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1. 1lntroducti on

Soi l tillage has been a cornerstone of ag.|
shaping the devel opment ofi | f agminmpgne&nd s $ 00
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i ncrease water infiltration and retention,

suppress weed growt h.

Howevceornsertvialtli aghes aptha@awvti cdr.&whacikrstheance,

excessbperesi dubogpemdd ¢elsesadi aIgedneglvame ment ,



se¢doil cont axedgdramidiamrevemt .Tehe ad x g e 29i0wWe c I

-

esidue on the soil s u(rLfuapcwea yw o uelt dw adiaocho n2pOo0s6e)

=)

egatively impact the seedCogsguwaaiatligsnoi ni Imloa
cauwsoad | sur f arcees wlotmprag tfi anmw t rue dtwaloieareyi btsa alit |

growth and(prdductaindi.Dyeé Kk etfiolrlealégdmeairl at i on s
effectivelay piom¢c¢ommomndsedue eita8 mmama@ipl ,r eveh idlues

on t he soiinprsouwe atchee tsooi | heal t h

Many typesmaohicmes bagesed i n [Dioshcesg ev beiean t
commonly used t o ansahndaygset ucrrbo pt dheeq stlactiEashaaginlg
appropropteesi dleea novchv d reqngges.uadasoif her form of
til wageéad all evi at e dseoeiplerc osnopialc tliaoyner s wi t ho
surface resi(daeetanal t,op300T,; Martingz et a l
Al t hough the inhes abhdbgeswe et aeadshavepbeesi du
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1T devebD&pnoadel t o wiomuwunigdtsde kseas@l€Ch aphHner
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ChapterGener al |IRietva ream ur e

2. Till age | mpl ement s

Tillage is a fundament al agronomic operat.
(Baker et al ., 1(9V8i6e)s,e,, c 0lmOicBicbo)Ip lo ir (aAHiaw esel d anidd u e
Guzman, 20MW3)i mproving soi l s t(rLu c teutr ealf.o,r 200p
Broadly, tillage can be cl| agsrliifeisesdce ni .retto agr.i,n
Primary till ageperatitdhire dfitresn IsanVvest and ir
aggr es diivwvd ug bdéhacendary tillage is lighter, f
and conserving soil moi sture. The choice of
condition, crop requirements, and environmen
Modern tillage equi pment is designed to ba
management whi |l e croinssiumpadm@neneopgment al de
Among the wide range of tillage tool s, di s

di stinct approachesl.ebDelscepanmrat iucres $wach sasg f
weed coGhemlet, aWwhil 09dbsoilers are used f

compacted |l ayers andShmpgoVeée. edtotal pen@0ilé@)i o

2. 1D1 Ficl | age
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are ideal for uneven terrains, of fering i mpl
(Upadhyay and, Rehemadsg m2faIif8ea thuarrer obwost h f r ont

gangs for enhanced soilinghdamrandtEomaamd >

Fi gwrleExampl e of di sc equi pment t hat managing soil

manufactured by Versatile).
2.1S@bsoiling
Subsoilers are deep tillage i mplements de

breaking up hardpan | ayers witho(UHi ppgnamdca
HodgsonVanlnn8us3.types of subsornéceuisraamnmden tuss e d
soi l condhtcbnsnfluence the width of distur
For exampsthBanlk subswdhH eFsgunepRRenRend ma l soil
di sturbance while effect( Dei ke pCaunr2edd }sihnagn kc ¢
Ssubsoil ers wWerraectdueasei gtnheed stoo | , creaonggeta br
al . ,. 2Wi2ZWhged subsoilers, equipped with | ater

the same working dept h(fHamg r eta sSunhgs, oti210i Inéga e s
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highlyi enemgihveghawitt i or c etso,p tnientiezses ipteartfionrgma n

reduceorfauwempti on.

Figat.e A subsoiler with wavy coulters and rippers.

2. Residue I ncorporation into Soil

2.2Cl ®Rpsi d@oen sienr Vialtliaogne

Il n conser vtatliloang et itloloagse muswhideh | nmsackielht be op
t ool i nmoerceampli ern. 1l exaideyea at@anm gleen&dchtt o si gni
clogging of t ielgluaigpeinban da pp & eadpcphrgesp esade e

management tahrdeosgbhss.etdl hgkow

Residue covehe qebcartoepdyrteosfi due per uni t S L

calcul ated by thkafayd¢lowetnhgalkqua20da)

rp Q8 prm (21)
wheax=e esi du(ey=advered wddeagdhpg rdsi due within a u
I b H3dhe pageeofi dued &%¥,ve5F5 %, 8f0%, caonnds e9rOvo@)t i
til hade ef fseecetdsi ngr{ Klauradyidly e ExpelrimeB@d@0al) r es
demonstrated that a high residwld scoveaurr r oed |
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openers and gseedd wdleerd miyh@ltggerote r gendpr ¢ p ee .
density of drhepi resodb@dwme di ursnianl sfoliuct ue
temperature bet ween whahydBavnoduhmceidyh t e per g @mce a
growMbrri s €lthealdfhou2ed@d)ecrr oopf r esi due shoul d
tonaggprobeval ef orsecpdienpgt lzeemig r gemaeedcr d p
establiscmepbrati ngtor ¢ imearidsialgreevihteh ps t o mi
chall enges associ at edTiwl It &g eesxad phesrsga avseio tci rvoep

effectcsomadidssuodhh sasulateirmat elny resudrtgmegl d.n an

Resi due l ncorporation i cladtdiedtpged pemaniy
parameters and r edindd & edlnid es>®p & rhicnoenidli It d goan s
depth and r esafliuehcei nscoa rl p grraytpi€d nda re se ta. nadl .c,r o020
Amounts andopirzekbsaodafcf ect resimbwe memde¢ o r paar
decomposi tLiioun eitn hshoviel( RO1L O3t i gated the effec
rainfgr om 50 to 250 mmods weielpl. aghepéonf owamande
of oat straw increased by 20% when straw | e
straws were | ess bumnimpd sibrbtrd oBad ir ladvswaltsh e s we
faster when tilled i nt{&itgh&Ussidng9 tjihlalnage dageui
such as cdiogsc sceasnii dhieen c stnal | ead agpiecetddd &1,pr w i dhe

decomposition.

| nddaiti on to residue incorporation, resi due
with crop residue management. Hairpinning re
as straw or stal ks) I ss epeugsdutadrf t B0 B e svped

rather than being ¢Cbhanl gt.caltnspre2abdd Gopfd aad sliodne

16



to be placed directly into the soil, the ope
formi"maiaspigp&@nd htehusseeed ends up sitting on

residue rather than makimgi fhinrem ucsestogdt® rwi t h
seed conhaohsistent seeding dept h, and comp|
by hsee e dHaiinrgpmcgoru | adl Ibeevii at e@ er at swi ¢h ptpirlolpag ea tteo C
wor ki nga ndde pctuht $(i Znegn ga negtl earle.d,uc2On2gl )t he r esi due
bal aheedlor bert ,etxdadlppi 2P Oc/Nop regiAdke nsnt o

et al., 2020)

2. 2In2 er acfoii d rSsatBhdg a gTo o b s

Understanding the dynaemgagilbnegt weenl ss oii ¢ @
opti magrnglul tpuracti cad, eddn@prcoenny, and enha
sustai 8aibli | ¢ o yatnidn g ofidr cdae mpar bamiced gin@emi ¢ at |
ti |l Pagestowdi es examined the splidwkalktatnigreg eftor
al ., 2020; UcgulThean d oSd uvagdees s, m riidalgPe) i f i cant
influence on t{doseiilni antTthien gahffJru@@2e2) of op
parameters, such as working speed ansd wor ki
(Onwualu ananWaitsdi $9 88 ) a(nZchea oc heatro daclHs @ i12s0t 2i Oc
engaginfdg ttdel deniganmi ofy s oioll s, adequatcalty i aqt
forcesidndi st ur b@hare eteicahlany s2sab) f or i mprov
perf or mancén oafgrtihceu lstowwphesess enel dsgni fi cant ¢ h:
soptepar aasdbama&aye equi pment andT hhei Asbooidl ef f i
i nteratdaeohised cl eari ng satnudd iedidh pficanrg nd gyi ¢ & mo

stones from t hiensggeeddbgd f amnd ofweq urarleistuyl tsienegd bier
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(Li et .lan .pr 201tR2i2de, sc ampea ctosneeg n enEesne e ar m
soi l sinackl esd tameahit reg @afct $ oawnd o naphaddevimng@é ps t o

i mprove the sé¢Ztdbhed eni aBbrmi 2924 a)
2. 2TBE f eRasiodue

Exi stodnce op cempHachitahmienglesi red depth and
resulting from increasing resistancefto tool
t owil t h tThoe asdadirle.sss t Dloit ¥ ed rdelvieiltroapnetdainhded er wa
penetahkittitolng s ciolr nwict®lw(eMaigeal h«es.Laboalat or300
exper icnoemmptasr i ng toot hed coul ters wi t h not ch
confitrhmetedp rsegindde cdrhtel yabaflfiag(tBofangdmnatr atnic
Magal h«eBhe 20é@OBgt r atdli en despthéebé&ryeretrodps t he

resichaemigers e xcaompd aerfa de | tdeh enaitt hared i,divueee di sc

coulters penetswattéd che(ekpuemasii maufeiaell.d 2021)

2. BModelApipm geasc h

Agricultural soils are complex systems with
cl ay, and organic matter), ' i quid (moisture
di oxi de, and ot her gases]) eafl g§n scfhnaal &l het npgheass et or
modeldfi ngokaor i nstance, changess mbkaohariicsdalur e

properties (compAltengnetgnal Motrreovdelrh) t he soi
(porosity and aggregation) might (Beidiafrfder er
et al ., A20a3)resul t, accurately modelling t1l

agricultural conditions should consider the
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coupled processes fTlhhims dadrmhelrexitt pemalpests vie

scientifically challengingsamdl| tamrgwtati ynagn al
model acouraftgasanbdi | ity.
Model | i ng aaaeefpfr o@tsibwealtyii Indgpyamiyc of fering i nsi

into how di ff er eg@mti dvamagh ianbd reys sdendtiegma ot ge ment

]

esinblneagemeeate have Dbeen numeeseadticshiguzdi es

various modellinglagpngaempsrical, .analytica

N

. 3Efmpirical and Analytical Model s

Empirical model s ar e mma&ksee dp r asvil it ahbdosued rnvgeedq udi arti
an-diepth understanding of tFhoer uenxdaearipldgefdragf ac o my
sopdnetrometaend reciilstabuwiek tdeoemsi (e )wearde wat er
coll ected for devel bptnggs aidli enpreti c@ame tmeord ed e
di fferent {WMalhgcendiatAiingnesh@21) cal mo d e | was
predicting the i ncr eaass et hiend sbbuol kkmeddesnrst ft i co f t

compagecsScbnpnBnning, 2023)

Anal yti cal model s help streamline s-0il till
effective and predictive framewompkatorcesud
(Liu et.Early 2a202alytical mobldel dnweeresalepEaiske
Equattioonsi mpgagsoigl t ool s, sub)h alsatbelra d easn a(l Mc
model s were dewnglagppeaew ssfhormosroei | c o mpJlse xn gg e o me

anal ytisgsadi Imoceetieerteygpi cal ly predi-engagifrog di

19



tool s, sutcthpaswiche (c&xtpttian ge,tb a(eleipwsl 89 )al ., 20

and cur ve(dlisaunbgs oeitl earl ., 2020)

Howevreal,ytai cal model s have sever al i mitati
simplifying assumptiUnnvyerBalt Eznampl édovilngt E
failure was assumed to be passive, and the f
1985) . This assumpt i ons iwmwprhkasp eosn |I(ye .fgor ap rbol be

engaging tadelff) naddbwehtdary conditions (e.g.
geometries or |l oading scenariolsyarealdi $o6l cuwi
are not easily adaptable to changes in soil
configurati o-he® mo BSeridouiss wndrh rarclhil meesge be hze
def or manfdroinct i onal contact) and is wvery dif
resimawcdrs ynet ems i nvol vi ng dpiasrctraecttlecospar esc tas

art)i calyepsi ity dryd t he reach of analytical mo d e

©

2. 3N merModell s

Numer i cal model s offer sever al advant ages
deal ing wiatnihewdmipd egr obl ems. Unl i ke anal yti
require simplifying assumptions and are | i mi
numeri cal model s can handle compl ex shapes,
with high pirhegi sairce especially wuseful for si
dependent phenomena, and i nteractpiaons cH etswe ¢
or cropComwnumersi cal appr oac hemsaldyFsd gsamae f i ni
di screte el emenBombtpmetvh dBEM) exi bil ity to m
of physical conditions and boundary scenaric
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solve analyticall ymet Aamds rpeeewalrl ftyl ntuonelrs cfadr

deeper i dyngdn st ¢ mdl 0 r eassimdswodiiilmteer act.i on syst ¢
2. 3.Ri.ni te Ellesment Mode

| modelslot dignt ersa atsii mmgs ¢ ihle FEAtreated as a co
Sol isoddyi vi ded i nt bhatoeInlneacstpeddeeinfeipa speisnt s
Soigypically asgduwmdad chosnad leausitaitce t he mechanic
of soi |l , di ffer enetr amp dient tled & sea rain putraiecbnist rwar y
LagraBgliani an description was drretsrifigtoened t o
theutting aethigami P@GZ hsaoogl et. aTllhe -BCalg8k)e r
constitutive | aw was also adopted with the f
i b hfei reilteement g iAmuni aat iednsal . , 2014; .MolTuhaez en a
wor king pertfhdaeomd ncwea soufeva g u a theysl i moud eld ii In g

def ormati on sfaomrd Wargif @ ¢ imomd elpsh aamBde nt aher et a
2013)di scAplbondeh and Readdr si M@E@E8)nolra deets al .

2004 ; Armin et al ., 2014)

Il n readdnwifstsldisicrete partidi tbkibeeliahpetd wWroescr et
bywfinite el ement model cobBepéwicalsloylisn lsoaade ¢
soil, the granul ar i nter aa@tnentn sn abteu rweelelny i anadd

by the AEfAi ner me s hi ntgo o(lt oi ncteeprtawcrte otnh @ ns osiulf

required in the finitethddoecmdntzemo dseli | f chret &
(Mouazen and ,Nem®sylti mM®PoOON computati onal C
contact forces, sliding, rolling, and rotat
til |l ageb udeasmndartclblay t uafeidniitne el ementtEAodel . T

21



excels for st uddyyni anbgée braav ® o ®(fsiiogh U w mt her t har

(0]

valm@tt he microscopidi sdcyrogathe tci cdbleehsavi our s of

2. 3. 2i.s2cret MoHled men't

Di screte EIl ement Met hod (DEM)Cumdaluylmerl1eal
has beeuws aed dfelecey Imng the behav,sawrtssoadf adiidscr
Crop rNeeswtdHoune aws of mantoh e rorand licantadl o-di 9P| 4d ®oe ment
are the pringpiapltmoslefrelnito vaend DEMemadeli oxni. mul a
how particles move, collide, and Udhidsepl ame i n
appleixeeder nal | oad, i parthiec |seir moelnd wio@wr, s i ncl u
di spl ac ecnoenntta ct forThe EMamd | owbsodiotry.t he cons
di fferent particles, such athsomét pbawsi tbes
ealsyi mont hfeorricnegs and odi sipn daioveiideuzati @ a rrteisd ldeuse.

Thus, the DErmMo dvalsloiui gihd & édirmteer acti ons i n thi

DEM has been successful lagnda pdpylniaeetn atsdb i s i |
researcher s t ol osuirnsuluantdee rs ovia E xboeshsauve D & § r b a me n
explored how DM fcoarmmamsafodli lanrde undeoi It he ac
engagobngs, i ncl udi(nAgc quaihl amampCahéetnip 0 N2e0t2 19 1 .
2023)and fl owipreap.earlD.EM sall Mw stafted ncchar act er i z e
okoil paanrdt itchleeist or exspensaal forces, which 1 s

howoehngagoohs intertadtomagreabi ensl i n

Soi |l camdaypweéebkmdebdcsont iinnuubEMe nprdoasel @t ai | ed

dynami c aft tirndiutiedgsal hpgriintleeBlcds evi & tht rmakchti
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incltiheéelnaorear behavi @Uurasd ¢d fer shaCihle,m ys edah ads , 2
irregol arsgstrrae 1y Rair Pae et al ., 20,19andZhang
heterogeneook prepengpess. aBmj crOLdEIrIl

behavmaowate apthuy edonbased mmet Aods | i ke FE

Two commonl yoummed oD BWEDHE Alrteai r Engi neerin
USA &@Pmdticle FloWwiehndgiPFREGt Ascae Consul ting
Il nc. ). USAe basic el ements of DEM phes spheri
arccommowmnsleyd t o repl i cpaatretiiacgl meiEtMal ft orakssonl no
and tangential direction between two particl
par tcionlta@acs( LmauddIR0OPEGB common cdmotraeti mhadke Ing
soi l par arpal abotmeabhnttamocttei |l n emhr e sioad e | ,-MiHre d it 1z

with bonldi mgb énesgieet ng conthactof movkhaad SR B M

used in soilDitfifldraggret asdiela otodbirten doenksli ¢ ¢

di fferemtonpact i doloel eltshe st andards regarding
which soil textures Hheecoot abéeemodsetl albloir sise
reprebyritcieldlear coldasigan ma,dedally.s,t e2®t8a) sprin
modeBarr etamdar,al2018)bon(dt ic ocentt .dda te-M irnro2tidelh6 )
with bonding model was ubcWang oet malimeck2nodg?
properties of agr mc mi thiye dtl h es apnadrya | sl oeill bwenrde c
(Tam8s et ThkRé$xeuggesidi)i hatondi ti on (such as <co
rather than soil texturiennghii shapdomi caet cbact

to be used.

23



DEM has been owistdraddys alisleadd e h la v € 0 eeendg abgyi nsgo i |

todqdissc pl ows, subdoiapderss a od tae byp 8)rR ebsbual dt dss

hel p optimize tool desi gn, redecpeeher pggnce
til |l agesFoopre rianttsigoaninrcadi t i on al rotary tiller w;
di screte e(®meret m@mbdel 202 2; Ucgul .@€heal ., 2

sosubsbnt ersa ommiodreefdoarn al ¥ drienbgedialv(i Wamrge et al .,
2017b; Wang,oett iari.z,i ng0 1 Shike) (sWarnugc teutr aall .p,a r2a0m.edt
et al ., 2020;, Zaadgretuali ngLROtR agle. r e300 54 an
201BEMnodel s were developed to msesuudlyt itme fsroo
sweéNagy et al ., 2024; Talm8lsl,a g2e0 1f8o;r cTea mB8fs mead

pl swas al so pr edkNMnoadl!l isn ¢ e vivesirakip rnogv ipregr f or ma |

(Makange et al ., 2020; SauAdrew ccitsalfuyrrowkl
walsi o mi malteisd aghbbgdswietdh t hma® EMe mg dMah g et . al ., 20
Al sosoi |l dsiagvpibatefmasdfe ntghe weswnptowed wusin

DEM me(dMdrray and Chen, 2018; Sadek et al .,

Additi ocahlarpctehest iecset wdi edl®EUS imbgd el f  Whi s
met hesd val pabkidehgofwors oi | behaves suddr ashear sd
box ,temltaste sinkage tests, am@éreonti med psomyp
soi |l friction, s hear( Bsathrreanngit he,t aanld ,y i2e0l2d0 ;b e2h
201bBhe interaction and displacemenevedal edil

using DBMAmgdeh and Chen, 2021; 2023)
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2. DEMIodle hgnd Si mul ati on

Crop reaxcirdua cias factor that fioorbhesenvadi o he

till agse Sgstpepmesence oflycamposésel duet emaac @i o
exeng addmpgaotnatoedagalbi @&dgetredlog.e, including
in DEM models is essential for model accur ac

2. 4Appl i cat iRerssMaudehliSmwteelr Mad @ lom

Cr orpe sihchise beesni dered as mpoinmeBEM nmad ddalt
optismihzee¢ ruct wmpaelrappdamettedd ag@snsi dering th
perf or marmgpe sitrubbl e cadtitsicngvasnddpdliendarziedg,and
aDEM mqgoddal et .@ahe, s2@Bdp eroapaalr amebempotato
stubble pulling device were MWanhigmiezecdlin (2O0CL
ADEMnodel of mai ze sftabbireveaevatsi gatvien gaptelde 1 nt
toahd mai seopt ptnlitdoeo | (dleisu gt .Opt i maPROse#4) t anq
and disfcorandil fef er eswd r ceait ¢ mc aaaldg M rsn ohdger |
i mproving residud Zmmamagg ien.gA adfEfM @&0oddhddby evi t h t
bl asidret er acted withwasi ldeamd onmpt et eer-ewtstdidrage

effidizdhmarygy et al ., 2025)

DEM medwa&lr®o used to amdl ywge pt ree smedauhea mMmi sxm n
The par amkesdoers i di en ciwetrdtfesrraen cd e d e c ofmonre n d e d
future (XeeeantcRabi dué 0 gvgreanesnit mu IDEtMe thhord e | s

under sdyawmaming behavwieosuurlst ionggnige spiingh gseonidlow di n g
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t hreesitd e ectroersiiedsue b uarnidalr ense cdhuae( Ldsims pelta caelme,r

2024; Zeng et al., 2020; Zeng and Chen, 20109
2. 4G2apsSoiRe s i-Mlaucehli mtee r Mad @ lolni ng

Soi § heterolgeanediufsf eamalnt properties along t
bul k density, satur,athdadi feyodmripeddn ¢ etonaluct i 2
These differences are | ikely i nflleuveenicse dofby
machi nery ¢ omeptabotfdi onmnagmnad g( Hu oept reels.i,duz024;
al ., 2016; .LiMcedeldli.n,g 202 &)rfofgiemelotu hbeescoa U sse
variability of soi l pr Epestiterg i asr bavet mede
agricul tural sesimiby paioviidieng ntttoe mul ti pl e |
by distinEor pexpmpbERge0oid fmeoateltagea uct ur e

(Makange edthrallaydenmn O0@Rdange et al ., 2048; Hang
fo-uayer ¢cTomgtetreal ., 2023; WanBhedseastuydid
were carried out under di fAflestoleay woi ¢ kanad:
varying assumpt-li oayarr abb hEEM hmo dskolisl. makes it

di f ftioc wlhtbagpsper opodali @@ t erms of the number of

Ther etfhoirse,st udy hienvenptaicgatodd soi |l alcapyernsi@s m
for theesgmgiBagitool under the same soil and
Concave chinsmognsleyd ec or@roo@treesi ddée it astshiened

t haltarcggpencave design enhancesretshedumi Xxinncg rproac
ratae pedicd e canda roef ltsteerta naglloensy wi t h t e saggr es:
bl &decur Anagtluer econé&df beaeamobiE®m®p residue incorpo

t he (Mail las | i anantdfheebi k, a2d2 3 e Aidddu e i movad hegnt t
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| engt heerodp rse gindda candthley ricknss qgoduts¢ &€ mean tet al .,
201l0B9wevédepmel aRKkKMnod e lalnidn g i st luat &xsa rtikreed
mi cdyonami ¢ lodh awioguuirsspd iadnediearn tdo s®nf i gsur at i on

and resisdue | ength

Concave discsonser vaitiooamd i ii inacoreoppo rrae sei d u e .
The aggr essdvemwtstsi nogfa atichkes odependi ndson seve
reporZteandgyet walo. dex®a-bipmpai me sroedi due i ntera
modal | argerr @s sict emach gies inehineliggdfefri cADEEIM y .

modehahc!| uldids c, soi |l , and sLtir aewvt waflsor dlez®2 o
i nvestigat i n dgsettrheew ed udtetcitrsg oannd dlhesa rdiymga mdrco c
behaviours of crop residue and soil during
particul ar, soi l properties have been found

cut{ Ahgins etThertrki8080Jdy devel oped a DEM m

dynamic behaviours of soil and residue under
Modeld i aigngl e disc tool in a tillage i mpl
under stbema wiflfemdi vi dual components, esuch as
spesedorsoaangloa | di sturbance and r edsiidmugl enovem
di sc models to develop and val i doapteer abtaisoincala s
set t(iMugrsr ay and Chen, 2018; SadeWKowdaveal,. , 2

modelal isngqugl e disc does noehdwhdwi ctaert actkei 6 he

occur i n -daicstcu atli Imualgtet i mpl ements. I n real fie
simultaneously, often influencing earcch ot her
overl apping working widths. Thedestumteamce i
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resiichee®r porati on. akhgd mdwaeshgl adogsnce nhtmuw Ir to iwp Iwe t h

di scs provides a more realistic and comprehe

Maj or perfor manee hiandcrlouatk eos 55p tobhmaodle r esi due
cutting, and r.gEgsidatengnsoupdosdpriseaggeaned wa:
affected by disc angl es, (whohrnka dnig, d2e0pit8h;s ,K oagnud
2016; Upadhyay aTlnhdo sRe hoepnearnag t i2d0n&Ol) par amet er s
till ageDamahat yk a sBuett ethalie ¢ i didfasc trieclnat i ve t
resisdwdébloen rtohwess e dynam ot aketleln bduotcausmnseima veed
there was | ittle research on DEM modelling o
gap by develksfhidog oav sgnoidle!l t o bsd hmeuMdda usrcsti h e dy

and residue resulting fraom the tillage actio
2. Summary

This research presented a compsaemb@gsdvecinyv
type tillage i mpl ements, soi |, and crop res.
approacphpesfomMmance of diegsben iknepyl esnternutcst udreapl e npc
suchdiasx g@@am@t, rayndgrldet. aAlgll eof wdsiocihl icnuftltuiennge,
residue and soil di spl acement , and power r e
working depth and forwaredsipdeadgealqgsucal st gni
i ncorporation, and energy cess@gmpcthoms Addil
density) and resi due characteri stidiclse (such

i mpl ement 6s performance.
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Al t h ouwngehr pnuesvd towdi es hav et dolc uisretde roanc tsioans ,
crop resi due umadser o EpERiIsSsbegndr es s e d t his g a
systemati cay h yghmesitausdyoiudg ¢ f eepsehtdue under shal
deep till age. Resi due cutdgwemrrg, eixmom rnpear aitnideen

| aboratory anto fadcrmpl emerdtistti Doiensse x Nboedi ditlesa the n t

( DEM) dveevredtoop esd mulnate acthe ons amongt cmli $ ., res
These wmedenlcsor pwirtlatd yeaelr ed s oi | structures, V 8
real i stic resi duedipsrco piernrflircdgeasud daoinds . pu lotvii @le e

predsaft itoinl | @eg e dvearrofcoeeséssd condi ti ons.
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3. Abstract
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3.P2ntroducti on

Crop residue management 1is one of the themes
crop residue on the soil surface can reduce s
remaining in fields hinders stld dare( kiroeb pda kerl
2022)Therefor e, understanding the effectivene:
i mportant f(dro btbisl leagealt.qo.I246®8ne It aladeaett ialn.a,l 20!
such as moul dArowirdls d P uagrmaé, Hi 61 erZh a® hd te 2811.0,)
Zhu et ,aland 2p0020€)e | hkr aod,welrtei kdeets,i g2n0e2d2 )t o i nco
i ntoOtslmed .t ool s were designed to displace onl

Chen et ®&8ut, th0o234) tools aggressively disturhb

sur face, therefore increasing the risk of soi
partially incorpomaavbi ¢ceoperepsngusoimet o esoidlue
soil conservation and environment protection.

Existing studies on discs mainly concerned t
residue cutting. peorf oexmamplkeofadssedy was con
requirement and strdiwf taitsa ngprAdmeariiso e ma @lthee, o0 2 C
effects of different disc coulters and operat
wer e i nvekKsutmagrateetd. aMm. b(@olkmeti c di sc was eval

sever al traditional discs in terms of tillage
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(Torotwa etAsalthe20R24¢ advanced in the field,
with soil. Research into this process coul d |
residgerpor atiersg.dudowecemr ,porr ati onaandndsxp!| ac

have not beenywel | document ed

I n pracpgliomves Oebteaimgitacaddiasc angle. Therefo
and disc angle were considered to be critical
For instance, the increasieh d n2é&dulltt ealnglne hoifg
di spl a(cMumernay and F@henmo,t ch®M8 )concave disc harr
angl el XA oam d21 Al t AtamAgllebes sferdomn7 i ncrease in draf
in vertiKoghutf et)cealBut 2a0hle6 dr aft force of <congc
affected by di scafheptye etdvHS$td deerkgpdagh t(aflvderl ey @d b | e
that the effects of tilt angle and disc angl
conditions, soi | parexmeaitettosse veeirs c mphy siedaleur et v
l imited to evaluate soil di spl acements and ti

of the diésbedaveouns caused by adjusting dis

Regardless of the types of tillage tool, res

i ncorporation and dtihsep leafcfeencetnst .o fF orri cien ssttarnacwe ,l|

Xu et al. (2D0Da@aclad290s2 @rbi)cheatr esi due was incorp
tiller when the residue lAesgih bnoreapedi meaoam
to study the influence of residue | ength on r
sweep. Theed bPratbtsesbhalw residue was incorpora

incrébhsedet.Maremo2pada0)i cul ar trend of wheat r e

with the increasing of residue | (emandsetf ralm ,1:
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These existing studies focused on cereal resi

l ength for corn.

To better understand residue Il ncorporation
prerequisite is to undedissainld tthhaet iinst ea ac b mp
numeri cal model |l ing method, di scredtei ved eampemrto :
in modelling dynamic belfdekesatese ef abil. 2a6d9ot
This method has been applied to study soil dyr
such as (sZwehgo ielt,e rado.u,l dbW1SdA)d ngleo ws eandl( Lvean@pPp 1)
et al ., 2020; ZebBMamas Chleano R&4m®) aiprpd pierded ob ¥
digging animal s,deWamggmedt balomi m@0L6) di s€s and
reduction performance using the DEM. The &effe
were examinegdSausikngtDEMe , t 20RA4dye forces aff ec
predicted i(nMuDEMYyYymMmodel Chen, 2018 ;DiKHesreentantiy
di scs were evaluated in ter ms( Aohfmatdh ee t.dbraal fl.t, f20C
movement analysis was conduct-ddsasphgudgthei mMtE
(Ucgul As2023) the interaction between soil, ro
model s aimed at the residuélLicutetngl beh20i28ur

202 3qQoprt i mhzedperating angles ofHawewer,0uditsea sp

the |l eading tillage tools in conservation til
of DEM modelling of corn residue dynamic beha
I n summary, there was the shortage of <curren
resi due. Specifically, s aisl caomd awv es,idd ssecc thydavsar
tillage forces, residue displacement s, resi di
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di stribution oHavseoinotanle erneswalule dolcaankeinnt g d.
investigation of the effects of corn residue |
on sofneésidhwa mi ¢ bTehervaldd&Mr esno d e | was used to fi
shortage of concapecdifsc obseatchesTlhhée this

residdsei | i nteraction model using the DEM, (2
bin testing dabnaiotuisréendubads, wand (3) apply t

the effects of tilt and disc angle on residue

3. MMet hodol ogy

3.3Déscripthiem of the

A shall ow co(dagwe ¢p |®diGdmlihdedsdci sc was a commer
it was desi gnedl hfeo mia&psr6iOmBa rmym tiinl |da gaemmectaevra,mh ¢3 8 1
6.5 mm i nThehirckdiesss.of t he .cololheeawfe etahvwea adviasc 7 6
circul ar apdtmnaaoeie Wie3tOh Tnhne di sc was tested in a |

interaction with soil and corn residue was mo
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Dynamometer

(b)

e ———
200 mm
e ]
125 mm
-3 :
75 mm ‘
(d)
Fi gBie Soil bin setup: (a) disc and shank mo(gbhj)edi bh t

anglé,) @aingdeé) three different dree)gtchosr nofr ecsoirdiu e ersa ndduoem

on the soil surface prior to tillage and residue trace.!l
3. 3E2peri ment

3. 3.20BllMmesSet up

The disc was tested in an indoor soil bin at
of Manitoba, Canada. The disc was mounted on
to thecapage.biAn pl ate dynamometer was | ocated
carriage to measure soi.l cutting frgesg eXel't
The soil bin was 10 m in length, 0.9 m in widt

(70% sand, 16c% asyi)l.t /A sndandha%di zed procedure o

by a pl ate, and compacting by a roller was us
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consistent soil physical condition. Before te:
height) was used to t aekiedlstoat i srasnpil st mans oiml
moi sture content and dry bul k denSi¢ygpeodt iswdll

measur ed ugdirryg ntgh ened \werd ( ASABE Standards, 202
3. 3.Bxper iDeen tganl

The experi ment was a completely randomi zed
segments as treatments, L2601 2 RDDPThde@ 5, emgptdh &
repretsketmeedmaj or ranges of distHabajpfima, o0202@5
were done with one réasgi teeagténgtfhaadatlt @ot nme g s
consiFsotre neta. d o bthd St0,0 ay of corn residue segment.
regardl ess ofhirsesandousentl|l eonfgtrhesiTdue was an equ
(Shinners andE8chversaemedaOO0OwWwas replicated f o
rurror all treatments, the diesomwaswompliragede p
conservation( Wanlgl agte. aslysmetm@6d8 by the soil bi

t raivneg lspeedwad WBs&dn hThe di sc whtshes eatn galte ab etti\

the circumferential planasoshadwsyi andi ghede s&r
of B7TAe(angle between the circumferenti,al pl a
as shown i)n, FasguttclemenyBovidcye used i n c on(sZeernvgateiton
al ., .Thed2x1)i sdfla obhwermreef erred to Sdtdekeebpalat i(
parameters were kept constants for all treatm

Corn stovers were coll ected i nstagplahitceclodu nats t

for over 60% iodmdog ad f( Sdesmm eetso vaerd Binndv erhsei es,t

part of stover has a regular shape than any ot
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corn stovers werarstrihpp&d, ofandeapyp®er one thi
stal k was cut i1 nto segmEntgsde.o3bhte ucscerdn irne stihdeu
were weighddi addao7w2s 6h ACndeit hleemd reo det er mi ne
content, giving an average moisture content o
result of the corn stalk being stored in the
testh, reasi dueerse grmeemndiosmlwy s pread over a 2 m by

bi(Ri guee. 3. 1
3.3 . ea&3surement s

Corn residue tracers were used to measure t
the disc operation. Residue tracers had the
segments of the current test Srewre,n dmactehesy wee
across the soFigbika,h T30a%d estheawmn nien t he position:
di sc, the disc was inserted into soil at the
contMBYr of seiilntseardact s wi tFh gtuhne . BiTAe VWd g sftortr
positioned on the front Aoi mhiaeh trererecenhaect
(Do) of resi dueher erleastti voef ttoh edissicx. tTr a Degr,s 1r2e0pr e
(D1 2)o, D8, ( D4, ( DOP, (and BHP. mmhe( forward an
di spl acements of tracers were recordddgwsieng
3b3. The vertical di spl acements of tracers we

a burette stand r €&l guicee3iThet lé fsairlenser bactcee

in vertical direction before and after tillag
Residue incRypwratiodiratce | ¢§ measured by im
soil surface with residue was taken before t he
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tillageFopedagt 3@ MWMATbABshol ding method was i
t he iFmagguee & & srbddhaake wi t h white pixels represe
repr esentthiengdisfofielr.ence i n the number of whi t e

determi Rwads dbaéetianed af the difference to the

The soil cutting forces exerted on tFhe disc
verthy)yc,aland | af)erwvaelr ef omecaessur(ed by the plate d°

The force signals of the dynamometer were rec
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Fi g32.e Measurements during the experiment: (-B)i sheheéayo

contact contour bet weeot oseielp rseusrefnac e haen d edsiisdcu,e D r acer

the disc, from @n nbeB6AI mmf wé © h mm; (b) measurements of
di spl acement s; (c) measur ement s of vertical residue ¢
oper aan¢e), binarized i mages using MATLAB processing.

3. 3. Rataal ysi s

Analysis of wvariance (ANOVA) of test result
studi o). This analysis was used to determine
measured variables and to examahedthéewvani adi
relative to the disc. The means of each measur

test at the significance | evel of 0.05.
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3. 3R8siDds®wildt er avMivtdied n

3. 3.Modkdvel op nméonnti taonBdi i nlgRea@fididyunea mi ¢ s

Aresiddsendmer i cawad eno d leutsspbnBgM s o fPtaw atFFileplwe Co d e

in Three Ditelnsitomes mdPFel | soil was represent
particlebkbe | iteratur e, s adeilvsetruaal b dsnticuied il easgres thf cow ecde
significantly affected by the partliBclhegWasnigze w
et al ., 202nhAny Isnuadaeist i have used uhobbsimdpar:'t
interaction mdaokRet;s Z(hQh eent eatl .a |l T2h0e23e;f oZreen,g tehte a
di ameter i n thi smasitnutdayio nmpaosg altOi oomm t i me t o be p
not significantly .Aahéechtegatheomodet weeBubodEB
by a*%WEFiCint contact model , g&roalylosmldyb amd Madalal
PBM features bonds between particles, whi ch

particles were generated in a virtualFisgairle bi
3.aj3. After soil particles were stabilized (re
del eted to form a flat soil surface. The fi ne

314,286 particles and a depth of 160 mm.

A corn residue segmentFiwausmaémolddsdl 1 e da arsi i dc yb

RBlock3®3n PF€ model corn residue segment was
soi |l bin test, the model residue segment al so
of the model residue segment was di7rametmen, afet
residue samples used in soil bin test.® The d:¢

determined by thensaivemsagaeandamaes O©Qassiumeng th

an isotropic cylinder). A totrandymsSegON0egdodv e
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1.7 m by 1.1 m soil surface area, r epHiegsuernet i n
3a3. Given the dimensions and density of each
the numbers of model residue segments were det

for the tLr2epatl @& mtvsbesfpect i vebbyd NTHe nRAREC cont acd

(LM) was used to imitate the interaction betw
A model di sc wa sc oaupeaartdeedd udseisnggnha sD t war e an
PFX® Before running the model, the disc was se

positioned at one end of (tThhee nspooitichiklsicn wats @ sd e 9
a desired t(laivreddri mgpptengyde)mvd sistpseed ved from t he
assuming the rotational radi us fMutrireaydiasnd Ceh
20189 the disc travels through the soil and r

residue, resulting in displBcembeaet3. 8f soil a

The model out puts monkpf orkedt énsagl wtted d@radf tf ofr
residue trajectory, residue diRpl &bgfeemedvtd, an

of disc were obtained by recording contact f ol

directions, as the disc travelled. FSgweaearp r3e S3i
with the same orientation, positions, and spe
residuestrmraeedwas the disc advanced. After t

the tracer was recorded to determine the resi
and after disc tillage were takkmesamdl dihreqv me

to evaRuate t he
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(b)

Fi gB88e The Wdésiodde i nter@a)itome moaiell particle assembly a

on the so(b) stuhd accies c r ulnme ndgi mehmrsoiuogrhs seorid .i N mm

3.3.@Bal2i bravwmi odaaimvibm ed f t he

Par amet ePwerien rPEFCui red to be assigned to mo«
segment s, di sc, and the contacts between the
stifKneanwd (st i-fdniedse Kifkn tsveerirflea cfeou(nd having sig
on the interactiolf Alatf weerts ai l ,anrd 2rdlehseSded eokr e
t wo parlaeierwern(e calibrated. Al ot her param
bweng et aanAldaj202@)whal mod202%®)d the interacti.
soil that was the same as that usddbie Bhds s
ot her parameters required for the model were |
corresponding val uedNwearna &@s Sumed pteac hh avell gl clol

val desng( et). al ., 2017
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Tab3l Model parameters of soil, residue,

Parameters Val ue Source

Soil particle n®r mal To be calibrated
Soil particle sthear s = soil particle n
Soil particle frictio 0. 36 (Zeng et al
Soil particl3% density 2650 (Zeng et al
Soil particle local d 0.1 (Zeng et al
Soi l nor mal critical 0.0 (Zeng et al
Soil shear critical d. 0.0 (Zeng et al
Soil bond radius mult 0.5 (Zeng et al
Soil bond normal) stif- 4.95e¢ (Zeng et al
Soil bond sheat#) stiff 4. 95e¢e (Zeng et al
Soi l bond tensile str  3.82¢ (Zeng et al
Soi l bond cohesion (P 1.39¢ (Zeng et al
Resi due | ocal damping 0.5 (Zeng et al
Resi duesi due nor mat) st 5e4 (Adaj ar et
Resi duesi due shearl)ysti 5e4 (Adajar et

Resi dnuesi due friction 0.05 (Adaj ar et

Resi da@i | normal Ystiff To be calibrated
Resi @i | shear Jtiffr = half esfoirle sniodrune
Resi da@i | friction 0.05 (Adaj ar et

Residue dedf)sity (kg m 178.2 Determined

The rds-sduk model was run for model calibra
di sc operationalUpfar2amA; eflicafs clt ah,gl anrgkieng de pt
antdr aivneg IspeedwhifcB vwewr eh t he s ame Tahse tthiansde ofn et

simul ati on wa&dh cauprpsr @wesilitmagWealr ¥ st at i om2wilOh GH® 2
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I nt el (R), and Xeon (R) Silver 412alpQprOKU- maz edry

6 tshwdaut omati calWwhygseadaltchudl @t g@llout si mul at.

For model cal i bration, experi menthl2dwawaa of
used. T he moddedlfotrdep)et pduntds roefsi due Ri) naovemr go rcaotmparn
with experi ment Kgaen&guwletrse. aTdh eu svtaeldu eusn toifl t he si
the experi ment resul ts. For mod el validati on,
segment LI7Té@mpg2®6 weére used. ThenaoHHede FnRp utamudt s
resi due di spl acement s wer e compar ed wi t h t

di screpancies between the simulations and the

YO -B 2 ommb (3.1)

wheREB relative error bet ween M=h emenaesausr uSrde dv aa nudk

simul at ¢ waimbes, of evaliratth omf itnkde ciar dirsat am.
3. 3.Mod&kplpl i cati on

The validated model was appliedand toimlvtesdan gyla
and residue dlymea nsihco ratt trre shiudddeswaesg mesmretd lieangthh s
To examinbtbhefedvassobdr i ebd ewtaii Inee dt keonstlant . S

remained constant b®oiexamintei ntpef efdescstanadfre

were monitored in these simulations.
The model was also applied UamBjandesoi dat er mh
opti mal cobmanmtaiatonr eful t edfof @r tihmp rmd wiik Mg mt h e

efficiency R&md madhiamwmng resi due decompositio
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val udssnbf om 5A to 25A at an intervabl)ef 35Re wer

orthogonal design of simulation was used to s
Tabl & . 3Factors and | evels of orthogonal design.
Control factors o
Level - ]
Ut A) b(A)
-1 5 5
0.5 10 10
0 15 15
0.5 20 20
1 25 25
*U=tilt abgdiesanangl e.

3. Resul tDesaundgdsi on

3. 4E¢per iRastl dls

3.4 . MealsReeidlidec® r pdia & & iSmi€ldt tFomg e s

The residue i Rxoresubhting fmrom {(he disc incl
residue sBgmehzh®ed EAément was 19. 9% anldl 2354. 3%
and7bespectivel vy, but no statistical di fferenc
datFa gumaé¢e . 3A4 for the Isd2hB®dcdt aFb)hgdfbolc&®ele.63 N,he
was significantly®@Ehoggbe¢lh8telaamnt iatr afheFpi ncr ea
was consitdlee eldl a ok dgge effect of residue on th
resi due, the more blocking action the residue

vertich/) Ffouce. Fvofielt2hGeas 43 . 3% and 28.L17% | ar g
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Fi g34.e Experi ment

ffereEbeeween
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he
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(b)

resul ts

trend

250
200
= 150
& 100
50

0

wa s
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(©)

not
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L 200 |
=150 |
=100 |

50 |

stati

t hr eeFirgeusdigéd.u3e. 4l engt hs (

L75 L125 L200
Residue length (mm)

(d)

stica

aLt7 &d i 7f5f leninZ=H t1 215 RifPu20 0 emm)t h s

for: (a) residue)i(mdmgdomdp @aFot ( d Jom\wceatlegadld f(adr)cd aE)e;r al for
means followed by different l etters represent signi fi
according t Duncanés multiple range test at the signif
3. 4.Me &s lRe £iddiusepl acement s

The residue displacements in three directi on
effects of residue | ength and distance relat:i
For all forward, |l ateral ,i aplda cveemdantcalwdria eaxl:
120 mm away from the disc as comparedid3vdd h t he
mm)Fi(gud)e Bs5for the effect of residue | engt h,
t o be s mallll2ebr e d tome rlth7edt nhd® M tthhei n he distance ¢

(Fi gumg . 3.1 %m
t hanL 7tdm&l2 @ eat ment s

particul ar

al | cases

trend

resi

di spl acement

due

i n any

wa s

contrary,
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the | ateral
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found
|l ength at a
direction.
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(©)

Fi g@bs.e Exper i mgmt) rfeshwlatrlisaneér(@d) vertical displacement o
(L7858 75 Lning5 125L &0 200 mm) at various di ®Od=an0c ebsm,r el at i
= 60 Dnny 120Dmw, 180Dmm, 240 Dyg;m, 300 mbgesaB60 mm); error

are standard deviations.

3.4Ca! i bMoadtPdd amet er s

A tot al of 25 simulation runs were perfor mec
stifKphessr ( model i nputs were 'lednpnd5edchileb, tl
combined with five values (9)7®0, the7est-i fO9nes.
soil iKperTlheedH)afatndf arecsd d(lue R) nwer @ omanii toor & @ .
of response s &gifrmccree asshéotwneeds et ahsaetd , but no noti
found Kag nt hdRaisgeudrag . 3RTwhaes kept skseadyeased,hewh
decreased aKi{Famuibgc BelTdhsee d espfoasRcanrbacess off i

by the foll owing polynomi al functi ons:
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O X @UuXTC @ U PIWQL T wTail ™ 1T ol o
X& T ¢opl @ w oK (3.2

Y U P Y opgi & x pdoi T8 w o a 0
P&y L o iR P X XX e a0 ip i ain
™ xri) g wpl (3.3)
wheRbe dr af(tNRfForesi due i nc &e=posroaitli oprarrtaitcd e( %)t,i

ankls stiffnessilofi mte®si fdaaeee (N m

The coefficienRys wéredededmmi 8a) i 6.0B T (eBmre cEJg sv.e
indicating that a high degree of fitting of t
t o prekdankts tHheen &), wWwas substituted by the val
the experiment under the same residueRliemngt h

Eq33) was substituted by the measured value

satisfied the regressiremlsnasldeticison Afksehld § g me d ii
were 1. 15e6lremdpeld.ieN Kega nRKihvee r er eacsisd tgenced t o t h
mod el to verify the predicti o2 aBRJur aTlye od v @ rh
rel at i vFea reRitrhoart oyfi el de dksebnii wahe 2Dre%. clreids set ¢

Ks= 1. 15K sN1B.H5 Meme therefore used througholt
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Figure 3.6. Response surface: (a) draft force (Fp); (b) residue incorporation rate (R;) with respect to
soil particle stiffness (Ks) and stiffness of soil-residue interface (Ks) on a base 10 logarithm scale.
Residue length = 125 mm; disc operational parameters: tilt angle (U) = 20°, disc angle (b) = 17°,

working depth = 80 mm, travelling speed = 8 km h-L.
3. 4M8dwll i dRBetsiuodnt s

Using the calibrated parameter s, t he model

experi ment al valluz&nld2cdfDablreatBmé@nts Tk result :
residdsei | i nteracti omMEomo ®el0 %hachdavdud&r e as co
experi ment al m draasntel reensepnet cst iovfe ltyhe Thi s model W ¢
accurate Ranifr eBamf, tthiee model Rbbdd 8&n 18 earnag 8

respectively. Thus, the nmnmoaeRl. had | ess accur a:
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Tab3.3. Summary of the relative errors (%) betwe

parameter st) tI W2ioshan gh g elofrAi ng dept haivred Ds prarg dl.

R E( %)
Treatr
R Fo Fo Fv
L75 2. 7.4 100 21.
L200O0 15. 28. 6 3. 53.
Aver e 9. ( 18. 8 2. 37.
*Ri= residue i ncbpr=podrraatfiftoaf drracteer, /= verdce KR&EE felt atj ve

err a7, residue |l engtLRO00Ofr &/5i dnne laenmdgt h of 200 mm.

The relative errors of the predicted residue
the residue relative to disc. Overall, the moc
there were similarities expehieménendesblet sseehr
and model simulation, the displacement was <co
180 mmDdtfDigpom and t he di splacement was kept ge
(frOned W3eoF(gBNE The trends ofFifgoumar@ndi spbae
|l ater al dFispurbg ebbowuit d( be descri bed with an e
coefficients RYf. dietsdrmmilmat ieoxnpoRfwas i Abumdehdr
predicted vertical di spl acement s, but the pre

curkiegrce . 3.7
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Fi gB7.bMeasurements and simulations of average values of
and 75 mm) :;((bad) lLfammwdartd vertical di spl acement Dat vario
= 0 Dyewm 60 Dy, 120Dyeen, 180D, 240Dygm, 300 mbhseFgaB 80 mm) ;

means followed by different | etters represent signific

Duncandéds multiple range test at the significance | evel
3. 4S5S4 mulSait le Beasiddyunea miVa s | Antgsl eDs s ¢ f

3. 4 Hf.fle ditlst Dodshodg | e s DoaFott b eResridhe® r pdReaaati on
With the incr &dsiomg 1®fA Fitiod d3 Osndydtodreda5i ggr i ne
3.a9 . Ho wEBpwseéhrowetdhean i ncreasing exponenti al troe
®from 10RAi gobB0ATHe coefficiROntweref addt ervreirn

experiment al resul Damanaeskasi g hiteradalPes K

and Cel ak so206db@and this similar trend, provi n

6 8



simul asadek endiad . ng20i2iyol ve residues, but t

i mplying that the presence of rebBanmflbeFp.may not

ThRdecreased | inear |y Wirnocm ela s9e6d% ftFaogii.d303AB tas
The reason for thi §dehserawsatidnamseaahsedt hatsuhei
soi l particles being pushed and thereby | ess
Ri ncr easfidn carse atsheed , whi ch f olFli gwmedd® .&8 TI®oeg aproistshi
reason was bthastsed FBi babnedg etrh e n, more soil part

mi xed with residue.

200 'y =.5.49x + 237.66 600
150 ®.o R*=0.99 480 | L
— I '0._‘ y =10.48e011x
< e, S 360 7 Re=099
o100 F .. 3 Ky
S0 ¢ 120 | o’
oo?
0 I I 1 I 1 ) 0 1 1 1 1 1
5 10 15 20 25 30 35 5 10 15 20 25 30 35
a() B ()
(@) (b)
25 r 35 1
y =2.40In(x) - 5.10 4
20 | 4o o 2.8 R2=0.99 ¢-%
S15 S21
g1 ¢ "';-’ 3 »*
10 r y =-0.04x + 2.40 o 14 -
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0.5 | R*=0.85 07 b -
L 2
0.0 1 1 1 1 1 ) 0_0 L 1 1 1 1 J
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a(?) B ()

(€) (d)
Figure 3.8. Model results on the effects of angles (U= tilt angle, b = disc angle) on response indicators (Fp
= draft force, R = residue incorporation rate): (a) Fp vs. U; (b) Fp vs. b; (c) Rivs. U; and (d) R, vs. b; disc

operational parameters: working depth = 80 mm, travelling speed = 8 km h'%; residue length = 75 mm.
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3. 4.Cpt2i mi zTat it Dimshoold | e

Results from the simulation run dlradupes Bhalsed

combi nedUaenffbact esponsFea nR)diwaast drig t(ed to pol yn

anal ysis equations, which are shown as:
O T@Ccoxp op ™PpT W T@D (34)
Y ™ w Mg T g (3.5)

wheRpe draft RfFomreesi(@dM)e, i ncod=potat aoah+eiadd) ( %}

angle (A).

Tab3.4. Orthogonal design and results of simulations; di

mmt r aivred |l speed!r=es38i &kure hl ength = 75 mm.

No . U(A b(A Fo( N) Ri( %)

1 20 20 181. 2.0

2 20 10 58.8 0. 4

3 10 25 412. 2.6

4 5 10 94.7 0.7

5 25 25 261. 2.3

6 15 5 50.8 0.1
7 10 5 57.8 0.2
8 25 5 32.7 0.0
9 5 15 162. 1.8

10 15 15 123. 1.3

11 10 20 253. 2.1

*Ri= residue inckrpdratf Uotiiort@egadgtiescaadgl e.
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The results obtained from the varTabke 3anal
which concludes th&animbi cad k&6 6 eenffdfalda tae
significanfp, i méeahoenget bat Foweedefaaocgtloer,s taiflfte ca nes
the interaction oPRv ali ubdwamsfn ¢ mtail Il te Pd mdllaesat hhtge o
di sc angl e had mor &ptshiagmn itfiil ®a natnhgel ref. h tFeorra et b an
tilt angl es ihmafd ,uneahwsP gl dtkimmihntg | arger than 0.

withlthangie, the disc RRngle had a | arger i mp

I n applications of till age, mini mum dr aft
requirement. As for corn residue incorporatio
better to avoid the interfer encneg oofpecaortn ornesiT
maxi mum residue incorporation rate was desireiq

vari abFemsnRweamed t he objectiGRsoandheoasglras nar

08 (3.6)

wheRpbe draft RfFormreesi(@dM)e, i ncod=potat aoah+ciadd) ( %}
angle (A).

Thd&qgé 3). 4a3bd (wer e t he objective functions, an
to optiUain@endeére the constraint. The Weaemsill ts s

were 20A and,wh5 A haegsapieeBdgomyv e113y6 . 7 N &mwod d . M@ m

simultaneously within the angle range of 5A t
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Tabd35%. Simulation results and ANOVA of regression equat

Sour c Fo( N) Ri( %)
varia g¢ pyali df Pval
Mo d e | 5 <0.0C 2 <0.0°¢C
u 1 <0.0C 1 0.04
b 1 <0.0C 1 <0.0¢
ub 1 <0.0¢C 0. 45
Y 1 0.009

b 1 <0.0¢C

Resi du 5 8

Sum 10 10

*Fp= drafR=forsédue incoffpdegt eenol=afidaechzun,be, angl e,

anB< 0.05 (significant).
3.4SbmulRas ieduSe iPAntdBechlaevi our s

3. 4 .Tor.alj e ct Dirsiteuo baehiddt Recsnn daife

The simulated residue tr7ankE?2 thtardi ess mo fl atr h d ethr

Therefore, the average trajectory of two treat
attributes. The simulated trajectory of each
disc travelliongidiatante chmgugrt Bé& 9t racer s (

As the disc travell ed cDovsaesr moos etdh & imesdi.d lRess

di stances relative to disc had different traj
trajectories showed that each of the residue
as the dikBicgumeaea®thd ed The trajectories could |

pl ateau curves. The verticalFiguxjge GtR@rsii @31 elsa dn
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in -bedped curves in the vertical direction, w

original soil surface. This indicated that th
The sdtesotdysa nbswer e bel ow the original soil sur
buried i nt dotam@:68@plri dheed al most no vertic:

(Figuce . 3.9

The sdteatdeyy of tracer trajectories demonstr at
namely Atossed zoneo, fAburied zoneo, and fAper
120 mm,241020nm, 7T860 MO0 r el ati vtei v ®I g hike d3 Isc trlee
itossed zoneo, corn residue was pushed away |
surface in the Aburied zoneodo or further. Ther

Aburied zoneod waisl ctolvreavend Wwp hKyhedisscst ataauso fng

tracer vertical movement in this zone. The so
the Aperturbed zoneo, forcnngr abei ae,si chult it
assembled to form a disc harrow. Based on t he

zoned,ateebd@adcent disc should be (piosei.t,i odniesdc wsipt

120 to 240 unmifcorrtomp eresurde er des shtaurhrboaw cwei dt h
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o - D360 g T 3007
g E gsoo 5 E 250
S g 240 g %‘ 200 F
(O] Diso B ‘8' I
3 S D120 é'g 120
é’ 'g' ~ Deo T 60f
= : 1 — Do 0 = —
0 200 400 600 800 1000 0 200 400 600 800 1000
Disc travelling distance from the Disc travelling distance from the
original location of tracers (mm) original location of tracers (mm)
() (b)
8or ; ;
ﬁ —_
E
cEo0
> =40
£
k=l (6]
§ _% 20
oo
-20Lp 200 400 600 800 1000
Disc travelling distance from the
original location of tracers (mm)
(©) (d)

Fi g89.Resi due di dml)adaeamerate:g(thor ilteartag reachtnadr i(ecyd; vertical tr
of seven di st abDydeeD:00:50D8D:0bu @an@s epresent the distance ¢
180, 240, 300, and 360 mm relative to the disc respecti
l ocation of Rmregddidueesidoaer sij stur bed cTom dfitto sosne®l=izno ndei of ,f
fiburi edP=z dirpeedr,t urbed zoneod). Disc olperadioshn ad)n giaglafmet er
working deptth awme@ 0s mened?:. = E@&chmdiata pointLwasd2G@ aver :

treat ment s.

3. 4 . \be.l20K ioiyst ri bSot | Beasnidéhu e i cl es

Vel ocity distribution of soil and residue par
was represented by an arrow beam, and soil [
magni tude Foifguvrgel o3@ ity p@rticles of soil and r e
observed to move in a -piesaill arntmamaetri om mdhdee

flow behaviour could be characterized by two
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The particles in Alifting regionodo flowed upwa
contact force generated by the raised outer e
upward. The phenomenon ofverntfitecalg ctorees pdingts

bvwhmadi . (24818 he disc continued to move, the |

the tilted disc to fontmhitdher digiiadre, tparotwii mlge s
nor mal direction of disc surface. The velocit.y
value. The disc functioned similarly to a mou

thrown sweilt ewhs ©bur(yldcnggu It heet raels.i,du2e0 1 7)

PFC3D 6.00 — .
©2019 Itasca Consulting Group, Inc. L|ﬂ|ng Feglon Slde th rowing region

RBlock Arrow velocity
Maximum: 1.14433
Scale: 0.104378
Arrows (165)

1.1443E+00
1.1000E+00
1.0000E+00
9.0000E-01
8.0000E-01
7.0000E-01
6.0000E-01
5.0000E-01
4.0000E-01

3.0000E-01
I 2.0000E-01

1.0000E-01
2.9336E-08

Ball velocity_mag
Balls (314285)

1.0000E+00
9.0000E-01
8.0000E-01 3

7.0000E-01

6.0000E-01 Travel direction

5.0000E-01

4.0000E-01

3.0000E-01

I 2.0000E-01

1.0000E-01
2.5466E-15

Figote Ve(bointst)fy | ow di striBaut)omandfreeidue (RBIl ock Arr
the passage of disc. Residue length = 1025 = nmi#0sAcdiasncg loep e I

() = worrA,i ng dept haivreDsprargdl. = 8 km h
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3. 8oncl usi ons

A DEM model was developed to simulate dynami
from a disc. The model was calibrated and va
experiment. The following concl uesdi owesr ewfeilr.el 5d r .

N tf or stiffness of sldiolr pdrtfifceles slaired | BD.eF f M
cali brated model had an average relative erro
and 204 8f.or predictimpadedftwi fordcde a&axpEe ment ¢

simul ation results showed that:

1The model was | ess accurate in predicting re
2.hel model s all owed for varying disc par amet ¢
di sc draft force and residue incorporation r
whereas | Adrneaasddy moesn t he di secs ainng | der a fntc rfeoarsceed

i ncorporation were more sensitive to the chan
tilt and disc angle were 20A and 25A respecti Vv

i ncorporation rate.

3The model made it possible for tracing the
soi l . The traced trajectories of resi due feat
| ater al dir-ebapedscuawneds behdmn heResultt £afrdinr e
advanced t he cuwmirderiddtsamnidli ndgy noafmi cs and effects

of disc on its working performance.

The | 1 nitthaitsi iosntsl dgdee tdife onl yorot alehkstdipdeurec e o f a ic |
oriendfmesivoawad€d er sresi due displaf€aemenbnmeasut dn
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when extendjnpgat tiioc uoldanellry ¢ y p eGst hoefr criomp trad s iodt
assumption of soimmpapheckssaad goorhormsidue
rigid blocks in the model. Further research ol

relail fe characteristics of soi l and residue.
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ChapterSidmul at iMinc-Byofn atmh &si Ga rmn sit al k

Di dict er atltii mgDstslctEleda mdMe t h*o d

*Publ i Srhaerdt i Agriculltlur adl T&Thhol ogy

4. Abstr act

Understanding the interactions between soi
i mproving tillage quality in conservation agrt
mod el t o scionrunlishtit &elc ksiontler act icountst,i nrge pdfi cadn mgs
concave disc in sandy |l oam soil. A soil bin
disc to <cut corn stal ks, me a saarim g rcedstiadiuneg f o
effectiveness. Experi ment al data were used t
t he model was applidgaamocabehgseotothe of ccorn
varying soil bulk densitieal abdatescfoypeéebe

were 2. 0ol onOpamMNt imcl e 2b PPhea | f osrt i bf of mnde stse n s8i.|0e

for particle friction coefficient. elchte yreomdesls

draft fotriceal amaodr vwer with an ovedyarddmircelaralvye

showed that as soil bul k densi ty @)egcorsebass!ekd

sinkage and soil suppomthiandk fioonaca siimar d a3 €,

to the notched disc, tboshpal ki sidkageeahdbsbedt

but kowéml k intrusion force. This resedrch pr

cornigdt slck i nteractionder stearmdintg ngf tdesa per f o

resi due.
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KeywoC €Cutst:i ng; BEM®MtywmamicGsstr anl k

4 . Pnntdwcti on

Crop swesire@t@ai ned in agricultural fields wher
conltirsmgi | ,e mps osgmi | gual iitnggr opn@l ®eharseaset al
Zhang et al ., 20150 wlavneg ,ete xales,si Z®18&)esi due,
detrimental to seed germi fatebnmi phapttémeega

concdaivsecs ar e c osneneodnb eyd upsreedp droat i ot td s gt heey i
whimaei nt ai ning some croporepireventpGipbsoabdlel &
201Manpyr evistowdi es had been conducase da fofreicdiiesdc bcy
t ypeesq mesthraipce s , di mensi ons, and opemoantg onav e rpa
types Doébotdhedsspiesrcf doremuedde ecrut t i ng s ug(aBi ammlei rcir
and Magal h«ewbi |l e0B@¢e¢defdmamg ceot ched, ras ppl ed
in the effectivenegsZse ngf ed (Fatgidd)ge 280d2dlins ¢ ecp ener
adi amet er pofodh @@pteernf or mance i n cuttiwmigt hrilcaer geer
or s ntail al meeftAchrma d et . Kalma,r 2G199dd i(mRWeslt)i gat ed
operational speeds on resispemadcge tomngd L5 owo n
the residue cutting perfoDinsacast er dcd 8b0t awhammog

whewr kathga shall ower depth ¢(Ahgpadgeftram. 902 @&hin
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Toothed disc Notched disc Rippled disc Plain disc

Figuwde The illustration of different typeBi amfchdindc atnidl
Magal h«es (2008) .

The aebxovset i ng studi e swalrtee flhigneitti evde.fteesrse hogha sdi
| ack dWefpt h undoer 8¢ andungs diefsfud Seendc eibrul ko' en s i
influencesacmucecrichpgct i wesn e £ Kkrithesd ekyhat . a(R2aRDyI

cutting crop residue Wwasoislo mettri anmegt at ¢ Haewbwea e erd,

not been well dodumestedexyeseting studies were
soi |l cut(tSismegshfearnc eest al ., 2 PBeOw ;s tRuoduile se twearle. ,c a2
force afal nsistdianl gk ducssicrsd oiScue hwasa!l penefici al t
structural deoyegraTaomdtmwraaecti adl., 2021; Kumar

Exi sme tnlgioarshaenal ysi sr eosful ftarncge sf rwenceadtiesgco rd wtetdi |
experimental, anal ytical, and nuent hecahamgtbo
cuttesngstaseced by (Waompm redsiadue 2018; Bj abmethi ni
f ai liedde nttoi f y t hceutisnisa aensd aminle oaurs@l as ®pcalksmealkan
appl iamédliysi ng t Ise¢ aites tod n tbays épdl uesBecnc(ufi eriontgwa et
2021)hotched(dHuskcwahal aotdadt hed 986) I Mag atl hse sc
et al. ,BRt0O0Ot7gol geometries and wor k Nuomedriitciaoln s

met hod, particularly ddoswlrdeteex aenmienmes nnie crhea rhiocda I{
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resicduei b ggeanwcto u nttheer ianbgove The mDEMt hassbeen used
bending behavi Scbdrammwhedt Tekast ke, az2n0d2 2c;orc h
st dlLku et. alHowehz2edr2gBy)ommaoni ¢ cutting behaviours

concave discs in different bul k densities of

Thi s aitemddy o: ( DJE Madoedveell otpo adsciomunisld tede kseasglc t(i29 n
conduct experiments for model cadndir@ip oini aatde
t hei cdynalmelcavi ours of suomidlerandvoc odrinf f samalnk s c o

varying soil bulk densities.

4. BMet hodol ogy

4. 3Déscri pitd oGanmsdal k

Two commetr gl ail nNFddgisustasa (4. 2 ot ¢Fhiegdu hdiestee 2t est ed
The thicknesd wabnsdvedéieaSmenine ranodf 508TImen ¢ cam@awe i v
a radius of 7600 mnhe Tnhoet aantoaldedad) fis lt7 % aadime patnhd o f

29 mm in the radial direction. Ten cutting not

(a) (b)

Figdyr@dwadi scs stpldidiemcho d)gt cdhieslic .
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Corn omeawercol |l ected from a field after harve
al |l corn stovers had their | eaves, ears, and
st aTlkdi.amet ec ar o fvsadtrdilekds f oo th4,20avBenr agi nfen o 2 2.
coshal kesvamer &dil eagt rtCeed & iom20 lhr s, tshefweeghn-d afte

dri eduesned t o caavleonmdgatteurtédecontent ,9.whoh &h 2wals f

4. 3S@Cdr n 9Di asvtkd e |

4. 3.Nodledvel opment

ADEM of t watBewa(sP FiGbdeedv e | o psicitg r tnisld Sk er acti on m
(Figundé& # aBugmoedsrpherical particles (10 mm in u
replicate the agThRaurl aBbuhrididld ed oi(IPBMyrotnidg | easn.d Cu
200Mas used for mimicking the adhewia800bemweer
(width), 1200 (lendfhepy aedchO0@ gmmgautdddg@b h) um,
mm wer e remexkfdl ato soi l 2 40 fb8c2néd. e dl np etmhaei ©ebndds,i n

the soil domai n.

A model corn stal4«8waser ame @wdogdhmaitse m.g TLHDe sle s p
filled into a cylinder having afdimamegea odr 2
with the same avheer acgoecnllidnmessitske @ nEh eswe ttphar fi el @:
bonded together using PBM, becoming a cylindr
the cylinder wall was del et ecd.mfTos wdhmudoartne srtea
created wiotnhgia sgumendaipfgia@mldt he model r stwhdt dwams i
225 mm away fronmn madhemgepdedbosbdl | eave enough

mm wi de) tsawlaevbi df t adet
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Thmodel snwtfcheénde di sc dud ISiol | d iydn\BolirDkss ofiwte W & e @ ,

the €A®Dc wmederport ed®®i nDeawoR @ ng depth, travel
angl e, a wee rsteitl tt oanrguine t he Imo dad didtiidacrs,c nwa Hhea s 9
with a rotation speed f(dNralraevprdees erlthian g pa aforieen
was calcul ated by pedfd diesd,r ewdi tthr aavreld s sngmpt i or

of the disc correspOMursrday dand Q@hhemet2d I8 ) adi

Fi guBeTheoicbr nsdiasiakt er act iwonstomddeplarti cl e assembky, cor

notchedhei sI¢ mensions are i n mm.

4. 3.Nomi t @f®Boiin gCarBdaMikc-Dyon a mi c s

The idntser adcthed swiil hand ravren | £tda It Fhig goaigéh dt .hde s
resistances of dicoes,had Kiel€¢ Gisewcp, namwetmieehsgs f ot c @ si 0|
andosehal k sinkage were quantified. The resist.
in horizont al and vertical directions, namel

mo ni tbo/r eébidni Ihti st srm t hecsbbbhwar e

After the disc passed, corn stalks were eittH@t
intact. The number of corn scsosmh&bkbeungi hgl éff

was determined as the percentagecnofnfsai dyksut
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It was observed that when the partt@Elguwvel oc
4.a9d, the corn stal KKhwasnafxu Imuyn d e tpetnlyetdhdaetd dciiors te
soi |l was crosaarl ke BiignkbggesdPbdal k sinkage was us
the i sk oficfoomrpmceosgsheadl kawenari o of uvuasbobwnnt bern
foll owi ng. eXpleamgnarhk sinkage creates an incre

coshal ko.

At thetmemewmtrn stal k was cut fully, the cont

stal k particlFeda gwac® mMdmi tnoarxeednum contact force

def iarsed oi | supporting force for examining the
disc cutting. The maxi mum cont accto sfhoarlcke ionft rcuost
force for investigating the aggression of dis
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Particle velocity

2.0000E+00
1.8000E+00
1.6000E+00
1.4000E+00
1.2000E+00
1.0000E+00
8.0000E-01
6.0000E-01
I 4.0000E-01

Travel direction
SN Corn stalk

sinkage

2.0000E-01
7.6185E-03

(a) (b)

'
Corn stalk
intrusion force

(€)

Fi gdd.e Model monitesuhgadymammcbt® (uvneirhtoxi 6fi esoil and cor
after the cpltading@hgpetheidcorsmhabk sainndk d(doe) def ismiitli on o

supporting force and.corn stalk intrusion force

4. 3.Ca.l3 b Paartd mégioMords€d rSh a |l k

The modebodinsargnadf soil dofmail®N1@e raends eftr itchtei
(0.5),0dvdli | ga mMma mest eerr sy oliwceasne ifdeorirle)yd t o( M& k5 )a.nd
The EBBMtact modet s wetdalkdkefr onis B & @no A ie | par ameter
particle normal and shear stiffness, particle
rati o wefedddpptr(e2OtZhdploond r adi wmsasmulettiepIni enre d
common valOuideof p@rameters, i ncl ud)ibnogn dp anrotrincall e

stiffOpbessad( sheada®),bsotnid ftneersss(l) an ds tbrcemdy t)dveelr ees i o n

N

calibratedhiénanidvie s estetyiQnandee emaatli weol y for
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Thus, only tRlieangdpwarcame bTeasbsl esdh4 ws t he detail s

parameters for soil and corn stalk.
Tab4leSummary of mod.el parameters
Model parameteSymboValues and source

So(Mak and CheCorn stalk

Particle nor mak, 3,000 50, QAW aj ar e
Particle shhaftks 3,000 50, QAW aj ar e
Friction coeff e 0. 36 To be calibre
Particle dlensi} 2650 450Adajar et
Partdcametmm dp 10 2( Adaj ar et a
Particle locald 0.1 0.(TAdajar et
Bond radius musa 0.5 0.5 (Selectec
Bond nor mal st ko) 4.95717 10 To be calibre
Bond shear sti o 4.95717 10 = bond nor mal
Bond tensile s 38200 To be calibre
Bond cohesion, c 13900 = bond cohesi

Acosnhal k cuttdegemoped fWeheacamebewasi afj, model
indicadaabtei Ahdsmondélat ed a notched bl ade movin
stalk asfighadmidisbset upawathehexpankegnae nhti anla tsheatn
et al. TrRede&fHhar erom t hatcaltiulnoartwiarsgt wwdskd Tpliae ra me
model corn stal k 2f5ommt hins | £inmgu lhatainah 22w &8s mimo n
with a total 20fmnl , i2n6)dd ipsemétthecrl s md way ds t he
cor nigt slck. morcheel Sol i dWor ks s otfhtewaOAeD wraosd éucsheedd ttol
bl aalrtdh e CAD mondpeolr tveadd?Fat oc PFCi ng si mul ati on,

pl aced on Bhélmot che dadiagmeddeas i r e ud svpmevgar. d
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Theorn cattdaling f or ce (ntohebhlreade stiamcehéovehei c
monitored as t hteo bfl aldley mbwvpubawmvoSisalt he chang:e

stalk cutting force as the blade moves downwa

Notched blade ([ _. 400 r Maximum corn
4 < stalk cutting force
lCutting g 320
direction Ke)
o 240
=
3160 |
=
)
S g0 |
E
8 0 1 1 1 1
Corn stalk 0 9 18 27 36 45

Travel distance of the blade (mm)

() (b)
Fi g4b&i mul ations for (mexpmret a£ k|l c bt adryd m@@hb)eadenpl € of f or
di stance curve from the simulations
During theficvad iw@faddésomgfiel inpPutk.weRedhal 01D
2.5 ° armd °8l. &n TE alcth Qvwad su ep aoifirievde witeblfiu €7s.6,00 fi . 8 0
I 9208.9%9 1B.%0land0®®aQ Jlasl@eldotad f0i.B8e Waldye 0. 5
0. 7, resulted in a Thet alrtdopdedeasiidil@twewasd r u
usédsrel ecting the parameter sets reqbbredath &
simul ation,cdrhre canta&li kngmf or Eieg inise& aséh.obvenc drnd e d .
simul ated forcehwameasmpadetawi mbmt croerpno rstteadl k

by gat hiemtat@lah@pt ain the( Med agandreCheamr,0r2015)
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Tabd22Factors and | evels safn maddee lorstihnwloantail d re xrperm i imemna @i |

corn stalk. parameters

Code v Q(NYHm G(Pa) e(Di mensic

-2 1.0 9 7.0 ¢ 0.3
-1 1.5 9 7.5 ¢ 0. 4
0 2.0 9 8.0 9 0.5
1 2.5 9 8.5 ¢ 0.6
2 3.0 9 9.0 € 0.7
*Q= bond nor mafbwmrnd ftferesisl, ec ssptarretnigctihe, farnidct i on coef fi ci

4. 3. MadBVal i dati on

Fowal i dat imme@smdadalct® | | eco @msdtcecsnd ucrt etdcdloesdct h e

in an indoor soil bin. The soil bin measured 1
in depth, filled with sandy |l oam soil consi st/
test, soil wapea pcedarn-Bdomfmsd mmac toibntga, r efloargi vely

homogenous sThiglomdiosndadnteambaz)d. 3% An6. 8y soil
denswiabyl1l5 N . OBetMgr mi ned usi ndgr ytihreg @SaeNIBiEz b r e

Standa©ds, 202

The disc was mounted aere-déebreaglddasgulEenh 4cbrri
dynamomet ween t he tdiescsosHanbki nancdaesi sganmesasaof
Al ong the | ength of the disc travell iFngupet h,
4 bgT.hen the dildc kKtarnd0@m!| war lait Fo t®kesp tphewd e me d
to mi memisbeermenrt. As the disc moved through t

the draft force asdgweatticaebhlikreacrgre ekitpeaki ddaccda
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t hree di f f:efruelmluyt ,s cparatriu@is(Fy g c w§Medaasbudr etdalclor n
cutting effectiasntelses rwatsi @ ad fc ud wtt eador n st al Kk

the total numbemrn odt alhles.ori gi nal

g 4.' Dynamometer

2000 mm

Uncut (compressed corn stalk)

pr—

c
S
o=

O

@
=
o
)

>

©

S
[ =

Fi gd6.Experi ment atlhesestoup: b(ian) t estdyyma hamséhi agntky asnhdo wiort ¢¢c hte
di sc; (b) corn stalks placendd o)h corialf tsetua létleaohd nasgeef, atr ien g i
three different cutting scenari os.

Simul ati ons wer e Tfpceorrfnisrtnselodkted s ir rigpHatbloey e abiels t s
the sisnulmadedmn stal ks were evenly positthieosed .|

surface, and the disc travell ed ahte trhees issatneen coqg
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diaocd corn efhbtktweuetahed gt o v acCbdaislé stickh,ép del

ev al uwavteirmg | relative datmdr measae efdoIsli onwil mg e d

YO -B 12 pnumnp (41

wheREeover al | rMd nactai svden,&ds i onu d a,iNadu mber of vari:

anicki-t h of the variabl es.

4. 3. o deplpl i cati on

Simul ations werevalrdarentedmadeélngf ehei nvest:
types and soinmi ddtudnka md ecn siethiaevd oaurr.s Tohfe stoyi pl e sa nodf
wemet cdniesdc andTpeal asvodiils cohoyfl kved ®dredistiv.t M6 (m
Medi-emnsl1t3g (G adHnadprens@d ty2 Mg meptgpeéwctindul
densost sandy( Dammetsoal . |, 2005;.TAequaekebhsadofhes
density were creatadtbygl eadfdgessi nges hef3sd880p
corresponding t-Dentshiet ys-DeéeMesd itayfm-Diaanvel i tHyi ghe s p e c
(Bahr ami €ltheald.i,sc2 @) e ardadnddde agmad er avep &c ts
for matching(Kbgupratthhtal|ldidR@Gy&smr Avel | i ng s
and a WO0OKkmmgrhdee gtidnceh osfi meul ati on was appr oxi m;
Dell Workstation with 192 GB RAM, a 2.10 GHz
processors). The def ad/l tshtaidse aue P maap was X iy mata

used throug&tout simulati on
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4. ResudnlB scussi on

4. A Mhd@ i br Retsiudnt s

During the model «calwabsr astiinmun ,atoedar rusdstnagl k heeu ts
by gat hi nat haneexecte patl .f o(r20t1h0e) downward cutting
speed was doswadcaurtasspagre (MBHOOOAd gayt hi nat hane et
watsoo | odvué¢é ol @ mcibeng ut er Ta afpiarcd taym cavpmprao @r icat & |
speed to be usegreiln m$inmulyatsiiomusl,ata onhowas co
downwautdsipmgdffect fClhesbmdki nmwmt idogvn fxcaurtdtei. n gF o L
speed@s0042, 0.021shwlke.rte4 21,s eadn da n@. 4e2a ctho tsipneeesd wa
in the sHEweultaualolnyswats no sig@gmiMmaxiamimdedrfer ®ina
f orwhendo Wwewaurtd i ng s wa®.dOmbZa nbdl a Boewgeur) ln & ,h7e

speed mOlsw4d ue that was appropriate forn htthe <coc

modreé | i ability, was wused.in model parameter cCé

©
o
—— o

7.2 {b
4.8 T‘ 0
24 1|

0 + . T { A T :
0.00 0.02 0.03 0.05 0.41 0.42 0.44
Downward cutting speed of blade (m s)

—HT

b
:
1

Maximum corn stalk
cutting force (N)

Fi gui7.eMaxi muaorshal k cutting Hdowoeamttidnd fepeatmodefi bl ad
cal i bybatridormmal asdi $haalssiN=# bond tenshbll SMahemgth =
cohesion 2Pdp®rtliclloe TricitfioaneantOre dbr)esent significant

bet ween accor ddi nngultto pDuencraannge test (0. 05 significance
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Using t e wahaustetni ng speed of blade, twenty s
par amebobér boatd nor®al bsotnidf ftnedsinlde psatrrt é gdd teh f(r i
S mul at eadf rmmasxtilomswma | k cut shogemabheeBlad8ee si mul
forces were compar mdxiwnurhs tdadirdn meaias3i InsydOf oN c e
(l'gathinat hanlet ewaalfourdltOhat trhed artutrwhemttemibrsorr
2. QPa b | )eT e r3etfhoer ec,al i br avtee el PBNOshmeB1elPa, and 0. E

f 0,0, anadr espedthiesel y . hweres edl uesall subsequent s
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Tab4.3. Simul ation results for calibrations
Run Q i a) e ~ Maximumsna Relat
( N Hm (Di mensi cuttin@N) er r(o%)
1 1.5 9 7.5 ¢ 0.6 464.23 14.7
2 1.0 ° 8.0 € 0.5 523.29 24.3
3 2.0 °% 7.0 ¢ 0.3 359. 13 10. 2
4 3.0 9 7.5 9 0.7 255. 38 55.0
5 2.0 °9 9.0 ¢ 0.5 465.59 15.0
6 2.0 9 9.0 ¢ 0.7 555. 39 28. 7
7 1.5 °9 7.5 9 0. 4 569.19 30. 4
8 2.0 9 8.0 €9 0.7 537. 47 26. 3
9 3.0 9 7.0 ¢ 0. 4 292.22 35.5
10 1.0 9 7.0 ¢ 0.3 539.19 26. 6
11 2.0 9 8.0 9 0.5 403.99 2.0
12 1.0 ° 7.0 €9 0.7 469. 95 15. 8
13 1.0 9 9.0 ¢ 0.3 751.76 47.3
14 1.5 9 8.5 ¢ 0. 4 629.85 37.1
15 3.0 ° 9.0 ¢ 0.6 375.85 5.3
16 2.0 9 7.0 €9 0.5 376.14 5.3
17 3.0 9 8.5 ¢ 0.3 346. 40 14.3
18 1.0 9 9.0 ¢ 0.7 528.509 25. 1
19 2.0 ° 8.0 9 0.3 427.009 7.3
20 1.0 ° 8.0 ¢ 0.5 523.49 24. 4
*Q= bond nor ma*bend ftf eresist,=ep asrttriecniget hf,r i.ct i on
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4. 4 M@ dBelh a vsiaamwuarl i dBetsiuolnt s

Mo del beweawex ami ned usi nwyeltohcei trye sduilsttsr i dbfut i o
particles. As the dpiasscsitorga viehlelt ead kisn ttthe eoidli s
characterized based on the particle flow beha

by the front edge of{Fidgiusecg].h4hia®me dc crud av en gs hr eeme

a cal mi wheacaergn omnt al ks were cut into two hal ves
region was | ower than that i n rtblaencceutotni g rme ¢
the calmindsrepgpeomi sc continuously travell eoc
approacdseidei ntthor owi ng regi on. I n this region,
of dascthrown aside, whinkves itchee loagfhterorh adrfi ginn a
Corn sttlemduk ¢ i inlmad egwo@nscenari os: edged cutti ng

i Fi gube 4d4snBetnvedrheel ged cutting, corn stalk was
The particle at cuttintgsvwoiemtdshadnldarca@gern ngelt d
occurmmeldi ately when thet hteosn Isd heh KCc crtthaatre
notched cutting, corn stal kopaerltiogdd ers tthheat o tcho
Corn pdrad ikwkeee decel ercaatuesde do yb yt hree Ifartiicvted ormo v e mi

stal k, asswehemo mprmrenssdadliknt o soi l
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Corn stalk
particle velocity
I 2.0000E+00

Travel direction

1.8000E+00

1.6000E+00 Y z
1.4000E+00 ~ Travel direction
1.2000E+00
1.0000E+00
8.0000E-01
6.0000E-01
4.0000E-01
2.0000E-01
1.9558E-04

Cutting region  Calming region Side throwing region Edged cutting Notched cutting

() (b)
Fig4Be Particluemmimt&®Qlfdoiwt ydi stribut{anh bépcwowrewsamad kéb) s
téh notched di sc-dtergatwiel tl ean qlte ,z ek M dvios ki g Idek,mtQ 0 an d
traveling speed-Demsti heMg¢@ni.b2o0f Hi gh
Thes ocor nisht @lckweosdveall bgt edmparing resulamsdTfrom
simul @abodebBeds.etdsul t s showed that the notched di
effectivaeaned®e® simulation, 100% ot hheoondoeg e ceoa uns
properties of ,caremsudttalnkgs i a.n T & ighb dree | ahtaidv e
ersfoor pr eddrcdfotragnedt veer tThoal ovenralel relative ¢

suggesttihreg atcltais ciclyr wmidlt &lble moadcecle pwaasb | e .
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Tabd44e The results of model validERtBibeen wessinn g hteh eneawsair eld
angi muldaatteeal t he notched dideqrdarap/lveddOxdmnkt ngamadd nh

hitravelling speed.

I ndicator Measur eSi mul atRel ati (&b)err

Cornabkk cuttin

76. 2 100.0 31.2
ef fectiveness (
Draft(Nprce 301. 9 272.4 9.8
VerticédWN)force323. 8 297 . 3 8.2

Overall r eR E{ t%) 16. 4

4. 4 ABplicat iSwiMder wdDiasMbed € loDi f f r ey p e s Soa Budl k

Densities

4. 4 .3Bi.MulCat3 aMikc-Dyon a mi c s

The transient stat eisn osfaiblethea vdioruercst hof whb ec st
fields ofAscarhre sntoalckhse dh ed i csocr menpsgt daid ke sgpech,s i t y

were botdpgs and notcre gurigAndkli e neacuwsallsye s@me n o
obsermetheMesdoidlenskFityue . 4 A8 t he sobDénsihtayn,getdh
corn stalks were no | ongienrs tcéododsalt stk py be CI
gat hered by fFthgudahpsd Thetrechos e the corn stall
di sc can be fisoumentae mreedsusadssn gn e soi-Demwmgi tHyi gdnd
Me di-emn s i t y it omhad-dgl aen lgpeso imip g ecsust idin pnhge s o 0 e nosfi tLya w
Thigat he@breihnagv i our oft meotddi®dnadfi sg had compl ex
stalk cutting effectiveness. The positive eff

|l i kely to be pushed ahead, resulting from the

103



corn (Ktuslhkwaha et Haile yneerhga@t fvec t was, the cutt
increasecdconaih stal ks were gathered i mtldortrhe n¢
st al ks ibreitnlge caitfighadt a telr® magvhiaglu e poei t i vehaeft aet
negative effect oncuwrowemetrsa tail kn aclu tzresdreggntewd riedresr  (

anglodAi scgl@mwor ki ng 2@pkrimvhel | i ng speed) .

For the,pbhbdincdrecstal ks were touched, compr
diccift eucho mgr ecsustid)niich gr es ewemieabr dsofifheeo encet al k¢
t hwmer e cfuatimdryg t hree sbhtubtul kebdgnsiheesorn st e
Denskitggqudé¢ 4t @tically stayed ismidVvesdoddeincswery s c
(Figueg 4anBehsmitguif(¢. 4TBe poss hhtien rtehaes oshoiwass o
Density -Demailtgogw the soil provided | ow soil S
dep(tzZthong et @VerablD23)htuktcbynisspdahkeBdmadni tva s
and -Dewsity had | arger pasbi ti éofewvneslidoi, t Y ntdh & rz

more severe disturbance on corn stal ks.
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Corn stalk
particle velocity

I 2.0000E+00

Travel direction Travel direction Travel direction
— ST

1.8000E+00
1.6000E+00
1.4000E+00
1.2000E+00
1.0000E+00
8.0000E-01
6.0000E-01
4.0000E-01
2.0000E-01
7.8108E-13 .

Travel direction Travel direction
— —

Travel direction
e

Figdee Cutting behaviobsres vefd bdgr pstta ®)f tonwe tl bsvhieipnbut i on
using notched :diagc-Biemg{ by MeDkinssni ty -Deonmsasy wel | as wher
using plain didgc-Biemgsf ey deDkinssmmng (fDenlsaw ydi ac thavell e
atzardegriegd t,10Mga@agbdémmwor ki ng degmi2®ravel l ing speed. S
densit¥Pendigly =31.HEeddMagnsmty = 31.&2@®0dDMgosm ty =31.06 Mg m
The corn st al k Lsoisihekmasgiatsyy 60t Bemmpi & médxi mum v
soil bul(ki gem)si Fhé&68 mi ni maimn loagenir 8 edh &Hisgohi | of
Densitay slightly smaxi munh 2e6 %Tthéeaielf ohel k densi

mi nor oef teneth al Kk sinkage. 't was speYulodt eld stch

|l owerecqubhererd st al k( Sawltei magnif,oetcteard ehy 2W&8BK en

influence of soil bul k demsenhgwadasmyctoirinl solas &r
corn stalk sinkage increased as t he3Tshod Ic dorun k
stal ks i boile e swebryel coofmpressed deeper into the

t hat ctemafr iutoncut corn stalk (compressed corn st
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LoWwensity. This inferenceAi&dmee de ttt Hdea i rl eiseuel 2t @sf

cutting owomunhdr dei thwe e severe in wetted or | oo

Theorn stalk sinkage caused by the plain dis
22. FgUur)e. 4THe& reason was attributedndatochehde s
di sc, reducicogptreessptnagse ofal ks. From the diff
an inference was stated that notched disc ful
stalks (compressed corn stalk) i n practice. 1
effecti venuedsyseoifgh atheaWhehi2@ @& k) r a vked d teeletata nzgelr e
10A discmamngbeki agOoOdephhavahdi & rs meod,nabk

sinkage resulted from the dfifdmrteme edibfaf edroesrcc «

bul k density, Iimplying @ogmheaadte ewitn fviegheemsdsé. o f

_ 70 r592 600 608 <\'\i 25

~ E 56 '

zE \ N\

" g 42 \ \

g%za \ \

High Medium Low Plain Notched
Soil bulk density Disc type

Figdie Corn stal k sinkagsobaltl kd idfefnesri e nbeesu s (isScosi 1= d,0Hi52h Mg
Medi-Denmnsity =31.2MdDMgosm ty = 91, 0&6s Mghen di scsdagraevee |tlieldt

angl e, 10A dinmcwamnkhgilreg dOPthy azed| 20 gkspleed.

The corn stalk intrusion forces at drifgfuerreent
4 ITtheorsn al k i ntrusion force quantifies the r
penearadben stal k. Hi gh i ntdiusicordigersc as esunggada
energy | oss and ensure kiffouceragecotondgpi paPE
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The corn st aHkgreinmseidtgyer iseoncdedofmaxi mum corn s
(43.3 N), foll owelle O ydr6xaibtdyN20n 6t Neos®ehbeofoil
The corn stalk intrusion for ceThdee cdiefafseerde mcse ta
stal k intrusion flouiweéfvast abtfrdbsestedt eosbhk pe:
density buffered a greater corn stalk intrusi
intrusion forcleartglean2t B@eNpt BB0ob Msusratnhcedrh icson f i

t hat t he s ternuhcatthubreed poefn entortacthi on on corn stal k.

s 50 43.3 42.6

2_40 26.5

££30 . 206 177

%820 '

@ L 10

c

5 O 1 1 1 1 1 )

© High Medium Low Plain Notched
Soil bulk density Disc type

FigudfieCorn stalk iatlrusepnegpaonddcelxwli K denSsoiitliDeeshis ghy =
1.52 Mg MedDeunnsi ty = 31.a0dMgmosmity = 31, 08&s Mghen di scs trav

zerdegree tilt angl emm IwloA kdiinsgc daenpgtther, a &1e0d0l 2 @ gk smiple e d .

4 . 4 .3Bi.nu ISa itMe d-Dyon a mi c s

The transient sdaidks bdé diehavibprecoodmaced f or.
of soi lThpartii dH apddmt acl pPtod c hese fphirgh cfl ersc €a
parti®igsr)ye werl® highlighted to obseAsvet hseoi |
notched disc travelled, the nieglsi fpr oved e p &n
di stributed al onki ¢guree)edd.gidRi ¢d fe tt he sedi-Bewn sti g s
were cl ear | wyn diedrrec ertriia gseticde) kasd &2 t hemaemoe ns ait la |
particl edi mppagup o mptait kechsec iolr n o BDtelbhési stuym ntthhaen s o i |

LowWwensNdrye critical featur-Penscuyyredhemnmethews
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particles were distasbobed satahlgstWwefFedpggatriedmg

4.d)2 This phenomenon further illustrated the I

I n the simul atihog®hodioheenedbkby ©Ohe plain dis
of the notchesbofHiigshen s(Hitny utricke 48le®i-Dienn s(Fit gur e
4.d)2, ihtilgeh oparciecl es were concentratedhiuggider t
foogaerticles were evenly distrilbaibe dsHail gurge t h e
4 . f1)2. The thugmgbhe&pao€tiecl esb s ercv aatesis @mbad | syoi | bul |
decr eflahsesd Eanshemdi fferences in the suppbkting

dens,i ttiheuss quantitively analysing | ater.
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Contact force

of soil particle
7.0000E-01
6.5000E-01
6.0000E-01
5.5000E-01 Travel direction
5.0000E-01 —
4.5000E-01

I 4.0000E-01

Travel direction Travel direction
— R —

3.5000E-01
3.0000E-01
2.5000E-01
.~ 2.0000E-01

1.5000E-01 be
1.0000E-01 w0
5.0000E-02 i1 Hiah.| i
0.0000E.+00 Soil: High-Density

Soil: Medium-Density

(b)

Soil: Low-Density

Travel direction

e

Travel direction

Travel direction
-— —

Soil: Mediu

®

(d)

Figdt2 Swiicldynami c belhaseir oaisdbrytciocniteac ( uhdftlcewW)di stri but
when using notchefafdi-Beg®ihnhbi}t hdeDeiows) £ y -Deorvsa sy we | | as

when wusing plai{ddi fHe gigif ety h dMeDseonisinash § ( fD)enlsavww ydi as t he

travel redleagtrtda t,1dMgl@a gbte@Mmwor ki ng Geam@miZBravel |l ing spee
Soil bul k demsity: =Hjlg Medidgnsmty = 31.&2®dDMgosm ty = 1.06 |
m-,

Soil provides support to emwhblcd mer arfddeifcd cae b

guantity andoquainit i pmamemrettyt hi s sosoislupppdrn thign

forcedevaseredcadgdr)eOn4d al®r agseyp poiretrisneg was 285.

when the notched disc was travelling, which w.
it was predicted that the greater the soil sury
wereftul |y

The shiigpre o geixtpyer i enced the minimum soil suppo
simulation of noNMedhieDdenndshigtdy. t Fdema i mumfsoi l S
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29. 5% higher than the minimum value. There wa
soi l bul k density changed, because of the conm
t he strucfFEFapleaiof diogcc,h.t he agridduwalp piomrdri enggs if rog
141.2 N to 598.9 N, a difference of 763%4%, as
1.06 3™MgTlme corn stalks onetdeevisoud! yfndtowe dud

cut by the plain disc.

598.9
o 600
£
gé 480 350.0 406.7
= @ 360 o469 260.3
2 5 240 141.2
@ 120
0 1 1
High Medium Low High Medium Low
Notched disc Plain disc
Figdiliad Soil suppartfifdg sbodye elswli kK densi t iDesns(iSoi I=: 1HI5®R
Mg °n Medieunnsi ty = 31.209dDMigosm ty = 31, 0&s Mghen di scs- travel

degree tilt angl emm 1woA kdiinsgc daenpgtther, a a1e0tiol 2 @ gk siple e d .

4. 8Boncl usi ons

A siootl nigt alck i nteractoonst nmmputedd wiBeg DEN.chi ng
exper irneesrutbatlsi mul ati on results, the Imddem par a
f or par tdtcilfef miBNmail8r Obond tensile strength,

Thenodel produced an overall recatsrtvad k ercrudrt i
effectivedmese, adidad/te ra i € @nlVhdevmendohi eshcema sd jussce d

corn st al K twesrce ncoutc hbeys asnadi s ¢pbefne d § § s and M d
Density, whil e merel ysoc¢ oWy sAds g blild tkc hdeesn sii nt

decreased, coBeaskmeli akade incecesnssaldk si nghusiyo
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decreased. The soil swppeittyi ag tbeceseoi hcbahkec
usitnhgel ai n di sc, but no obvious tAsntdhevasorfmusn
were cut by notched disc, the soil supporting
The plain disc shadkalgaer daars hadwkn | satttahldsi ¢ i ef mod &
disc. The corn stalk sinkage and corn stalk i1
type thaol §obliesnsié yearch advances the under st e
residue management by provididygamnsgisghWiiil et o
effectively simulates these interactions und

required to validate its applicability across
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ChapterDBM Model |l | negs iddfndCrSoop |RaBy nami

Af f ec ttehde bTyilrleacgtéi oan Di s*¢c Harr ow

*Publ i Bihedy stnhems( Emgpne®s) ng
5. Abstract

A comprehensive understanding of crop residu
i mproving the operational efficikacrmowf i tsl |
interaction with whesowaseosd edlwlsee¢ dign tah es adnidsyc rled
me t hTohdmo d e | was abl et itld agiemudirapescntaingdous alr | e | t
standing wheanta metdRiedDgl ee @tolvaDa(r ect i on . TkeRepecti
model wasuwviang dht eddd mexaparriemmemttaldarteasul t s r e
Direction produced significantDiyr elcaweorn.r eBsoitdu
directions exhibited similar stubble forward
predicted t hesoevevraarlila brleelsatwivteh earnr or of 19. 7 %.
that stubble trajectories and soil cutting fo

arrangement of the harrow. eTdhebsye ovpaeri aathil cersalwe

di sc angle, harrow travelling speed and workir
soi |l surface roughness for both tillage dir
parameters requaifted ohicglserantdotdalstdr bed a | ar ¢
cutting efficiency, a performance index incor
area, was reduced wunder these conditions. The
tillage direction and operational par ameters
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Keywobdsc habEMw wheat stubbl e; Dynamics; So

5. Pntroducti on

Themoantr cof rcesi dwe 1tédrmaisnoeidl surface is cri
degradation and (RPcosaerngetnatonseddkid)s on 1t i
harr akvey si mpgloemearntnt ain some residue on the so
preparation of good fseaedbeds munt arpded Hasa ®rwd
specified parameters, such as disc spacing, d
di sTchsee s e p arnadneutegnresef arhmeanc e, rseuscihs taasn cteh eo f s dii l:
(Kogut et Bis¢ @@8dn6é)angl e affemtoad sfiwearldp baccmnu

on sof$ertidnd .etThael .s,pa2c0iOn3g) of di scs (aLfefnggc teetd

al . ,. 2189dwegver, existiaghavedpes maniltyasgteo f e B\
soi l di st urmkiamgact aomd t he dynami cs of crop
comprehensive understanding of the interactio

essenenalamgotr he perrfopr Mmarsmdasd @eme n t

Comparing with fl aanbtawiprudh lsd remopr er eest tideucet, n gse
soi l erosion andiwadtrer aeava\pWoaysatteidonl es9 B4d)e arr
dense dared iwmeldl rows across the ft bskede djicndndi icthy h a
and plafsStgydwbhst et al .. As20aW; cVernrelnlg enul &
was typically set to travéHopaeal a8lhley 2@@2fpme
attributed to minimize disruption of the soil
coverage. Theewpeadaor mege pergpendi cu(laan oett heel

2005)which i-mpeedesosdbiakt foFrt phapebeger s 8 ame
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tillage direction relative to wheat standing

harrow; however, this assumption has not yet

As a disc |letanr mwglopé&dealt i on asli gma rfafndes roettrlesyd  t 1 |
per f or(nbaanntaen aus kas et al ., 2019; Damanaexlaamp |
Kogut etstated el &lanagsi scglhaco®wsendl 2 hteoi 2 1A,
resi stancen itrhcer ehaosreidzont al direction @Oht deasrc
harrow worked in a greater depth had higher s
(Zeng et. aHowe wdflL®Ott ®eper at i onal parameters on
have not beenywellleado cmegmenddeadydeiddyc harr owsi due

management .

Model |l ing approaches have been used in predioc
in till age. For exagmpenisosdieoa wraast hdeemadliccppdd f or
resi sotfanxcre offset di sc harrow, a¢bpadhggy r ahi
Raheman A 2029y eti cal mod el was developed basc

predicting draf t Ahomade., o®iOsdcBryect eh aerlreonme n t mo d e
deeper insights into the dynamic attributes o
residd sl acement s, moving weageoptredied edanmnadc iar
(Zeng and LGCGhuere,t 201 9; 20.ZBongdeagerdanibheéDeBpPeo)
of soil moi stur ecutotnit erignrt a BB M itHloggdegtlénwir ku evas a |
oDEMnodel lainngndafire disc harrow that involves

di scs on t hlei fhearsiotwyatai omal

Thi st utdhye r e ftolree fhadd joewnd(trigv edsevel opi ng a DEM moc«

disc harrow operated in two tillage direction
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stubbl(e2) owsmlgimbdtey com@xapeémigment al data with ¢
( 3) sngnhlkatdiynami ¢ behwheadésisdwd woad@err adiidfof nearl

parameters. of the harrow

5. MMet hodol ogy

5. 3FLle&kpgeri ment

The purpose of the experiment was to support
measur ement dat as caRaet hedat aa ham! |leacrtgieo n, t he e
designed to capture key par amedelrec tainadn vanrd ad:

t he accuracy of model predictions.

5. 3.Ex pleradaImeRinkEy udi p Seetnu p

A fiel d exppeerrféeareimn twhaess Muni ci pality of Piney
| oam(csoariplos2.t9% ncl ay, 23. 6% .FBRflitdladahneda t7 3r. e5s% dsu:
Tillage was @oetrdmdenmddiusic nigiagh o wn atmelhgdt f pbat
r edqiirskcisgbla f.he concave sadrdesarofdifsoosntwelrie cisn op
The disc&) swasi A10( mm and tWwhe dfottahe whoarkin oog wa

The di sc Rwayg 2a0Ahlaend the di(Bcgllbameter was 4°¢

5. 3.Elx Rer i Deesn tganl

A completely randomized desti g@matwesnrusied ci mh atr |

till age: dpergendincsul ar anwh esaatudlIbll el rtoavst h e asnte
Directiobi medt iPam 4F ir ebslpge cRriivoerl yt o the till age,

residue were removed to minimize the effects

four ti mes, giving eight test runs. The ©pl ot
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accommodating for onies @ alsasr rodw twaes haperoawt. e d hat

4 k®Hm hnd working Hephba{meéeot smmm) for

o

=
S
=
= e
5]
=
©
o)
23
©
=

Standing wheat stubble row

)
%

Perp-Direction

§

(c)
Figbte Field experiment setup: (a) the tandem disc harr

wi dwWh ,( di scofs phaaBhyngwand di sch) gmaghag) ainlgllest(rati on of til]

harrow travelling perpendicular or parabDiekctibo-hher sPa

Direction treatments respectively.
5. 3M2asurements

5. 3.12n iXoiiPdrlo p earmnh eersact edt ia o thegttwolh b | e

Before tillage, saialndsmsamprleeatwemes odl Itehet €d e
samp®®Er5dimaman®8&. 6 himglhhe <dvéeed met hoab twalsen used

soi l moi sture content (graviMmM3SABE ) Staaardd asrod 4,
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The characteristi csweofe smeaansdairnggd fvihmealth lesyt uab b6l O
mm quadrgagée(. Within this measowesipacenag, swhed
height, and wheat st ubDibe res tdh ladniers@ u\bhivakredsa toneta s u

the soilcelblttatedb@arnaorow®nhhdmwiredass of the san

per hectare was determined. fTwvesdomebdocmaément

field before tillage.

5. 3.208r f Recse Qaweer

Soi |l swwrifduee croveuswag memager acnal ysi s before
soi |l suwiftatcheeu ad G0 T WO aenanpt ur e(Bi hHAWPF odamer a
i magreal ysi s, the area out Fiidg@&@dbdhe Thweadr ath ewa ar
binari zeéanwht oebFliagcbBce (Uusi ng a thresholfTthieng me
ratio of white pixel stliieasmagege) néecali duueCihteonpe X e

et al., 2004)

5. 3.Ror3warsd | xc Smemdhre§tubbl e

Tracer method was used t o moniwthesattu BPelpteear war
straws (2Wer mmulsreadaaeadss wenreey | abel | ed damidg urme er t
52d)Fi fteen tracerswiweheaalrgnedThpaaragwos' 95«
oriented perpendicular to the traveling direc
being positioned along the centre of the disc
the | at erhael ndiidsdtiaen cter.aclTer had a | ateral distan

di stances of 95, 190, 285, 380, 475, 570, and

122



Prior to tillage, two ropEBglidBoepeveAeamadsRO[
perpendicularly, creating a coordinatwhesgtst em.
stubble tracers, whil e Rope B was Tmhleactedacalr c
coordinates were recordedhboghdhleteraococerr gandatét

wercal culdett eedt mfiemrewar d dd .spl acement

3

(d) (e)

Fi gb2€Ei el d measadr elmmeangtes :t aki ng using a camera and a 600
cover amalny ixamp(l eabfer nfihtigled aljienaareyr det er mi ni ng t he r e:
(d) paper straw tracers for di spl acement amded $ woement s

perpendicalsar ef eépogenc@ersdi ng t he croaoaadfitear.etsi lolfagédre t
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5. 3. Rat¥aal ysi s

RStudi o was used to perform the anal ybes of
means of displ aceswentes cofmpdirfefde rwanth tDU@Dac@mB 60s |

signifidaadce) onally, theaedmeaessbddbrvedkns ghhdeada)meon

o

i r escPe(r-pinr e ahRho-bai r e)ct weome ¢ o ntpedstGe @ Swistidlgnti f 1 ¢c an

5. 3T8BI MadelDi SHar r ow

5. 3. Modledvel opment

A commeérscaétzeofetl REE@Rrarti cle Flow Codav@asin Th
useasd model otpree atfii ldihaeged! sct has enoewas represe
sphericagangpatrhe ce¢enst act bet weenPagraaltliell eBo nwee r
(PBMj PFRotyondy and Ched®BM, m2md4ked the coh
so(i$adek and Ch el nadrog2e@2i1680)0(l mm wi de a)whss828@0 mm
accommodate the pass of the disc harrow and n
with a 10 mmfidldlaimbeetecewer al lo0aimmngf t hkee hao
path, where the interactions between(@0smm an:¢
di ametwer e ftihlel etdwoi nstiode sec@FEi gB3ae ( 500 rrend uwied
comput i(nZge ntg naend .Edieln ,p £r0tli99l es wer e stabilize
gravidlycand damponBbe530il surface was |l evell e

exceeding 200hdémnms adnd nhdeiamy h3 & opd7tli cl es.

To replicate the field condition, wheat resi
till age dir ectDiaorecttri eoddt menmithse:@amBesrtpublalk e angws w

to be pe(fipeeodntsoruil(pt3ag padal | el t(¢Fiog 6.3bgt dhres )
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traveiraegtion ofinhthaeaimadelar rBavt h oyi egt &t iad

resiodhuée he soi l sur face

Thmodwheat r efsordmed wagkolie aRur 2PEiac hPF@si due p

was a rigid cylinderesTiheedwameBeB620immt hé hmo d
the density was clalbas$adednatshd 4Beds kypdment s i
replicate t hweh eadmaeadmapsesaessu todfeeh ¢ | mdbded totaudetf
345 s twahredaitt m @p(bbl leuse rFReisg dB)ueesa nidrs mmla yn gt hset u b o Iwe
and a 12d0xifd gpetsi(doureasn g e HFHiegsbhiddeurea n cheenmiiyt thgnl na c
Sstubble roewisdueewer e stabilized uWhienagt a elsoi cdaul

contacted with soit hlainnde adri sccoonft &i&(tZ ermogdheal o d g € h e

2019)

Due

(@]

—+

to the symmeamdlemtebtuorewpfthéeharrow wa

onfiguration, consisting of four sfarmentl arymtud h

hreeal .Aaeromwmdel |l ed discs were creat @ n Sol

sof ttwaDeesi red working depth and travelling sp

-

~

otation speed of disc was <calculated wusing

Murray and Chen, 2018)
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(b)

Fi g68.€&€he disc harrow (tai)l lhaage omodelasvel | ing perpendicul a
rowserDpi r eran@hnarrow travelling parall el (tPoabtiare csttiaomdi.n
Di sc nuniyep D g alrder e the frontDs Deplsc h&daeli sctshe rear pl
di scs) and nilgd&;) tomcwmosi {oring purposes

Mo d el i n pduptasr ainred leu e f or soielksj ddedcchbhataotwws
t helnh.e soedemh par aanckd ptr eddewfegraam d Chwho ( 8 6st&r)aowp e d

swee@i l interaction model using the same soil

summar iTabsdei n
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Tab3leSummary of model p(aZz eamme taerr s ; Chseoru,r c201 9)

Property SymbolvVal u
Wal |l normal Stiffneknwwaii le8
Wall shear gtiffneskswali le8
Wall friction coef fewar 0.5
Soil normal 1stiff neknsoil 8. 73
Soil shear $tiffneskssoil 8. 73
Soil friction coef fesoil 0. 36
Soil particl® densijsoil 2650
Soil bond radius muasoil 0.5
Soil bond nor mal stQsoi 4.95
Soil bond sheat st iQsoi 4.95
Soil bond tensile slsoil 3.82
Soi l bond cohesion,csoil 1.39

Wheat rrecr Malle st i fknresidued 32

Wheat remmeamuest i £f Nkeresi due3 32

5. 3. Bodall i dati on

For model val i dadawer, a&asnud facewaredsi diuepl acem
stubblse mudrag ed using the moidtelf itahkesd stult @ mieme rse

agreement wad heesesrealsledr alsatnigve err or

During thei sd¢d mudratownt,r alved |kl mhdt Hepshméel18
as in the fAfetlar etxiplelragmre,ntt.he resultant resi dt
i mage analysis method asd spl abemeinél df espanidme
waal det er mi néteer aicemigmeehodr acer slOwar &p protsi an otr
soi |l sur fTalg €,Ts, Ta,asie | Ampde r p e n dail ci ugl maetdi /&l iargeec t i o n
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red r ekiigoBee | Toem@wer e lad died rerdoweTh e digreaj ect or i
standi ng whreaatte rmeat mibthdnreetdh e ,si antadeatf ioonvar d di spl

was deter mteaadydsttthteed racer s

5. 3. Mod¥plplications

Thmodel was usdd etcd sedmidnd ferent somer dtinam
attributes .T8hod |lomenrdatriesraluepar amebel6ApantibAded
20A), trav\wl I(i5ng 99 pelad@hsk mwhrDii 1 0depgbhFapd 10
this application, only one operational par ame
remained constant. b WVhe abwaenrseh anDt3 ykaawes 1®Of0 mn

respectivel y.

The resultant dynamic acutrtfibmges @modi sorf €dd
characteristicsThastidmscof bedcbebkowblhatuiren wke
(varying with dif)fusnemgt at Deavél Mongsspeeos with
Il nt el (R), and Xeon (R) Silver 4110 CP3¢ (2 opr

6 s) that was automatically calcul ated was us

The csuotitli ngredohcensdj viwdueaeh dssdifficult to m
predicted using the model. To track the perfor
Dit @i n the sequence in which t hReiygbémeg algreed sna it

cutfonges trackelkb) weret &npalf amdlo v eFe)ifUisc aalg ft hrece

forces, the f dyr cwas nibeatlearnmcienadttioo nffeasur e t he
which | staan iimpdrcat or of tihred idci astce sgtraebaitleirt yi.
bet ween discs i nlwasdicsacl ciunipateende nbty.: The
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O-B -8 § & s _ s 8% 8 8§ _ 8 8 8 %

(5.1)

an
an
an

whele force i mbbal dnaétr &Nl lbat ar di {tNdfv=ce of

vertical f{ &icieh wnibear .dafscdi sc

Soi l di sturbance characteristicd uwearoev dwan to
roughness!| di SAhur lmaardc es oarl e &).WIf tt iem gt theefl fisisogide nscuyr
profile and furrow bottom profile were extrac
W) hepd ft uctsuatnidearrsd d dépei adwicoees )dedfi ned as sc
roughonfersrsr ow bottEmgbNdhgbness | di &y udbhhnnedar

Fi gbdweas determined using I mage analysi s.

Soil surface profile
Furrow bottom profile

-1000 -800 -600 -400 -200 0O 200 400 600 800 1000
Lateral distance (mm)

Soil depth (mm)
=
o

Fi gwbde Model screenshot ssheoomi inogn tahfet esoitli | draogses, i1l ust
charact Air=i ssthiids yurabraekige t ot al wor king width of the harro
Thtetotdabft hdF)wasy cal cul atlmdf aalt hé@ghgbmvdfifsabl
an i mportant performance indicator, as it det
turn the drawbar power required from the tra
di sturbahceraféac(ing amount of wor KkkadAhbnhe by
a soil cut (di(MgKyddli98i5¢gnomwas used as an over al

harrow, and it was defined as the foll owing:
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- — (52

whed=esoi |l cutti n@JheN=f iscoielncdyi s(tmimkbantce@t alr ecr g frm
harrod=(Nyavedof dih & mehplwee r di sbsobkdvol ume per |
t hdevas converted into energy requirement per

in tillage energy analyses (Godwin, 2007)
5. Resul tDssansdsi on

5. 4E% per Renseunltt s

5.4 . 11lnilt i al Soi | and Residue Condition

TabS2presents the maassalinlk damde srud.stisdhusfr agads bi
moi stur e scoinitt kntdéasdheytfy pil dalwefr@rDanrmiet seli.l, t2
Before tillage, sthenwfhiesdtd sh aid bdt davye  fe@xdses 6y hktgl vy
| ower than ft Kesthywmihaaletv allhuee clh%8& Gaac;t elrd 86thi)c s o

stubbl e @abi2tiandcdt haeaiyorwedreet éoesadpeil n g
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Tab®2l niti al soi l conditions and characteristics of st a

Measur ement Mea Standard
Soil moisture conter 21. 2.3
Soil dry bul% densitl1187 48.8
Standing wheat stublt 735 134.9
Single standing whee 0.3 0.08
Standing wheat stubt 28! 30

Standing wheat stubtlt 21« 50

Standing wheat stubt 3.6 0.17

5. 4. Me&@s fFoe dvinirsdpl acement of Standing Wheat Stu

Overall, the forward displacemeRitg®5 €lse andir
greatest stubble displacement did not occur a
arrangement of disc deadgisn pPMareme nn dhiec nlaa w otwo t trf
Direcfi gm3p9 t he gr efadrevwdirsdpt alcleiment wasatebakbkryv
di stoafncle90 mm from the centre of the hadrow pa
mm. For {1 laéefr abt ldbehsetfaorcuda bsidoel acement s were red
the 570 mm ordi6Ga&H5nWmeeshat beldan mowatrraavel to t
(PaDiar ec(Fi ogt3pg t he gr efacarewddirsdgpti aceiment was obs
| ateralofdi9st aamcef rom t he centre of the harrow
over 550 mmr v8tsdoblbalcee ment s were quite variabl e
di fferences wer ¢ atlkesat vaeld salhoocgst heom t he ce

readoms t hmisg httr ebned a tctormpl wetxe cevi & celce [sp iotf yo pdsses
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gangs and its int elrhaicst ifounr twhietrh dsetnuobnbslter artoewss t h

entire tillage i mplement, rather than individ

| for ward dsodplsd aemrde mtgvew hee aatv esrtawgbebdl eover al |

PadDarebadoan &8Bwedr angne wfhi ch wabstal@akRle4Dll me gteir o h

There wer el nwos s gdaiififisetraeandeleesr aigre d if ® p wabceetmeene n

PeDpreankRlaoddar ecti on

Perp-Direction

900 £ 900 a

E720 £ 720 I
8 5 540 8 €540 a F a 2 g
S E = p T T '|' a
S © 360 & @ 360 T
L 8 L 8

5 180 2180 1

w wn

'-6 0 1 1 1 1 1 1 1 -6 0

0 95 190 285 380 475 570 665
Lateral distance (mm)

(a)

Fi g&bbe Measured forward

centre of
per pendindulpar all el to the s
were insignificantly different

standard deviations.

5. 4. Me &8s surefdResi due

Theield initially

decr eas e d ndye r-B BPradr &ati igdlGaég n d

56b ) .

| ar getrh atthRuwerDperre dthii snconf i r med

inesi dudndcenvkiPaeat i on,

sides along the row |

di spl acement

had

Statisti calt haen arleyssiudsudesribodweeadeat ti loant
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0 95 190 285 380 475 570 665
Lateral distance (mm)

(b)

of standing wheat

t h(ea fphraPirroewc tpiactr-8n d e ctbwyoo Bt i(l | a ghea rdri orwesc ttiroanvse: | i

taespdeotiewlmbsagf ostd olwlelde by owa m

ascgnidfnganeeD@mMoBans a

Cover

a surfachhagesisdde ec acwae

4u8n. d8e%-D iPree @pti igaurr e

was sig

itnhfaltat ehrecl et edec di ¢

the discs tended to puc

nes, rat her t han thoro



Howe,vewhen t hd raiveedrdpaindowul arly across the st
the discs interacted more aggressively with t
the soil an@Ppoopirn@te tillage direction depen

incorporation.
5. 4Madwll i dati on

The model prediction accuracyawdsmeasudamedt
the average foofwar danddl sgpbearcegmehhieismuluat edvayve:r
forward di splacements ®f8ismmaaddiB8¢ wmbebhecsiPebb
and -Piarmreaction, rewbpebt iunagley predicted the disp
measur FmgatEl he si mes iadeuen dceorADePree @t | odi raendt iP@am a
were 27.4% and ,34whi%c hr esypercpgn ecilyt ed resi due
measur GmegmdbEl he corresponding rel aDivecéeroaor an
20. 1% fDoirr eRarian. The overalll relative error

showed that the npordeediacddtaidcrmaaoayacceptabl e
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memm Measurement
mmm Simulation

- - -» Relative error

- _ —~ 50
E 500 17.3% 24.3% S
HE HE %’
c ! 1 >
Q
o
[}
=l
o
(2]
O
[0

Perp-Direction Para-Direction Perp-Direction Para-Direction
Tillage direction Tillage direction

(a) (b)
Figb6.€ompari sonsxper iweemt Il and asnidmd laati iven ermreg o@) thbet we e |
forward displacement odntsanmdiasgdwleePetoPiereabdbil enaand P
Di r eatrieon wo t i | Itahgee hdairrreocy @ tromasw edi ncdu gpaarr al | el to the steé

stubbleespeastively
5. 4M8dAaplpl i cati ons

5. 4.3i.Mu |IDytheadni ¢ Behaviours of Soil and Resi du

Amount of soil di sturbed by a disc Elagube vi
57a) i Pdbwas t he first that i nt ealalc doetgdhcesriesin| $ © inlg
t he aneocausnti sdafur bed soil . TBheDs,sodpdede séextr érdedyt
adjacemteadi agehroapirs at gpmadci g d not | eave undi ¢
di sTchseedirssiéa spl aced t hlea sdiirhe cltne cogspiols irteegi ons d
di Br@anlbkre ac he da djoadtiesnets . tHholev Beavears, unexpecAedl y s
t hfer o n Dsadchids a éDadi sdp Isacc e d hagphpeo ssiotid  d inrweacst if conrsme da

bet weshjadbksd i s i nterdeisBe@ inghadd IselesDedsEds! t han

The residuecodntsopdrabbmghme As t he hahfeooumr tr a\

front discs laterally throwedftb@&rwlaebhe rreesgsidd
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fl ewr eaeatead dbigdgDs, Hmdspi nto two simadtves amesi
by €086 ®dDordespectaveillyFughmatTshdieshsaraowed t he cl
fic oopedbaettivoeren t he front roébwrdeses dndtrebutro
t he Aersilfdluewr eam fwarsmead cséot s ihdaer eobfw ntghdeg e (1 . e.

disDcank), but t hese dtiwdo nfoltosupnsdterrtegaomga

Ball velocity_mag

Balls (367171)
5.0000E-01
4.8000E-01
4.5000E-01
4.2000E-01
3.9000E-01

. 3.6000E-01

- 3.3000E-01
3.0000E-01

2.7000E-01
I 2.4000E-01

Soil disturbed
region

c
k)
=

O

®
=
©

o

()]
©
(=

2.1000E-01
2.0000E-01

RBlock displacement
RBlocks (1553) Residue flow
4.0000E-01 stream

3.6000E-01
3.2000E-01
2.8000E-01
2.4000E-01
i 2.0000E-01
1.6000E-01
1.2000E-01
m 8.0000E-02
| 4.0000E-02
0.0000E+00

c
io]
=

5]
2
S

()

o
S
=

(b)
Figb7Partcoate@uaypsr veloci)t yof( usnditl: pmarsti cl es and (b) disp
residessl ting frm,Dhe almdreowhe front nDgDsBredabdd scs, a
are the reabi ¢ alhtmr sdorggels pendi cul ar to tl{ePedipreactisomp bl

travelling spewdar ki Mg kanefht h = 100e=mmM0 and disc gang angc
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5.4 .Bi.mulTatagekctories dfub®ttlendi ng Wheat S

The trajectories in three directi(oakBewlkeeeae as
Tot B7showhi g3 ¢ at di fferdmtom d&ther ale ndirset dfe & 1 e
forward (redef€t ga8deamo n stt rsdttaendl i ng whosiadltysnh u b b |
moved awatyniftrioann posi ti omcasd tfhoervearsictl $htog & @wf ¢
di stance from the ,cewittrhe toHe tthrea chearraomaily) ptaltt en h
bei ng movefdortwhe dil Emg 6.8aé¢ a5Bll) . L aw heersat| ul bybtl e s
hareddg®@anB)were displaced beyadriekaniheweveom kli nige
i Fi gb8ae &BBdh, while theTir@&stwerfe sdiudbpll 2csed | eft
| i neFsi gibBbg) The verticahoweadj ebadbriseme stubbl es
pushed down t ol Tix da@per 3Figd8a&i8 58 d58 g)
some were brought up &bodeFitdtBees @Bd ) aindf smanel
moved up and then TdoWhF{ @gBasdBlacEhbevesults o
trajectories suggested that sipgmiihfeid c adtwhyw a &

buried into soil
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——Forward ——Lateral ——Vertical |

= 600 — 600 = — 600
E E E [
E 440 £ 440 £ 440 £ 440
8 280 8 280 3 280 $ 280
g = 6 =
g 120 g 120 g 120 — 8§
@ 40 @ -40 T -40 S 40
= F = 200 E .
200 300 900 1500 200 300 900 1500 300 900 1500 200 300 900 1500
Travel distance (mm) Travel distance (mm) Travel distance (mm) Travel distance (mm)
(a) (b) (c) (d)
— 600 — 600 — 600 — 600
£ [ [3 E
E 440 E 440 E 440 E 440
8 280 8 280 8 280 © 280
S 5 S S
E 120 % 120 % 120 :,5, 120
i ARZEE Nl I e el A
= 200 ; = 200 = 200 = 200
300 900 1500 300 900 1500 300 900 1500 300 900 1500
Travel distance (mm) Travel distance (mm) Travel distance (mm) Travel distance (mm)
(e) (f) (9) (h)

FigbBe The trajectories (in forwastanévheagt abkotvuehrb ttehvee r t i
harrow trav(ed) dTiTgatdad®ar¢ €Ty, ( dTs; ( eTu; ( fT3; ( gTs;and Te.h)Di sc harrow:
t r aivrggelr pendi cul ar to tHePeWipeatt gsomvtelld i mgw!'ss peerdk i=n g k

depth = 100 mm, a&rdA0isc gang ang|l

5. 4.3 m3| @diald tBEonrggndi vDdeakb

Socut tf onigrest hree directions si Dutltt eadr  ogh cewn
i Ri gbxr e Over the travel distance, the increas:é
at the end represent the discs entering and
di scussion focuses on the constaweéel fdrseancae.
showed stowalt ftom@erse not evenly distributed amo
on types (notched or plain) of disc and the p

of di sc.
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Di ®owas t he |l eadingdgtidtedawt that hew!| aageést amo
soil, resulting Foh (heEufii ghideps ta dd alf &) ddaadeeef r c
 iinei gbh%é@ . DiDs,c sdbpaldad skominkldFi gb&9%bd)Ther ef ore, t

interference betlweden ot hae sré dtulfelroe eo adaicshc st hdi vi du

As expectedRFfohet hal uear ofli scs were in opposi
di sc, which al | ovieeda ntcheel |leadt,e rfaav ofuorricnegs tthoe st e
di e B, D7, Dadad sl i ghva hR (Fligwéere) , compared with
di scs, as the formers worked on the | oosened
a mirrored hattktetdass awywhbat bahatnE&mhegmtdiesc ha
However, not all lditecalwdmwneceanod!| liedi vutduad:
harrowot BAher aff ft dhec didaOr N70 wr amtalser t han O N, due
di sc types bet weenTHea omtth earntdih & sedaasm W & avis & tha t

untill ed sodilsawhetvadcthhe odiad arcelaaty bhaen tilled b
Verticaly(pborpée (ine) of discs were |lioddg near

haal nedga(#f2i7v HFiNgD% ¢ ndi adowngard vertical force
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Fo Fu

Fv |

_ o =
Z 350 Z 350 < =
(]
8 210 8 210 o 210 r S 210 r
S 70 S 2 70 S 70 EA
= 70 o o
(=)} o o c ¥
£ -70 \ | £ .70 = -70 —E :?f £ -70 b, 7
3-210 w3 540 %-210 - %-210 -
3 -350 5 .350 ®» 350 L ®
D - L
0 750 1500 0 0 750 1500 0 750 1500 350 0 750 1500
Travel distance (mm) Travel distance (mm) Travel distance (mm) Travel distance (mm)
(a) (b) (c) (d)
o 0 o a0 |
g 210 g 210 g 210 | g 210 |
€ 70 ¢ 3 70 S 70 | 2 70 |
b WW*T\ F M«Av =] %
£ -70 I 2 70 P E’ 70 I 7 £ 70 By, f
3 it | = 5 Vot g 5
=-210 3 -210 8.-210 | 5210 ¢
Q = D Ke)
0 -350 - o - - L o -350 L
0 750 1500 © %5 750 1500 230 G 750 1500 0 750 1500
Travel distance (mm) Travel distance (mm) Travel distance (mm) Travel distance (mm)
(e) (f) (9) ( h)

Fi gb69e.8ocut fiomg eisncdmuafitnig) or tat efF)al ahdreerRi cafl ifrodicwei du
disacver the harrowat)r,avedl) ,di(stf)aRedan ch hfid dnt hemot ®hed di sc
D2,Ds, am)d respectively; (eé)i 6 (7f phidé§) ., phb edd D( D) sabPce ( 5
respectivel ytr Bivriggelrip&amrdow:ul ar t o t h(eP eWlpe &1t t storoapvbell d i rna
speed =14 womkhi ng depth = 100e=mmM0 and disc gang ang]l
Force i mbal)ldaetceer mianna i s omgt BEq. soi | cutting f
di scs showed thewasvdrifbaerens oh terms effects
Var ybwogul d cause compluaxf oanhgaensg edsu ei nt os otihle ¢ o mp
interaction between the disc bdbomadawe faedegtn
bet weeDi rPaatai o4Di nedrtiierm @(. ThebhlasdA llobfwer-Per p

Di r e ovthiitd hikeBo Hh aldoewtf or -CPiarreact i on. TheVwereendmo rod
predictabl eDibreetcie eoiDi Faenrdpg iPa@ama sA floawaeV (&t gar Bi gh
510 , i ndi cati ngVhehlaptb aabcseo inldhreeaseen g Maes | owe

obtained when the harrow worked ati gaZ@®@mm dep
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Var yii Bgr i mar i I st hienfclomedrmcd ar ea anedbweéwhehéeé dis
resuldomgi s$sthe hbte ttweeennd st hoef t wo ti |l |l age directio
bal anced or st abldei gvameyn amarl kei,ngl 3atk m/5hA t r avel

wor king depth.

m Perp-Direction
100 m Para-Direction

100
80
60
40
20

0
10 15 20 10 15 20 5 9 13 5 9 13 50 75100 50 75100

B() V (km h-') D (mm)
(a) (b) (c)

1 (%)
1 (%)

Fi gs6teSi mul ated force(lumbdaltadcéfeaenbsoper at:{ adpiasilc par an
gang a(pwietsh fi xed travellandgwep&edgotdepE bkhmeH 10 gmmpee
V), with fixed difmandgamwg ka mg/l e efi hownfr k1 ®@ (D@ patihtsh f i xed
di sc gang Aamgl ¢ rafve20 i ngl®prefeidr eocft iladnBkamedwmtPieon wo t i | | ac

directhenisarr ower pawaeiinodo gpaarr al | el to the stramsgpieng i whe gt

5. 4.Bi.™ulSaiReudghness

Soi |l surface roughPRe®prewasti s-DimabddmiPdmtt weean | |
direcoi bnsuyrsace roughness consi btFremgtlk& incre
The greatest change in soil st hfealtcewirdog¥gzhme s s
incredde soil surface roughnesd$i hoceaddddf f oo
to @M Aaverage over t.hehéhwd thel dgssdi mpafti o g
roughnessycaunse soawlwefrace (Fiog@lhtthes &n i ncreasin
was al so founD(Ffighlttthe efhetiseof soil surface

at either a high valdeotoet,radiruca 2I9@89ma b tel ofs
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seedbChden et. aTlher ebf@olrBed, w tohpee r a tsihoonuald d jphderdaent t e r

suiting the specific tillage practice.

Compared to the stohiel fsuurrrfoawc eb ortotuognh nressuisg hnes s
casesfuAbewt om roughness showed | ess variati ol
anb)There were no obvious diff er enRael¥a rienc tfiuornr c
and -Pier@ctFoaow bott aovmsr dhgh rhd Bgshfe sit5 A ofro rt hbeot h
direcRiigobirdl} .( The \WFTfghltéspmd(Fi gblfe had no part.
trehosver bottom roughness is more desirable
operational bplaor¥ste k &r sDradrdem f o rDi Reercpg H=a2r0 Aa n d

V=13 kIm ®&®&800 mm DoreParian.
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m Perp-Direction
m Para-Direction
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Figbt® Simulated soil roughne(sa) ,r e(shu)l,t ianngd f(rco)m o chiel hsau rr

di ffdient gangb) vaintgh efsi xed travel Itiamg svwee&d ngf dEPt kmoh
travell i @owistpheefdisxed di sdamdanworakigng odptaWodoKki 1@ 0d enpnt h s
Mwith fixed disdcdagdngrangl kbiog 2pspecang¢a@pyk meh, and
furrow bottoReripoughnbeamBiarnedatPieon wo t i | Itdgee hdirrmreaowt it o s :e

per penadinadulparr al | el teoatt hset ushrbe sep iermogwisw ke | y

5. 4.Bi.ulSaitCledtBEf hg ci emrHayroiw t he

Soi l cuttidhgf eHdrircownadagpdndyand thttalt osail |l dd
ardédg @s dedq.bhje dvVairAiaabAhveesr e si mul ated using the
oFftdemonstrated overall consi stTdohmRtypycbenwedn!| i h
f drot h-DPerprgt iach rmaendt iPon wi tdhi sacn g afb)dériegpbsgidedeg (o f
Simil ar i noweeraes ionlige etr reednad ts bterf eevcet sl (Mngh ds pyoerk | n g
depDh(Fi(gbtRB aGiidc) . The increasimy,anbDeved® und

consistent wiaphewvheuft sttingyceods addieskc et al ., 2
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Regardl ess of tthhseodil $1 agke@@dceceasisnhentl y inc
i ncreasidmgcofg astbgeraavgéd lelsiW(g asnpde ewdo s ID)( hilge daipg d
harrow exmpeavematpah abméBaa®A compar edBRFiogurhet
51d,possi bly because of the | ar gei(Zewaor kainndg Onied
201Bhmat Wofl3 k'mah %l8ar7ger-Di oecPémop aarfigderr2Ba i &
Direct itthmas evitifaen5 (K mghlrge) Ef fRochnwasf more pronou
ThAnwasnce @& adbAwbDoPRradDar eandtidnBetreDp r e whiemrDt h e

changed fromFbODltPE) 100 mm

As di scus skidn arbeoaut e d tvhieb N, tdred I on clkiedBatagh eithe s
cutting ddddrcaFaesgehidyge(() , due to the I|lApovempamed ea
wi t h F.haBf fodbcrgwse roef mor e pr o n oflannddePda 40 ahraenc ttihoons eh a
slight el hétghhaerd-DP e e @tni @arv.ehrea ghear r ow 4rd4éos2l latr g@ r i n
datbod Addmpar A@Fi tgalrge)d, Whlaho ft 51vkars hmore t han t
as | arayefl8s K'&ftighilrBe)T.hgdecr e a s6e0ct Bf7rnmoBfJi n Per p

Di r eanfdroomm 62 m2fJtion 4Marl@acti on, wi D@Fi @amlrkencr eas

Zeng et raelpor(t2e0dl 9a) | aefgfeird imemngcnyi husiesobaddy and
trendDiasctéd@®sed, which was contrary to this st

were due to the diff etrreantc easf fienc tt hdedhietl i tldtit sal ugdbe

arefh t hlentdite&srt |l age contexts, ,suicth ias dcdasdisroad i tnc
soi l diasrt Guabnagn ceet , awhi cRO2®@BpProves soilcosutti nig
ef fectWhveer eas i n conservation tillage, minimur
soil cutt(Hgwpelfitfriic,i enTP5)0t ecting the soil
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FighiaSi mul ated performance :(ad, ca@bprsaond (b)hdtoal wdr :
di ffdrent gangb) vaintgh efsi xed travel Itiamg swwee&d ngf d&EPt kmoh
travell i @owistpheefdsxed di sdamdanworakigng odpta@odoKki 1@ 0d enpnt h s
D)with fixed discdagdngrangl eing 2@specofi veBykm(d), (e)
di sturbadgdaendgea (h), and (i)d.Pei-bi rcaud ttiiawmrgaiaarfefatRieoency (
two till agteheailharcrnowetpawnedincdu dpaarr al | el to the standing

respectively
5. Boncl usi ons

A tillage model of a tandem disc harrow was

(DEM) and validated with field measurement d.
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dynamics of wheat stubble and soil under t wao

parameters: disc angle (10A to 20A), travelin
mm) .

The model accurately predicted the forward ¢
residue cover on the soil surface. Tillage di
had mini mal effect on the farwabdedi ssplraceamep
predicted for the tillage direct i-Dinr epcetripoenn)d itc

for the paralbDierlecdiiroenc)t.i oSni nuR aartac on resul t s r e

among individuabhrdowcsTla Iltdédading disc distur
experienced the highest soil cutting forces (I
outer edges contributed the | east ttoi rfgrfwar ae :
across all discs were observed when the harro
13 km h T, and a working depth of 75 mm. Lowe
soil surface roughnesms rlengaredlsd sngg dfh et idlilsag ean

depth |l ed to higher total draft forces and a

di sturbance area was not proportional to the
cuttfiingi edcy defined as the ratio of soil di st
This study provides valuable insights into t
tandem disc harrow, offering practical gui danc
performance. Nonet hel ess,ng htehenowsd dfasf il aend t
wheat residue and soil partiso)i.¢ sCawntdi an sphleaulfd
when generalizing these results to other resi
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6. Abstract

Al t h
inter
Mo d e |
soi l
three
t he s
Si mul
front
wi t h
the o
speed
of th

t hat

wer e

t hat

inter

ough the ohée 5h(oBEM) ehlacsmemeen useadsbol erir
actions, the degree of soil heterogeneit)
s of a |l ayered soil structure were devel
HhedeModel ) with -lseetveerno g earyeeauss, sao isle mnmo d e |
|l ayer s, and a homogeneous soil model ( H
oi |l d yrn ame s u Ibteihmg i for o m sap eseudbss of6rl derma 2h rtao e
ations were compared with field measuren
of the subsoieldean &so:r nfepdu st hhirregeod ,d i fertii snigrug ¢
the fipushingd zone having the highest pa
verall relative error sWofwitthhei ns itnhuel artaendg e
fér oknhwehr eobel ow 20% for all three model s
¢ esli mwlida s H)r fwaecree fllaartgneers st h(an 20% f or all
all three modeWs hkute mat Ffabdfepd @80 @ptricallg at
sed as the judging criterion. The Apverall
11.1%, 18.8%, and 25.7% for the HeS, SHe
HeS Model had t heAhiTghiess ts tauwcdyu rparcoyv ii che s rc
eterminisngl|ltheteeggee@aeoty in s-smbbatl ens

action.
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Keywa&dbsoiler; Soil; Het erogeneity; Simul at

6. Pntroducti on

Soi l c o mmalc thiaornd p acna ufsoerdmakt yi aodree fe qaugemit ¢ wlst ur al |
heemegati ve waféuennoti bnration, dr ai rfflargaec,y reotot
al2011; Naxylyl 8e;t Aadin.alTkt e lms si be@s & f or decad
| oosen compacted soil and hardpans in deep so
surface residue for(BHBoahgzehsal Axanllidlsls emsrtprocsne
2010 However, as compared with traditional ti
means t hatg swhhdosaktt with a deeper soil profil g

a possible hardpan, anThet iichredi cayedepamad ofts

ti | Inaegceh @ nirrcddnagr t he maxi mum depth at which a ti
whil e creating upliThe asidi If r dicddouenseth aod C gt nhieelr iesaca
i ncrvehmesre the tillage fAicodlt i odpé t astecgedniabrehoe we b éd e g
applied on soil i s absorbed by the deep soil

Deep tillage is generally ,whrlteedhalbt owet bl

(McKyes, 1985)sofTkdeep théeél agepwere distinctiwv
tillage, in terms of.Theirle licsoadrsiemg earmd dindteu
soi |l failure patterns in heterogeneous soil s

these gaps through simulations of SPU Hd s odiilsetru

i nt em aicn gleemtewrus s oi | conditions.
SoslUubsoiler interaction research has been m
experi mental, analytical, and numerical- model
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consuming and costly with | imited observation

soil failure patterns, and they are merely su
model |l ing methods can overcpmehéehdsscdetawbatk
(DEM) has become a widely used-smumseriilcal imdtefr:
For instance, some researchers wused the DEM i

variety of b(febowial@l8ni paRedpg2 et Wall@2 thealDEM

was al so used to evaluate the effects of vari

dynami cubse h(alwinog et al ., 2020) anadregd r alf t (»20¢t
investigated the interactive effects obfintwo s
experionvwner, Hmost existing DEM models failed
soi l heterogeneity along depth profile in sub
mac-b ®eh arvd oof soibleh anws toamiche soil particle | ev
Soi l heterogeneity refers faodtmecédpatical wypao
soThis variability is affected by factors suc!
al ., Txhe®el 7c)ompl i cated soil heterogeneity along
| ayered soil structur e. Soil pPpryfeirl stwasttur ad
di fferent soil bul k densitieanal and shésdepth

and Te9%)erTh&9top | ayer is annually plowed to
is formed by the downward force of tillage ir
subsoi l |l ayer 1 s an wuntill ed elldyerT,heamrd hiatve
researchers who devel oped DEM model s 4 ayaddr e:
model s were developed in which different mode

soi l propertieshhedpaaen thd soapsb&yeTgnygeret( Wa
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0O0; Wang et al., 2021). There weayremaédosmoue
ang et al ., 2017;-lHy&amgdetstaluct uz®l)Suancact:e
|l ayers reflected t e the preadenoddiedehes svoit h Ime
uire more input parameters, thus increasin
17) assumed that the heltzyemgentoust soel I

essar yvtecs tfiwratthee rwhiet her the number of soil

puts under the same conditions. Research i
gardless of the number of soil |l ayers i n |
ameters. These parameters should dddsely
refore, calibration of model parameters i s
el parameters were typically done wusing fu
t (Kozicki et al ., 2PQ0%), cangl peaktraposae
0) , and dBahercamis heetaralt.e,st20Q20; Tamas et al

formed in the field was used-olpenMur DEW anod

advantage of the test is that i tr ec athnh eb e
erogeneity of soil along the depth profile
each | ayer of soil, considering the | ayer

e objectives of the studyswéseoeiter(lntdenae

h a | ayered structure to mimic the soil he
i nvtehsd icly @h @rvs or esul ting from the subsoilin
ying degrees of soil heterogeneity in the
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6. Met hodol ogy

6. 3FLle&Ekderi ment

6. 3.BElxpler i Sné miEGaUnidp Dendr i pti on

To serve the model devel opment, calibration,
in June 2019 at a research farm in Portage | a
cl ay 43wh tcd8&y si | t, and 9% sand content. The fi¢
A John Deere subsoiler (John Deer e RS1¢0dOrl , De
the field experiment. The subsoiler mbant ed s
directly on t he eproaaomttorh gtulhabo.ubghh e¢ hseu ltshariel er ¢

straight vertical shank afkFdgabgl 6pédd point wi
6. 3.Ex per i Deesn tganl

The field experiment had a compl eftieviey woarnkdionm
speeds of the @ngbskohTlheer :wo2 kidh,g 4d,epi,h of the s
for all treatments. Eatcibmdg.eaTmest avatsotralpl of
used in the experiment. The plot was 2 m wi de
subs@iilgaurcgBub f 2r areas wer e sket f@tadtwor eadselo

decel eration. tMekasnut émeobsswané speed area be
6. 3.Measur ement s

Before subsoiling, soil properties were meas
|l ocati on, the soil profil PL2WBE 41d5Lv6I dakd | nt o

corresponding to s@®&v®0h, ids000f, ¢ 4180601 1 250600,I17 28080p t h s :
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2510300, add 03 mnBMeasurements were started on t he

removed carefully to expose the next soil | ay:¢
the seventh soil | ayer was compl etedw. The mea
For model cali brations, the data of soil S he
|l ayers using a vane shear meter (Geovane, New

and f ouFi gvadge.s6 Atamag!l @i menlsObns. 85f mmOo( wi dt h 1
I thickness). The meter was pushed into the s
Then, the meter was rotated bygt deinabncs It ywlwa st
specified in (MSTMSBMasidamdiar 8121, 2019) . Ar
was used based on a I|iterature study (Stefano
di al was recorded and used tefealrd¢cuwlgattoh dt the sn
meter. As the soilsdialc kmgaiosutnudr e nd ormrtmanti oaand s ¢
measured at each soil |l ayer. A cylindrical s a
mm was used to take soil coer éos.i nTgh e rsiceidl icno raens
for 24 hwergheddafter drying to obtain the gr.
dry soil bul k density (ASABE Standards, 2015)

model devel oipmedtl,ataesr .descr
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Cutting share

(b)

(d)

Figete Field test: (a) subsoiler and(Ld=r @8dt6o rmmbh ( I®m)3h@ag eo me

l endhk=h;22. 5A, shawe r68B8kenmgnglhear;g=blademmj dshamk thickn

520 mm, shank wextPRPOalmmheisdqainK cwi dtoh | surface condi ti
(subsoiler workid)mgoddpeedne3skmah meter for soil shear

For mo d e | validations, soi l di sturbance ch
| mmedi ately following the passage of the subs

above the orilRiguhe sOThe spafa@alcewds positioned
path of the subsoiler. Then, the panel was sp

profile. The | ower boundary of the paint out]l |
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clearly that the elevated soil surFiageb@roef 2l

Such an irregular shhpmoguasedshe matwilie¢ of ¢ diel

To quantify the irregular shape of the dist!
surface flatness, soil di sturbance width and
surface profile was veumscailtlly edgquvaldewi dinth oo

of each trapezih(Fmgwas Mad@Ls et ad dasadl udesv i vaat si odne fi
as soil suRTheei If |l dit ntessbdbtevsaasdit f a(cyeWdtriof i |
was measusd®dwgubdheé. 2l evatApdwesei Isuar eod (t he ar

trapeziums calculated using the trapezium rul

5 Q@ — B Q (61

wheA=gl evated $€ai=t her envad dherhmt r apezi um ( mm) whi c
t hi shxtahsee hei ght of i=hbehrdpezisumn( mojsnttasn;d sub

for the first and | ast division points.
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(b)

Fi g6Re Measurements of soil surface disturbance after
soi l and painted aonuftbl)i ndei aogfr asno iol f Adraotddi ¢ perad @ e\¥ sdooiidl (@r e a;

di stur bardg=e wiiddtthh ;o fh=threda mdziawre;zi um) .

6. 3.0amal ysi s

The statistsRceatdli sofveasieon 2022. Ow/a.sl ,u sbeudi Itdo

perform analysi s Bfff evcatrsi amfc et {ANO¥YAELri ment al

speed) on soil di WitFur ®adcaes cwalrlacaertibeicari a
among soil ahalesTshdewemeeans of these dependent
various subsoiler worki Dbgné&amrmeudst i pheé sa@inlgel &
significance | evel of O0.05.

6. S3DEME mul ati on

A soubsiont ernocdeilonvasadeveabpbsameldat e t he s

attributes trheesbibmg Mdhef Mmaomrd el was constructed
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softwar e, Particle Flow 33od(l tians cBh rCoen sil me mg

Mi nneapolTihe, pUDA)esses of dmeosdcerli bdeedv ed eolpome.nt ar
6. 3.Nodl®liPArti cMedPaa mdn@tlerbr ati on

Soi l was model |l ed izgpdabhi abseemblTheobubphdens
was set to be the same as the soil I n the fi
particle density of spheres in the model acec

(Campbel I, 1985) .
” — (6.2

whegfpesoil bul k Hprsdbty phgt imcP),e/s=dveon suintey o(fk gs ol

domaidnVp{vmo | ume of s i nNg+nreu npbaerrt iocfl es o(imM particle

The c obheehsawitowsroi | particl es wars am mii a&dkte dmdd/e [
parallel bond model (PBM)I n( PRCtyloendp aamtdi cQuen d
properties can be assigned by two different n

shear stiffness and (2) setting tdefheamabtifiwg

ratio. The rel atmamishi py dred wetnf deé®s are shi
0 c0 O
0 (6.3)
0 —
' (6.9)
U JRS—

wheKeparticlsd ifdrmmadsp@Ntmcl e shepos =bonéifnes

nor mal st i)fof .mbeosnsd (sPhae am B E;Fmbdebkss (P el asti ci
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( P,&E)p=modul us of el askhrootpslbeéabosdi { Pmgss r at
(di menskemloeastsglhear stiffness ratlcegcefhttabend (

cendirset ance of particles (m).

Il n this study, met hod (2) was-tsded,yr sd itfHhees
are independent of pabeéhavVvafowss &iel. plahrutsi,c Itehse wl
by eight parameters: mé&pd u Pa $ -toshhoeeamwa b4 ti icfi ft nye sosf
par tkh,clde mensi onl ess) , pGadritnecnl sei of nrliecstsi)o,n ntoodeuf! f
of bEBBMdAdP&) ;t sntoearalst i f f nkeps sdirmen soi @rfl édNn)d, (bon:

(&,Pa), bond c olpReas)i,onansd rbeonngdtahd B(the msi ol esp) i er

The model was calibrated using thmodwded d dat
built to simulate the field soil sh2zaréfiklsts
particles with 2a.nmimfiifldremd dindooenaead yodirn drhiacta lwa s
di ameter and FOQum® Bro&ledndpgehamaet@as si mpl i fied
vanest we tdhammenas otnlse .Seaf fwasestalcad nt @il oaeiromanaf
wer €1 8N Hfhand 0.5 r(e&Zemac teity edllyg. ,si2null7a)t e t he f i e
t esawsr, fanes ewdreal i nt oaddrestsan tl2 SmEie(dudrcddeys0aantd
Chen0O1W®WnNt il the topishevel hwi viankEisgwkpiebhB8nurflae
vanesr avtteatee d au mi fsoori na wadlt cactii toyn Sotfe fCa.nm3 wd z mn ES K i
202ulnt i1l the sdhadaofhbhi$kdarnt ehgqae waspeheemaxi

by he fouwurcvanabutitlsi hgstory *Punction in PFC
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() (b)

Fig6Be Virtual saf!|pahtiacl e ®esand vane arhfeba)r vmeenteesr ibnesfeorrt
into particles

Sensitivity analyses were performed to iden:
parameters on soil shear torque. The Qraemdul t s
bond cohesilQwersttaegmos¢( influenti aéGamdr amet e
were set t o amal (gtahmeer evflree ,wiae oa hiebr anoad .l p a
including DEM dampi w@rrataidop t amddafnecdo edf hiiune ir(e2nt 1, S
model |l ed a similar soilTabypebnIhégy améi bummait
assulmeadl uesiswer eotbhpariorpemul at e€Tg ttdrag u ertaftrcchieed t
meas ulmed ¢ he Uwiasl dc.al Tthe at ed agai mstt etahcen foife Isck

di fferentLls?Li3L4U5a $e derd
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Tabéle Soil model parameters (Murray and Chen, 2019).

Property Uni t Val ue

Modul us of ela€ticity oPa 5.6927 1
Nor ntad hear stiffneslgp ratbi mensionl. 0
Particle frigetion coeff DimensionO0.5
Nor mal criticd dampingDimensionl. O

Shear <criticafls damping Dimensionl1l.0

Local dampindg coefficieDimension0.5
Bond radiu® multiplier, DimensionO0.5
Modul us of beolndsst i city oPa 2.5 7 10

Nor mad hear stiffnelgps ratDi mensionl. O
Bond tensifie strength, Pa To be ca

Bond cohesi &dn strength, Pa Equafll to

6. 3.20-Rbsontl erdMotdied 1s

The -sswhsloi l er interaction model i nkEilguira &. 4a
Crop residue was not i ncluded in the model,
assumption was justified by the fact that soil
residue remained on t hemodwrufbsme | @aft ea s3Il @it
comp-ai ded des (SpopMWoddafstdvairnepor 2 dThaet 8t PFCness a
of subsdll®Nr haved e@spPec¢Ziewngl gt al ., 2017). The
the same depth and spesd ahatnthbesfmal dt iean

compared among the models and between the mod

The soil d 2Madi nsohdd p2aga i ©l0e snmi nyid& dnoi inl bin

l engt@®O@dmi n height. The soil depPhé dhnhaméeteers oo
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particles was 10 mm that was | arger than the

computation time. As aforementioned, soi l par
independent of soil particleTkée zeumbBéde cbi $ o0 wl
be varied in a model Afmodehewstamemeoel sobhdi
accur at e, but such a model woul d be mofffe com

bet ween the model ucamyl e XTiot W hanmle oimtd sl & thd cswi t h

numbers of | ayermoadweeltlbiendgeivel dpedlidyerThmydeavle,r e

|l ayer moddla,yeandnodell, namel vy heterogeneous
heterogeneous soil mod e | (SHeS ModelT)h,e a@amd | hc
heterogeneity of the model was refl el@atmocgby t

the soThel bggpess oFL1Lt2h 8L 4Hé&LS6e Miomled IgguBeobéndéi ded
with the |l ayers used TherebBeohidend U@ sy pamami
Os, Us, G5, a N@. Theal afigist andshiefhorsoi | | ayer) were cal
describdtieabay&sHeModwétrhee t he dé poB, ir2dm09,esand
2510450 (mMmg u b)eT he.s4 mod el can be used to represe
a top | ayer, a hardpan, and .Tah es ubhs® i Mo d-aly elra d
| ayer ed (Fs tgruucheF a6h.e4dt SHe S Mo del hedaveBSadledeh| ue
cali liwatédn the perspective soil depltdabavlalseds
i Fi gube aBBA@AThe ti me of each si nud @auav aorny iwags waiptp
di fferent )wei high@g@ POpeééd Wor kstation with 192 G
Xeon (R) Silver 4110 CPU (2 proce@sssogr st)h.atT hwea ¢

automatically calcul ated was used throughout
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(o1t o2) 12

(o1+ 02+ oztost 05

(o3+ o4+ 05)1 3 e

(a) (b) (©)
Fi gwbhde Tshes ibsoiler insertbtivanymndebegrees of soil het
di fferent soil blp (nsdt at nedisshid | ber ssotir{eanjgatihe, 6) Model wib)j h seven

SHeS Mwidehrlesey;amd (c) HoS Model with one | ayer

6. 3MBni towmiiDiggtawfrCthanaet eri stics

I n DEM simul ations, soil dissechanmos @aanaheg
of subsoiling operation. I n the longitudinal
showki gonrae 6Gdi&heaovi ours of soil di sturbance, [
movement, were-bebhseiveds NMécrsoi l di sturbance

cressesstion at ddf freerleantti vieo cteot itchres s(hankdof subs
O d=0 400 mm) drkeingiuldeu strrdam et he -d eadteirarn Isomddt ed
front of the gdeb®oimmer Kihdpavim&k i gha ea dViFer BAsdi c s
were quantitahevel ghasasaesseidstics were define
measur eflnfheent soor di nates of the disturbed soil
Si mulWaR, edAwédr e obtained using the coordinates.

with the field meawasementssedihbyagebtament er

YO ¥ 2 pnmnb(65)

wheREsrel ati ve eaenrerncenur edt we anMs=inmewnlsaitr eeadn StHaatt aa,

simul ated dat a.
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Usi ng tsheectciroonsses gsbhewbhiéni rregul ar shape of
original soi l surface was fuhthemntaqlamnmtisftiuede
(A7 was obtained, including twA) dindt Wdrlsdd rdean
bel ow originad) . sdhlk $Souhdaey (bet wedM taontdal (
undi stur beAd swaisl daerteear mi ned by those lLpalrhtiisc!| e
velocity threshold was chosen because the par
l arger thamkgahi saviadbue.poemtd one 400 mm il |l ust
soi l di sturbdhoal iditeaeti oA t @nadtddd iOt imom , thgie

ot her variablges: sedbli |l dbsat rabnad®é ¢ ( c veWw)f iiveeigeen ta t |

defined (Sun et al ., 2018; THuwueasneg peetr faor.ma n2cOel 7y
direcththwereffeci ency of compacted soil | oosen
Thequandtihfei eor oportion of disturbed soil t hat
surface after subsoiling, indicasThaonieaosoi |
t hseoi | bel ow bhagi hak aotfiatkyyibredcinc ati ess¢ ua blealt.
| ooseniwuanTthiet ateidved ye merch| yaoi | ri sing to the

roughTnhegsys . avwwér e cal cul ated by the following f.

n —— pnmnb(6.6)

w —— pnunbk (6.7

0 — pmnmp (6.8)
wheqgq=soi l buU%k=ismdds di stur b weseoicbesve®)ienyg ( a
—el evat ed m$pobdd iasrteuar bed soil area bmmowhmtdhe or

=undi stur blendy) sais| i AaFegubat@d5i n
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Location (d):
(mm)

(a) (b)

Fi g6%5.e Examples of screenshots from simullathenBeSshMbdoel

(a) |l ongi t udsiencatli osnoislh ocwionsgs tohfe diofcfaetrieonnts el¢a;ti eafrdod) s oi |
| at er al -sseod tld =wcnrOo(snem) showi ngA= odll e vda tse ddgsbainilcsetau relae d s o
area below ori Ar=matlotsali |dissutrafmadloeed usdiilstardad soil area.

6. Resul tDssaundgdsi on

6. 4 Méas &ritdo peBetfidrdes oi | i ng

Soi l moi sture content and 44qL2L3b4gLSk 6damsi ty
LY are 3Jhbival hten Bsooiisl¢c amwmweamste ported with three s
whil e the swawi tbhulfki vdee nssiigtnyi fi cant digits, res
measurement iIinstibemeatwaandi metbodariation 1in
|l ayers in the field. Onl \y Sahse hsiogihle rmo iwshtiulree oct
statistically similar soi |l moi sture content.
di fferences were not detected iamobnugl kd idfef nesrietnyt

entire soil pr of i Thei svaav elr0addle 5v &klguen was used
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