

strxgctv#rcal ixgtegriey, paxtickglaxgy jit aitrcyaf£ design, ha$ been a strgng driviiig

foxce behimedi the dieveiepx[kent of structura} optimizatieit metheds`¥). 'Ibdiay,

soKg}e gf the xKiest seccessfuI appNcatioits of the gxgethodi are ixk traitspoytatieit
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sector. While cembvgstien engiite is considiered eglff]cieng emee"gh3¥), gif}aity

effbrts to redkgce energy coms"xyEptioit aitdi ga$ egxEissien are diyectedi eo ]nass

yedikxction of the vehicle2i'50¥). Sgructgeraf optimizatieit laas beepm alse appkedi te

rediRjece ehe xK}ass of txacter fra]g]e4i¥).

    The effk¥)ctiveitess of stractkExal optigxkgzatien as a toel te ffgiiniKxgize ]g}ass

of a strRkctRJgre is evexktEaaffty liKy}itedi by the geyepeyty of ggsed iN}ateriae. If

further xgxass redikxctioit is reqaiiredi, ptghtweighS matexiaR coegki be adnptedi to

regelace a coitveittio}kal oRe. I]R adi¥(igtieKR te having less diensity soixRe

lightweight ]Kxateriafs eftexk have saspertgy properties witk vespecg te

corrosioit, machiRabitity, andi forxifRablitEty27¥).

    Somae of the cexx}meRly gRsedi Kxkaterials for lightweight vehicles are laigh-

stxength steeR, alumixauxxk, glass fiber xeixkforcedi plastics (GFRP) agedi caybeit

fiber xeinferced pgastics (CFRP). Before sakbstitxxting Mghtweight ec(}aterlals

for eonventioital oRes, pre¥(lictioit gn how gtrxkxch xif}ass is likegy to loe savedi foy

substitsatio}u xKxvgst be coitdkxcted. Tlae mass saviitg caxgnot be diegerffK}inedi

soleEy by compari*g ehe deyisity of the itghtweight xg}atekSal to tkag of the

coitventioita] oites it yeplaces. A paxt's fuitctioit andi the engtiteeptng

quaiities of the matevial ]g}"sS also be taken inte account, andi wheR they a}"e,

the saving ixk gxiass is ofteit to be tw"ck }ess thait it we*kt appear te be on the

basis of Cgensity adiene. Fox exaitkp}e, altho"gh tR¥)e CiteitsEty ofcase a]ixxggiERgxixft is

63% less thaR that of cast ixoit, the actvgali satmg is mkxch gess, siitce gnreager

voERame of alkkminxRm xikRxst be usedi to compensate foif sxRperior properties of

the cast iroit. If design ceitstraint on the co]ifiponents Ss oniy eqakal stitiiffiness

                                                     t
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fox both cexnponekts, the twass saviitg dierivedi froxifg ghe sxebstitwtioxt is engy

11%i2¥).

    Table 2.I shows the preperty of several lightweight gnaterials eogether

with ]gkgd steel. Base,di on styength aitdi stiffitess aioite, fiber pteimforcedi

composite su}aterials, ie. CFRP a]kdi GFRP, do itot have cieay adivantage

payticxglarly if it is notedi that their elongatien te fractkxxe is ifEkkch gowey thait

Kx}etErks with corK}parab}e strengtk. Nowever, sixkce the matergals are sExpposedi

to replace the ceRventioitEialit oites, xKxere meaRixggfgxl cogxxparisen is providiedi if

Ckeitsity is Esiitso i]Rcl"died. These are giveit by specSfic eRastic two¥(igEIggs aR¥(l

specific tensife strength. in texms of elastic ixkodiaklEgs, eniy CFRP is betSer

thaR i[Rggdi steel. Foec teitsiae strength, othey xx}ateyiags except slaort, ramedie]n-

oyientedi GFRP aece better than ]g]"di steeg. By referxiRg to ecer}ildi aKRdi high-

streRgth steel it can be assextedi that for stiffitess basedi diesign, high-

strength steell offer ito xxiass saviitg ts mildi steel, bwat ie coEaldi diexivedi

cogesidiexable gxkass savigkg fosc strength-basedi diesign. Fer exaffxxpee, iKft the case

of sidie boor beams of 3 car thae protect occvgpants frem sidie iiikpacts, high-

strength steel cokgki offer a mass saving of 18%i2¥). Neveytheless, basedi esu

either stiffitess or stxength, CFRP ofurs the higlaest iKkass saving if it

sxabstitagtes x¥(Rildi sSeel. Shoxt, raitdoxR-oMiented GFRP casu be Egsed engy iit

coiMkpeitent that does mot yeqgJgire high styength aitdi stiffness sRgch as interiew

of a car, cever of e]ectricegl iRstxveiMkeRts etc. In this case, iy}ass saviRg }Eftay be

predictedi Cgirectly frorKa materia} dieitsity.
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as

Table 2.1 Propexty ofmaterial commonly used fox mass saving

Material

Density, Elasticmodulus, Tbnsilestrength, Elongationto Specjfic

Mg･m-3 GNm-2 MN･m-2 fracture,% modulus"
Specific

tensile

stxength t

Mild stee13¥)

High-stxength stee127¥)

Al-Zn-Mg alloy27¥)

CFRP, epoxy resin, uni-

 directional laminae27¥)

 (Vi= O.6)

 i¥) parallel to fiber

 ri¥) perpendiculax to fibeM

GFRP, polyester resin

 unidirectional laminae27¥)

 (V, :O.5)

 i¥) paxaltel to fiber

 ti¥) pexpendiculax to fibex

GFRP, short, xandom-orien-

 ted fiber, polyester xesin27¥)

 (V,=0.2)

7.8

78
2.8

1.62

1.62

1.93

1.93

1.55

207

2e7

 72

220

  7

38

10

8.5

    172
up to 500

    503

1400

 38

750

 22

110

18-25

12-28

  11

O.8

O.6

le8

O.2

2

26.5 22.0
26.5 up to 64.i

25.6 179.6

135

19.7

5.5

865

390

71
rk

 elastic modulusldensity, kN･m･g-'

t tensile strength/densit,y, kN･m･g-i

i vo}ume fraction



    ARtho"gh specvac elastic x[kodkxlkgs axRdi specific tensile stxength is axsefug

te roEeghly predict xKxass saviitg, a meye precise gere¥(}iction diependis oR t}me

geemetry of the coiitpeRent andi the Ratajgre of tbe working Ioadi. For exa}meple,

to KEktwixx}ize ]Kkass of a cantifevev beaxn haviRg sqvgaye sectioit "itdere a siitgMe

fonce at its eRd, at a certain valkxe of dieflectien, the geroper comgearative ixudiex

woRx}d be EO'2!i¥) instead of specjfic egastic modikxlkxs, E/P3¥).

    CFRP aiftdi GFRP are diffewent fro]n isotrepic twaterial sech as steeg,

that is, thetr property diepeitdis en ¥(liwection. As can be seeR igk Tab}e 2.g, fonc

asptdirectigital Ia][kiitae, streitgth aitdi stiffitess reach their maxti[k"m vafgke at

(ptrectieit gearEcuel to fiber andi reach theix miwtiKikem vafase at directieR

pexpeRdicxxgar to fiber. [g¥)ikis veyy Aarge CigfferexRce iit gevepergies in diEff7eyent

directiopt may be a seriokxs limitation iKk soxKke appKcatiowhs, bkkt it gggay alse

beco][ee ogie of the oxitstax}ding advantages in other applicatiens si]Ece it

allews pessibieity of intvedikxcjxRg stiglfritess aitdi styeptgth into a predRxct where

it is reEgsuy reqxeiredi. in other wowds, it intrgdiRJeces an eleffif}ent of flextbitlty

Entg diesign, but diesign is cgxresponCEingly xKxore (Sificwilt agkdi diemaxtdmg27).

    The process ef dieci¥(ling which xyNateyiag te adopt boes not step when She

]g}ass saviRg kas beesu compxetedi. Cost is one ef deSeecmiRiggg factors iit

diecisioit }crxaimg process. The price of sevexal ljghtweight xxkaterials is giveR

in Table 2.2. Becakxse frogyE one ixkaterial there are iMEagey eitdi-px'odigects in the

ixiarket with diiff?eyent pxices, the price of their wespectgve raw xi¥)aterials was

taken as base ef coxfiparisons. As can be seen igi the table, lightweight

x[katexials are more expensive than the coitventional ones. NvgxgiiitgaxKx is
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Table 2.2 Price ef steel a]edi several kghtweight wtatex"ialks

Materi al Avexage pyice, $!t ReRative price

Steel inget forc castiRg

AR"miwwn] twgot
Glass fibey*

 A-glass
 C-glass
 E-g]ass
 S-glass
Carbon fiber"

 Heavy
 MeCtiEexNg

 Lew
Ara] [kid*

 Kevlay 29
 Kevlar g49

   78s8¥)
  1 313 64¥)

  1 709
  g 929
  1 929
 X5 432

 23 149
 38 58g

g21 254

 28 66g
 60 627

  g.o

  X.7

  2.2

  2.5

  2.5

 19.7

 29.5

 49.E

g54.5

 36.5

 77.2

aboEgt 70% xscaore expensive thai} steel, w}rkie fiber glasses are aboekt 2 - 2g

time more expeitsive. StxoRgey fiber saJgch as carboit aitdi aramidi are 30-150

times more expensive thait the conventional ixgateffials. Cggyyentgy, oniy

ceytEgin high-strength steel is cest-effective en the basis of xgkateriag cost alioite.

However, whe]E fabricatiork cost, compomeitt integratioR adivaittages, faciEity

andi too]twg cost are takeit inte accokxnt, a}RJgixxinum ag¥)di GFRP wtth A-, C-,

aitdi E-giass fiber affe Ekiso seeR to be cost-effective for cex"taiik agepMcations.

Plastics aptdi, to a certatn diegree, aXkxlxRiifxkgme offer adivafigtages iit the

                                 ,
integratien ef coExxponents; siRce the Kg¥)ateriEai is easiex te foxm, gayge

asseixRfolies, wkich erigtnal]y woxxldi reqvaire xnany separate payts, caR be

inogdiedi as a siRgle utwt. Oit the ethex handi, becaRjese of very high cost, the

" OweRs Cerning Lrd. 1998, Fiber price list. New Ybrk, 1998.
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applicatioxt ef carboit axtdi axagMgidi fiber can be jxastifiedi oitIy if mass or safety

is the overxiding diesign ceciteriege saxch as iit aircxafig]. 'IYpical appitcation for

kghSweight materials is presentedi in Tabee 2.3.

      Table 2.3 Some appMcatioms efselected lightweight xgxateecgafs

Materials Applicatioge

CFRP
GFRP

AgEgmiitggm

I¥)riveshaft for lig}kt trcececks30¥), ffywheeR roter"

Spx[E$g foy heavy diajety tr"ck aitdi trarker30¥)

Space fraKxke ef a pretotype ]Ekiwtvaxpt

Mrdtimnctionaf cross-mexg}beri
Seat Rkxxif}ber adjEasterg

Chain cover Il

Bediy sheets3¥)

Clvutch ag]di accegeifatoy pedial¥

AutexEeobiRe sp ace fragMee6･ `6･ 4D

']]ecansxN}issioit hoaxsk itg6･ 46)

Cylixidier headis, iRtake mami?oldi6¥)

Chassis frame of sports eax"
Drive shafte7¥)

2.4 Egxvir6gkggxeffittgalg aspe¢Ss of gKRass rediEgctitgit

2.4.g Redixxction of eRexgy coffgsitgtwpwhogN

    With the increasiitg iiK}portaitce attachedi to

coitcern over ristwg pollvatioit }evels, vehicle eitergy

the qgxaNty of

effitciency laave

kife aitdi

loecoIgge

*

t

t

S

ll

Y

#

Jost, K. 1995, Composite flywheel rotors for hybrid EVs. AutoE¥)otive EitgineeriRg,

103(XO): 25-26.

ARoRymous. 1995. Materia} iptnevatiens: Ceiy}posite becly. Automotg've Eitgineeriitg,

103(1): 50.

AneityKrkeves.1995. MateriaA initovatioR: Cross-vehic}e beam. Aut,ometive Engiiteering,

X03(I): 53, 95.

Amonymous. 1995. Seat gumbar acgj}xster. Atatexnotive Eitgineeriitg, 103(2): 275.

Aitenymous. 1995. TiKning chain cover. AutDr[ketive Engineeriitg, g03(2): 275.

Hek, D. 1995. Ny}eit pedal medu}e. Aajxtemotive EitgiK}eering, XO3(9): ].8-g9.

Biych, S. 1995. Renauk's coixkposite spi(ley. Aijittoxnotive EngiReering, 103(7): 53-54.
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focus of diebate andi legis}ation iK} the Iast two diecadies. in tke past, eRergy

aRa]ysis for alternative vehicle kxsedi tg be condixxcted opt paxtiag basis, e.g.,

eRergy aitagysis was mainly basedi eit fabricatioR stage. Recently, the trendi as

te aEftalyze energy on afR stages, frem ]xtaterial pyecesstwg before vehicle

fabricatiopt to xE}atexial disposaf at the eRdi ef the vehicle's liife.

   Stu(lies have been dtwe te qvgaittj fy the ftiffe-¢ycge eitergy cons"x[Rptien fox

                                              '
cenveittioitaf steei-KxkaCge payts aitCe alugxtiit"xgi ones of a vehicRe. Figure 2.2

shows the itfe-cycle egeergy consvamptioit of ewo parts ef a car: hoodi aridi

bxgmper reiitfoifcement. Iit beth parSs, the energy fopt fabricatioR is less for

steel than alRgxgxiixge][x. }Iowever, the lifetime kgse ef energy is tw"ch less for

EalExgxKkinu]gi-madie parts. Less fabptcatieKx energy is aRso obsexvedi ix} hoed ixkadie

of xecycledi Eallggmixkgg]E}. This lewer iife-cycle eneecgy cegksagxgxption is diaxe te

lower mass of alikRmi¥)itve}n payts. A redixgctioR of xykass by gg% couldi weskxet Sigx a

gai]x of fuel ecoxkexy}y by 4-7%"¥). The lighter the xK}ass, the lessex eitergy gs

neededi to Kxkove the vehicle degyiitg its lifetiixke, aitdi the largest portieit oftotal

eneygy Egse is to operate the vehicle, Rot to bassudi it.

    Vp to *ow there wexe little pasblished studiy oR itfetime eRer[ry

consuixaptioEx of agr icgJgltEeraf txactor. Alitthokggh there are diffewences beeween

tvactor andi car iR texms ef assignedi tasks, stili sglxke silxEitarities ixk tvansport

mechaRisx¥(R exist betweeit thegxe. Basedi sit this eoxRsidieratSoee, these diata froxife

a car may serve as a pecees]Kiinapty andi rokxgh estimate oit that of a tyactoy.
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Fig. 2.2

                                 Bkx]]xper
   Heed                              retnfoeccement

Life-cycle eitergy censuixeption ef steeg agedi

alas¥)Keinkkm part of a car"¥).

2.4.2 RediggcstoxR of soif diegradiatiexg

    It is wean kitown that far][ft machiiteg'y, especia]gy tyacter, play an

important patrt iit soil co]xkpactieit. In central Ecax"ope, dRJeifing the last 3-4

decades, both the ixkass of agricRJelturag xyiachinery aRdi tlae nRkxg}bex of

whee}ing eveRts have incweasedi by ever 300%. As a weskxlt, dieguadiedi s6ils dikxe

tg corEepactioit cover aR area of abovgt 33 Mka which apprextinateRy 5e% of the

physicafEy degraded area of the worldi`5¥).
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    Soll co]xtpactien cERn broadigy be ¥(lifvidiedi iffitg topsoil compactioR andi

sub-soif coiKxpactieR. 'i}iasage aitdi anxtEgal chaRge ii] soil temperatewe andi

xK}oistkkwe diaxe to Ratkkra} caxgses cait afeeviate topsoth cempaction withim a few

years. Nevertheless, sxgb-seil cogxkpaction at diepths of over 40 cm caR persist

foy diecadies23¥). Ae this diepth, it is efteit drtracaxlt te aeceviate compactioit Eestwg

ixkechanical ec[keaits. SeveraE investigatioxRs iitCitlcate tl}at svifbsork goeseiting caxt

RJgsgga]ly partay a]]eviate, Ekitdi Randier iitappropriate coitditioits, it IK}ay eveit

caRxse soil dietey[goratiesu3`¥).

    ResEglts fro¥)erx experi¥)if}ents iecg the former USSR skowedi that agthegxgla

compactioxR was ggsxitgalgly ceRceRtratedi iit the xxpper 25-3e cKxk, severale geasses

by 3-8 Mg tscaceors exk xerioist soifs caRxsedi coKE}pactgeit to a diepSh of 60 cffg]. Stma,

heavier agricgJglegkyal, forestry or mjlitary vehic}es wewe observedi to caxEse

ceKgRpactioit to rkepths ef O.8-z.o m23¥).

    Tb avoidi the xisk cf perixeaRe]kt comp3ction effects in the saxbsoif,

stffesses exertedi by vehicles iE} the skxbsoil shokxldi xitet be afitowedi to exceedi the

interital sofi streitgth. This cag¥) be achievedi by lixx¥)itatioxR of axge }eadi, or

vehicle mass. Fow preseittly available large size tractors iit the rxkarket, this

means redi"ctioit of tyactor's Inass.

gg



                            ¢kgegetteff 3

     gefiffsg diesggwa ggR$dififi¢atrE*ee gff a twacg$er ffffeeNgRe eesgeeg eefieeilgRfieeeeggR

3. a IittwediKgcstoxk

    The aSasxgitwkxm was selectedi as a m[eateyiaf ef cemstyuction foec tractesc

fraxx]e becakxse of its lower density ceikparedi to steel. Nevexthe}ess,

alkxxif}inexm alsg has a lgweec streitgth axxdi stithess. On the ether haitdi, diesign

highiy deterxif}twes the charactexistics of a strkRctakre. Before pxeceediing to

diesign a xtew lightweight alEKxERSE]kxfixi stygxctuwe, it is Recessaxy to kkndierstandi

the iRteractioxit betweeit those factors iR NK}ass wedikxctioR effort with

Ealekx]K}imva]n. Beaxing this in ¥)ifiii}di, wt this fust approach af"miitRgecgi wige be

usedi tw existixNg steel frame design. Tkis agepxeach permies impartiEgg

cogyNparisoit betweekk the steeR and al"gxg¥)invasux strkxctwre.

    A twactor is co¥)Kxposedi of various co]xepoitents with cexx}plex geeBg}etry.

Before the dievegopgyRent of nekmeecical techptq"kes, the com[kpgexity of the

co][ftpoiteRts made axiaiyticaE pyeCgietioit of stykJgctgRrag behavior very dlffitcgglt

er evefi i]Ekpossibie sgich that test weskklt aRdi fieldi diata evalkxation wexe the

)EEaiit toogs foy diesign igxEprovement. Sistce high-speedi digitaf cowtgegEter

beca]ifie available, fuite e}emeitt methedi (FEM) has takeR xKkest pag'ts of the

design processi7'`2¥). With the application of FEM, it is pessible for design andi

aitalysis to be carriedi oEat iR the same phase, which xeskxlt iit less testtwg time,

fewer sample, andi mowe xeliabRe prcodixgct.

    FEM deals with kmowit theery oix a stykicttgx"e rathex than the actEaag

                                2e



sty*ctggve itself. BecaEgse ef thgs, the valiCgitty of its xeskk}ts iypay stiER

qkkestioRable. In this yespects modeE testing is itecessary to fudi the

relationship betweeR the resugts ef FEM axEdi actkkal ig]easEgrement on tke

yx¥)ediel. In this stwdiy, itkxxK}eecical aita}ysis as wepm as experiix}eRt was

coRdi"ctedi eit modiegs with a scafe factor of g:2 iitsteadi ofpretotypes.

    The specific objeceives ii} this chapteec weye

g¥) 'Ib dieveeop Edigagykixkutw frame }cr}edel wtth similaec diesign ay]di stweRgth loajgt

   at coxksidievably }ower KEEass cox[kparedi to the existing steeg }nodiek. The

   strength evaluatioxk was ceitdikxctedi thxokxgh itkx$}ericaf aitalysis with

   FEM.

                   '2¥) C[b verify the valliCtity of FEM prograxgx Egsed ii} this st"diy by compartitg

   its results tg that ofloadrifitg tests.

3.2 MeShoboRogy

3.2.g SigggfiiStEgdie EgxREgRysSs

    Fgr axk elastic straxctkire having Xength L, force F andi mement M, any

coKxkpeitewt of styess g aitdi diefiecSion 6 at any specifiedi peint can be

dieteifgninedi by the followii}g eqkEatioits35¥);

    g== IEi,- fi(EFz, ,t2Il7pe) ･ (3.i)

   6-f,f,(tt,X,pa) (3.2)
where E is Yk¥)axng's gxRodikx]ms aitdi gk is Poisson's ncatio. These eqveations yiegdi
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the foasowig]g geReral law of gxkodieg fox staticEklly elastic styRxctxeres,

    Pi17 PF=PEPL2, IPM=PFPL, Pa"PF[PL2, P6= PL (3.3)

where P,, PF, PL, PM, P. P6 are scafe factgrs of Poisson's watio, foxee, leitgth,

]gi6]xitexit, stress aitdi deffection, yespectively

    Based on equatioR (3.3), with the same vaE"e of YbmpRg's modivakus andi

Peissoit's ratio, aitdi gength scale factor PL of 2, the ratio of foecce, stress agedi

dieffectioit betweeit medels andi their prgtotypes have laeeit dieterininedi to be

1:4, g:g agRdi 1:2, xespectively.

3.2.2 NeJgtweerlcalMgiiggxEalysis

¥(a¥) CoxEgpggtigRg Faci]ities

    in gexterEalit, FEM a]Ralysis starts wtth pnce-pyecessing igk which the

geo]netry of the ]nodiel, bokxRdiary ceitdiitioRs, aikdi goadmg cases are diegiftnedi.

ORe oggtcoxifke of this is a]x inp"kt fige for a solveec that sewes eo cempkxte the

solwtion. Theit, a post-pxocessix]g prograiit in grapkical er itkkxg¥)erical ]K}odie

Cgisplays the resgigts freEEft FEM. Iit this stkkdiy, the pre- aitdi pest-pecocessing

software FEms (Fig]ite Egexcr}eite Methodi Assist Systei)k) was ecifsed. This

prograxKx was dieveiopedi by CEbye inforxnatioxt System Ce. Ltdi., Tokyo, aRdi

intendedi to assist kiser ixE Egsigig widiely avat}able finite egement soivek"

pxograms by provi¥(hng guaphicag xnedeliRg module fox pwe-pvecessiRg
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¥(FEMIS modiule¥)rk aitdi guaphical display for pgst-processiitg asEMOS

mediakleY. FEMIS was furitishedi with a goodi axser iitterface sgkch thae

bNxilding fuite element modieg becargke a gess dakxnting task. Oge the other

           '
haitdi, graphicEalit ¥(iisplay for post-gerecessixeg has o]itly a few optioits aitdi

factilities for Cgisplaytitg okxtpkxt skkch that it ixkight be difficaxlt to xepwesent

o"tpext iR the ]xxost diesiMedi way FEite mamagemeitt systexKk iR both ef the

                      '
modiEeles, FEMIS a]xdi FEMOS, was veecy poor. Fer exampte, veser was moe free

to seeect the inpggt f[Re fow pyecessiitg andi to Rame the oagtpwet file, either text

ox grapkics. In ]xeaity cases, fiaes were iMaxxkedi by n"xg}foexs sgach that more

diivac"gt eo recggnize¥(i later. This progra$} cogxRdi seyves sevevag populay fuiSe

elegEgeet pr6grams scech as NASTRAN, ABAQUS, MARC, SAP, ELF and

FEM5. FEMIS ']}eca]Esgatex servedi te traitsgate the gragehicaR fiRite e]exifkent

xgkedel, FEMIS save fle, i]kto impRxt data foy these progra}ns4.

    [fibgether wEth FEMAS, POPLASIFEM5 ¥(Pygblem Oxientedi ProfessionEalif

Library for Eitgneeriitg dngialgysis aixdi Sixgxkkgatioit!Fiixite Elegcr}ent Methodi 5¥)

deve}opedi by Fakji'SsRx Co. Ltdi., [Ebkyg, was emplloyed as solver. This preguam

coitsistedi ef xifgodiaxles for liitear static aitalysis, eigenvaR"e aitalysis, modiag

analysis, aged respomse spectrEeixit aitalysis. Altheugh in coffitpgete form it alse

incl*dies ixk6diak}e oit stxkxctxgral optiixRizatieit aitdi laeat traxtsfescg, these

" Toyo ffnformation System Co. Ltd. 1994. Fiptite E}ement Assist System FEMAS Ver.

 8.1: FEMIS SRxbsysteixlt User ManvgaL Vbl. 1, Tokyo (In Japanese). ･
t Toyo Intbrmatioit SystexyE Co. Ltdi.. 1994. Finite E]ementAssist System FE]NifiAS Ver.

 8.1: FEMOS Subsystem User Manual, Vbl. 2, Tokyo aR JapaRese¥).
t Toyo Informatien System Ce. Ltd. a994. Fiitite EiemeittAssist Systexy} FEMAS Ver.

 8.1: Interface Subsystexxt User Maiteial, Vbl. 3, Tokyo (Iit Japaitese).

g Fujitsvi Co. Ltd. 1995. POPLAS@/FEM5 Manua} Sbr V25 ¥(Strkictural ARagysis Program
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medgxles were mot instEdiedi i]R the cgxnpkxter at the Center foff ScieRce andi

Infor¥)g]ation Processing, University of Tsaxk$ba. Beside the capabifgty for

solviitg FEM probeexERs, the pyegranx also kas varioRxs cogKRiMkandis for creatiitg

FEM xgkodiel. Neverthegess, the capability for cxeatipmg scif}edieg was sevexely

]lxK}itedi beca"se ofhawtg ito graphical iRteyface. It caR be exsedi foec relatively

simp]e FEM xxxodeR oitly.

    The process ef ituxifgerica} aitEeiRysis with FEM kksigxg these two gerggrains

is givea ixE Fig. 3.i. First, geEM ecixodiel is createdi gragehicalgy kgsiRg FEMIS

modikkae of FEMLAS. Tkeit FEMIS [Ebeanslator convertedi the save ffe ef FEMIS,

*.gn-save, into impkgt fige for FEM5, *.gt-inp. This fike is thee fedi te FEM5

program. For each twpgit fl[ge thexe aye thwee o"tpwt S!fiies createdi by FEM5:

save fiite, staxkdiardi o"tpagt, aitdi log filite. The nRJggxierical xesealts caxt be readi

direct}y frogn staitdaxd oEgtpkkt fiEes. Howevex, for bettenc "ndierstaitCeiitg

guaphical cggtput is necessary. Ixk ehis case, FEMOS TraRslator conveyts the

FEM5 sEiRfe file, *.pt-eggtp, twto three i]Epkkt gli]es for FEMOS: *.pwt-dia07,

*.pxgi-dag7, agedi *.pxgk-daI8. TheKk, kxsixxg these files, geE]N¥(¥(0S can ¥(IEsplay the

FEM resvggts graphicalIy. FEMOS aRso has the capabiiitty to gemexate

tabulatedi nexxE}erical xesaxlts in varioves formats, which are easiev te ix}terpret

than that of staxitdardi oRJetpakt file froixk FEM5.

    The FEMAS and FEM5 were ixastaasedi in ¥(urereRt coxr}paJgteecs bekt

conRected throkJegh network. FEms was instalgedi iit SEEit WorkstatioxR with

by Finite E}ement Method). Tokyo (in Japaitese).
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r "t--------- 1

Gwaphlcal]twedeMng

ModieINaxx}e.gn¥)-save

Trgikxgsiatioit

ModiegNaxK}e.gt-jxitp

-"-t---

r ---"- 1

Solviitgfiptteelegxkenteqeeatioits

M6delNaffifke.pt-okktp

-t---rf--t"m--------Tt-"-""t"t-J

r rt"--t-------t

Traitslatioit

MedelNa]xEe.pxif}-dag7

MedielNaggke.pKKk-da17

ModielNa]g]e.pgg}-dal8

GraphicalCXsplaygfFEAreskJalts,
Cweatinggraphicfi]es,etc

""L-T--mfi----m-------L-J--"m----

Storage
Pr]'ig]ttwg

FEMKS

 FEMIS
 TxEsgRsiater

FEMS

FEMOS
TraxRslator

FEMOS

Fig. 3.g Nkxxnerieal axRa]ysis with FEM vising FEMLAS and FEM5.
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Solaris eperati]gg system, while FEM5 xgait iit F"jitswa VPP5ee130 cegxEp*ter

Eggedier UX]PIM opeyatimeg systexer} wiSh a maxixgiakmp speed of 47 GFLOPSrk･i`･i5).

The use of two pxograms iptstalied oit separate compRtsters pxovedi to be

inceRvenieRt especiapty wheit a got ef eyrer occaxrredi. in many cases, the

errexs were fo"ndi later after the traitslatedi FEMIS fiite wexe fedi into geEM5,

aKMd correctioift cokxldi be deite oxgy afger yxgggning FEMAS agaiit. dmother

disadivaittage was that not afk FEM5 co]cr]maxRds wexe ava[itable ixk FEMIS

saxch that furtheif ediiting ef inp"t fgEe for FEM5 was inevitabPet.

fo¥) FEM Modiels

    One 6f the problexif}s iR ixkass xediggction usipmg alya}if}inggm is the aack of

stiffN}ess. Thkxs, diesign of a lighter alkxxxiingixig stx'Egctxgre that ethctively

repgaces stee} xifg"st overcome its lower x¥(kedaxlus of elasticity ¥(64 versges 205

GPa foy steeR stecggctkxre) by its Iowex dieRsity (2.8 vers"Jgs 7.9 MgliEk3 for the

steeg structkkxe¥). i¥)Eee to this big eweyeece iR gxiedulus ef elasticity, stffness

{ftEctates ]nexnber sizixxg ]xxore thait strength. For a stiffitess-based diesign k[ke

this frame iMkodel, the ixeexEgbeec siziitg is x¥(]ainiy basedi oR a geeeraR eqkkation

for beaixkgs dieffectioi¥) as foitows;

          O2y

' Center fbr Science and Iitformatioit Pxocessing, University of' Tsitjkaptba. ]996. Guide te

 VPP500/30 SaJtpeycomp"tex. Tsukixba (In Japaitese).

t Center Sbr Science and Iitformatioit ProcessiRg, Universi¢y o{' Tsukkiba. 1996. G}xi(le

 to Fiitite E}ement Method with SixpercoKnputer. Tsukuba (Iit JapaAese).
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where

     I : areamoment efinertia gxg4
                           '

     y : dieffectieit, m

     x : hoxizontal distance frem origiit, xgg

    M : moxEgent, N･m

    Tb xKkatntatit the saxif}e dieffectioit at the sa]iie xK}emeitt, theit ffexkkxag

stiffitess, EI, sho" ffdi be the saxx¥)e. Fewthermoxe, becakkse atgkkmingggxx has abeaAt

opte-third modxalkJgs of steel, thexR it shogEgdi has aboxgt three tigxEes x¥(}offxReitt of

tweytia. This chaitge couldi be dieite by chaRgiitg the skape andi or the size of a

mexifkber.

    This studiy was basedi ext a ccxif}xgierciEalERy avaifab}e 17-kW txactoy with a

chassis-type frame ixgadie of hoptew recta]kguIax inexK}bers. Since i* tkis first

appreach, it was intendedi tg wtake alRQ}xRixkvkm fragne wigheakt ixgo¥(ltfymg

inexifkber shagee, the omely possibility to impyeve ixkoixEent ef inexgia ef a

megxkber is jkkst by chaitgipg the size. Fonc xnass redwgction, ff[eoment iitertia

sho*}d be xEkaxigxRizedi while si]if}ultameogxsXy miptmize the cross-sectienal area.

The area iy¥)oxgewt of iiteectia aptdi cross-sectiogeal area of a hollow rectaitgular

shape is givea by equatioits (3.5), (3.6), aitdi (3.7) whge the notation is

pyeseRtedi iit Fig. 3.2.

    I.=a!12{b･h3-fo-2t,)(l}-2t,)3} (3.5)

    I,=11X2th'b3-(h-2th)fo-2tb)3} (3.6)
    J= 213 th,･t,3 + hit,3) + (2h,2･h,2･t,･t,)1th,･t, + k,･t,) (3.7)
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    A=

where

    I.

    Iy

    J:

2th･t, + b･t, - 2t,･t,)

: area mo¥)meRt ef iRertia witk yespect to x-axis, meg

: area moxxgent ef ixtertia wgth respect to y-axts, ffifk

polar mo][Rent ef inextia, Kgig`

                       h,

4

4

¥(3.8¥)

h

th

tb

h,

b

              Fig. 3.2 Cross-secticit of a helUow reectaitgugay

                     gxxe]K}beec aitdi its *otatioit.

    Altho"gh thexe are three kixids of x[eox¥(}e]Rt ef imertia, the mosS

i] ERpoytant one is I. siitce'it is gMrectgy relatedi to vertical stiffsuess of the fraiy}e

which is xgftEtwgly centribaxted by the im}ember twCeividiejeagly. Tke valaJge of I, axtdi

J are relatedi tg lateyal aRdi torsignag stffrkess of imCiivSdiajeag mexEkibex. These

valvees axe less impertant becavgse frame as a whoge wiiM yesist ftateg"al aitdi

tersiggeal Ioadi iitsteadi of individiRJgal membex. Iit tlais wespect, axea memeitt ef

ineytia of the whole frame is mere peytiitent. These ideas guidie the size
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selectioit gf af"minkgm xx}ember.

    ]¥)iyecS skkbstitkktioit of al"xgxixxgexEk for steel wi]IE vesEeit tw Rower fgexewag

stiffitess. Oit the other haEgdi, meyely chaig}giitg the gneffERber"s size, altho"gh

may retaiit stffmess, wi[it Mkely increase its iytass. Basedi on the equatioR (3.5)

andi (3.8), ]gNegxkbere"s flexgkrag stifffhess at a giveit mass coxitldi be iecr}provedi by

twcreastwg its eEgtey size andi siKxkvg itarReexgsly redigacii}g its thickness.

    Althogggh this ffggethed alse dioes apply te steel, to ebtatge the same iy}ass-

stffness xatio, the thicktess of the steel xxeember gy}ust be very thgR wftxEch is

i] gxpyacticaf to maitvgfactxaxe aitdi reqg[lre exteitsive rust-proefiitg treatmeRe te

exteRdi its sewtce 1ife. {suge magRufactxgriikg Nmit for pa"di steel thickness is

g.g4 xK}xxg. Oit the othex haitdi, becakJese Ealgagmtwek]KR is easier to be forpaedi a¥)kdi

resistant to corrosioit,･thiitReif alxxtwixkRem tkibe can be Kgxarkkxfactkxwedi. CkkMrewt

gnankkfactRxrmg lix[Rit for thickness ef al"gxRwtaglig} straxctvexaa tkxbe is g xEkma`7¥).

Eveit withokxt xeferrkgg So this xgianufact"yixig eexg}it, alxamtw"Juffxit can be

xx}aitaxfacturedi wEth thickness thxee tixxkes to that of steeg white KxitEkiwtamiitg

the same mass because of its }owerc xERass diegRsity.

    Existiitg frame is co]tr]posedi of strRjectxgrgiit1 tRxbe with a cross sectioR of

100 × 4g x 3 mixft th × w × t). With scafe facter ef2, the modieX ixae]gxber sko"ldi

have a cross sectioxx of 5e x 2e × g.5 mxif} aithokxgh what is cemmercialfty

avaigable was this sectioit witth 1.6 gx}xif} thickness. CeitsidieriRg the

geexK}etyical li]nitatioit tw extstiitg stxxgctvere aRdi the available materSal ifik the

market, aR alkkig¥)i¥)ftu]g¥) mexKxber having coxEkparable stiffuess with cecoss-

sectioit of 60 × 30 × 2.5 mixR was selected.

                                29



"Q
A

Tra] ksrr}ission case

:
"

s

Side-member

.

Coiitnectioit te ifear axle hokkstng

Cennection to twansmissioit case

tss

Engiite's reay skxpport

' Eitgiite's front skxppevt

    e
nl'

lt}$ilg,ISus

   tw

 Radiiatow sggppert

" -
 eV

i;lelEiiili

ee

Front axle sakppeift

¥(a¥)

Side-member

Cross-]yietwbeif

¥(b¥)

AdditiomaI cress-member

¥(c¥)

Fig. 3.3 Existiitg frame and its nu]nericak xExodeRs: ¥(

fo) steei model, (c) a}gg]x}invaxn xnodeg.

a¥) existing frame,

30



    Thus, itaxrgxericatit models were madle loasedi oit the seEectedi xgiaterials andi

ceitstxgjgctedi by rectaitgmlay (QUAI)E) axkdi tyiaitgu}ar sheM e]emewts (TRIAE)

which have five-diegree-effreedem on each nodie (Fig. 3.3). The steeg maedeg

cogesistedi of 616 elemeitts andi 602 itodes while the afRxminggiKg xnodiel

coitsistedi of 682 elexKxewts aitdi 648 itodies. The figure a}so shows that, oRe

additioixaf cross-xifkember betweexk clkxtch aitdi twansmgssion box was

ix}trodEacedi iix the alxa]gxinaxNxit }Ekodel to xeiitfoxce torsgo$gikE andi latexag

stif[rxtess.

¥(c¥) Appliedi ioa¥(IEitg

    Ib evaluate the streitgth ehavacteristics ef the two modiels, varioxgs

leaCgigxg cases were appliedi (Fig. 3.4). The }oa(ifu}g cases were siiKftgegatedi

forces coitsidieri*g bodiy xif}ass, frent loader, front-xEkokkitt earth-xnoviitg blade,

Knidi-mexint earth-moviitg bladie or x¥(iewer, additionaf front xer}ass, andi lateral

or teifsioitalit Roadmg. While the first six leading cases were sixEiilar to pyevioms

study eit tractoff frame5i¥), the rest were lateral andi toxsiongidi Roadis that

represent ]EeaxincKiaxpa goaCgs that the fraliKge gxkodeRs ceRJggC{ s*ppowt The

magrxitvgde offorces was scaledi dnwn acceydmg to eqaJaatioit (3.3).

¥(di¥) Sgatic-EIastic boagysis

    Iit this reseanch, oRly ait eiastic static amea}ysis was coitdikkctedi to ggfteet

the specific research coitcems. Aathekxgh eeastic-plastic aptalysis is igif}pok"tant

wt characterizing frame stxkgctRxral stxeRgth, this was not coitdkxctedi digxe te

                                31



1g7.5

    l25.0
1g7.5

  187.5

187.5

i25.0

660.6

1g7.5

 660.

    125.0
187.5

  1g7.5

87.

I5.2

ll6g.2

 125D 1168.2

Loadiitg case-1 : Body gimass Loading case-2: Front goader

250.0

lg7.5

    125.0

        125.e187.5

  187.5

IOOO.O

   looe.o

E87.5

    l25.0
187.5

  g87.5

250.0

ee.

500.0

l87.5 1g7.5

Loading case-3 :

Frowt-mognt earth-nioving bgade

Loading case-4:

Mgd-Kxxognt earth-giEitoving bE ade

300.0

   lg7.5225.5

    125D
187.5 125.0
  187.5

187.5

    125D
187.5

  l875

3ee.o

]25.0

i87.5 l87.5

225.5

Loading case-5:

Mid-mount mower

Loading case-6:

Addgtion3g rrgass

lg7.5

l87.5

l87.5

2000.0

a 1g7.5

    125.0

S875
  X87.5

looo.e

looo.e

.5 .5

Leading case-7: Lateral aoadiitg Loading case--8: [g]orsiopmag goading

Fig. 3. 4 Direetioit and KnagnitiJede ef externag fo

     Digits deitote fbifces in newton.
rces iR loading ease-1 to 8.

32



Start

Iititializatieit

Readiingaitdicheckinginputdata

CegKgpestwgegementstithessxgiatxSx

Processingavito-censtxaa'nts

CompgxtatieitefKifgasspveperty

PrecessiRgbokxxRdayycoitCtE£ions

ComposixRgeoadivector

Asse]if]blingsystexffR'slevegg]ftatx'ix

Soiviitgthestaticeqgeiglforikxffg}eqveatioR:

cexifipxgtixRgCitisp1acexifNent

Coxnputi]RgeRementstress,eRe]if}exktstraineitengy,nodia}fonce}¥)alaggce

Staxidiardioutpwt

Savefiite

Logfle

Eixdi

Fig. 3.5 Ouitliite ofstatic analysis with FEM5.
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uitavaigabigity of relatedi }nediRxle iit the FEM5 progragxi aitdi the facS thag

this type of axRalysis has beeit dione by other researcher2`¥).

    Process of static elastic aitalysis by kxsix}g FEM5 is giveit ixk Fig. 3.5.

Calcugatio]R startedi wtth composiK}g e}ement stiffrftess ffgxatrix. Aftex

fumishiitg it with goa¥(IExgg aitdi constyaiiitts, FEM5 assembRedi the eq¥(kation iigR

systewt geveR, awh¥(l thegx selved the static eqgaiXbrigeiifk e¥(ggaatioR. Fow linear

static aitalysis, the eqRJeation is as foptows*･67):

where

    K : syste]ifR sSiffness xg]atrix

    R:loadi vector

    U : ¥(i ifsplaeeixkeRt vectow

    Si*ce K andi R were kRown, se}kJetion pxodiaJeced modial Ceesp}acement.

From this, then yeactitw force, eleixRent stress, and ele]]Rent stvEklit energy

wence coxgipvgtedi. Vic>n M]ifses, combiRedi Ceisplacement etc. were compkktedi later

by FEMOS.

    Basedi on the resRjg}ts regar¥(Ik]g stresses, the stxectwral stwength of the

alEatwinEem aRdi steel }E¥)edie} was cognparedi. In this evaiRJgatioit, tke voit Mases

yteldi eriterioit was takeit twto accovgnt. Comp3redi te ether faifaxffe theory,

Mises yteldi theory was kRgwxR of hatmg besS agree}]}ent wittk actkkag

' Fuijitsu Company. POPLAS@/FEM5 MaitRxag for V25.
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measewe}EkeRt iit expeyiment using diasctile materiags itke steeE andi

alikxxK]iRu]xx53¥)'65¥). [g¥)he veR Mises eqxkivaleRt stMess, g., is diefinedi by:

  g. =-il- (q --- g2)2 -g- (g2-g3)2 -g- (if'3 -･- o'i)2 (3.go)

where gi, g2, aitdi g3 are pyizkcipaR stresses.

    Oite ¥(lisadvaneage of ag"mtwugyg is its gower stiffness ceRykpared to steea.

I* tkis studiy She strkxctwral stiffRess ef the twe Kxkodieg was evgikgeeaged kxsing

maxi]x}eem dieffectioRs vgitdier a given loadw}g.

3.2.3 Loadmg gesgs

¥(a¥) ExperiKxkeiteag modegs

    Both steel aitdi alasggNtwum exipeyimental fra]Kke g¥)kodieRs wexe fabxicaSedi

"sing xgiatwly bolts for jei]ptng each ggieiif}bex (Appen(Xitx A). Gxoove weiCgii}g

was appptedi for c6itRectiitg the parts of sidie-Kxkeixkbevs. The matekSalR kksed fox

steeg strcxgctuxe was clES STKR 4ee whjEe that for a]ggxgRiitkkecx} strggcteuwe was

6e61-T6. Agthough the twe Knodiels have the saKxee iex]gth at 975 xKk]xt, the

alit"x[kinEam xK]odieg was wtdier at I93.5 mixk than that of steeft (173.5 mm). The

pveperties 6f these twe materials are ptstedi in [ENabAe 3.g. The saffK}e pveperty

was aRso "sediit FEM ana]ysis.

fo¥) Procediure ofloadw}g tests

    Fig. 3.6 depicts the sche]ifgatic diiagram of loadiitg tests. Iit these tests,

several selected vertical goadis weye appliedi to the mediegs by Egsing ballast

with kmowgg mass wt order to faciktate px"ecise gxiteasewe¥)xxeRt. rfiXvo aoadiRg
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TahIe 3.1 Material pyopexty of fra]ne xyxodels

Pxgp erty Milldi stee12･7) AIagxEkinvem alleyi¥)

Yic¥)kxitg"s ixgedulkgs, GPa

Yield styess, MPa

Ilemsile stregegth, MPa

PoissoxR's ratio

Deitsity, Mglm3

2e5

257

4eo

O.30

 7.8

63.8

255

31@

O.33

2.79

eests were coRdivgctedi: loaCling test-1 aRdi Ioading test-2. Loa¥(iing tesS-1

repweseittedi very sixxkpge goaCeing iit ehe cexttex of the fraxxRe as showgk i]g Fig.

3.6. Appliedi Ioad were i96N, 373 N, 746 N, a*di RR96 N. In the Xoa¥(ikikg test-2,

force of gft5 N was sirgiRx}taneovasly applied at poi*ts I, J, K, L, M, andi N.

    StxairEs wexe K¥keaskxredi using tempeyataJgxe compemsatedi, three-ele]nesut

ecectaitgugay rosette stratkR gages a]kdi recordedi by a persogeal cgffitputer

through three Kyowa PCD-leOA sensor interfaee boardis hatmg 12 channels.

Sixgce each rosette was cemposed of three gages, the xifgaxiiyRaJgffgit nkxmbex ef

locatiems which cokkldi be coveredi ix} a sixEkkiltaiteoajgs g¥(keasaxwegExeitt were fogxr

¥(A, B, C, aitdi D¥). 1¥)ata storedi in the cempERter cait be xeadi diwectly by spyeadi-

sheet gerogram by which further data processiitg was pexfoxiyiedi.

    Deflections were xifxeaskxredi with a Keyeece gasex ¥(lispAaceixEent seRsoec

LK-08g at sveppoxting peints (E aitdi I) andi at seliectedi poiitts oit the ft'aixee

me]gxbeys (F, G, H, andi c)). The e"tput ve]tage was drEsplayedi threxegh a Metex

digital ]KxkkltiixReter M-3870D aRdi theit coxkveyted into dieffections by xgsing a

c311ihration eqwaatioR saxpp]ited by the manRxfactajeyex Unitke stxess
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xif}easgerexK}eitt, diefiection cogeldi be xg]easRxxedi

experixE]ent d"e to lixNiited nutwber of sensors.

IoaCtiRg, six ecEgns hadi te be condiasctedi.

                   Laser seitsor

         PC-98 RL H

  Mu}timeter
         aimplifier

avrt

E

x

F

s!

     M
   cY
 KI

B

L

eRIy at one Iocation wt each

Tlaxas, fev six locations of eene

D

 A B C D: gecat,ioR ef
  f¥)¥)        stram gages
N
E,F,G,}-I,I,J: loc3¢ion et'

          de tlec t,io it

          meas"re EneR t,

       1
         : directieR ef

         appPiedi goad

                        a

                   Fig. 3.6 Loadmg test set-mp.

¥(c¥) Cgik]culatien of stress fro]if} ]K}eas"redi straiR

    Three-e}ement rectangnlar straiit gage signRJelgaReoRxsey iyieaskEredi strairk

wt thyee directieRs: l, 2 andi 3 (Fig. 3.7). If the true stxaiit fi"em at those

Clitrectioits are £i, £2, and £3, respectiveiy, theit the gggaximwema (E...) aRdi

xxiiitiixRexwt straiit (£.i.) are as fo"ows'`):

    £max = -l; (£i + £2)+ ±' (£i m82 )2 +(82 mm S3) (3.lx)
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            FRg. 3.7 Three-elegxeent wectangu}ar xosette gage

    Smin=-ll(Sl+£2)-'ijliEi- (El-£2)2+(£2 -- 83) (3.12)

    Basedi ogx x[ftaxiixEkxixg andi ]pminiixRxam straiit, the fobowing fox]KRxkias give

the value of x¥iaxi][ekxxgk aiMdi mirRiig}aggxR stress, gi aitdi ff3i4･ 58):

         E
   gi =1- pa2 (£max +pa£ min) (3.13)

         E   g3 == 1- ies2(Emin +iesE ...) (3.1<g)

    ReaCeings taken froifK} indrEvidiual gages of a three-eleiifgenS wectaRgulay

roseSte, hgwever, are itot tr*e straiits. If T gs the cgefficieitt ef transverse

se*sitivity of the styain gage, the regatioRships between the trkpte straiRs andi

the readings from the gages (Qi, Q2, Q3) aye giveit by:

    £i= Qi-- TQ3 (3.gs)
    £,=(i+T)Q,-r[[S(Q,+Q,) (3.R6)
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            '
    By skkbstituting equatiexEs (3.15), (3.16), axkdi (3.a7) imto eqajgatioits (3.ig),

                                                          'andi (3.g2), then these two eqasatie]ks ixRtg eq"atieit (3.A3) aliftdi (3.k4), the

ptiRcipaf stecesses appear as functioits of the thxee stragit-gage pteadmgs2i¥).

  q==&(i--paT))(e,÷e,)+£(lfiTpa)) (e,-e,)2+(e,-g,)2 (3.gs)

   g, == liSfpaT)) (g,+e,)-- {l((ii.Tpa)) (e,-e,)2+(e,-e,)2 (3.ig)

3.3 Resxglitts axdi ¥(ptscxgssiogg

3.3.1 Sereegth axgdi setfftskess ewkalysis by FEM

    Selected parts 6f Sx}pEgt eee foy ewxdi ovgtpgxt ewe frem FEM5 proguaffgg are

pxesentedi iR AppeRdiix B aed C. The results of FEM on maxtff[kgkffxk von Mises

stress that oceerredi i]k each loadmg case aye giveit iit Fig. 3.8. Accordiifitg to

eqgtsatiopt (3.3), these stresses were similar to the stxesses that eccecaxxedi tw

pMototypes sxgch that the res"lts cait be Citlrectgy appliedi to pretetyg>es. Fig.

3.8 shows that considerable stress xediwactioit was achievedi by weplaciitg tke

steeg xgodiei with the aitgxmiiREkm medel since the stress Ievegs of EalitecamiitRJeiy}

were xoaxghgy 24 to 54% gower thaR that ef steel.

    For pvacticag coxxkpariseit, this styess vagaxe cait be coxg}paxedi te its

aleowable stress that represeRts the ceitditioit of maxigMgvaiti Ioadiitg tw a

conservative diesign. Fey exaxx]ple, in leaCkgitg case-2, the ¥)KiaxtsuigE]if} stress for

                                                     J
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8

steeg twodiel was X18.0 MPa. This was 91% of the EdiewabRe stress of g3e MPa

at sErfki}ty facter of 3. 0R the other hag}di, at the same safety factor, the

coxyespeitdixkg valEge ixk alvgmingggR medieg was offxly about 39% efits Eit]jowable

stress. Basedi oR these fiit¥(lifxRgs, ghe Roadi oit tke aiumpt"jexga xg}ediel covigdi be

                            '
increased by as mech as 2.5 tixif¥)es befove maximaaxgifit ag]owab]e stress is

reached, unkike that ef steeg gxRedel which coajeldi be iRcreasedi oniy by gg%.

SiKxkilar treRdis were foEandi in other loadiitg c3ses. These xesults iitdrEcatedi

that, by Eesing alEeixkiitkxxyk fra]K}e, the itEamerical stress not only diecreasedi bkxt

the relative stxeRgth ef the fraggie stxwgctkxre aXso ixxEprovedi. The reason of

this was an i"crease in xifiembex sectieR of 2e% ixR height, 50% in width, aRdi

56% irR thickness. The leadi carryixgg capacity ef the stxakctajkve in the elastic

                                                     :
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xange ro"ghEy increaseCg by aboRjet Swe folds. This iixcrease in load cewrymg

capaciey ixy}plies that the alRjaNxkiitkxgKk modiel cait gtve better safety for fie]di

operati6it as weva as greater ffexibilifty tw diesignjng or styling ef tvactoys.

     As shown ixk Fig. 3.8, high stresses occkkrred iit }oa¥(ilngcases-2, -7 aRdi

-8. Stress Cgistribggtiens in the steeg andi alRgmiitwgm ]if}odels for loadiEitg case-2

are shewn tw Fig. 3.9. For the steeR modiel, stresses ilik the froitt sectitw of the

                                        '
][kexgNber were gex"erally higher tha]k that at the rear. Maxtffg¥)"m stress ef 98.9

MPa at nede itumbex 457 andi 462 occxgyxedi en the bottoxg} sidie of cross-

xKkeKy}ber R which conitects te front axle. Adidiiftioita} stress teek pgace on the

top-sidie offrent xgxeffx}ber, e.g., T aitdi U (Fig. 3.9(a)) wtth ffifxaxix[kkem[R stecess at

abeut 90 MPa. However, iit the ptexgkaixeing postions, particRJRgaygy at cross-

]ifxexg}ber P, Q aitdi S, stresses were saliently low for alR six goadw}g cases

becaasse exterital loads were appliedi paraMeke the x- ov z-dilrectioR.

    A simitaif patterit alse eccxgrwedi in the alaxxEgige"wt xer]odieX. MaxtKKRgRgMk

stwess, igg terms ef vo]g Mises stress of 43 MPa, occkgxred at geode thrkecvgbex 5e9

aitdi 527, which wexe si]giifar iit location with that of stee] xKkedel. However,

whife the locatieRs of higher stresses in the side-men}ber of the steeg modiel

coincidiedi tw the ixkidi(Ige pewt of the xg)ember (T aitdi U), higla styesses iit the

alEamingexifg ixkodel occkkyredi in the innex sidie cf the xg"embev (V andi W) as

showit iix Fig. 3.9.(lt)). This was becavase of highey stffRess of the aEumiitgam

xg]gdieles cxess-xKiember.

    As statedi earliey for lea¥(tixkg cases-g to -6, stresses tw cxoss-]xteinbexs

were agways low CEaxe to the nataxre of the loads. ]¥)issimiRar te loadikng cases-g
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Fig. 3.9 Stress distribution under loading case-2: (a) steel model

fo¥) aluminum model. Digits denote node numbers.
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tg -6 which xEkainly diealt with the role of sidie-megMEber tw resistigzitg veyticaa

andi loitgituCUiital forces, loaCgiitg cases-7 ai}di -8 xevealedi the xole of cress-

xgyember iit resistiRg Iaterai aitdi towsioitag aoadfixtg. The ¥(histxibaxtion of

stresses iit the two Kxkodiegs uRdier loaCgiRg case-7 is giveit tw Fig. 3.g@. in this

goa(Mxkg, the rele of rear aRdi ffif}idi(Iae cress-iMRegxkber (P aitdi Q) cait be seen by

the wtcyease iit stwess levels i]it these portioRs. Since both xifieixftbexs caxx"iedi

the }oadi, the valase ef stress incxeasedi co]]sidiexabliy coli x}gearedi to pwevioecgs six

lea¥(hiitg cases. For steel modiel, xx}axigxkuixR stress diwae to lageral loadw}g

occkkyredi at nodie 293 andi 303. Another critical nodie was nodie 7 locatedi igg
                                                         '

we}diedi jeint, wh itch has weaker twechaxkical resistance.

    in the alkiintwkxm mediel, the twtygdiaJgctioit of mRddifie cress-ixge]¥(}ber Q

ca"sedi higher stresses near the ceRitectioit of cross- to srde-xgie]Kftber,

especigidiy igR "odies g69 aitdi a86. Similar te the steel NxRodiel, laigh stress tiitEsg

occurred Rear rear axie coititection at itodie 4e bnt at a safer Cgistaitce of 5 cffx}

away frexg} the jeSg}t.

    Ixit teysio*af Ioadiitg asig. 3.al¥), stresses in frame ]g]emabexs were moxe

eveniy CEistribxRtedi thaR in other Rgadii}gs. NoxRetheless, the stresses iit cx'oss-

me]i[kbers git the two modie}s were stigg yelatively low Maxtmeexffk stress in the

steel model ecckJayxedi at itodie 208 while this took place at Rode 258 foy the

alsR]K}inEexK} ixgodiel, which is similar iit location with Shat wt steel modeg.

    In gemeral, the styess distxibxktions 6f the two fraxx¥)e ffxRodels in the thwee

previoaxs ]oaCelitg cases wexe simikax. This also hgldis treee for the yemaining

Readiitg cases. Eveit wheit the }eads were inereasedi wap to yieldi points, t} kis

                                                       c
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Fig. 3.10 Stress distribution under loading case-7: (a) steel model
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ceRCgitiome retwaiRed the sagxge since the two fraxifies have simthar

configuratieit.

    in ordier to miRi]Kxize the dietreiixRentag effects ef vgbwation, the tvactor

serggctEare reqRxires higla stffitess. ThRxs, atteittioifit sheuidi foe giveit also to the

stiffptess ow ecigidity gf the str"ctgaxe which paay be eva]Rxatedi throkkgh its

goadi-deffectioit wegatioRship. The iewer the diefieetion, the gxuoxe rigidi the

strkgctajgxe becemaes. Althokkgh the af"minggiMk strgactewe sbowed higher

strexxgth for eea(img cases-i tg -6 (CENabge 3.2), its diefiectioR iR z-(IireetEoit was

always higher thaix that of steel. IR th its diyectioit, the aluminkkecg] frame has

a2% less xigtC{ity than the steeg frame. Foif loadmg cases-7 agkdi -8, the results

were oppesite iR that the al$minEgKifx xgiodieR was stiffer thapt the seeeg oRe. ]¥)ue

to addrltio]Ral V-shapedi cxoss-xgxexEgbex in the mididle part of the fraxxee,

Eiglkg]ifxinggm stryictgere was 60% and 33% sttffex thaxa steel stifkxctRJkre for lateecal

aggd torsicitEalg Ega¥(i ifng, respectivegy.

    The fact that the alas]eriiitkkxx} xifiedieR has lless yigi¥(lity ER the vertical

diifxection xnay affect its chaxacteristics Rxitdiex diynaxnic ceitgSitioits. Becakxse

itatvgral freqcgency is inversely propoxgienal to the sqasawe rooe of xxRaxtixkkgm

defiectieKk, it cagg be predictedi that the alkx][Rii}kxm xif}odieR wiEg have a skight]y

Rowex itataxral frequency Althokxgh iK}ore coxif}pkxtataons axe geeededi t6 find the

exact vEalgkxe, fox greatey coinfort, a higher itatekxal frequency is Rxsvealgy begter

since it wtgg not iitteract with terrain-indgEcedi excgSation which has a

freqggeitcy ef g-10 Hz`7¥). This topic wilR be examinedi ik] the itext chaptev.
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Table 3.2 Maxtn3kxm[k dieflection in leadw}g case-a to 8 (×gO'6 wt)

Modieg Loadritn case

1 2 3 4 5 6 7 8

Steel

  x
  y
  Z

AINg]xeiREgxgN

  x
  y
  Z

 -8

 -7

-49

 -9

 -7

-55

 gl3

 25
-56 g

 l3i

 34
p625

 -53

  g2

-a6o

 -6e

  9
-X83

-35

  7
g46

 -41

  9
-g74

 28

 xo
148

 35
  14
-g53

 -g6 324
  7 1622
-102 -35g6

  g36
-5 2g4

 -284

 -g8 244
  8 a527 -2
-gg4 -24g8

 I26

 g86

-284

3.3.2 CeKEkpag Rseffk ofreseg]Ss froKgN geEM agRdi mifReasegyegg]exRt oxR lga{igigkg eeses

    The resgggts of stress gerReas"re¥)i]ents with loadrlitg test-a ag potwt C on

steefl andi alvaxggixk*m frames are giveit tw Figs. 3.I2 aig}di 3.13, ifespectively. Ime

teecxxks of gxgixRimkx]EE seress, tke treitdis i* the steel strvgctewe were the same for

both FEM andi the actggaR expeyR]K}ents. However, the calcEglated valeees were

lewex by Z2-36% thaR actkkal measxgrements.AsAmilar tregedi Esikse eccuixwedi ink

                     '
the alasixktwum medel, in which FEM gaRdierestimatedi stresses foy 10-30%.

    Fig. 3.g4 shows the calcniatedi andi measEgredi stresses at poiwts A, B, C

a*di D "nder Igadmg case-2 iit the steel m[kodel. Resgglts at poi}kts A, B, andi i¥)

were sixif}"ar to reskxgts in loadJing test-1, that is, the calc"Jagatedi valgges weve

             '
soggiewhat iower tha" the measuredi ones. Fer paint C, hewever, the

calckxlatedi vEalitkke was highey. The diifferences betweeR calcgalatedi aRdi

xx}easewed vakkkes wexe abokxt 13 to 34%.

    Calckxlatedi aitd measxxredi dieflectiexxs at lecatioik G en foeth ft"ames aye
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          '

presegitedi iit Figs. 3.15 Eaigidi 3.16. JEest Mke im stecess measuyegifgents, FEM

kgndierestiKnated dieflection on beth firames. Fos steel FEM resweAts wewe 2e te
                                            '

36% gowex thaxk act"al measEgreineRts.

    SoxEke factoss cogaldi 3ccovRnt for the diffewences in the resgkgts betweeit

the FEM andi loaCgiitg tests. in the FEM xr}odeR, it was assgxx[xedi that xKgateyial

pxopescties wexe the saxgxe at aity point iit the strectkkre, whlch was itet

exactly trgge for the experixEkental modiels dikxe to mechagxitcaf aitdi thexmal

treatments digkriRg falorication. Ai}other factor that might laave beeR

contribEeted to this was the gise ef boks for joining m[eexKabers. Holes foy bolts

andi claxKxpirkg force covaRdi change styess dristyibaJetiox} aroakndi the boltedi

connectieit. Both we}CEiitg andi bolts effects were censidieredi divgyptg straixE
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gage placexifieRt aixdi a]I of the gages wexe pRaced at Iocatieits far frotw those

poytions. Nevertheless, siitce the modiel was sx¥(}all sexx}e effects might have

still existedi. Aikother possible soxarce of eyyer was teiK}perat"re Cgfifference.

Aathokxgh tempeifatkgxe-cogitpensatedi straiit gages with three-wtnce system

      '
were xasedi, vaxiatioit dgge to ee]i]peyatxare changes

     Basedi oxk these considiexations, Cifferences between FEM resk21ts aitdi

foa(i ititg test resgkAts weye iRevitable, andi t}eeks cag) lae accepteCit at t}iis sSage of

stxxdiy. With this, then, the previokks FEM results cait be consideredi as

reflecting the true ceitditioit eccgxecxiitg iit the two ixgodieRs. Agthoxggh

experixg]ents with other loadmgs were not coitdivacted, it can be expectedi that

frame wgg a]so behave with reasoitable agreement to the liRgggifftexicalit aiiafysis

Ekxkdier sgxch RoaCkEngs.

3.3.3 Ethcts of 2Rl"wtgkggK$ s"bstiegRsteg] oge gKRass wedigRctigffk

    The FEM medegs preCtictedi that She xgkass of the steel andi agggxEiiitRjarg}

modiels were 4.2 andi 3.2 kg, respectivegy. This xERea¥)fts that a mass wedikJgctiext

of 24 % xEkay be achievedi. Hewever, Citirect ¥)g]eas"reNK}eitts oit fabricatedi

rnodiels xevealedi slightly ¥(lifferent xesaxks, in which the steeg xifxedieg skewedi a

xgkass of 4.e kg whlae the agaxKxkixkaa]ifE ]xiedeR jxas 3.2 kg. Accowdiag to eqkkatioit

¥(3.3¥), thEs coyrespeitdis te pyototypes with mass of 32 kg andi 25.6 kg fox" steeg

andi alRxmiRkxm, respectively, with wtass redkkction of only 20%.

    As stated eaxlier, at 20% mass xediajectioit, the alkimiitkxffx¥) ixkediei was

yexgghly twice styonger thait the steel. Thxxs, if the alvRminvem gxEedel was
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xgNadie wtth sixxxilkar strength Revel as the steeg aitdi diesign is segegy basedi eR

streegth, thew mass redxgction for aiux{xiitajeKxu modiel cokptld actkxarey weach up

to 40-50%. 'IIhis redikEction is si] gxifar t6 a previoEas stegdiy which statedi that, foif

sqaxaye tajgbular sections, ]iiass saviitg caxg be iRcreasedi te 46% if the seceioR is

40% iarger5'¥). in thEs st"dy, this vafaxe couidi not be attatRedi becaggse ef

geox[ketrScal limitaeions in adiageting to extsttwg tractoif aitdi tke ptecgkitedi

section size avatgabge igg the market. If the whoie systekifg is yedesignedi andi

the xKRex[kbev size can be freely deteyxgRinedi, theit mass wedi"ction xEkay be

higher.

    With the presexkt modie}, xxiass coRxld be fuyther redigifcedi lay rexK}ovig}g

some elexKxeitt aR cxoss-mexExbexs P, Q, aitdi S. It seeilixs this wexx}oval wilit itot

iinpair strength becagRse c"rrent modieg has fay higher gateyEab aitdi torsioital

stiffitess, andi styesses ixk tlaose pgrtioxks awe eniy tw the erdiex of gO-2e MPa.

3.4 SgglxggNgewy

    AJgxRxK}ingxifi has beeit "sedi to s"bstitkxte steei oik a tyactor fraxg]e ecif}odiel.

Nu]xkerical aiiEalRysis with FEM showedi that agva]crkiRag]ifg ixeediel, which was 2e%

lighter, has ceRsidierably higher strength thaR that of steel. Nonetheliess, iR

terxEks of stiffitess, steeg gMuedel was slighSgy better. The anallysis also sbowedi

that fox streRgtk basedi diesigrx, mass redixxctioit gxiay be attatmedi axp to 50%.

Fer sSiffness basedi diesign, howevex, ixeass rediigctieR was farc gower. Mox"eove}",

the loadmg test reskjglts kad showedi agueeg}ent wtth that of geEM, thwKs,

coitfu]¥(}edi the valitdrity ef FEM pyeguarxi xasedi in this stvady.
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                            ¢hapter ag

         geeesutkeer diesEgge ggNkgeif*weffgligeeerk $ff aee atwNgRfimeeeNNR ffffgeggge

4.g IIkSgeodigkctigxR

    Tlae first alas]giixtaxx[R modiel iit previewas claapter slaowedi that fox stwength

basedi diesign alRJaminxim gives gogdi capabiiitty for gMkass xediRJgc£ien even

wlt}kout ffffio¥(Mfymg the xxgaii]R featxkres of existing diesigm. NevextheEess, the

gxRodel alsg showedi its reRatively lowey stiffness cexy}paredi to the steel axkodiea.

                                             '
This shoxtcoxKMing cait oxRgy be overceme by redesigni}xg x(xain ig)egxitbers gf the

frame.

    Dvaying fieldi operatioR, tractor frame is sxebjectedi to variokxs diyita]cr}tc

exteyjaal loadis. in sxich a cgxtClition, natkkrag freqkieixcy of a sterkkctkEre

dieter]Kiines the behavioy of tke strectkxye in response to the external geadi.

Furtherrgkove, since ¥)gkass andi sttffitess dietexiKgine natRJifreag fR?eq"eitcy of aRy

structkkye, theoreticafEy skxbstitgatioit of steea with a]asminexffK] wS]1 likely brii}g

aboggt a change ixR itatgral frequency of the structaJawe. If the geatureal

freqgaeecy chaitges, then it may be itecessax"y to xxkedify othek" tx"acter

components to yetaiit ow igxEprove the diynaxK}ic characteristic of the tractor.

This, of cokJRrse, wiEg eoinplicate the gx}ass rediKxction efferS. Tlaewefore, it is

necessayy to fiitdi oggS the iufEgaence ef this mass rediwuctioit effoyt oit nat"xra]

freqgeencies ef the frame.

    The specific objective of this chapter were

i¥) rlb further rediajace the fraix}e's mass aitdi siifxkeJgkaneokxsRy iitcwease its
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   stiffness by ffno¥(lifytng the shape of frame aitdi ffg}Mimizing its iyEass. The

   evalxkatioit of strNJgctvaral chavacteristics was coitdivected ftksing FEM.

2¥) ']]g fiitdi oRjet the effect 6f xifkass redkxctioR effort by structural xifEodification

   wt itatRxral freq"eRcy of.the frame.

4.2 Methedgeggy

4.2.g i¥)eveliepffg¥)eKkeofFEMtwgdieEs

    Devegopffifgent of FEM Kxkodieg was basedi oit the total avaSigabae sgeace for

chassis in the existing eraeeeec, eq"a] strength eg}Rd stiffiness to the steeg xgiodieg

anCit sii]kpte max}axfact"riptg process. Fig. 4.R shews the sche]Exatic view of the

space afffocatieit for the frame of tvactor axsedi in thSs stgxdiy axRdi the steel

x[kedeX developedi iit prece(ii)itg chaptex The steeg modieg was gogng to serve as

xefereitce for strength andi stiffxgess dikxrjptg the dievegep]gkex}t of finite egeffg}ewt

Ixxodiel for a new alk2xEktwERm frame.

    Development of the FEM gxeedel was coitdekceedi wt two steps: sidie

inembenc dieveiopment aitdi who}e frame deve}opixaeRt. NatkkrEeey, it was

startedi with sidie xifxember dievelopment. WheR the diesiredi sidie meKnber

]nodiel had been obtatExedi, then ie was kksedi to dievelep initiEk} fragx}e modieg.

    LearRi*g frem the expertence with the fust alaxtwiiggkxm }E}odieg, the

dievelopixient of the sidie-xKxe]K¥)ber i]kodeg was basedi mostly eit the cgiterioR of

structvkral stiffitess. Stxxgctikral stuehess may be incxeased by se]ecttwg a

sectional shape that xkaxixgxizes its xEko}ifgeRt of i]gertia at a pxepex" size. As

ixkemewt gf iRertia incxeases iix cakbic pxeportion to the me}nbeec's height, the
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xyiex[kber's height in the twitial ixkodiel was twcreased ggp tg the maxiiykeama

ava[eable space (Fig. 4.1).

    After intensive calculation of xK}ass, area moment ofimertia aptdi ffexixxalit

stjffitess en sevevE[it type ofbeams, ait I-type beaiE} was pickedi stwce it has a

comparatively higher ratSo of moixltent ef inertia to section ancea cengparedi to

other type of leea]Kgs ptke rectaitgular-, U- aitdi H-type beaffgks. Despite its low

stiffness iit lateral Clirectieit, the I-type beawt seemedi to be adieqEaate becaAgse

][Rest ef the loadis take p}ace in the forixg gf veyticaf for¢es. Moreover, a pair of

sidie-xnembexs woajeld be coRitectedi latey witth a Rwamber of cross-gMRembers

that wg"Idi boest gateral stiffitess of the whole frame.

    This stkxdy was kEtendedi to dievelop framee wiSh limeinimkxtw xEkass.

UitfoxtkJggEately, FEM5 pxograNxi kksedi iR this stxkdy was itot fug'itiskedi with

styRxctaxyaS eptitwizatio]e xxxediule. Therefoxe, mass yedEictioge effort was

cendi"ctedi KxkaitxEagEy. Tke oeJgtliite of sidie-mexERber xg}odiel dievellopixRent precess

is giveR iit Fig. 4.2. IShe process startedi with the cxeatien ef steel gxgodieg foec

referemee. Theit, igRitiaf al"Kg}i}gkkm ptcr}odiel was preparedi kJasing EkJER avaigaloIe

space (Fig. 4.g). Wh[Re referring to t}ite steeR xKxodie} foy gxkaxiinajem stress andi

dieffectioit kxRdier a set ef predeteyxifkinedi }oadrgitg cases, mass of the sidie-

meix}ber was ixkiRimizedi by rexgxoving portiens having Iowex geveg of stecess.

This pyocess was xepeatedi Rxitdi "iteay miniKxkkxifx" mass was chtaiRed.

    This finag sidie-me]¥(kber thee served as the maiit member of the fraixee.

Ipttiag frame was assembged by ¢onitectiitg a paiy of sidie ffifgegikbeif with

severag cx'oss-x¥(kembey. The rest of the dievellepxEeent process was similax te
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sidie-xgkeKgkber modiel dievegopigaent asig 4.3). Regar(lmg stxess aitdi dieffection,

steel mediel dievelepedi iR Chapter 3 servedi as refeyeptce.

4.3.2 Ag¥)peeedilga{imgs

    Seven diifff7ereRt loadijitg cases weye appliedi to the nkxixxericaR xifiodiels to

sixggEalate actuag operating coitdritiegus. The fiecst six Roadwitg cases foIgowedi

exactly those intxodaxcedi in the previoass chapSer, ie., bodiy xgkass, front leadiey,

front-mouitt earth-}Eioviitg blade, xKkidi-Kgfteunt eaxth-¥)E}oving bgade or mower,

aitdi adiCgiftio"al froitt xg]ass. These were reefemeeCg tg as geaCglng case-1 to -6.

Lgadiitg case-7 diescribed the external loadis exeytedi ox a tractor diekring

tggxptitg opexatioit at high speedi. The fonces considieredi in ]ea¥(Xitg case-7

occgeyredi at cptticgidi tvaxmeing speedi cakxsing lateral evertRxxit of a tractor.

    The geoxE}etyy of the tractor dkgrtwg tRxtwiitg is shewi} tw Fig. 4.4. The

xeiatEonship betweeR critical txgritixEg speedi, centrimgaU force, andi tgxrptitg

radigs are diescyibedi by tlae followiRg eqRxaeioits36¥):

                  2･
                 r

             gCr
                                                                (4.2)    Z]s
           Z.g COS 7

wheece

    v, : critica} speedi, Ixx!s

    g :acceleyatiopt of gravity, mls2

    C : hexizontal dristaitce betwee¥)it ceitteec of guavity aitdi tippiitg liite, xx}
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r : tkxrwtitg radigxs, m

z.,: height of the center ef gravity, ixe

y : aitglebetween the assumedi centringal force aitdi the tippiitgplaite,

   radiait

F.f: ceRtriftggal force, N

xxk : mass, kg

Y

G

e

e

C eeteRterncefgfavlty +

Fig. 4.4

CeRter of gravitty

y

gceRger
gZeg

C

Pertineptt tractor geoxx}etyy foy gateraR evertwritiitg ana]ysis:

¥(a¥) top view, and ¥(b¥) pRaRe view coRtani]Eg tmpptwg motieit of a

tractor.

    Measakre]K¥)ents gftecactor ggsedi iR this stejgdiy oit fiat gro"Rdi reveagedi that

C = O.485 m aitdi y = @.023 wadi. EqEgatioit (4.l) iR(}lc3tes thag critical speedi

depends oit the tuxptng xadrikEs. Furthermgre, siRce C, z., andi y are ceptstant,
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theit v,2/rc beco]xies ceRstaRt for a specific grokJendi con¥(iieion. Accerdmg to

equatien (4.2), centrifgJggal force wi]S also be cegestant. in this specific studiy,

the txaceow inass was 825 kg white the centrikgal force at criticae speed with

any tgaifiti}kg xaCgius was evalgaated to be 604k N.

    The cewtnfEagal force, wh ich acts throkkgh the twactox's center of guavity,

g2s.o

187e5

187.S .m

as7.s

e

g87 s

g2s.o

Se

755e2

Fig. 4.5 DirectioR axitdi xEkagr¥)itkkdie of extexital fo

case-7. Digits dieitote forces iit newton.
rces in loa¥(MxEg

tegether with lateral reaction forces at tke igiterface between the whee}s aitdi

groKRRdi, creates a torsioital foyce wt the loRgitu¥(SinaP gii itrectioee ef the fraKgge to

cause overtgeriting. im additioit, the centrimgal force andi its lateifal reactioR

forces on wear aRdi front wheel also dievelop a lateral beit¥(Mgeg ffif}egMeent iR ghe

frame.

    The sche]Ekatgc view of the diiwection agedi magnigaJitde of the forces iit

                                6i



gea¥(ling case-7 is shown iR Ng. 4.5. The xgiagnit"die ef asu forces was scagedi

diow}g with a force scale factor of 1:4.

4.2.3 StaticandiEigeikval"eangafgysgs

¥(a¥) Static a"gialRysis

    J"st Nke the previoeks xgiedel, static streRgth of the iykedielis was

evalluatedi. The aREglysis was the sa]x]e to that ixt Chapter 3. FeertherecK}ove, foec

direct streitgth cexnparison betweeit steel axxdi algkuriiitEgiy} ffifaodieR, ie was ixRere

appropriate to asse the streitgth-ratie i¥)gsteadi of stress beca"jgse steell andi

EkluminkkKxk have Cgifferexke stxeitgths. The foMowing forgygRJala diefi]ies the

stxength-xatio63¥):

where

    S :stre*gth-ratio

    g.: von Mises stwess, MPa

    g, : ytefldi stress, MPa

    Foy streitgt]k-ratio calckxlation, the yieldi stress was takeit foy evalkxatioit

of mateyiall failvaxe ixksteadi of the ultixxkate styeitgth becaagse ghe foxxifier covers

elastic behavier only. The val"ke of the streitgth-ratio yaRges froixk zere to

iRfuity, axtdi itever becofi if}es itegative.
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fo¥) Eigenvagkxe aftkalysis

    EigeRvalgge aiRalysis dnes mot xepresent response daJge to aity loadiing, bkxt

compkxtes itat*raf frequencies (eigenvalxaes) aitdi correspondmg xif}odie shapes

                                                  i
¥(eigeitvectoys¥) of the strkxctkxre when there is ito Ciissipatioit of eitergy dikke te

dampiitg. Natural freqvaencies aitdi ixkodie shapes are ggg}portaRt in

charactexizing the behavior of a stifRxctkxre in response to dyRaecer}ic }eads axtd

daxE}ping iKg xgkodial diyxiaiitic aitalysis. Sixitce in this stiJgdy the aRafysis was

oRgy inSeediedi to fiitd ogit t}ge infil"ence of strgjace"rEgg xEftodEfication opt Ratwraf

frequeRcy, axxdi the fact that g¥(kodial agealysis of tyactor fraxy}e has been

ccitd"Jgcted by othex xesearcher25¥)' 29¥), modae aitafysis was not cendikictedi.

    The ceinpvgtatioit of Eitataxral fr'eq"e¥)kcy in FEM5 foitows the pvecess

descxibedi in Fig. 3.4, bEat insteadi of sellwhg the static eqgdiElorieggg} eqEgation, it

coRtinvees to solve the geixeptEitR eigenvalNife problem beiowse･67):

    {K}{$}=A{M}{¢} (4.4)
where

    ¢= eigeasvectoy

    '
    A= eigenvaltae

    Before cempaxtiRg the eigenva]ues of the gxkedeP, the validilty of FEM5

modiEale for eigeitvalRJae anagysis was verifiedi by coxifRpaxtwg xesvgRts fk"opigt

xtasmerical analysis te that froiyi theoretical aitalysis fog" simple stxvectxewes.

' FujitsRx Coxxtpany. POPLAS@IFEM5 MaititaMbr V25.
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4.3 Resakles andi gieiscERssgoffg

4.3.R kopasedi FEM xxxodiells

     Figs. 4.6 andi 4.7 presents the mass redikkctioit precess diwarS¥(itg the

dieve}opxnent effiptte element ]ifxodiels. As mass redi"xctioit geyogress, diecidmg

which eaements to be yexi}ovedi frem the Kg}odieg becaxxke iE]ere CgffitcRJg]t. This is

reffectedi iit both of the figvgres; the pxocess pecogressedi qugte fast in the

begiitntwg, theit became slewesc wheit it was close to the fiital shape. Togag

         '
removedi ]Ekasses from i*itial shape were about 2a.6% aff]di gX.7% for sidie-

xK¥)e]ifiber axkdi whgle fraxx}e gxkodiel, wespective}y. This was, gf cokgrse, far gower

thait that wouldi be obtamed by stykxctekra] optiffif]izatioR pecograms.

Motobayashi et a7.`i¥) achievedi gxRass redi"ctioit vap to 45% Egsiitg strkxctkxral

cptlxifxxzat}oR progrram.

    The fiital shape ef ehe sidie-mexif}ber for the aitxexninkxli K} xy}edeg is showwtn

Fig. 4.8(a) wft)ile ehe whole frame inodel is showxt irk Fig. 4.8th). The sidie-

ixRexxkber xvxodiel coitsistedi of 769 nodies andi 700 rectaitgugar aRd triaRgmlar

shell e]eixlteitts and wtth adiditioit ef cross-mexg]bers elemeitts, the whole

fraxxie model had 210g Rodies andi g968 eie]ifxents. Comparedi wtth the steee

]gxodel (Fig. 4.g), the depth of sidie-ffgxembex of ala:Rxigxiitxgixk gpmodie} was igkcreased

coxksidierably. However, this wokxldi create (liffickkAty ixk pga¢iitg the engig)e on

the frame. Tb corxect this proble]E], the iittexita] widith of tlae weaft" poytieit ef

the'modiel has been wadieitedi by 4 cecgi.
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4.3.2 SSrEgctgRxa[R sgrexkgtla E$s]di stiffk]ess efsidie-paegxRlaev

    ']]he strength-ratio iit six Eoa¥(ling cases for looth steel aitdi alkesuuinkixif}

x[itodiegs are presentedi in Fig. 4.9. As caR be seen in the figuwe, tkeix"

strengtk-yatio reachedi xK}aximxExEk valkxes iit loadiitg case-1 aitdi minimkxm

valkxe im IoaCeEitg case-2. The secondi highest styeitgth-ratie aRso eccRJaywedi iR

loading case-6. These vaRkkes were inveysely prepertiogeal to the gnagnitvgdie ef
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foyces tw those igaCging cases. LoaCling case-X showedi the lowest ixgagnitekde of

foyces, while loa¥(img case-2 hadi the highest xif}agnitgJgdie. Whdie the total

igNagnitudie of the verticEalg forces tw Ieadiitg case-g was gee@ N, tke totgiitIR

magrgitEadie of verticai aitdi herizoittal forces iit loadiixg case-2 weffe 8315 N

aitdi 4280 N, xespectivegy.

   90
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    e

Fig. 4.9

ew Steel

N A1va ]m in rtxm

               12                                34                                                  56
                               LeadiRg case

             Stxeitgth-ratio gf $idie-member vaitdier goa(Sii)g case-1 to 6.

    Despite these reskxlts, both steel andi agakxg}ii}kksu] twodieis iRdicatedi

slightly C{ifferewt pattemes ige yelatien to the stxeitgth-ratie. For exaixkple, the

seceRdi highest stxeitgt}x-xatio for the steel xnodiel occitxrredi ixR geaCitgRg case-3,

while that of the afRJaminxatw model occkxxxed iit foadmg case-6. 0they distiRct

featggxes exist iit the maxigxxxem andi x¥(}iptgxiEem valkge ef strength-ecatio. wngee

steeg xK}edeg reached its maxiiif}ixm valake ef 11 in geadiitg case-1, the

aXxeminkx¥)xt modeg had iSs maxt]eekxm valkke of 81. Fajgecther}gxore, the miitiixicExif}
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vafue ef the stxeegth-ratio ef the steeR xifRodiel was 2.3, whexeas ehe

correspoit¥(}Eitg vafue ef the al*miitwaxKx ffxkodiel was 7.5. Cemsidieriigig that the

]ifawtgxK}va][k stweRgth-ratios gf steel aitdi EggkgmiRece}if} wewe 2.3 aptdi 7.5

respectively, it is evidient that the afEamiitgxwt mediel is capabge of s"ppoytiitg

higher goads than the steel ¥)g]edel.

    The stweitgth-xatio is closegy welatedi te safety factor, which has beeR

widiegy kJesedi to assess the safety or strengtJh of a strklctwre kkndieif a partickkgax

Ioa¥(Mng. AgajxR, by coKK]pewiixg the ]g]ipt}mewa}Ky valkxe of the streegth-ratio foif

t}ke steeR aRCI EtlkkKxRiiRecgm iitoCgegs, which wexe 2.3 aiK}di 7.5 wespectively, with

the safk¥)ty facter of 3 typicafgy xgsedi iit machine-diesign applicatioits6'¥), it caR

be i]kdicatedi that safety factor for steel was lewer eo]npaxedi to alkkig}wtkxm in

this case. Acc6r¥(lingRy, for the lea¥(ljx}g cexxgbiixatioits twvelvedi isce this anagysis,

the alvemin"m modiel was co] itfiymed tg be safer thaE} the steeR K}Modiel.

    ExamiRatieit ef the stregegth-ratio showedi that the ff) itost criticEalR gea(iEitg

was leaCEii}g case-2. {gb gendierstaRdi further the sSrength characterkstics of the

wtodels in this specific loadritRg, fuxther Cgifscecessioit regardiitg stwess

CegstyibNxtioit is necessary.

    Fig. 4.10 diescribes the voix Mises str,ess dritstribkxtEoit ggitdier IeaCeiitg

case-2 in the steel axftdi alasixuinkxxEE iMkodiels. In the steel xK}odiel, xg}axtxgikxm

stress occkxrredi at itodie ito. 208 with 98.7 MPa, whick is directiy above the

endi-portion ef cross-inexyiber cenitectioit tg the sidie-xg¥)embek". IR this geodie, the

ben¥(liRg styess diwge to appMedi foyces iit the {beoitt pextioR of the fE"a]cr}e reachedi

its xif}axtmum val}Jee.
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    Prior to attachixieitt ef stiffextevs (Fig. 4.8)

occvgyredi in the alaxmingaxER ]iiodiel. After the

iocatioits at which highest stress took pgace

, sixx}rkax stress geatterns also

 adiCilitiei" ef sttEfenexs, the
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Leadiit g case

Reskxltant dieflectieit of the sidie-member kkfizkdiey geadiRg

                         te itodie Rexmber 722. The von MLIses stress in

this nodie was 45.7 MPa, or abeEgt 50% of the corxesgeondiiitg valkxe in the steei

ixggdiel. ThRs sigzENiflcEitnt diecrease of xixaxixKikxm ven Mses stress when steeli

was changedi to Ealgaxmi]xyiasx was diEee to iitcrease iit sectioitai ixEedgxl";as of

alvgxif}inkxxKk membexs. At this pertion, the sectio]ea} xEkediaxgkxs incweasedi by 3.3

tgffgles.
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     in e}astic range, the xesultants ofx-, y-, ERitdi z-defiectioR ggndieg" diifg?ewent

loadiing cases are giveit tw Fig. 4.11. It shows that, like the alkkig]inkMgg¥) it}edieg,

the steel xx¥)odiel yeached its rcer}axtffK]gim coxif}bigkedi dieffectien jn geadiRg case-2,

whereas its migRimkggg} coxyNbinedi diefiectioi} occakrred wt goadmg case-1. This

directly coiitcidies with the xEkaxtm"m voR Mises sSress for leadmg case-2 ¥(Fig.

4.9¥).

    Figure 4.lk shews that, Rot oitly was the trendi tn coffKgbinedi diefiection

siixeilar, bxit the ixRagnitvgdie ef dieflectioiRs were aliso very c]ose. Except iit

loadJiitg case-4, the deffectioit eit alggxE}iitexm was afways slightly ]owenc thai}

that ef steeR. rl]his Cgecrease iR dieflectiox¥) was Ceage eo ait Ser}crease tw ffexurag

scigidity. A[Rthekkgh alxtiMRi]REam's medkxlkxs ef elasticity was eRly a13 secEitaMer

than steeg, the EalitajaminkEKxk xE}embex hadi a ten tixKxes bigger ixEo¥)xtewt of inertia,

aRdi its ffexaxifaR xigidilty becaxgie 3.5 titwes Kgxoxe thaKg tke steeg.

    The dieffectioxi i]k z-directieit of the propesedi xEiediefl was Ealftways s]ncEa]]er

thage that of sSeel xKgodiel. Neverthegess, iit x-Cgiyectien, dieffectigR tw the

Eeguwtixtum modiel was higher by abexgt 6%. ReaMzing that }g¥)ost, aitdi she

stroitgest diyxkamic lc3di acts iR z-(iJitrectioit48)'`9)' 5`), this drawback wiEg itot

sigmificaRtly af¥rect the tractox stabjlity di"rigeg its ogeeratioit.

    The higher dieffectieit iit x-CgirectieR was diejge to aew stiffitess of

aE"¥)ifiiitax]g¥). AIthokxgk its cross-sectioital area, A, has beexit incyeasedi by 1.9

tixif}es, gts valvge ef A × E was still }ower coiii)paredi with that ef steel. 'Ib

i]EcreaseA× E, ait incyease in eross-sectieitaa area is wecoigxmeitdiedi, akhexggh

this approach may itot be realistic becakxse of incx'ease iit maass.
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    It ca]ft be observedi that the two modegs weve siecgRasar iR strength andi

dieflection geatterns ggndier loadmg case-ko -6. Jggst like tke al"miitEg]gi modieg,

the steeg modiel exhibitedi its llowest strength in foaCRiRg case-2. Besgdies tkits

specific tyegedi, beth xKgodiels shewedi sAgbstaittiEgg drffexeRces. EventEealIy, the

alEgxKginssxEk ifx]odiel exhibitedi about three tiixRes laighex stffeitgth thait the steeg

mgdel.

4.3.3 CigmifRpewiseffit of aliNgpmggxg] m$odiel wgth ame mpfigrwizedi sSeeB Kg]odel

               '
    Eaeclier reseaycla in o"r gaboratory cemecerni]ig xggass redigection en this

                                           '
tyg}e of fraffKge was ce*d"ctedi loy Metobayashi et af4i¥). They gasedi the shape

eptiigiization gxRodigxle SEffAPE of NISA faxgxily eo igkRwtxx}ize the vobume of a

sidie-meiy¥)ber KK}ediei while gxkamtEgii¥) itng eqveivatfte]kt strength characteristacs.

    The software offeredi twg Ki}odies gf optixifgization: geiteralff optimizatieit

mgdie aRdi boasndiary optiixkizatieR modie". Iit the process of vegux¥(}e

xKxiitilgxizatioR, the geitexEalg optixg}izatioit modie gialftgowed Ixgaterial relg}oval frem

anywhexe wt the strvgctgjgre except foec regions frozen by the diesigner. Ustwg

this optixxRization xif}odie, gxkateriaf removal ¥)x}ighe xeskzlt Sgk koles andi eavities

withiR the strkxctgere, thexs creating a new shape, which is ecgsefuli iit proposiRg

a basic shape for a geew styling. be cowtrast, the boEgitdary eptimization modie

aliowedi xK}ateriEgi reixRcval oitly at the vicinity of the existtwg bokxRdary, thus

wEthokxt cxeatiRg new boagRdaries. This xifeodie ef opti]xftizatieit was appropyiate

t EMRC. 1989. SHAPE user's xnaitvea}. Eitgineripg Mechanics Research Corporation,

 'I}roy, Michigait,
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to be Ngsed when the basic shape of the systegxk is known er when xif}any of the

regtoms have aireadiy beeit frozen by the diesigner.

    Motchayashi et al assedi the two modie ef eptimizatgoms ge tke iwttiaf

shape as showik in Fig. 4.12(3). This modiel was co]trxposedi of 2956 txianguIaec

elexifaents aitdi 1614 nodies e]kabliKitg ewe dieguee-offreediems each. The two

eptixgiizatioit xgNodies prodiEgcedi ¥(urerent reskggts. Weurke the geReral

opti]nizatioit mode pyedikxcedi a xnodiei with 26% ixkass redivactlo* asigs. 4.12fo¥)

andi 4.12(c)), the bouitdiary optigxgizatioit xMaedie fiitalizedi with a ncif}ass

xedxectio]k ef 42%. Despite these adivagxtages, the bovgitdiary optiinizedi ig}odeg

inclxEdies censirkerably higher stress axEdi diefiectioit cotwgeascedi with the

origiptErk ]gftodiel. ThRs optimizedi Kxkodiel has 3 comsidierably lower ggRass, abeut

30% less thaR an aftkk}ERixkxgx¥(] ffifxediel. Despite skJgch axg adivawtage, as i[itwastratedi

ixk Figs. 4.13 aitdi 4.14, t}xe seyegegth performaxRce of this medeg was Aeweec

tiiait the alEexEkink]xMg xg)oCeei "itdier aity Roa(llitg case. Even iR sexy}e cases, its

strengths were cleaxly too low. Fgr exaxg}pge, )if}axiigikJeixk stress vandieif Roa(]ing

case-2 of II07 MPa was boexitdi to be beyeitdi the yieldi stress. The main reasoit

for this drawback was that the shape eptigMkizagioit effbrt based ongy oit

goaCitiRg case-1, which actveal]y geneyatedi the gowest stress geveg compayedi

with othey }eading cases. In contrast, mass yedikxceioit eglfbyt gii fox agvegxxtwEgxKN

gnodel tw this stEgdy was basedi eit loadiitg case-1 to 6. A]thoEkgh the }nass

redgkctieR was net veyy high, it meet aal the basic veqkgiremeRts.

K
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Fig. 4.14 Re}ative deffectieit of alkx]ninkxm andi optimizedi steel modie}.
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4.3.4 SgrEgceEerali stwengtla aikdi swhess ofthe wkege fraffEke

     The goa¥(hng case-i to 6 weye kxsedi again to examime the whege frame

behavier "ndier static koadiitg as shown iit Fig. 4.15. Similar trendis tw the

strength-ratio gf the sidie-member foec the steel aRdi the alkimtwkkxNk xg}ediel

were observedi. However, the values 6f the streitgth-vatio were somewhat

R6wey thage the vEalgkges of siCge-gne]K}bers. Fer exaixRplie, t}ee styeitgth-ratio for

the EalguKntwgRxgx fran}e iii geading case-i becaxifie 59 whiee the sidie-xggeig}bey kadi

8l. This ¥(iiffexence was digge to chaitge iit the gocation of swappoxttwg points in

fr6xkt poMtioR of the fraxx}e. Ixk sidie-]Ekegcr}bey aptalysis, the locatioRs of the

sxgppeytixRgpoints wepte fixedi at the bottoffyk of the sidie-iMgember (Fig. 4.8). in

this analysis, the siepportiitg points were inevedi to the meididie of the cxess-

member above the froxRt axle. CoRseqkkeigtly, the cross-gxkembeif hadi to

skkpport foyces that were aboxkt twice the gi}agnitakdie of these iR sidie-member

analysis.

    Figure 4.g5 alse slaews that the lowest stwength-ratie fox steel aitdi

aluKifeinuiKx wtodel was dievelopedi in lioadii}g case-7. The miniiMiwagg} valRjges ixR

Serms of the stxeitgth-ratio weye 2 andi 3 for the steea andi allAjg]ningggy} wtodels,

respectively. Therefoye, iS cait be diedikxcedi that the strength of the agxaxif}iitexm[E

xx}odiel was higher thaiR that of steeR gnodel.

    L6aCitiRg case-7, which representedi tkgrptng at eviticEalE speedi, pvediexced

tke highest }eve} ef stress ameitg agit appptedi leadings. Iit adiditioit to highev

foxces, loa¥(liitg case-7 iRcorperatedi fouees that ca"asedi lateyal bendiitg andi

torsioxaf Ioa(ling. The stress distribEetioit wtthtw the fra)Re dikEe to this load is

                                              '
                                                       //
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Fig. 4.15 Stxength-ratio ef the whole frame axitdier goa¥(hng case-i to 7.

xeveafedi ixit Fig. 4.16. in the twg iN}odieAs, the highest stress Reveg cowe}di be

fo"Rdi iit sidie-mex[Rber oit farthest sidie from the tvgming ceRter. Skxbstantia[kEy

highex strcess occ"rredi ime the steel ]Etodel cemparedi to the alvamiitEg¥)ne oite. Fox

the steel xx}odieE, the xEkaxixEixgixR stress occggrcxedi at itodie ite. 75 iitdritcating 147

MPa, while for the aluxgiinuxsce gMRedel it was nodie Ro. 324, which weachedi g03

MPa. The aJitkxxifkiRvxm ]xgodeg twcNxryedi eewey stress Revekhan the steel xxEedieg

beca"se of a]R additional cross-membex iR the iMxididle part ef the angminkkgifif

fragxke. The pxesence ef this cxoss-ixkember redivicedi foeR¥(liitg stress in gateraR

drirectioit by xedikicing the gength of me}rrkent aym andi twaitsmittiitg soffne loadis

                            .
te ether side-xxxembers. Moreover, the highey itkkrxxber of cxoss-]K}eifRbers afso
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diecreasedi stress Ievel geitexatedi by tersioital
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Res"ltaikt dieflectioit of the whe}e fraine xiRdier lea¥(img

case-1 to 7.

    Figure lg diescribes the cggxipkgtatieptal weskklts cencerRing combtwedi

dieffectieit foy both modiels. Aathough the deffectieit oR the sidie-megxitbey of the

algamiRkim modei was Rewer cex¥(}paredi with tke steeg modieg ¥(except foy

loaCeEng case-4 iR Fig. 4.1ft¥), the iKgaxitNExkxiyE defiectioit of tke whole modieg

exhibitedi diffrerent streitgth chancactexistics. As can be seeii iit Fig. 4.g7, the

stiffness of the aluminkx]Ex mediel was s}ightly gewer iit IoadiRg case-3, -4, andi

-6. IR these RoadiRg cases, the dieflectien of alvg]giifixame modeP was aboext 2-4%

highex t}ian that of steel modiel digae to lew fgexkkxal stiffuess of cross-ig¥)embeif
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above frcnt axle. ActEgagEy, this poxeion has beeit xt}odified ceRsidierabgy by

utiHizing a]] availabge space; mevertheAess, its flexkxncal stifEness was sti]]

lower thaR that of steel. Dkxe to space restrictieR, it seeffRks difficxelt to

twcrease stiffness of this part witheut twcreaswtg Sts mass. Natvaralgy, by

kksing KMkateriaf with higher stiilE¥(xess, this proble}xft M[itay be seRvedi.

4.3.5 ASeEitig]edi paass wediggcsto* agRdi gegssibRe foexkefie

    in the process gf dievelepiitg the alkxxgxiitaxi¥)it side-ffg¥)exggber, a miitin}u$R

gxeass gf g.452 kg for a stwgle gxketwber was achievedi. Cexgxpawedi with the

covrcespoitCtigeg steel member, which shewedi a Exiass of 2.X95 kg, ffxiass

wedxectioxk reachedi 34%.

    After xK}ass mtwimization of tke whole fra]x}e, the total yg}ass of the

aXkxminxxxxg frame becagxke 3.X98 kg while the steel hadi 4.423 kg ¥(28% n]ass

redkkctiewh¥). This is a faveyable ptdricatioit particaJalarly when coffifgpayedi with

the pxevieRjes al"m[RtwxRm modeg, which o]]ay attaimedi 2e% xKxass redvectiwt.

    The fact that the gxkass reCEEectioR of the wlaole fraxxie was Rower

cogygparedi wtth that of the sidie-member sigrRified that partial mass rediekction

iit cress-mexK}beys was less coxxRparedi wtth that of sidie-¥)iEgembers, especiaMy

foec the fro*t cyoss-mexg}ber. Actvealny, mest of the egeixiteitts iit the midiCitge

pertioit of the front cross-]ifgeliifNbex have significantly gow stxess level such

that their re] ifeoval weuldi not be relatedi to the frame's styength as wepm as the

frame's torsioitE[E stjEfRess. Nevertheiess, ditge to its fuRction for atgaching

ballast aitdi front }¥) ittch implex[keitt they wewe retaiRedi.
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     Ome poytion i]k which mass redvactioxt was not signifEcaxkt was cross-

xK}exnber abeve the froitt axle, altho"gh its shape kas beeit thero"ghly

xxaeCefifiedi. The xg¥)giktw reason is that this cempomeRt is gocated wt a qekite

yestecictedi space, especially its diepth. As statedi tw Sectiosu 4.3, gaixt in mass

redikxctig* for a stiffRess-basedi diesign will be ixRaxtiscitizedi by iitcreasiitg diepth

of beaxg]. Sgxch approach cokxldi nog be practiced hexe, siRce the cegxRpoment is

}ocatedi in a restrictedi space. CoRsidiexable mass redigkction may enly be

achievedi by wediesigning the cross-xg}exMkbex coRnectioit te the front axge aig}di

the coRnectioit of engiite te the fraxg}e i* which extra spaee shoxeki foe

providiedi fox escalatiogi iKE the depth ef the crcoss-megxgber.

    Mass of a eractgr frame is oniy a sixeEalEE fractioR of the whole txactor

xxiass. A}thevagh frame twass has been xediaJecedi by 28%, in teriyEs of total

tractor gxkass, mass rediakction was engy rocgg}ftgy 2%. Nevexthegess, if this

appyoach of gxEass yediRJgctioit is gikEso appliedi te other p6rtioxEs of the tractgr

sEech as the traitsmissio]g case, cl"tch hokgswtg aRdi ewhgn}e block, a major

diecrease iit ]K}ass coxgki be expectedi. Mki39¥) pyedictedi Shat ¥)nass redikgctieR wt

major pcrtioits of the tyaetox exclxxding the fraiyke weecaledi xesvggt iR the

diecrease of mass up te 28%. Thkxs, tetal mass yedikxctioit by kxsing alvgKykiitkkiifk

cokxldi beceme 30%.

    Many of the diyitaM[Ric forces working to tractoy strkRctRxwe dikirtwg actRxal

workitng cgitdition aye propertioitalEy relatedi to the tracter twass s"xch as

centrif!egal force daixing taxrning, impact force when tracSoy pass a bkxmp ox' a

xidge. Thus, if the tyactor rrgass cage be redigicedi coitsiderabgy, these forces wptg
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a]leviate xgkarkedily. Conseqxitent}y, tractor components can be censtx"ctedi

signiflcant1y sxg]aflesc ag}di lighter.

     With sgelostantial}y lower gg}ass, eitevgy comsRxmptio* ef txactoy may be

lowex D"e to the natakwe of task assignedi to tractev, gaipt in fuell effEciency

dixee te mass yediRJgctien wiEit moe as high as tlaat of a carc. Car is aksedi to

txaRspert its payloadi whiSe tracter is xRg;ein}y xEsedi for towing implegxEent.

Wheit SracSgr is Nkot kxsedi for towing ixK]pgegg}eRt, swgch as when cgKifRm[RRxttwg

betweeR fieldi aitdi farmer house, spraymg andi vetary tgEimg, the gaiit tw fueli

efilficiency is the same as that in car. Nevextheless, when tecactex pmpBs laeavy

ixtiiplemegRt siach as ixE plowiRg axkdi tptansporting haxvestedi materiafs, a gange

a]novifitt gf balgase is adidiedi to geitevate egeokkgh traction at CRx'ive wheeXs,

therefoxe, ne gatw at afit tw teriecgs of fuei efficieitcy. Iit case tractor pggMs lew-

draft ixE}ple¥)neRts svech as harxows andi cvgltivators, the qgRantity of gatit iR

fuel efficieitcy diepends oit the agxkovgnt ofbanast addiedi to txactor to pvedi"ce

reqkkiyed tractitw at drive wheels. It is when pRJggimg this vautoitxs type of

i]gaplement, zzghtweight tyactex providies wtdier reom for ba]]ast eptimizatien.

Moreoveff siRce tractieit efficiency of lightweight tractoy attatns its wtaxim"m

valRjae at lewer sptp, maxtm,cexg} poweecait be achievedi only at kigh speedi.

    ']}radrltioitafgy balgast foff agric"ltxgrgigl tncactoec awe iR the foytw of ]Eqvgidi iR

(irive wlaeei' or cast iron at the side ef dvive wheels aitdi jit the frent of txactor.

These balilasts aye static iit natRxre, that is, the foxce they exert on the twactox'

wheeg axe constaitt throkkgho"t tractoy opexatieit. Ideaeey, owing te the fact

that Cgxaft vaxies thxokxghovgt operatieits, this fonce shekxki adjkkst accex"diitxtggy.
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I¥)i liRe witth this idea, recentIy, there have bee" propesals to diesign dyptamgc

ballast syste¥)gi by which the weight distxibntien on tractgr wheegs cait be

opti]xitizedi accorCllitg te drafk] createdi by the puliedi igxgpiegg}ent9)･66).

Expeyiment sh6wedi that this type ef bEalEEast systexn cokgldi save fue}

coitskxmptioit ef a staitdiardi eractor by aheaJat 5 to g5%. geor a ptghtweight

tyactgr, which providies widier rooixg for bEcuast optgKxeizatioit, it is beptevedi

that gaiit tw fuel eglficiency wifI be xxkkgch higher.

    The oehey way of capitaliztwg this light Egiass tractenc is by

sixKiEkitaneogasgy attachtwg ixEliplements iR the reaec andi frowt of the eractor.

Rear attached ixgiplexif}eRt, which is eogxgxxkeniy kxsedi with staitdiard tractow,

tecaxxsfex weights fro]¥(x front wheeg to the rear 6ites andi Sends to ftifS front

wheel. Theyefore, te aveid xearward ovexttarg}iitg, ballast shokkldi be addiedi iER

the front of the tvactor. Contyary te rear attachedi iixxplexK}exEts, front attachedi

irEkple}if}eRt texidi pvall the front wheei diowit andi lift the rear wheeA asgei3)･28･62).

If beSh of rear aitd front Smp}exEents aye xtsedi, aliRdi they are aecyangedi ii¥)

pxeper co]er}biRatiex, bgiR]Uast ixgay Ro gonger itecessary te iocrease tyactien.

Thajas, eiteifgy So carry the balRast can be savedi. AltheEggh c"xrewtly mest of

the i] KipRetweitts awe reaec attachedi oites, ixEaity of the gatest standiardi tractors

are eqitxippedi with freRt }iitch attachix}eRts andi it seems that front attached

impgegxkeitts wilE be xnere popaJg}ar SRk not too distant futxgre50¥).

    Ogher pyoxEkgstwg area of applEcatieR is in paCgdiy-fieRdi operatioit. in

maity Asian ceuntries, yice is ffgxostly guewn ige padidy-fieldi. Dggring tiERage axxdi

pla*tiitg titwe, dikxe to fleediedi coit¥(lition, seia became veyy seft and has very
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low beaeciRg capacity. Iit this coitCi ittien, most tyacters ecgse cage wheel iitstead

6f mabber wheel. Cage wheel offlers better tptactioit aRdi ffotatAon in most

coitditioit. For fieldi with llower bearixitg capacity, special ffotatioR dievice is

itecessary2n･ 5i)･ 55)･. Becakkse of this ]K}obiXty problexxR, gy)ost of pewex txaitsfeifs

iit wetlaitdi opeyatioit do mot use drive wheeg, but PTO (pewer take-off) s"ch

as rotary ti[iteec. Thxas, weight at drive wheel xERay be iifftaintainedi at ffykixxifffK}gix[g

jkxst for moving the vehicle. Basedi on this coitsidieratioit, ligktweRght tractor

is ][Roxe sggiskabge for wetlandi operation. With lightweight tyactor, fiotatieit

dievice gxkay be baRile sgnallex aitdi lighter.

4.3.6 [lhe effect off sSraxceggffEgl xExo¥(iificatioge gge xaSEggeaR freqggegecy

¥(a¥) Program verificatioit

    Seveit sirwple strkictkxres have beeit selectedi as samp}e pxgblems for

verifytng the eigeitvaitxge anagysis modmge of FEM5. The straxctkxxe raitges

frem simpgy segppovtedi beaxgk to free edigedi sqxiare p]ate, aitdi eack coiKRposedi

efbar-, shelit-, or solidi-type ele]Kxents. SigMkpge stywactkxwes wexe choseR iRsgeadi

of xnore cgmplicatedi ones becaRjgse their theoretical segutiens are weaClily

avaigabge iig staRdiardi textbooksii)･ 57)･ 60).

    The resxglt s"]xgmaxy of eigewvalue anagysis of the saiEaple probgems aitd

eheir correspeitdlitg thegretical solggtioit aye givege ige AppeitCitgx fi¥). 7¥)abRe 4.a

pyesents the sRkm]Eiary 6f cempaxisoKk betweeit the theeretic2{R andi itvggnerical

resvelts. NRxmbeec of xgiodies is not the same fog' afg the pyeblems, bsEt diepeitdis

oR the avaiPable theoyetical sogaktien. As can be seen in the table, the ervers
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Tabge 4.1 ])jffeyence (%) betweeit theoreticaf aRdi fiwtte egexifient segRutien

         en selectedi eigeRvalRxe gexoblexK}s

Modie Prob}em itkkgK}ber"

1 2 3 4 5 6 7

1

2

3
,Ig,

5

6

7

3.@

2.8

2.9

88
4.6

O.6

1.9

g.g

2.0

3.5

1.5

2.2

5.3

O.5

l.2

O.2

e.6

e.s

O.9

g.3

g.4

2.2

o.g

2.7

29
g.4

3.8

3.8

5.6
#

g Square cantilever p}ate, shell element 5 Siinpgy s"pported beaiiflt, bar egement
2 Simply skxppoxted sqE{are piate, shel} elemeitt 6 Uitconstxained beagx}, bar egement

3 Free edged sqxtare plate, shel} elemept 7 Canti}ever beain, seMdi egemeftt

4Cantilever beain, bar element '

raRge from 1 to 6%. These are q"ite sxg¥)a]I; therefore, it can be cencRkkdiedi that

resxklts froxifg FEM5 are tw goodi agueeKgftent with the theoreticaE enes.

fo¥) Coxgipitxtatioxe results

    The dynaNykic behaview of a*y strvactftxre diependis eg¥) its *atkkyag

freqmency If itataxraf freqexeRcy of a ecK}embex oy the whgle sty$ctggre coincidies

with excitatiexit freqkxency, reseitaitce willl ecctgx. IR t]kJEs conCgitioit, eveit veg"y

s}xkalit excitatioR wigl dievelep into high-agitpMt"de vibratio]it, which can be

disastrokgs not only to the operator b"t aise to the stg'Rxctakre itseif.

Fuecthertwore, a sixg¥)rkar sitaxatiogk w[glg occekr if the ]katkkifag freqggeitcy of a

xgieixkber ovexgaps with other meinber's itatgeral freqkxency. Withogxt propeft"

diagxkpiitg, vibraticit iKk oite mexKAbex wi[R i]xdiRjgce vibratieR iit otheys. Like other

)x)achines, the natkxra} frequency of a tyactor's coixkpene}xt has to be withiit a

ceytaiii raitge so that txactor caR perfoy]x} well.
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    Basic eqRJaatioit for itatRJeyal frequency of aRy styRxctwnce haviitg xK}ass xg¥)

andi sprixEg censtant k is givept by eqkkation (4.5). With this eqRxation, we xg}ay

roughly predlct the chaitge of itatkxral freqvgeRcy diRxe te stykkctitxraR chaeeges iii

tractor frame. la this stgxdiy, the pyopasedi alkxmiRvgixg xKkedeX hadi Reaptgy the

same sti£fitess bxgt ae sxabstantiEpty lowey xrcaass. Tkerefoxe, we gxgay expect

that its xtatggrEg freq"eitcy will be higher than that of steeR.

    Table 4.2 presents the compgitatioit yesggXts oit RataxrEdi freqakeRcy foy the

fiyst five modies. Iit accerdiance with predictioit, itatkkrag freqggei}£ies

agxgxftixgxexx} ixx the fust axRdi the fifth medes weye 15% hRgher thait that ef the

steeg m6del andi weye oitSy 4% higlaeif im the foekrth iEkodie. IKg the secondi aiidi

thixdi modes, however, they were 3 andi 5% lewer than the steel eites. These

seegifi epposite resgglts was dase tg the fact that the chaixge ef wtass 2gieridi the

leveE of stifuess was not the sax¥(xe for at[it fraixee cognpoRents. For exaixRpge, tw

the cress-member above the front axie, a slight diecrease imR ig]ass alse

followed by a skxbstaxktial diecrease Sgk stiffitess. IR tkkxit, it ]ptay eaecese a

diecrease iR natkkral freqRJgency at certaiit ixkedies. This is similar to a research

by CitjxEgans et afO¥). They xeportedi that adidiEtioital 50-kg ballast placedi iit

                                    '
front ef the tractox didi Rot chaitge xxftost of the itatgaifal freqaeeitcy except its

fouyth mode that diecreasedi froxxR 4.27 to 4.17 Hz. E[eweveK", wheR an

adCgiti6nal metal trviss was fixedi between two locatioits iR its cab, its natRx}"af
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frequencies iit the fig?g.h aitdi sixth

the st"diy.

modes shited beyondi tke freqgaeitcy bandi of

Table 4.2 Natewal freqveeitcy diz¥) ef steel andi EglRJgmiRgRxtk ix]odieg

Medie no. Steell AgRjerwingxm

g

2

3

4

5

 4e.3

266.6

331.8

365.dy

387.X

 46.4

258.6

315.7

378.6

446.2

    Dggrtwg gkorxgkaA eperati6xk tractor kxitdieygees varievgs excitatioxft. fertical

excitatioits from texxaiit are iit the xaitge of 1 - gO Hz5)'35). The leitgitRJe(imag

and latexag metions of chassis andi cab are frem 2 - 12.4 EEz38¥)' 5`¥). The ptatajurag

freqkkeitcy of txactor itself gisgaal[Ry is ixi the xax}ge of 2 - 4 Hz5¥). in geikexEtag, it

may be statedi that the excitations to tractor are in the raitge of a- 2e }Iz.

These freqKgencies are faec belgw the itatural freqakeggcies ef tke proposedi

chassis. Theyefoxe, it xnay be pyedictedi that dikxrii]g itezemal 6peyatioit, chassis

wilit not foe sRJabjectedi to resoitamece.

4.4 SeqpaptIRewy

    A itew aakixK}i]EEem paodie} has foeen propesedi to i]mgpreve inass redikxctioR

and stiffuess of the first model. Mass iniptmizatioR was appliedi ffgzftaitRjgaMy

andi scecceediedi to diecrease overEdi fraKxEe mass by 28%. In ait noa¥(}ing c3ses
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e]Kiployedi iit this staxdiy, the alkxixeiitakxEk medieE exhibitedi higher stwength

coxEkpaxedi with the existMg steeg modieg. Depeit¥(iiitg on the woMking g6ad,

aiuKxkinux¥(k fra][ite was a.5 te 6 times stroRgex than Shat ofsteel. FkJifrthex'iy}ore,

the stiglfness ef sgdie-]ptegMkbeys in the algJgmin"gxE modiea was higher cexif}paredi

wtth that of the steel one; however, its cyoss-megykber sttffness was skghtgy

lewey. Ix generaf, the stiffRess of ehe whole fra]KAe gifgodiei was mearly the

                                                 '
saIxee.

    SeverEalit simple stxgactxgres have beeR choseit to vertw tke eigeRvalkxe

aitalysis mediEgle of FEM5. Resax}ts shewedi that thexe was a geodi agueemeRt

between itRxmertcalit andi theoreticag solvgtions. Moweovex, compaxtatiere on

fraiifke modiels reveaiedi that natkixal freqaxeitcies of the alkkmatwagm ixRodiel were

not x[kxgch differeitt from that of the steeP one. These xgatkgral ft"eqwkeRcies weece

far above excitatio]x freqggencies from the guekxitdi axxd the geatkivag freqekency

of the tracter.
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                            Chapter 5

                ConcllkxsioRs andi wecemmaendations

    in this research werk abekkt the strgxctkxyaf characteristics of alxeff}eiitgkxif}-

madie chassis-type frame of a tractoy, efforts oR mass rediaxction of a chassis-

type frame of a tracter gesiRg alakixRigikxixit were coitdivgctedi. In the fixst

                                               '
approach, alkkmii]Egig} was kgsedi to skEbstitkxte stee} pt the origieceaR txacterc's

fraixRe diesign. For this pvgmpese, two nye}i¥)evicgik} mediegs foy steel aitdi

al"xmeiitge]Ki were dievegopedi aRdi theix stxkxctgaral characSeristics weve

evEalEkxatedi itumexica]gy xgsing FEM. Loadiitg tests were then carriedi-okxt eo

veydv the reskxlts from it"xEkerical analysgs. 'gb ignprove the stecaxct"ral

characteptstics of the first aluixginkxNxk modieg, then the shape axitdi size of the

main members of the modiel were mo¥(vaed and their mass wexe K[Rggiiecxltizedi.

FEitEgigy, te i}xvestigate the effect of this strxkctvgecaf moClifitcation en itatcgecaf

freqaseitcies ef the frame, eigeitvai"e axkalysis was peyfoecncifgedi.

5.g CeReRggsieits

    Based ept the research woxk, the fbllewing coRcgeksieRs caR be ¥(Irawn:

1¥) Agwexgiiitkxxgi caR be effectively gitsedi for mass redikkctioit ef a steeg stritkctajaye

   even without xgioCgifymg its basic diesign. For a strength-based diesign,

   the effect of ixkass rediRJgction is attatitable vifp to 5@%, whge for a

   stiffkRess-based diesign it is far less than this figuye.

2¥) Mass ecedikxction kEsing alaxxif}inxgixg can be effective oitly if svafff]itcient extra

   space is avaifable arexgitdi the erigiital structuxe. This space is itecessayy
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    t6 a]lew ait incyease in size of the strEectkkre to cempemsate the Iower

    modi"lexs of elasticity aRdi styex}gth of a}itkmiituxx]. Fgr stxeitgt]h axtdi

    stiffness basedi diesign, s"bstantial ]ifRass rediaction caitnot be achievedi tw

    a restxictedi space.

3¥) The fust afgkmi}Rkg}K} mediel, which was basical}y the sa]ne wtth the

  . origiital steel modiel in coitfiguratieiN aRdi megxebex's shape bRkt hadi one

    adi¥(litional cyess-xif}eiN]ber, achievedi a xgiass wedixitction ef 2e%, at Reaygy 2

    tirgges stxegegth bxgt 13% less veectical rigi¥(lity. Resugts freig} seebseqRxent

    loa¥(lixRg test coRfirrxkedi this FEM resggles. Tkis also servedi as a

    verSficatien of the FEM5 pyograwt xgsedi wt this stgkdiy

4) The secondi algeminkkixx }(}odieg, which was dievelopedi by ]gio(lig?Yig]g the

    shape aitdi size of cross- andi side-xnember, achievedi a mass rediesctioR of

    28%. Iit texixits of stxength, this li[xodiel was 1.5 to 6 tixer}es styengev Shait

    the steell oite. Meyeover, coittyary to the first ggxediel, this geveg ofstxeRgth

    has beeit achievedi with nearly the saxK}e level of stiffness.

5) ResEglts of FEM showedi that stragctvar(isig meCaificaSieR oR ftraEKxe {lidi Ret

    mRxch affect its natxerai frequeecy igg the first five iKkodies. OnRy reatvaxaf

    freqRxeRcy of the fifth mgdies increasedi s"bstantiaewy by th its mo¥(gificatioit.

    It increasedi by I5%.

5.2 ReeomagE]eitdiastoffgs

    Thas reseaych has shown xifftethods of xxkass redikkctien of a steeR stx'axctRjgxe

wtth algJaxixinEam. These rxiethodis cait aitse appliedi to other agricEgatvgrai
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]gNachinery. However, befoece ageplytRg these xggethodis te ether ixgachixEery oer

pxgttiRg this design into pyodiaxctioit lme, seixEe refigeegEkents aitdi fuxther

aitalysis are itecessaxy For Shis, the follewings are recexyxmeitdiedi:

1¥) Cexgapkktatioits andi tests ig¥) this research were coitdixgctedi oit gtr}odiek with a

    scale of i:2. Becawse, usgaEal[ity there is scafe effect, werklitg ]K}odieg with

    actxkaE size wgilif ]ikegy prodiRxce K[kewe acckxrate resEglts.

2¥) This veseaxch only dieafs with static analysis. Actkka]gy, as Sractor works

    tw fieldis, the forces exerted exx tractor stykkcture claaitges diymamicafRy

    with ti]ffke. Therefore, diyita]gkic anagyses sgech as Knediag aita}ysis,

    freqEgeRcy spectrEg]me aptafysis are necessary.

3) Fatigue is ox}e of the pertiRent probleffgis of alkigxkiitkki(} stxgxcture te be

    clarifiedi. CEkis research wiEi be kxsefu1 if a disckxssioit regaxdmg fatigue

    anagysis te be adidiedi.

2¥) Effort te xedikxce twactor's inass showeldi be contiiiaxedi to other laeavy

    cogxepoxkegRts s"ch as egegiite b}ock andi traRsiK}gssioK} case. In these

    cgmponeRts, s"bstaRtiait ]y}ass xed"ctigit wi[it RxitdieagbteCEity be attatmed foy

    iRtyodikgcing alasKK]iitxem. Mass ifediaxctioR effort oR these two cexgkpenents

    wiER ]ikegy more ¥(liffickxlt becakgse lead wiRl mot jkxsg externgiRR force }ike wt

    chassis bRJgt also }ieat geiteratedi by eRgiites aRd xotatixRg parts.

3¥) This fixkethodi ofmass redigactioR meay be applifedi to other agrickxRtkRrag fiegdi

    ]if}achiRery skkch as harvestex. Dejee te the natvare of harvester operatiege

   in the fieldi, iit aity cgitCgittioxit harvester wiR Rot needi gmey balliast te

   perforli [ft proper}y. This wil} x¥(}ake igxass yedkkctieR more rewaxding effoxt.
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4¥) Befoye a diesign is put into pxedivectieit lme, a fiitaxkcial eec ecoitoixkic

    axtafysis is kksuEglgy a inandiatoxy. in case of alamingtw chassas fox tracter,

   it skeuldi not coRfuge itseif tg nRanufacturing aspect, bkxt agso twcEudie

   fra]g]e's whoie service ]ife. Althokxgh at preseitt ixkaitktfactwrigeg cenedtioit

   aR algaxE}inuxK} chassis is sti[g moxe expensive thait the one of steei, if

   oEaditted with proper ballast, a coitsidierably Xghter tractor will cex'tgiiingy

   cgxRsEgrgRe less e]]ergy aitdi prodi"ce less soil cokx}pactieR diajgriitg its service

   life.

92



Acksgwledgeff$eg]t

    The aakthoy's greatest diefot is to Pref. Masayggki Koike, his tkesis adiviser,

who cgntingxoexsly gave guidiance aixd advice diagwtitg the whoge researck asudi

stRxdy periods. esis eitdless skxggestioxks, aitd helps iKE aM aspects of this

research are very ]cr}kgch appreciated.

   The axgth6r aliso exzpxesses his dieep seRse of gratitkgdie to his exaxKxixEatioR

coxgAmittee mexRbexs: Asseciate Pxefesser TbixRokire Takigawa, who gave

guidiaxgce fonc makng e}ectroitic cixekEit to iy}easwere CiEsplacexEkeRt oit

experi]meeptttikl moClels aitCg Rater EeitCg kng his own ]aser disptacemegee sensog" foR"

xxRoye acckxrate measgaxexK}ents, Pref. Masayoshi Sato aitdi Prof. Naeki Sakai,

whg gave their invaRxiable sxkggestioits aitdi corrections te improve this thesis.

   He also feel very indiebtedi especially te Dr. Hidieo Hasegawa foec giving

advice andi many xxseftal ideas when the aaethgr stkxmbled iRto compwtatieRaf

probleiK}s, Mr. Akiya Yk¥)dia for cerrectiitg drawiRg aitdi pxockkrrXRg the gxftaterial

for experiixgental modiels, Dr. Ryozo Noguchi fox giving ait insight diitto strain

xg}easure]]kent wlth electroRic straiit gages aitdi ReRdiix}g his Metex iMxxgltin}eter,

Mr. Ts*yoshi Honma for fabricatiitg experixK}ental iN}odens aitdi aasowing the

akxthor to Ream their fabricatioit techRiqekes, andi Mr. AJkinori Sate for guiCi ing

the author to saxpercoinputer aitdi workstatioit facgities fore fiitite egemeitt

comp"tatioit iit the Science andi Xnforn}atioit Pvecessing CeRter, Uptversity of

Ts"kxgba.

   Ackmowiedgetwent is alse dikxe to the Ministxy ef Edi"xcation, Japanese

         '

                                93



 Governxifient for pxeviCting a scholarship for the first 4 years ef kis staxdiy hewe.

Without the schelarship, he wevglld net be ig} Japan te die this wesearch.

    Thanks also to the aEethey's fuendis: Mr. PrathaJeang UsabowisEJet, Mif.

Weerachai Ajham, Mr. LEtik Soetiayso, Mif. CEbxif}oyaRki FEeifkkichi, and ]N¥(ifec.

Hidete KkRrosakS fonc their jokes aitdjeyeaJas cozzigeaity dxaring the writiitg ef tke

maituscxipt that kept the agithoy's hogee high; Mr. Nerthixo Hos}iti fox very

xiice coeperatiexR whife being togethey with the agathor speitCkSitg celdi winter

itights iit the }aboxatgry aiidi helpixEg the preparatieit of aoadiiitg tests, Msc.

Takehidie Inahata for patieittly aitsweyk}g qkxestioits when the akkthoy faee

into prob}ems with Japanese LaRguage especia"y kaitjk', agedi My. Evglito

Bautista for willingly pxoofreadEng soNgxe sectieRs ef Chapter 2 ef this thesis.

   Finally, it is tg his family. Mere wsrdis cannot coEevey the heartfelt

gratitkxde to the a"ethor's wife, Dhinax, whe coitstai¥)tgy gtve tiyeless support,

encoRkragement aitdi xEndiexstaRdixEg dggyiRg his stay heg"e, especialEy for the

fiRal year of his stEgdiy tw Japan. Aaso to his soRs Ghazy Raksakaxagecea aRdi

Eiji Mkjitzaffar, wh6 a]Eowedi the akxthor to speitdi far gonger time M the

Iaboratory to st"dy insteadi ofiR the dorgxeitoxy to pRay with thegxu.

94



Refewegeces

1¥) ASM. 1979. Metal Handibook Vbl. 2: Property aitdi selectloit of iteitfex"yoaxs

    alEeys aitdi pure xgAetals, 9th Edi. imerican Society of Metals, Metal Pauk,

    Ohge.

2¥) AERonymeEks. 1992. Metals data beek: cjlES aitdi xg}ain foxeign staitdag"dis,

    3'd Edi. Tlae Japa]iese Standiard Associatien, 'Ibkyo Gft Jap aitese¥).

3¥) Ashby M.F., Joites, D.R.H. g980. Eitgeeering matexgEdis: Axk
    introdiuctio]k to their pxoperties aitdi appkcations. Pergagxxeit Press,

    Oxford, Engiard.

4¥) Atxek, E., Gabagher, R.}I., RagsdieM, K.M., Zieitkiewifcz, O.C. 1984. New

    ¥(SifxectEoits in optimeaxif} strkkctkxyal diesigxE. JehR WiEey gikxEdi Soits Iptc.,

    Chichestex EnglaRdi.

5¥) Bepm, L.}iif. 1982. indiggstrial noise contxei: FkxitdiaixRentgiglEs aRdi

    applicatioits, ISt Edi. Marce} Dekker Inc., New Yic}rk.

6¥) Birch, S. g994. AlkxixkinvaxRa space fraxKxe technogegy. A"jgtoig¥)etive

    Exggiiteerix}g, g02(1): 70-73.

7¥) Bircch, S. i995. AlgggxiinkxxEg coifkposite drecive shafit]. Autemotive

   ExkgiReeying, gg4(2): 87-9e.

8¥) Bgxweaas ofStatistics, US Departxi}ent of Ce]triixxeyce. I999. Ixxkpart ofsteel

   gexodi"cts. Washigegton D.C.

9¥) Clark, R.L., van die Lindie, R. 1993. A rapidi akxtematic txactor ba]]ast

    systema. ei]ecaitsactioits ef the ASAE, 36(5):126X-i266

10¥) Clijmams, L., Ra]gxen, H., De Baerdermaekex j. g998. Stnc"xctxkyag

   xifko¥(uacatioit effects oge the diy]tawtic behavior ef giEer} agricRxltgxra} tyacter.

   [l]raitsactions of the ASAJE, 41(g): 5-10.

ID CIoexgh, R.W, Penziext, J. 1975. Dynag]kics of stygictxgsces. McGraw-}i¥(iEe

   Beok Co. Iitc., New Ybyk, N.Y

g2¥) Coxgipton, WD., Gjostein, N.A. g99e. Materials for guokkndi
   traRspertatioit. ScieRtifEc imexicait,gI2(1): 75-82.

a3¥) CoweB. P.A, Sayfert, A, AxasteR, J.R. 1994. The latexal stabilkty aitdi

   diynaxecgic behavior of tractew front liitkages. Jogjgynaa ef AgricRjsiktEExali

   Exftgiiteertwg Reseaxch, 58(2): 145-157.

I4¥) Deve, R.C., Adiagifis, P.H. k984. Experimewtal styess aitEitliysis andi gxietieit

   xifieasRxyegneitts. Charles E. Meyril Books Inc., Celekmbggs, O.]I.

95



a5¥) Dwyer, M.J. g984. [eeke tractive peyforx[Rance of wheegedi vekiclies.

    Joaxrnal of [Elerramechaitics, 2Z(g):19-34.

R6¥) Feititex, D.N.: Engtneeriiig stress aitalysis: A fiptte eRegnent appyoach.

    E]]as EEorwoodi Lrd., Chichester, Eitglaxedi

g7¥) Gamex, D.R. A967. dnalysis of a txactox fraxg]e. Farm Maclaine Design

    Eitgixkeeptg, 1: 27-32.

g8¥) Gee-Cleeqgh, D. A985. The special problexEg ef wetlagedi txactio* andi

    ffetatieit. Joxxxxkai ofAgricgeltxgral Engixkeeriitg Research 32(2): 279-288.

g9¥) Gee-Clo"gh, D., Peaxseit, G., McAaljlster, M. g982. Bal]asting wheeled

    tvacters to achieve xixaxt]K¥)axgxR pewer oaxtpkgt ig¥) fuctieRaf-cohesive sods.

    JoEgrRal ofAguicuitkxncal Engiiteering Research, 27(R): 1-g9.

2g¥) Ggg, Yl, Kwshwaha, R.L. 1994. Dymamic ]oadi dritsgribEetioge andi twactive

    perfor]xftaitce ef a gxkediel txactow. Jogar*al of [fexya]ggechanics, 31(1): 2g-

    39.

2g¥) GOhlich, H. 1984. The devegop]g}eitt ef tractors aitd otlaer aguicaklltRxraR

    vehicles. Jokgmal ofAgrickxgt"xxal Eitgtiteeriitg Reseaecch, 29(1): 3-i6.

22¥) Hakamssoit, g., Medivediev, VW 1995. Protectioit of soils frem gKEechaptcale

    overE6adig*g by establishing lixgiits for stresses caaxsedi by heavy vehicles.

    Soil a¥)]di Cmuage Research, 35: 85-97.

23¥) Hakanssen, I., Reedier, R.C. 1994. S"bsome coxK}pactioit by vehicge with

    high axle goadi: Extent, peysistence axitdi crop respoitse. Seg aitdi {Eianage

    Research, 29: 277-3g4.

24¥) E{asegawa }I., Kgike, M., Komaka, T. 1997. Static elastic-pgastic analysis

    for the ]nemoceq"e-type fraixke of ait agricultgkrEitI tractoy: N"mexical

    sixK¥)ulatioit kksing NISA II. Jexxyitaf of the Japaitese Society of

    AgrickJeltkxral Machinery, 59(1):lg-2e aR JapaxRese).

25¥) ffasegawa, H., Koike, M., Kenaka, T., Takigawa, T. 1994. Medial aitagysis

    of xif}oitoceque-type chassis fra]if}e of aii agricultxkyal tractox. JegJgyital of

    the Japanese Seciety of AguicultkJeral Machimery, 56(5): 3-11 an

    Jap anese¥) .

26) Hessdioy£ H. I980. Modiel aita}ysis efstraxctkxres (Eitglish 'Ibeans]atioit by

    C. van imerongen¥). Vkiit Nestxait Reinho]d Co. Ltd., New Yk¥)xk.

27¥) H"", D. g981. im ix}Srediaxction to ceiMkposite materials. CaEecebridge

    University Pyess, CaxK}bxiCgge, EitgRaitCg.

28¥) Iketwi, T., Li, J., Matsgigka, T., Doi, E. 1997. A stxgdiy on ghe front-}titch

    system of a tracter. Jexgmal of the Japanese Sgciety of Agr"icgaltkkral

96



    Machinery, 59(3): 65-72 an Japaitese).

29) inooku, K., Nis}kgzaki, K. i991. StRJady oR diRJtrabitlty ofa tractoy (Pare 5):

    Methodi of actkRal }oading si][kRxlatieit. Proceedings of the 50th imnakal

    Meetiitg of the Japamese Seciety of AgricRxgtkJeptal Machig¥)ery. JSAM,

    [Ebkyo: 59-60 apt Japaitese¥).

30¥) Internatiogial 'fechnelegy Research institggte, Werkt 'IbchRggogy

    Evalasatie* Centex g995. JTEC}I panel wepert eit adivancedi xg}ateriaNs.

    Leyoia CoMege, BEalittixgiorce, M.D.

3g¥) Janeway R.N. g975. HEg]Kkaifg vibyaSioit teierance criteria aRdi appptcatioit

    to ridie evaeEgation. SAJE Paper No. 75-O166, SAJE, Warxendiale, P.A.

32¥) Koike, M., Taitaka, T. 1976. Agkalysis oit the strasceewal strength of

    tractor frawte (Part 2): Oit the strakctyeral daix)pRng. JoewitaR of the

    Japaitese Society ofAgricggltgaxaf MachiK]ery, 38(g):19-24 aR Japanese).

33¥) Koike, M., TaRaka, T. a977. AxRalysis o* the str"ctewal streagth of

    tvactor frame (I'axt 3): Oit the fatigrke streitgth of rear axie hoeesiitg.

    Joasrital of the Japaitese Society of Agricxg}tgerag Machiitery, 38(2):169-

    g75 a$ Japa]kese¥).

34¥) Kooistra, M.J., Boeys]na, O.H. 1994. Skxbsoif coxif}pactien in DRgtch

    ]ifkaiipte saitdiy leames: LogseKkiitg pxactices aitdi efilfeces. Soil aiidi [E}gEilage

    Research, al: 1-10.

35¥) LaRghaay, }I.L. 195Z. Dime*sioital aigxalysis aitdi theory ofmodiels. John

    Wiley and SoRs Ixc., New Ybrk.

36¥) Lifjedahl, J.B., IkJgmqExist, P.K., SxKxith, D.W IIcki, M. 1996. IEbeaceors aitdi

    thetr powex ggptts, 4eh Ed. ASAE, St. Joseph, M.I.

37¥) MtEiggieit M., 'i]xeixkblay F., RoseRfegdi, A., Thogxkas, M., GesiRg, A. g997.

    Processes for the xecycliitg of sheet a]kdi other wyovaght afioys fr@ffxk

    aluminkxK[k iitteitsive vehic}es. SAE Paper Ne. 97-O126, SAE, Warncendiale,

    P.A.

38¥) Matthews, J. a966. Ridie coxK}fort for tracter operators IV Assessment of

    the ridie qggakity of seats. Jokgscna} ofAgricveltgexaj Engneexing Researck,

    2(R): 44-llS7.

39¥) MLiki, Eif. X988. Deve}opxrient of a new concept tracton Prepyptts for the

    Werkshop Regar¥(img the Thexif}e 'aitdi Prospect for DevePopment ef

    AguicgeRtural {ifbeactor (VolERme 2). JSAM, Tokyo: 23-30 (Iit JageEkEEese).

40¥) Motobayashi, K. 1992. Basic studrites eit the eptimization ef tractor

    xif}embers. Docteral Dissertation, University ef TsRxkkxba, Tsajakweba,

97



41¥) Motobayashi, K., Keike, M., Konaka, T. 1993. 0ptixgikuiK} diesign oftractev

    mexnbex by finite eiexifge"t methed (Part 2): Shape optiixRizatieR analysis

    foff a claassis fragxke. Jeurngikll of the JapaxRese Society of AgricegSturzit]

    Machiitery, 55(4): 3-la GR Jap3nese).

42¥) Nagy, I.I. a973. FixRite elegxeent methodi in agfftoxKgebile diesign. Pxoc. ef the

    1973 ']bkye Sexx}iKiar on Fi]itite Elemeitt AjRagysis. Uitiversity ef Tokyo

    Press, [ffbkyo: 444-460.

43) Nishizaki, K., Igkookkx, K. i991. Stggdiy oix digerabi] itty of a tractox (Payt 4):

    Data acqkEisitiege of actgual goa¥(ling aitdi its axRaitysis. PyeceedrEitgs of the

    50th AgRxRagEsig Meetiitg 6f the Japaitese Society ofAgriculteJgyal Machiikery.

    JSAM, {ffbkyo: 17-g8 aR Japanese¥).

44¥) Offitce of [Ek}chnology Assessxif¥)ent. 1991. IxEipreving aNatomobile ecomomay:

    New staxkdardis, xiew approaches, OTA-E-504. Washi}egteit D.C.

45¥) OIdiexg}ame, L.R., Eifakkeling, R.TA., Sombroek, WG. 199i. Worldi maap of

    the seatus of huxgian-iRdixecedi so" diegradatioit: im explgiig}atory note. h?

    Soagee, B.D., vait ORJgwewkerk, C. IxgiplicatieRs of soil compactien iR cyop

    prodixaction foy the qgiEalXty of the enviroitx[Rext. Seif axRdi Ti[itage Reseancch,

    35: 5-22.

46¥) Overbagh, WH. 1995. AlaxminkJem aKgtoKxkotive space frames. A"tomotive

    Eitgiiteembg, g03(8): 8I-85.

47¥) Overbagh, WO. I995. Use of alggmtw"tw in autoixkotive space fragykes.

    SAE Paper No. 95e721, SAE, Warrendale, PA

48¥) Rahaffxka, O.A., Chaitcellor, WJ. 1994. Peak axtdi averagedi geadis en

    txactex strxgctkgres. rlbransactioms of the ASAE, 37(6):a733-g740.

49¥) Raney J.P., J.B. Lifjedahg, R. Cehen. 1961. Tlae dvaaxKkic behaview of

   fargxg tractexs. {E}graitsactions of the ASAE, 4(2):215-218.

50¥) Rhenixes, K. r]¥)h. 1994. ]]xeitdis in tracter diesign with payeickgAar refeweRce

    to Eewope. Jovgifptal ofAgricnit"ral EngiReering Reseaych, 57(1): 3-22.

51¥) SEalftokhe, VM., Maitzgor, S., Gee-Cioasgh, D. 199e. P"M aitdi Mft forces

    actiitg eit sjptgge cage whee] IRxgs. Jogemal of Terramechaitics 27(1):25-39.

52¥) Sharp, M.L. 1992. Behavior aiEdi diesign of alkimiRggm strkxctgares.

   McGxaw-Hi[E Bogk Co. IRc., New Yk¥)rk.

53¥) Singex F.L. g962. StreitgtJh ef ixeaterials, 2"d Ed. Hamper aRdi Row

   Publishers inc., New Yk¥)yk.

54¥) Smith, D.W g977 Compagter simaxlation of tracter ecidie for diesign

    evaJk"ation. SAE Paper No. 77-0704, SAE, Warrendale, PA

98



55¥) Taxtaka, T. I984. 0peyatEoit iit padidiy fieldis: State-of-the-ayt ecepork.

    JeRgrxtal of [Elerraxx}echaikics 21(2):X53-179.

56) Taitiguchi, {¢. 199e. ri]gractor gSesRgn ait(R gXevelepiifitent tw tlae next ewa.

    PrepKrrEnts for the IRternatioital r]}ractor SympostwiEg. The }{ekkaidie

    Branch ef She JSas, Tokachi, Japaif]: 95-e28 an Japanese¥).

57¥) Tlaoxnpsg*, WT. 198g. Theory of vibratien with applicaSions, 2"d Edi.

    Pxentice-Hall inc., Enggewoed Cliffs, N.J.

58¥) 'lliMxeosheitko, S.P., Gewe, J.M. 196g. Theoxy of elastic stablgAty, 2"d Edi.

    McGraw-iEifg[e Kogakxgsha Lrd., [[bkyo.

59¥) [EVgxitesheitkg, S.P., Ybveitg, D.E{. X968. Elexifitents of strextgth of ]gRateria}s,

    5th Edi. D. Vkin Nostyandi Co. Inc. ai¥)di Maruzen Ce. Ltdi., 'Ibkyo.

60¥) ']]ixgxosheRke, S.P., Ybxaitg, D.Eff., Weaver, W 1974. VibraSioit prohgeffg}s iece

    engiiteeimg, 4th Edi. JohxR W"ey and Sgns inc., New Ybrk, N.Y, g974.

6g¥) 'I}ipton, S.M. 1996. Static andi fatigue diesign. ft? Rothhaza EEA.

    MechanicaR Design Handbook. McGraw-HgM Book Co. ffKkc., New Ybeck:

    7.3-7.73.

62¥) [ffbm[ftpstoxite, R.G., CoweR, P.A. g990. The iKftflggence of fro*t imkage

    geoKiketry en tractor-implement twtexactiopt. JoaArmeal of AgmcKgRtkkreikE

    ExegiKieerjxtg Research, 45(2):i75-186.

63¥) Tsai, S.W, Hahit, H.T. 1980. IRtrod"ctiew to cgxnposiee ]rr}ateptaRs.

    [Ebchgkegxkic PvebXshing Co. I¥)Rc., Lancasteif, PeRit.

64¥) US GeoRogicEalE Skxrvey 1999. MinergiaP coxE}ffkeditgy swaigkxifgaries.

    WashixRgtgix. D.C.

65¥) Vk¥)}terra, E., Gaibes, J.}I. 197a. Adivancedi styengtla of igkateffiags.

    Preittice-Ha]i Ce. Lrd., Eitglewoodi C] fiffs, N.J.

66¥) ZhaKkg, N. Q., ChaREce"or, W I989. Aajgtomatic bEglaast posigioit coRgxog for

   Sracters. ']}ransactioits ef tke ASAE, 32(4): ft159-1164.

67¥) Zienkiewicz, O.C. g977. rffEe fuite e}exnent ffKgethgdi, 3"d Edi. McGraw-EEew

   Beok Co. I]xc., Beykshire, Eitggaasdi.

99



   Appendix A

Experimental models
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                                                Appendix B

                       Selectedi pexts of inpygt data for eXastic axualysis of alecgrmxam modie]

FEM IOAREA 25500SAVEBLK 800
$------1-------2------3------4-------5-------6-------7-------8-------9-------O

ID

TITLE Full aluminum model: loading 1-8(alr.i)

SOL O :Solution.' Statie ana7ysis
GRDPNT O 1 :Computing mass property
LIST 1 1 1mx
PRINT O O O O O
SAVE 70
AUTOSPC YES

SUBCASE 1

SUBTITLE CASE 1 :Title for Loading case-1

SUBCASE 2

SUBTITLE CASE 2 :Tftle for Loading ease-2

SUBCASE 3



pa

omo

SUBTITLE

spc

LOAD

SUBCASE

SUBTITLE

spc

LOAD

SUBCASE

SUBTITLE

spc

LOAD

SUBCASE

SUBTITLE

SPC

LOAD

SUBCASE

SUBTITLE

spc

LOAD

SUBCASE

SUBTITLE

spc

LOAD

CASE

4

CASE

5

CASE

6

CASE

7

CASE

8

CASE

3

1

3

4

1

4

5

1

5

6

6

6

7

7

7

8

8

8

  Title for Loading

: Constraint set-1

: Load set-2

: Tit7e f7or Loading

: Constraint set-1

: Load set-4

 'Tit7e for Loading

: Constraint set-1

 Load set--5

  Title f'or Loading

  Constraint set-6

: Load set-6

  Title f7or Loading

  Constraint set-7

 Load set-7

  Title for Loading

  Constraint set-8

 Load set-8

case-3

case-4

ease-5

ease-6

ease-7

case-8



＄一一一一一一1一一一一一一一2一一一一一一一一3一一一一一一一4一一一一一一一5一一一一一一一6一一一一一一一7一一一一一一一8一一一一一一一9一一一一一一一〇

BEGIN　　　BULK

GRID　　　　　　　　　　　1　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　：　θθαηθオ！ゴ。∂！　ゴθff12f～㌻．！o、η　ofノηoゴθ1

GRID　　　　　　　　　　2　　　　　　　　　　　　　　　　　　　　　　。0300000

GRID　　　　　　　　　　　3　　　　　　　　　　　　　　　　　　　　　　　。0600000

GRID　　　　　　　　647　　　　　　　。9750000。1935000。0800000

GRID　　　　　　　　648　　　　　　　　．9750000。1935000。1100000

＄一一一一一一1一一一一一一一一2一一一一一一一3一一一一一一一4一一一一一一一5一一一一一一一6一一一一一一一7一一一一一一一8一一一一一一一9一一一一一一一〇

一
〇
Gゆ

SPCl

SPC！

SPCl

SPCl

SPCl

SPCl

SPC1

1

1

1

1

1

1

1

123456

123456

123456

　　　　3

　　　　3

　　　　3

　　　　3

　　1

　6

　4

413

516

488

44！

：　Ooz～θむr∂∫ηむ5　3θ云一！

SPC1　　　　　　　　　　　1　　　　　　　3　　　　　443

＄一一一一一一1一一一一一一一2一一一一一一一3一一一一一一一4一一一一一一一5一一一一一一一6一一一』一一一7一一一一一一一8一一一一一一一9一一一一一一一〇



一
〇
恥

SPC1　　　　　　　　　　8　　123456　　　　　　3

SPC1　81234564
SPC1　　　　　　　　　　8　　123456　　　　　　16

＄一一一一一一1一一一一一一一2・一一一一一一一3一一一一一一一4一一一一一一一5一一一一一一一6一一一一一一一7一一一一一一一8一一一一一一一9一一一一一一一〇

CQUADE

CQUADE

CQUADE

CQUADE

CQUADE

CQUADE

　　1

　　2

　　3

　　4

　　5

656

2

2

2

2

2

2

　　4

　　1

　　2

　　5

　　6

648

　　1

　　2

　3

　　3

　　4

645

17

18

19

19

20

644

20

17

18

21

22

647

＄一一一一一一1一一一一一一一2一一一一一一一3一一一一一一一4一一一一一一一5一一一一一一一6一一一一一一一7一一一一一一一8一一一一一一一9一一一一一一一〇

PQUADE　　　　　　　　1　　　　　　11。0000001．000000

PQUADE　　　　　　　　　2　　　　　　　1。0025000。0025000

PQUADE　　　　　　　　3　　　　　　1。0030000。0030000

PQUADE　　　　　　　　　4　　　　　　　1．0055000．0055000

PTRIAE　　　　　　　　5　　　　　　！．0050000。0050000

＄一一一一一一1一一一一一一一2一一一一一一一3一一一一一一一4一一一一一一一5一一一一一一一6一一一一一一一7一一一一一一一8一一一一一一一9一一一一一一一〇

MAT　l

GRAV

FORCE

FORCE

FORCE

FORCE

1。6830＋10。2355＋10。45000002700。000

10　　　　　　　9。81

11　　　！78

11　　　184

！1　　331

11　　342

187。5

187。5

187。5

187。5

一1。0

一1．0

－1。0

－1。0

－1．0

Oo刀5～5r∂f12亡8　8θ冶一8

：　〃θf1刀1む10刀　of　θ！θπ1θη亡3

：　Pro∫）θr亡γofθ1θ加θ刀亡3

陥亡θrゴal　Pro］ρθr亡γ

3θ1f躍θf8力孟　ゴαθ　亡。　gray1むaむfoη

！70rOθ8　∫刀　10a（1fη8●3θ1卜1



一
〇
⑰

FORCE　　　　　　　　11　　　　516　　　　　　　　　125。0　　　　　　　　　　　　　　　　　　－1。O

FORCE　　　　　　　　11　　　　524　　　　　　　　　125。0　　　　　　　　　　　　　　　　　　－1。0

＄一一一一一一1一一一一一一一2一一一一一一一3一一一一一一一4一一一一一一一5一一一一一一6一一一一一一一7一一一一一一一8一一一一一一一9

FORCE　　　　　　　　81　　　　116　　　　　　　　　　110。2　　　　　　　　　　　　1。O

FORCE　　　　　　　　81　　　　　114　　　　　　　　　　110。2　　　　　　　　　　　　　1。O

FORCE　　　　　　　　81　　　　　75　　　　　　　　　3271。7　　　　　　　　　　　　　　　　　　　　1。O

FORCE　　　　　　　　81　　　　　89　　　　　　　　　3271。7　　　　　　　　　　　　　　　　　　　－1。0

＄一一一一一一1一一一一一一一2一一一一一一一3一一一一一一一4一一一一一一一5一一一一一一一6一一一一一一一7一一一一一一一8一一一一一一一9

LOAD　　　　　　　　　　1　　　　1．0　　　　　1。0　　　　　　　11　　　　1。0　　　　　　　10

LOAI）　　81．0　！．0　8！1。0　101．0　11
ENDDATA

：ア。κθ31刀10∂ゴfη83θむ一8

：　五〇aゴ　3θむ　for　o∂5θ一1

：　」しoaゴ　5θカ　for　o∂5θ一8



pa

oo

            AppenCkix C
Selectedi pexts of ouazpue froxifx stawhc aptalysis on Edwifmb]utw xftxedie}

       ********************
       ********************

       ** FE ¥)-l[5 **
       ** FINITE ELE}vllEN[I] METHOD 5 **

**
**
**
**
**
**
**
**
**

 25 VERSION

 11 LEVEL

OCT OI, 1995

**
**
**
**
**
**
**
**
**

********************
********************



SUBCASE 1

POINT　ID。

　　　　　　　1

　　　　　　　2

　　　　　　　3

TYPE

　　G

　　G

　　G

CD　ID。 　　　　T1

0。000000d÷00

0。000000d＋00

4．287165d－06

　　　DISPLA
　　　　　T2

　0。000000d＋00

　0。000000d＋00

－5。020283d－07

CEMENT
　　　　　T3

　0。000000d＋00

　0．000000d＋00

－9。333627d－08

VECTOR
　　　　　R1

　　0。000000d＋00

　　0。000000d千00

　　3。243963d－05

　　　　R2

0。000000d＋00

0。000000d＋00

0。000000d＋00

　　　　R3

0。000000d＋00

0。000000d＋00

5。870308d－06

」～bd！θ　刀α〃わθr x一ゴゴrθoオfo刀 アー（ガrθoカ10四 2r－6Z／rθo亡ゴ。刀 θκ一ゴfrθoオゴ。刀 θノーゴ∫rθoが。刀 θ3一（ガrθoむ10刀

一
〇
“

POINT　ID。

　　　　　231

　　　　　238

　　　　　250

　　　　　256

　　　　　277

TYPE

　G

　G

　G

　G

　G

CD　ID。

　　　　　FORC

　　　　　　T！

0。000000d＋00

0。000000d＋00

0。000000d＋00

0。000000d＋00

0。000000d＋00

E S　OF　SI
　　　　　　T2

0。000000d＋00

0．000000d＋00

0。000000d＋00

0。000000d＋00

0。000000d＋00

NGLE－PO
　　　　　　T3

　0。000000d＋00

　0。000000d＋00

　0。000000d＋00

　0。000000d＋00

　0。000000d＋00

INT　CONS
　　　　　　　Rl

　　1。068590d－15

　－1。172673d－15

　－1。231092d－09

　　1。231032d－09

　4。440892d－16

TRAINT
　　　　　　　R2

　0。000000d＋00

　0。000000d＋00

　0．000000d＋00

　0。000000d＋00

　0。000000d＋00

　　　　　　R3

0。000000d＋00

0。000000d＋00

0。000000d＋00

0。000000d＋00

0．000000d＋00



FORCES AND STRESSES IN QUADRILATERAL
　　　　　　　　　　　　　　SUBCASE　l

ELEMENTS　（QUADE）

肌　∵ll。i懸1：熱論

　　　　8。000000d－04

2

　　　－8。000000d－04

　1。182282d＋06　　2。227195d＋05

　3。926944d－02　　　1。116350d－02

－4。387561d＋05　　7。025373d＋04

　　一5，114526d＋04

　　－1．535712d－02

　　－3。347195d＋05

ANGLE MAJOR MINOR

70。6791　－1。717143d＋05　－4。605772d＋05

－3。0424　　1，185000d＋06　　2，200011d＋05

一63。6238　　2．362365d＋05　－6。047389d＋05

MAX－SHEAR

1．444315d＋05

4。824994d＋05

4、204877d＋05

一
〇
〇〇

ELEMENT　　　　FIBER

　　ID。　　　　DISTANCE

FORCES

FORCE。。。。

STRESS。。。

AND

　　猷

NORMAレX

STRESSES

　　MY

NORMAレY

IN

　　MXY

SHEAR－XY

TRIANGULAR

ANGLE MAJOR

ELEMENTS

MINOR

（TRIAE）

MAX－SHBAR

278

　　一8。000000d－04

　　　8。000000d－04

Fullalu皿inu皿Inode1：

一5。617234d＋00　－2。！77598d＋00

　6．496859d＋06　　6．383790d＋06

－！。983393d＋07　－3．823702d＋06

10ading　l－！1（alr。i）

2。264438d－01

8。801408d＋06　　　44。8160

9。862863d＋06　　　64．5321

　0CTO！，　1995（V25／L11　）

1。524191d＋07

8。738583d＋05

　　　　　FEM5

一2。361265d＋06　　8。801589d＋06

－2。453149d＋07　　1。270267d＋07

　　　DATE　99－10－04　　　PAGE　　764

＊＊＊＊ END　OF　ANALYSIS。 MODEL　ID　＝＝
， ANALYSIS　STATUS 0　＊＊＊＊



                          AK¥)peg]diitx D
         Resarkgs ef vemb¢atgew ef eggeitvaR$e anafysis gMiodiuRe

g. Candiever plate, shell eiement

Mede Theory70¥) geEM5 Exrey, %

1,

2

3

4
5

3.dyg

7.37

18.50

23.65

26.89

2.92

7.58

gg.e4

25.73

28.g3

2.99

284
2.9g

8.79

4.6g

2. SggNkply skkppoxtedi sqgaare ptate

Mo die Tkeory70¥) FEM5 Error, %

1

2

3

4

5

s4.go
2la.24

2ge.24
336.38

42O.47

84.56

2g4.32

214.32

343.26

435.25

O.55

g.94

1.94

2.@4

3.52

3. Fyee edged sqEeare plaSe, shegR ele]xient

Modie Tbeoecy70¥) FEM5 Erxor, %

1

2

3

55.g8

8e.46

93.58

56.02

82.26

98.53

1.52

2.23

5.30

4. Cantilever beagncR, bar

Medie Theoryi8¥) FEM5 Errer, %

g

2

3

go.2s

64.22

g7983

lo.3e

65.gi

gso.2g

@.54

1.24

O.21

109



5. Sigx]pgy skjgppoytedi beaxxi, bar

  Modie Theoryi8¥) FEM5 Exreif,%

    1 28.77 28.77 O.Ol
    2 115.06 114.I3 081
    3 258.89 26I.33 O.94

6.Unco]kstrat]aedibeagxg bar
                    '

  Mede Theoxy67¥) FEM5 Errox,%
    X 65.29 66.12 1.28
   2 g79.83 a82.32 I.38
   3 352.66 36e32 2.g7

7. CaRtifever beaxER ggsiigg soMd eleiggent

 Mede Theexy70¥) FEM5 Erecew,%
   I           @.56                    e.56                            o.esg
   2           3.5a                     3.6                            2.660
   3           9.82                    la.1                  . 2.851
   4 19.24 I9.52 g.436
   5 3g.81 33.02 3.808
   6 3g.81 33.02 3.808
   ･7 66.37 70.06 5.566

IXO


