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Abstract

This thesis investigates the issue of mat e
Equi pment Es A40 dumper by emptiorialg gatr st me
stuck i n,tthfkeatdceumpganpl ementi ng getohmest ri cal
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su8foxdkdlesti ng and experimenting would L
d time | imitations the majority of test ¢
i ng the DEM si muwiathonheodhwaere ®BBHEMr I al
oject being clay. With Volvo aiming to t
mpers by h2eb4b0sseodc ut r ens using exhaust pi |
vi abhl egernhtusve solutions must be pur suce
small scale  ,phiyBitchéeé axmeromenéste a be
w moi sture affects clays cohesive and ac
e potential findiopwggeentlioatserm!| sinmulaatdi onk
mpaction | imitations the project moved ¢
alistic baseline simulation of the A40 c
hesive cl ay mat etr ipaalr abnye taedrjsu sstuicnhg adsi fpfaerr
rface energy and plasticity to reflect t

sedr esand raladB e onu ot oMelrwlber e wear pl ates we

mpl ememA@@d dowmper which in turn | ed to a

e
h

ometrical i mpl ementations of plates to t
anges aidmé¢ ngtdapditahtee ssi de wal l s, front part
ar of the dummeri,muwhaetreed esaecpharaarteed yw t o i
atebds impact on the carryback. Each i mpl
the amount aadk,) oxlatowinng ff eaara ybyst ema
ometry affects flow behavior and materi e
ocexwsdnelrmes pi r evhfsde $ impmoved using the op
gi@esnd during the,rekisfuffariqriggnamnhglkanst uede
c ar r ylbitasc ke xmpaedtt & @ a ncda@ngnp ¢tolve al r eady

nef i ci alcusdimesd ugnmp eorfe et mhilechrec cl ai m t hat s moc
ometfregwselmrad p corners can help to prevent

e results suggest that albHM stiomull aftoiro nvsi rc
pl oring dumper design alternatives, offe
e influence of key parameters. While thi
tenti al geomet r ywicthha nngaensu ft ahceti rr ian g gcnomesntt
nnot by itself | ead to design optimizat:i
an initial step t oavradady sun dheer sgtraonudnidnwgo rtkt
ture desdmtns .i mplrtoivmeant el y, this- study <con
rm eff or tfsr eteo vaanrdd effofsimaidéhntneacgynstructi on
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Nomencl atur e

T

E R

A40 Vol tadeud@®Per, used as the primary s
this report.
A6:0 VObxmGOe umper .

Bond numAedi mensionless number that ind
in the materi al

CarrybaM&t erial that still sticks to th
DEM Discrete El ement Method, is a nume
model ing granul ar materi al

EDEM The particle simulation software
EEPA Edi nbuPlghs El @asAdhesi on model . A co

EDEM to simulate cohesive and defor mabl
Front:Tlpearftr ont part of Rihegb@®@a mper ds i nt
JKR W2 rMiznd!l i n wiKe n dRhobbhenrstosn ver si on 2. /

cohesive contact model used in EDEM. Us:s
particle and geometry.

Cusdmec as eA-woagdld case where the I mpl emen
pl ates for an A60 dumper | ed to a reduc
P-G: Particle to geometry, refers to an
the dumper models geometry in the si mul
P-P. Particle to particle refers to the
other in the simulation software.

Pl asticitAy vmedtuieobet ween 0 tamd 1 that de
i nt eriascteiloanst i ¢ or plasti c.

Ramp The ramp f oRi glhe dumper, see
Side:Tharside of the Hiugiper 6s i nterior,
SurfaceYeler:gyThe energy between partic

and geometry. A higher value indicates
properties.
Vol vo @&l vo construction equipment. The

for this thesis.

Wear pl added steel pl ates/ chutes used t
dumper model to reduce carryback.

Hi v :Gravi tational acceleration

» Meantriadli exs

AMean overl|l ap between particles.

fo( N) The comfsft afndr paalbet ween particl es,
cohesive forces for EEPA.

nn Sl ope exponent wudaedeiam HEBRA et 00 vdeerflianp
rel at ibintstedtrpg.o . 1. 0 or 1.5



E R

X: Teenspd,reeanftf ecti ng howl efcasetasssed hesi ve f
partmaMe sapar:t

taqs Tangential comnttfolmal t fhegktvihelrat i on be:
tangaht sd¢ormp a@reenso rteoa it fhfene s s .
esc:Coeffirceemnibtedd fvieeem st eel and clay part
ecCoeffofcéeemitt uti on between clay partic
HyvypiCoef f i ci ent boeft weeteant isct eferli catnidonc | ay pe
HevjCoef ficient bétweéehisgeéliandoal ay p
HyrpCoef f i ci ent boeft wseteant icd afyr ipcatritanc|l es ar
particl es.

HyboiCoef ficient bétweéhiobayrpattioal es a

Arr .
particles



11l ntroducti on

The introduatwayn ttsseordwuecse ash e wd d&rhr ysloanek pr o
backgrofiodmat ponh itnperspeocéei ve, while al so
goal for this project.

1. Background

For mmionihng and congturmperibsegllameustries

frequently usedstohtaansdpmdy tasditbeyiiladi ng d
Durtheg dsump ®rpdiorcigastsegreisasluank t he dumper body
anidesarri psdhibcaht ikos known as t hlfehicsarrreyshudcks pr
a | oss of productivity and an increase 1in

Voliveone of the bidggnpetkeaxadli Wdteirsm offor t he
dumpers tfroastsifdwrhuerm i s t ha&ttdirhdeethgelx haust g
eXxhaustt thpd pkest tadm of(Ft g ®DdTuhhgpea h gpasde/'s

up t herlkesidhlehsnsd mat eri al getting stuck.

HoweWel ygoobasl f or thewilutiumoeliys memasf ach ey e
t hate 100% fos.$hl sftemeabpt POAO + he current
based solution for the carryback probl em v
must therefagr enkkee tcheate Idopeesd not rely on he

Currently, i f Volvo wants to conduct tests
which would be very costly dRecegentthe | arc
di fferenproigmalmat beren devel opedsuochfabkfill
EDEM. Vol vontesesbwd timeda ndii mygl @auit omefpr ogr
used for ft hehrcpr echolsehmri ensggwsl.t lifn t he si mul a
represemwbrtihbleyreatuld also give a deeper ur
carr yobabk ens oc avre db e

FigbhreAn A40 in a quarry. ANoyeblow dump tr
ConstructionaEqui pment. (n.d.



1. 1PALesendfattilmen cl i ent

Vol @onstructi onvVok o/ wisyCods In dl wei addgerr o v ind i n g

new desmagnnu faanddtetarvey c onst r uvotl ivoonaCrsaod lksi ner y
part of t hwhi\dipvhoasgirzdeapamadninloivibit e Yo n
started 1832 in Eskilstuna8@Gndouoabhrnew. be
Vol voaW& &n extensive offereopudi pdmdrfte,r efndr h
example egexwhealhoblsbdeubaTley hlmaversommitte
t onl y perloedentecreine nes by 2040, moving away fr
powered €&oil pmecobnstruchi an diqdei.mdment, n. ¢

1. 2i mnd purpose

The pur pboheissopbt otphsissé ut i ome dinlecear a b a c k

f arhe VR4 o ,buymppelre mgead meatgh eesgtitidee s gmn

t hdkeu mpefThe solhlud iroemalsihtuil aanha nyu fpaocstsuirbilneg f r
perspective

As it would be al mosand mpromslse rhd ret troe w edsd s it
testing iinns wreecaatl @ slfiifneg, wislitihhgeb mubahieon

sof tewEM Thi s ss onfutt Waceaschinmdg o f d oaasls of a
dumperparst.ingl es

The goal keytpardeertiefg that influence car
t hkeepyar anted elres abl e gteoo ntertleeastceg ha froew t he dum,
bodyat r educTehse ccaurrrryebnatd ki.ebsd dgmmp e e n

i RFi gare

Fi gBreCAD model of pelbe dlgeusrirgenn.t A40 dum

1. 2Pfipoo skl ver abl es

T Creatbsaismul atioaf i éwectr-dedh@atvyfi ocl ay and

| ateeredbaselai ne for I mprovement options.
T Finding akeyampaltyhrmdngrmd | uentclke carrybac
par tsiienud ati on software

1T Devel op a neemwl a@dd@igaufmj@mas as much
carrylsadckher eg@d®ar ngower



1. 8Bi mitations

Since diat tadadsef eirne ntthley d u rspteursd yb ewdi | |
focusosoklbbdye civea so nm&/d e waetiqgsuest , since they
obser vieddd htelr@ate t han ot her materi al s.

There are a | ot ofcadrirfyfleawdehneg m.s ofF awrt i tomiss f otr
only geometrical sol ut i ovod weiqluleMhbeende x pl or €
wor ki ngge ommethr i cal solutions it 1is importan
to produce as well

Si mulsadfitowmemwgseed i n t hi e galtng dyi,miwha tcihon s
dependi ng ont hehes ihmuldamaWicen Ist itafnee frruanmeo nf or t
projtéet si muhoimdn bé¢ hahwamaos tlasngd@ | ot of

di f fteg tnitng for the.simulation wil!/ be don
Particle shape wono6t be further investigat
there is not enough time to experiment wit
the material getting stuck.
Usiangsmal | enhhegamrst imull é enoores rwelawledg ¢ér ¢ s

I mposssibmwel atoe real size cl| ayaspairtt iwduelsd wi
take too | omgt,d wd sp autl iac lee Wi | | have to be
that the bulk materaali keteipetpheretriealnes be he
si.&Wweth a smaller particle more particles v

and i1 dédouwmilgter s Tmeil md 9 toenp awhseon dtehcer epaasretsi c | e
siize r echudc gikes ullamsger (Al lmgBmbh e @ni2ag2 51 nc

With the resources asdbt emeofspceanhéeor m wenbt
experiments to get a albretytenrd kuennd.e rlsntsatnedai dn g
pictures andbwl deaoasspiwekbdhbded. t o

The only simulation saEDwdlsespeedfied bli s
Vol vo, meoanhienrg stonfatwar e or model |l ing appro



2 Theory

This theory section wil!/ provide the key ¢
cabagk problem and the rationallet behind 1t}
beginsewpthnanbhi on boél camatibbyg bt hproperties
cl agseinifiarimati oni aboumathenAa4aGsut EDEM ar
parti clLeatdeys ipgae.seeoatlisd c¢ &5 @amy bcludsgt ,0o me r

where a designsssnoudli fycaedwaneducarer yback f o

2. Carryback

The carryback problem refers to the amount
dumper bed after a dump has been compl et ec
esulting in,anlioscr @edsefifncemneyi ons and
ompAngushameprovided Volvo with numbers r
as a cabllrdyb ddhle ABO model is roughly the
ut scfad emd tulpi, s tihtati ¢ hees Pemed nt age 1 nter vz
e the same. @y hbedatcstnp rheeFisdgddie i n

e the material gets stuck in the dum
g transported. There are some patter
e prov.iOdhed ampl| ¥olsmows t hat materi al
om of the bed, tthhe rosorrarteenfsh giudk et he fr
Anot her example shows médekglEisagiBgeet ti ng s
most of the material is | ocated at the ¢
exampl eFiigumvd@eme the carryback is | ocate
dumper bed and at the corners off the ex
were pshbhovwdedwdrcsabsnreeenari os and really sho
affects fFriogdidgoetdi iy The i nteresting thing
one okexampsethat it has built up the most
S haopfe ul i(ARidgnBker om all these different pict
Vol vo, 1 tt Icteetine breo sste ecro mmon pl acesarfeor t he
in the different corners, Tthfed ghuatet am and t
repr e spearttt etrtbne ffoar ctalrirsy bparcdkj e €t gwhse t hen ct

2. Il ay

Tochi @veeal i sttihca ts i creunr astfcidcteuar ya t béelbhyearvea oar e
certain keywdp prmrdmdtradyi stshat debeddt o be

Density for the clay particles (Dp) is a i
i n EDEM to get reali stiifsommkbwhhsgiscsltasyesfear ct
partilkéest bbempalpmve i clcdtigf@n s(iStcyhjddfnni ng

et al 2017) .

Poissonébés ratio for fcorayEhesM.at ardasd av gl pe
often set to 0.33 (Terzaghi et al ., 1996).



Research also c¢claims that shear modul us f c
bet weeinl2. 750 (kPa), (Essi en, uU. E et al .,

Clay is known for being highly plastic whe
makes it veAwyddado,yr ma.bAeet( al ., 2011).

Thangl e of rréposecstafedptedsldegaltag mai ns st abl e

without Bhtdeageandi th moisture content uf
When the water tlhewealhied wraptaesrs esst atrhtes wor ki n
l ubri cant and Ashteudayn ghieg hdleicg hetaesde st.hat at m

content | evels, water molecules work as a
i ncreases the cohesion | evel Howkivelh ,| eads
when the water | evel exceeds a certain poi
bet ween particles which dduasnddle atbBea mat er i &
reduction in the anagloép0of repose (Kooi stre
2. 340

2. 3Applications
The Volvo A40 dumper is used in incredibly

worl d, most commonly at construction site:c
Constructionfy)Equi pment ., n. d.

2.3T@€chnical specifications

The most relevant technical specificati ons:s
capacity, body volume, tipping angle and t

specifications that are necessary to si mul
details chekkst heVaoledser@mmsetgyucti on Equi pn

2. Physics models for EDEM

EDEM is a simulatioftbseftdwarceetbat!| emest DI
cal cul ambdmarst it ol e Tihret eérEeNt o dno bk at es t he
movement onfatgramblsat hr ought hmats etrriacecsesof cal
i ndi vi duahirpdaprtebcd regsr anu(Aadit amat €migalneer i ng
2025b) .

When using the simulation program EDEM, Ve
depending on the materi al and conditions
wet clay wil/ be used, meaning cohesion i s
Thereoadeftfwrent models available that wer
i ncorporate cohesi omMeaMizmdIfiacwtwirt h ThikReVar

mo doe lalBdi mbur gPhl aEsltasct cAAdhesdowmr Mowretl h d (EEPA)
i nmatbant he speci thieso doealeaapnpeetnedris® .fdoerct i on



2. Particle design

Ther
si mu
desi

e has been a | ot of discussion about
|l ations. The particles wild|l behave dif
gned. When using EDEM there are an inf

used.
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ono and McDowel | (2022) made a model t
to ber eadcdposdret iccdpey. tTdhe design i s a
s of a |l arge number of spheres, whi
e. The width of the hexagon is 1.0
ed that their desofgnclcawl dl tr eipd iicap
at this stildl i's a microscopic appr
etrh et yh awo u Im deitatth ye

| and Ooi (2011) investigated the inf]l
rials with DEM. They di-dpbarpeéeciaments v
icles, which were two overl apping sphe
r . Tdheedy tchogntlt énuo rc a | particles interlock
easing the bulk friction. Their appr oec
|l ations since these particles coul d r e
r et al. (2014) conductepdlassiaoady to
il ve model <could simulate the behavior
|l ar material. They decided to use O0VE
orultahteiiornss.i Mccording to Thakur et al
realistically simul atshapmed bul k fric
cles. By using this design, the si mul

scopic use.

B O —Taoa—hcoc unu cC

eosdtarter pack

has provided EDEM witédi @htsoi |l start
nt models to cover a range of gener
epresent different granular mater:i
s cdméiwedhvptees for both materi a
beEhenddeéehi s starter pack is to giyv
e design, which then could | ater b

y

c

—_ -

® = D

e
I
€
€

o0 n —

els repsedbeért ssafcommd very stick
s a good starting point to model

®3 T T T abd T
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2. A6 Gusbmerc ase

There has been an interestimag edaweanpep ment
for one wdt vomdmkmeyg rcteported a | ot of carryb
A6Ovhialhs®es t hpi pxdataiursgarsd | wantoetddhe o r educ
amount of cdarer swdak i on that was applied w
i nside of the dumper. Additional wear pl at
sharp corners within the dumper bed. After
customer reported tkhawa st hsei ganmofuincta notfl yc arrerdy
new design of tke gR@G@GKC ghiTthee seewn i n
geometrical de shiyg dhvealsosvad ssieort dnee ad ridgi n al
geombhad idesypaesdtehge heati ngcvpol utheadn,t hiet was
geometrighaald cahnanigreportant | mpact .



3 Met hod

This ohapteres the methodol ogy that was us:
prohl efmhe f ol |l bwphg\vaBodveetrisdnesshe chosen meth
whil e al swmadlesstremiwmnfg the method in detail

3. Devel opment process

The method theét gBlas dbatskedopmdduct devel opr
prodesPsnoduct Desi gn (WNrDK eV eH poppi nmBgnetr , S
&Yanpwy 2019)

I n this pprodjuedt dielviethadp mbdami each

Si muldatiigemr sacbe physical bswosubiehg and exp
hi ghly expensiHwevearntde riantei fvfei cpiaerktesp to,f t he m
ensutrhengfesnhagls been.Somei mimadd physical tes
werecahsdacted

New
Data Baseline Identify Study Dumper
Gathering Simulation Parameters Parameters Design and
Evaluation

No improvement of
carryback reduction

Fi g8reA graphical interpretation of the ch

3. DPatgat hering

To get more information about the issue a
I n this case most ofhprtéwei dad at wasi gatdhenm el
scienti fhioon®shteicelbsawaysrdatia¥tedvoy It i s als

worth noting that the group has had contir
t hroughout t hiinssipghotjse citntaondt hgiost i ssue fr om
empl oyees, which wirln e €bees sraerfye,r etnhcreodu, g hwohuetn

Since the grouipnhasy nBEMr s,svbthd @anched Kt eof or e
be contt el dteexdodtwoWwh e e s opfrtowad ralde @ rhi aatl s

went through tboeebasi natpgpniyhbmvements for
geom@temyer at er upnartthiecsaensthul asi by | ook at r el
from the .simulations



3. Baselsi mel athiuanpiengper i ment

With the goal of ensur iomndgdtchuatattelH gy giemwelmbt
real bwdrabvdgbert ti ng a bettemwadrdercotndreditng ea
af f eccth acrlaacytad u mpeé ngesr i ment was conducted.

The aim was to i mplement data gathered frc
and then replicate one chosen case of the
l i ne simulation that is highly accurate tc

The differentohumhene&e yadleviell st ed using a s
dry clay and then adding water until the v
reached and confirmed using the scale.

A simpl ea mo&l@dlluenfbeewdas produced using CAD
pri nthengscal e foafc ttohre wasi gl .e3aldl h isd zwas t he |
size that ovdulhQrtithgei pali nPLeadsear MK 14aSy er of s
steel was glued onto the interior of the ¢

The model wasndt i eonttwin@Ediedd® ed pl at f orm wi t#F
degreeFisgbire gLlPTehi s was done to replicate
anglheahe A40haBhmepemodelf iwdsdt wdn pfpeday and
a dur dat2i srecofnds unt il it reached the end

t hcel ag | onger moved

The experi ment was done on two separate oc
7 %wat er waanxtpeenrti mented on. Out of these hu
that had the most carrybaokgewasnohmakhyto
di stri buRieglbjveaWliets h5e@vahsu mi d.iTher el wegr e 25
repetfiaotrhio®s s hlueminetdli3t0g% and 70 %ewtéceda onl vy

l'i mitedhest wats IEWamiseki thecl ay had | ess th
carrybakbé& 20% humidity clay makawgd bal most
unsui tabl e flor tfhu rst, tedpg espiomdyn ten daufe cl ay r e
remaing t heafduemipeadi ng wad anmtehaeseutrtedda |
amount of clay initially | oaded

Therer the supervisors at Volvos request,
| eveldlspD of5 %awedr e20al so conducted since thes:
clay are more common in the environment t
exper,t weartr wlasc kneasbvake dwhlirleep e d toeaddliyn g

t he dumpweirt hnooudteilt | b @ h wtaog ni mrwehshtiisg aptreo ciefs s

| eadcdbut bdup imddu aebrviearl t i me.



3.3Egtperi ment met hods
Thfei esper i mentthnet o tbked:weavd

1.Weigh t hmodwilmpherno c¢cl ay content in it.
2.Add X grams of X percentage humid cl ay
3.Dump t he mait7edf itawe $ferecoomdds and t hen wait
there is no movement of the materi al

4 Weigh the dumper again and. calcul ate t
5.Clean the dumper and repeat

Hypot hesi s:

The more water content there is in the cl &
stuck in the model up to a certain threshc
carryback compared to the previous water ¢

The secondf celxlpoewe dnetnte met hod bel ow:

1. Weigh the dumper with no clay content
2.Add X grams of X percentage humid cl &
3.Dump t he mait7edf itawe $ferecoomdds and t hen wa
until there is no movement of the mat
4 Weigh the dumpedakoaigfa imaée e d alk

eadhbmpgi Bgssi on.

5.Repeateifpu2ti | enough measurements hav:e

Hypot hesi s:
The mat erdamd ddawilhdlugic kc reefatsseec sd lig.ht |y

3. Baselsiimaul aEDEBEMN

Because of unsaaidneh @alcu & irryoend ¢ ahipd b g

experi ment tdadrlei ffoedisnuidasit ceaddAm@®er 1 n

EDEM This baseline simulation consists of
the simulation until the simulation gives
repobrywaeldv ovodwadbs cudthenesimbgagéscarryback
fromaA4dOdwbmpaenas abl pr € baavhetrcaag e ylmac A6 0
dump€he imadesfabl ke canmrlyd afckppendin t he
(Fi gl#Fei g20 e

3.4S0Lmul ation setup

To si mulwotrel da btebhea vdiwamp efri | |Itevdeovkil tahy 3 2
partHaewelong it takelsowdbhifeg Iplarupiad epe md e, C
takes agioglgthbygds f or Ththiemenospgarsifzers.t he sim
was 35 due ctohgedsse 3 50 me c mod e memptl se neenrt ee d
the dumper to simul atAs tdredmas p erdt ibred oavp d t dhe

10



T Vi bration during threattiiorsgs &8tedr s eceomtdisc a
frequencwidthps@cldment magnitude of 10
T Angul ar atrci®e2r asfedtono (s ecbohed svdassmp er
tilted with an aidfgul dheacoébkatsi ani ami sf \
Fighk2e
T Constant ang4Bldsagrd evteweoecn ttyh e 2t2i me 22 t o
t he dtuimpteed with axHdionstant velocity of
T Angul ar d(e33 ea alt aonl ydetched eduwmpeadr wi t h
rateJfofbri ntghengdumper Ao a stop at 70

The different dynamic movements were deter
and Al aai wel It haes theacshend coan speci.fi cations
These weme amalaesei mul ate the filling, transp
pr oclTehses .accel eration and deceleration were
dump®&s movement at the beginning and at th
vi bration was estimated to simulate differ

For the i nt epaarcttii olneg #e Epvieretna s | dloasen and
particl e (tHb)Heg eMimedIriyn wwade JKRi &/@ o0 t he

ti menstsametpaf aPPand@Gwer e kept consistent

the tests. Whreedfeapam agdetdaestcs@nd pacé& | i sted
TabllAell omoveameerts, physic models and para
const ahthseif muliaft iimtht wanenti oned ot her wi se.

Tabll eConstant values throughout the diff
i nteraction between steel and cl ay, cc s
particl es.

fo( N) n L b o & ¢ Hyvi
0 1.55 0.285 0.5f{0.5 0.050.5t0.5 0.05

11



3.4SRudy of the particle sizes

The f iirnsctl Luddiicathph e opt i mall particle size for
this stage, an original simulation was <cCr ¢
from the soil 6s st adrutterwipgaic K waos sg hsetrarst ii mg
threehen multiple different si(Eegupé& part.i

23wi th the same cohesive bond number and c¢
aJabllihi ch were calcul ataegdpe8dbhxXahleae equat.i

was to find a critical point where al most
bet ween two different particle sizes while
ti me.

A cougéemapdlimygl ati ons were simulated throu
t he sigwmpoludtdi dmke up too much memory and t

al so be too I ong. Volvods server has a | ot
hardwaaemallieg it a | ot f astTerre atnlper f or mi
Il ssuethe s$émver i s not always available.

3.4SB8Budy of sur f-Rc@Pa&mermglyadtowPciPty ratio o

The second step was t o-PmatdheB-G,tt dh ea spaif mtc e ¢
where more materi ahs gteh atg stt huee kmavthe rlieals t g d tl
the correct areas.

Thi rtdhpey ast atci ePwlasr eRper i nseenet aeltdoeswi t h t o
ver suesp lhaisgayf tect s tahned chaehrayvbiaocrkTheef t he mat
aiwascirtteem more acctuhatermawimbl eksalksay
increascagwr ahhyey where t.he material gets stu

Whenpthsesticity rati-Ph,amcdunwhacetaeadeedyther dl
parameteraJaelk8e used

The simulation study was c¢ondance efda catsora s
at a ti me EQEAT)p adastiagde.red i npiivg demvaéd y, Kk
ot her parameterseenbkboawaneéeach paarfaenceteedr tihned i
carr ylbhacsk . mashotdowieths dee@s ¢ oof wii tntiplil e ment at i
constraints sodf t{fihbeee esd walitlaaipo@esabupoboas and
time |Iimitationswaéellgedet haerdi@e&ATgtniesd
factorial experiments in tietsmabotistyatiost:i
detect ni retfereacavs rdb Atbweaesf achal iveolulddesi gn
have been more appoddpermitptdedtnegt empl atmenact i
and also rddwecisred elcit asddleconstant values f o
based on one of the eight models values ir

12



3.4Cénclusion of a baseline simulation

Wi t ht hael Ipar ameh e@mr scruegdbdogga et hiemt er val f or each
parameteecrb®asveen the values that gave the
resfutom the .OFAT phase

To expbar asfelhretrher asuwi ti alkelnd itfegifgadrtence cas
randomi zed war a mebtye mtsesdagahi p@r amet er a r an
val ue wvsiptehciinh iiefidvealc.o mbi natsiomwlit ateerde t hen

evaltuhaetier orfd @aretysback mass alhhdi smaapepricadc hb e
does not follow a fammalseawepb@asat oeyperir
screeoidey within the constraints of ti me ¢

The best case was then finally chosen as t
being the reference point for all future s

3. bdenparfgmet ers

Once the baseline simulation had been c¢omg
key parameters

When trying to identtiddymduséerentr epar awih ¢
eXxi sstoilngg h@ih have been fiaonpltelme.ndAesdr yad a cla dy
di scuseedi oamweé yt ipomvcdetdbmer dhown promi si
resfudet st.hbei A6bew design was examined to fi
alterem the ofMhginkmdngesiwanre the I mpl emen
pl aattesdi f f etroe dtthnrepggbmsmet ry

Differendcdammeidgp®ot dasldauvwe steldese coul d affe
car r yBoaasscekhhese dwscths,v¥bbeewerdeeslasped
foll ows:

1.Ti pping

t A4 0 wivtihboruatt ivoinb rdautriionng ttor asne
affects t
t

e

e carryback.

2. Ti pping e A40 wit h 4 ohru gpen ei rserceoangde tior
simul at e riving over a pothol e.
3.Having an i nocfr etihuséefydm eg Xfa wrssttgtornyd st d o
replicate amslpomgant i on ti me.

h
h
h
d

13



3. 6tudy parameters

With key paratmpar ejecitdenotviefdidedtti d i tdudy t |
par ametTéhriss was done by iteratively changi
accepteaddllecarryback Wwameaaldéddpar ameter

Wi th i nspi rAbtbiucsn ofareem tah efi o |talre mb4C lwa s
creavti e2vbar pl at e gww@tsh hceugsot@oDm@rn g&8 % e

Thi scoswdeewgs t henardagmagierdati on to furt
st udhye wear plates and their angl es.

Thlkeey par amettédmdutdh akd fwieenrreeontth eangl e s

i mpl e npelnaiteeddt4h0e d uUTmpe gvatsb create | ess areas
mat erial cwhi hecamuicheeadsameg tahmeudgroutf | ow
the dimperdeathemddfsteanmt odnelkri ch has added
pl atmeask & o s moot her cor (rerg@@Gwit g2hebetter f|

The different studies waonmnsagdes fodr expelrat
intersecting diffArephateaseéstohgtthleedimpert
dumper and t he bRitgtiwascf fti h.c t$ esgiagured | eyd

pl atmeé ersecting the sideaasnd(isieée¥deot t om of
Fi ndlhley dasnpgs exptl amteiddrhg iprd caRieeg T(P ea n d

t hent h t whei gpdYad es (

3. New deamdgneval uati on

The | avatsosi empl ememinhgll mso s audealdrse ggchy of t he
pr omicuist@mepersiFgmy8Be The nedne sdwgnep erhen

eval bstieduliattni e ERet dbow wel | it performs i
baseline simulatiomanwi thet oné daEmisg i@meelir od u m
des.i gn
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4 Resul t s

The el evant andesehéabslkeas abeee gat hered thr
project ar.e Tlhiistedcbaldew results from bot
Ssimul ations.

4. Dumpiexgeri mapt

Bel,awl the resulhtusmifdot yt hdeuvdpilifsnfgé me nt h e
experscmeantbe found

4. 130%umidity

Lessonkeamcent of material odtaysttthcak i n t he
consob 8@ tceornBent

Tab2 eCarryback for clay with 30% moisture.

Test OperatMass Mascsl ay b TotMass Mascsl ay %of
moded ) dumpg) af tdaurmpg ) dum@pg) carrybe
1 1 564 718 566 2 0,92

FigdreCarryback of 30% -douanli &@i mgdell ay in th

15



4. 150%umidity

Thel ay5wWwaher haadhteemost carryback out of
humi di teyx pleerviemebsn tf ¢ @ r d oy d Bowo mh a mean val ue
oB6%5 diféstenwer @ hd esnTédoufreat dricetysyutl H,es f ur t her
s eTea bll %

FigbhreCarrybac-kchahet moldaymdavuilmihd i 5t 0%

16



4. 1708%umidity
Thel ay7@wvaher yiomlackadnal | caamor uyobhallcgk?s

Tab3dl eCarryback for c¢clay with moisture cont

Tes Operat Mass Mass cla Tot al ma Mass cl ¢% of
nr moded before(dg)dumpg) dumpg) carrybac
1 1 5614 400 633 69 125

Fig6Carryback ofhucnhiadyi twi.t h 70 %

17



4. Pumping experiment two

Foaltlhe experi ment2fotvhietrhe hwansi dzeexrgoe pctar r y bac
wh eprr e swsausrpep | | &d hteaxc #rlrey bac was 100

4. 22@with applied pressure

FigareCarryback ofwi2tOB8 dapplide dtylp-eceé saspa Ir ke
scale model

4. $ensitivity studies

4. 3Particle size

The results for theTphbdt®wi csleatpibze faoam be f
EDEMor the differEng2agarngRishkal c26d gesesee (
27Fi gu®Fe g PFa gBIPFa gBftFa g3 P e

Tabdl eStudy of the particle size.

Size 30% 60%70%80% 85% 90% 100% 110%120Y

(H) (G) (F) (E) (D) (C) (Origi(B) (A)
kdeft 224.0327 372 402 395. 382 382 362. 345.
Simul ati6 2.7 1.20.690.600.40.324 0.220.21

time (h)(Serv
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4. 3S@rfacePRnergy

The results from t pardgtupcdlretcied leemnacgyorsudgr
be sdambliemMmhe output from the EPE§usemul at i
33Fi gBli4Fd gBBFd gBPFd gBFFe gBBFa gBPFe g4adh e

Tabsl eStudy of the suRaratciecleennergy for Parti

Surface 1 50 100 149 250 350 600 1200
P-p U
kd eft 830.778. 791.770. 821. 79%. 427. 1.99

4. 3S8rface -@nergy P

The results from the surface e
be sdambliemMmhe EDEM output for t
founBi g&tFé g4 2Fa g4 BFd g 4Fae g4p e

Tabbl eStudy of the s uGeoanceet reynner gy for Parti

ner
he

Surface e 55.383.0€¢110. 199. 299.(450
P-G U

kg | eft 9.04164.24268. 791. 756. 11433.

4. 3PAasticity ratio

| mab7l et he results from the plasticity rat.i
simul ati ori g BFa ugtdl Tee g4 §Fa g4 9Fd gD P e

Tab7l eStudy of the Plasticity ratio.

Plastici-tp0.2 0.850.925 0.95 0.99¢

kdeft 791. 791. 725.8 1041.1078.

4. 31 Bt edcovrad!| usi on
Tab8sdhows t he cfhoors eenacihntsetruvdailed par amet er.

Tab8 el nterval for parameters.
Surface -kRnerSurface -@ner Pl astic
| )

5@B50 110-2®89. 025 0.8595
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4. 3C6mbinations
The resul t of t
see the EDEM si

h e
mu |

di
ati

on

fferent

Fi gbBFa gb4Fe ghbFd ghiBFe gbyFa gh® e

T a bal

CombinaSurface

4 .

The
The

e Di

P-P
i

6 3.

161.

122.

238.

347.

89.

102.

fferent
randomi zedescgeemaomdieh ugas
wi t hiprar tamentteerr val s.

combi nati ons ubsaisnegd ao n
for

Sur face

P-G b
81 189. 52
07 135. 42

165. 43
5 4 204
03 292.81
18 166.74
08 233. 47
49 211.509

127.

resul

t

out put

Case Basel

kg

| €59 3.

1.
3 589.7

from

6g for

Ar ans porstcetniaan os

o

o O o o o o

t Pl astRiadii kg

. 9387

. 93646
. 94405
. 86058
. 91132
. 86786
. 85742

. 94959

each

I eft
dumper
762
494. 3
660. 4
826. 1
1030
593. 3
594 . 3
1156. 2

Tr aabfl deot noi
Foiug bptbd go D e

zed
each

cCoOor
Cc

t he i
combi

n

t hsec edniafafneorbeen Tfadilirbedn sipnor t at i
from EMEJW 9Fa g 6iPFes o Gojuen d

TabllOe Carrybactkr aorfs pd rf tf eetriean

20
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4. S5tudy Parameters

4. 5Ch st oDmesri gn

The carrybaskomepi tded 4d82kighhewser smul ati on
resul t Fisg8sreeen i n

L s

Altair EDEM” Altair EDEM”

Fi g8reSi mul ation of thecudsetsoiagere.i nspired by

4. 5FRopitat e angl e study

The resuftohtoml ahe anglTeabdlttéuhdey can be f ol
simul ation r es WFlitgt@wng tb4ed uy & BFa egd Bien (
Fi gbtifFea g@ B e

Tabllle Carryback offardeffeoernt phageéees

Angl No pl 1240 1355 1 445 150A 1 640
(Figap (Figepre(Figabe(Figap (Figay (Fi gbpe

kgl e1464. 0 478. 3 472.98 472.9:480.1 686

4. 55Bde platedgngl e

The side plragsulathngd #rabiZmdsyser itme results
EDEBMelEi ¢UPFe g tFe guPFe guBFe glL4Fe gUPp e

Tabll2ze Carryback offardef §edenpl anhgl es

Angl eNo si 16A 16A 157A. 150 145

kdef1531.1529.509.496. 483 583. ¢
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4. 5Rdmp angle study

TabllZ&dhows thethesohée¢ faohithegresst udyrom
EDEMan be Fiogh@fFd gm9a g8Re The resutt from t

ramp study dablldeed solmatdat ndn g@eaésaudl t s i n
Fi g83e

Tabll3e Carryback of dinfeaespeundty angl es for th
Angl el16841 165/170A

kg | e 549.6 449.446.

Tabllde Carryback of diwnfaesgendy . angl es for th
Angl e 164 A) l1amm2d( B) 1 634A( A) 1a7n0dA6 B)
ky | e 443.5 470.51

For further alnagirdiefsi Ad@tagpdrn 8ok etrhe

22



4. 6i nal design
Wi th thedeasiwhe, oautadylb/a Bki k@.r e
Tabll5e Angles for thestoammd. desi gn of the

Pl at (Fr ot ga¥e Si Fe g6 e Ramf@i guy e
Ang(lst160 (A) and 135A (B 158 165A(nAd) A7B
L. L.

Altair EDEM” Altair EDEM”
FigareFinal design of the A40 dumper, cons
for the side plate and ramp pluatemeal so tt
front part
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5 Di scussi on

This dhasgtusrses the most | mpefFratnett d&i ndi ng:
previous Lemebdaanthossenoanmed hiedrs| iacati ons f or
potential future dlesogaganodf udbihsec udsusnepder | s &

5. Dumping exmpe&arei ment

The first dumping experiment aimed to det e
that produces the most carrymackfuuwueder ¢t}
woul d enhance adhesion up to a threshol d.
the -wassetscenario to simulate and i mprove

At 30% water content, (TnaebdrsrElhye rd acga if roy meak
into a cohesive mass during the unloading
big lump, |l eaving |l esdgitgljareAsd %aressdbue, int
moi sture | evel was excluded from further ¢

At 50% moi sture, a signolhse@E@ngdlamount of
Acrobee 25 trials, the carryback ranged bet
of a8%shdoabl9% nhe cl aystdiepdg ayelles, on and ad
which suggest that the water acted as a bi
findings on moisturebés effexPOn fine grai

At70% moi sture the caryiybéladiknTghd@angleda s d%a@a
Fige)iTdhd ay acted more | ike a slurry and f|
aligning with the | asenatatbehitdhmdr dsastcur dte
l evel s.

These results support the initial hypot hescs

After the results from the three different
results wenNel ppesént edet presentation meet.
econd experiment should be condwcted sinc
ghnatndrepresentative of the conditions o
ansported by the dumper.

—~+ W0
- -

5. Pumping experiment two

Il n t his tehxepreer cvmeeanyrio@ c lany of the humidity |
Howewémemmppl ying p2@%smr d Wwikdalydhedd0%a one

carr fFoiagctkkiTéni s result points totlsadatme errors
we mectonsiidne rtehde petotciesg wp t.helshe X pereisme n |
negl ected parwemegthetrl airsg etrh amadsest hoef icnipaayct t
woul d have oneftfheec tc.o npoarcet inbdn®€ € olmé ags miooo et h
compacted whi cahm n ;r dcaoshee silires ®sheelvsftsog hT h e

al so gadoewmwaersdgieu s hecsl htghedert g as ns ¢ |
thereby increasing the adhesion between ¢t}
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Il waberebaockbuded anohliedgeded t o get a more a
behavior, ofi htbe thaeayway that the materi al
expersdmenmnhot behaae®s it thiedb s abmeggvwary | oads t ha
A40 expmperience

The rcesotites i n wi t Isitnlcewdtghgeoitahcersa asss e i n
carrywbhaek consecutive refills

5. B®iscontinuation aof the experi ment

Downscaling was found to be unsuitabl e whe
cohesive materials such as clay. This is ¢
sewdi ght depends on gravitational accel er a
not seadley | winth geseomee¢ermooél smaTd accurat e
these stresses an increase in gravity woul
centrifuge testing to maint esicmldcey mondied sir
and real si ze eA40etmoadlel., 2(0a7r)n.

Wi tnfo f acil ia ibeisgger cmoedele and no real dat a

woul d baver tohat amount acft uanaart deirti iad n € hian C
regarseesvdoffhit was decided toexpsecoménnse th

Af ttéhre di sconti nuakpeniimé mtabsg dpehcynsdiecdaald
creathrasel i ne si mul assiciadfre ti me aBiEN @wm ptahr e
these simulations with picustemeof the car

5. &ensi tsitwidtyy

To i mprroevad itshed maabi | ity of ,thesEDEMtsvVvmMmuya:
wasonduwctiatf Adppr.&cacih key parameter, such
surface energywasndstphdaised cwittyh rtahii® met hod
cleari fdeati on of how each fcaacrtroyrbaicnkf | uenc
pattern withinBhe hreesdwimperf bomdyt hese studi
develhoep baseline simulation.

5.4Particle size

The purpose of the particle size study was:s
for simubat acemd itditwditorhbe caragtback patterns
computonal efficiencyimubhageonparmecbes ma
represent ,clway | kee lsamal o reir d @ amainnecl reesa sad d b ut
simulation ti me.

Simulations showed that | arger particles f
behavilonr particuiartrhetdempei dsnedges and c
i ssuel ¢d sl mat er i al sHii gc2ké enfty gt2dh et hlee sur f ace
| ackunface contact and makbsl bt ggeo phatf ec
unsui tabl e.
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As particle sized decreasedgfabtpltdn dthieclciamg
pattern I mproved. For exampl e, (Fsmgaller par
3Bnki gB3Pper odpattderns simiteadrnlod trheofser sreea
i mages pwolvVFdgtimeRi guBbrowever, the total m
stuck mat edeicarle abseeg aang ation Tahti st hwea ss nhail kl eel syt dst

only one particle | ayer adhering to the st

the | ower partivoéeéduvedumeerabbul mads.

To find a pracPactlwahse dsbellee cgtreodu nads, t he st a

remainder of the simulations. 't showed:
T A realistic carryback pattern.

T A sufficient mass of stuck material for
T A reasonabl e simulation time, making it
studi es.

Smal l er particlesrmay Bave @it obwikd ewdp udahe v |

have drastically (Trndf).ecaGievde rs otinflud e d ome t i me

project, wusing oRarat iwdldeerD ralnlgeeweod si mul at

without c¢comprgamilsitnyg opatttiemen constraints.

5.4S@rface -Rnergy P

| n stuhref ac e peanretrigcglrefi ma leegtahcetrieonwas no cl ear
di fferenmesbeotiveehmne (3abbeé datheat wadsu etsi me an
unexpresaddta | ower s uPR fiarctee reancetrigon d otry fPi c al
t hceohesi veness, fwhi dkteiombadearrd edrtehaese i n
mass | eft (MarthsedydpereisencEx0ltdoal yssue of
one | ayer of particlestgetthisgi st pclobtadl| tyl
reason for no cl eameadi flfoevreen g ithecamunmy @aacd
Since no secohtdel apbesi seoreat bdt ween part
matamed only the surface ensrgynsbeéetowenan tgar

Some interwaemengr vhELlUaamé&idghc ba2n@da d.,

These suryWatkadaner gsi gni fi cant decrease in
i nspddctei sg mul ations, it was evident that
cohesompamsedutt@ti ons with | diwer mauefiaak er
actead bkilkaglgendpi s p lsauycihn gac oshoerisdimmg it even
puld eamgotf t hetmatewibal d normally remain s
nor makbwuliteducaaeran yThhaecske. resul ts | ea to the
too high vheusurf®cesenetgypyptomalP since tl

toloow | evel a@fetcarrfymadk vieoresults with.
It i snwottr Mm@yt morcoeo ubleds e an ethhs isn caa etahe key t o
addmoge | ayers to the si npurleactiisen vparloubea b | y

bet weheen sur f aclk a&wsdr @y aft drsaPu diydse P
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value was kept consRtantsiwligd febeoatiadthiedgf t @F
P-P val ues.

Astudy akkleat both these parameters into acci
highly ti nmentdbem e dioldra@gelni nnen s itrmwelyatwieare set u
studpadastel y.

5.458rface -@Gnergy P

The surfac€ evasr gy ufdore dR bheG &nallyu ec, h aknegei pnign g
thePvBIlcwensTlaemtstudy showed that increasing
generally gives a (Thab§)hgeurt naats sa ocfe rctaarirny btahcrk
pattern ogreitsse dc canmpdt ummmeu MtS@da fi sAur f ac e

enethbg wholhecaddthempeéerg | ayer of particles whi
reflect realiftiy. Waist ho ladhartsi tgled tyfpe@nuwe o f
was not to be preferred in this project.

Tle study alisoreguleatdiedy anmi gihley paoneemniting
Throughout this amojegu])] arheéeyeimas hee@mt t
al arge amount of the wastegpestesti thattohete
be some ndauteeronalt hree gliworwierr g ftr loah thseibmwhl oal tei o n s
front had wieehn pcaorvteircldes. To i nvestigate t
wered tdeveed athewlpatrti cl es ,onwitthhe tfhreont
pectation that these particles would rel
e peeumThi s e xdpueec ttaot itohne waasct t hat t he par
n the dumpA&shdulsd rok md eidea®awht ef f ect
foonrkayee pi ng them stuck Thei pagrtihel ssrifact
tom should experiehaegbot hrtloamabneade eher
ticl e, iwmhitbhee rfdrommotr e compacwedghécause
ch should | eafdotowe a heHdWet dbemdhesuV e
wed that the |l ast particle aragda to r el e
whemtl owering t h&(Fs wrdiffeece energy for P

r eahs osn misdste etf ur t h ebbutthes ¢ dBsompgde vi ousl y
t itohnaetd rtrhe gawd wlrd tlye due to the inability
er o.f /A asredadi dpsdaadyuelcd lecsmpfat gawhiich e s
touvnimdt e necetscargdwmess| Edashpear ti cl es

t hwhiftirlgeeaat t 5 tcaldeise 0 et h es ibrodfeera nd toir @ e
ouhdrease accordingly to the increase 1ir

~nwsTOT™TsS 0 —
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5. 4Phastiacdii toy

The plrastdgii esithyowehnchtw ollasti city value, which
makes t hel asmmthieati atto prefer . hdahe peiliknegt i ¢ pa
effect @awmdbostuarctedn a hmnghdaghgeiuamgtait airtay wa
rageoeral ly | ed atr o (Haabd)iken drpdadn steiadiltne r n

get tsiinggni fi cant ITyhinories cbhoencpaaucsteama e g her pl
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rom t hea nf itPhdsitiggdi t was deci ded tihat an in
5 f or -R heurPf ace energy was the opti mal C
ave the most epaimgabsi tepattiarnmhandumper.

rom all the studi-6st b ismtrédracael emaes gge ¢ iod
et ween 20OQWMRSHi nce going below this inter:
Ittl e materi al residue to draw concl usi or
aused an urdmat urheael ppattedms adhering to -

he surfac& awesggdfat Bahfengnftroml 68s 37F¢
5@(J6c . The values ImMOr &bulatneld 2i9® . tOIR&S most r
arryback patternBeaaus enad fe2rdi 9a.il G 2b5e Ivblisi ©5 .
el ectled fAarehwvabh a rounde3doWidnd eulvdal such

ave been usteedsytaetdness pé6i @6 cweenodd 29e9n 0 2 5

nstead to reflect the actual data and prc
el ection

maj or it hpelreesatsaec riengt ed an ouwwhntdoeorlabwpatt e
f a value remuletredl|i b bibrared pulearan i nter va
.85 and 0. 99 hwa P I0alBds evatsy tdife ori gi nal va
oils starter pack that already gave adeql
nnatur al patterns of carryback.

summary osff ordé hiepa reanmveetise risdich ®8 e

4 C6émbinations

romeit g@tmbi nwaitd lofnfser ent randomombdnpari amet
i(ki gbpPye el ded t he beasnldarde seunlotusg hi fMmapsast tl eerfnt
bl e to dr dwdmdmredaabkd).emfhe ot her combinati
i ther a highdry notr egud agh prmdttemrinal left i

wertderceftolrWded. al | this in mind, combinat.
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1

aseline Thgmubaoei o hco m@ail uadsri ef marrmavien e
6

Tabllee Par ameters for Combination 6.
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5.bdenti fyinmgs par amet e

With the baseline simulation established,
parameter grtelmdat i mdVv @ ea clTehiosn icnavrorl wheadc kanal y
exi sting desi gousstod ayst ei@oxmgsl ,d rlifihkger etnhte scenar
during transport thdathgoall|l dvagftecpinipei aar
r design factors thato croeudludc eb ec aarlrtyebraecdk .i r

. 5Géometry

n the carryback tsheagtmmom iatrre@mtse wihel egesed
tuuchkaiamley shar,@dgaensdn earts t he bottom of the

acbmbi nedc ws ttcameerhaher e wear plates were i
umpvert h a confirmed r elseud tt oo ft hree dcuocnecd ucsairo
he geometr yhacsf at thda glhhumpmract on t he carry

0o —+hWnm — 01 O

. 5HAmMi dity

5
From the theepwr par eigtacfoddchtghdoghdalgd i t y
clear |l y cafrfregshtascgke he a c et bnmeoirne thhurseosfihto | d
soil hbedmmames cohesi viet abned loandelseé s iov e
confirmedybyctheexperi ments

The parameter identified withiins EDIEM t o r e
bomdimber whrohisntbgubatédcByamerglyefor P
constant pull of f force.

Howevwveéer i s i ncrweidtihb |cyeodtivaiadyit cyc edft ag e

humi dhé ysi mul ated matrum@aér hjawmstsi gqnicveed he b
esti natoiwont o hi gh c ohheasridocnt.a rt aetseelayr ¢ her ef or
humi dity awi alt@awpament s ng a L arge amount
Significmamytdiycvadairitele shihasve tandeum@dduct ed
simul ati omselnedded rferbst antvoal dybencrease

Humi di t y pdeaiynsnii mgdorytea mts a arrametaerk ii s stulee
but was not ffwrrt tewo rmdad &4 rriceleswbpnsso.j e ¢t
constralinmidi @g8ondl gpV¥ali daée kad htgeh agotri mary

f ocsthsou |l dy elbemeamr i ciah dSstouiyt hobh hese reasons i
the project movedeometoisal epprhmetseren

5.5TBansportation scenari os

Mostasxxasxsat eleéntofy more par ammectreerassediidn not
carr YToaab@l ReT hi s may tbhee bseicrawlsatoi amo dceH a nt gheess e
possi bl edpar ameét acsur at eleyf frecgxme 38 mtg ti me
reaAnbtyher explanation coulcdanbneott hnaotd etlh e s
t hepsheg si caHo wvevtebtras.e nvihebewa s oappti edt ed
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that a vi br atmadkr som tdh d feuceprerre biarc kh ow red
the dwWmpekera diffleesceaméygyddpklgyi ng no vib
It Is tolaftfe®ldede ptooses@vbdciblriattiieosns duri ng
transportati on tohfe sdeleasyhoqpadl telgnreinad deEice carr yba
Wi tt haer g u mbtalter e was ntooaymhlougds $ilmee param
t hese par anfeudretrtse rwegteu chiogd ei t her .

5. &Explaoir ompaoméamet er s

The project moved on to focus solely on ge
most i nteresscoulndc epahempliwmde mtged i n t he f
redesign of the dumper

5. 6C0st odneesri gn

The i mplcaamd wtend gn f or gheeA4£0 ydemmdrt

Wi tah r educt%iom oodrtrhypbsebeskt r engt hened the arg
geomethangées can quite Tleawaesl ya rseidguncief iccaarnr
reduction i n car rsyibdaecsid waitp ¢tihlieee lpatrtt o m | &rsd s
sti ¢k egtuol atrhleyt fhreo et whwtni f i c afndr i tmpe orvesnte na
the problem areas.

5. 6Gometrical solutions

Theustoeegult inspired the continuous worKk
i mpl ementing redeshgnedi sewhgphéaebotont ag
di fferent angels to optimize the reductior
The reason for not c¢cr ewmds ntgh bt cietmpil et el ¢

i mpl epmoesnsti bl @ ns alhwet inbmmsufiachgranpercessng n
with smalilrest edhdanmgfeshaving to redesign the

The dumper was strippedsmdl| tdre gadmatsti @3 f
front and back tbherplaatctemosienspeatikei $ ogave
for possotbhhe phates

Three were three fararte, cfi diesmgnmreasett h t he
di f fegaxingns for each ar @&a guu@ree expl ored se
5.6TBeront plate angle study

Due to the irregul ar paitstceursnseachst het front ,
possicbdnref itdeeiny l yn the results to draw any

Becauséd heefr et wiid | b ef rnoom ktehye tfarkcemgatwapylsat e ar
sinwe get betstiaru mactsemkicad st he be .Asamined f
of nowl emapnitditenegds t o an | rsd metaescer eéant ecsara y b

| ar geirn atrheea front for(Tabilge particles to bin
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5.6THAe si agaemgpleatse udy

The results from the side pl aéMnsitudy shoyv
15MFi gtidreeduces the carryback compared to t
pl aFegDR e Wi5®hr educi ng t he(Tabltpdytbavaks t he me
barely any decrease in carl6Abhaecrk Ifooork itnhge
aFigontréde material accumul ates over the pl ¢
t he Shedessame Kkirnedp eodt $p6AFdirg itpheet t here i s a
reduction of 20 kg which suggestWhemhat a F
the angl e wa&sA. &h asniggendi ftioc antoccchuanrgeed i n t he
(Fi goBWi t h the new anrgdata htelr dpelpetrat iacidkes di d
reduction of material was rcecoo@ed, This ¢
whenaen glle At He pMeatre it hteerssaet Pl at e and t he
pl avi ¢ h t he same sanodlhes rc®g wmletri ng

This was presumed to be theebeaddMntgd e, bt
an even |l ower caRoypllck whae seamerkliendd of p
not ed 1f50A.FXtgleg e but with a | ower mass of ad
findings tshue dlebg tmotriestopt i mal for the reduc
carr yhaenk .t he angl e W4 at hse i ma hbaircgaendt t o

mat ewailseelf t 1 n (Fihehaehmpaey enomre sit had e
Si mulwattihoonut afhestrcaupldatbe. because t he ma
concentrated i sBewdiegmi eldtl €#ed aan ds mdlel er ar ea

mor e materi al aWihtehs et febanrd haandigs3ly if @fc e .
recommended f.or the side plate

5.6TBhe back ramp angle study

Modi fying thesibagrikf iraamptt Haen gd a8 d gilSenc le d
a nTda bll e

I ni t sahlgdyreme reaxmpd,owreeadmovi ng the two exi sti
back of whehdttuhedeirami meoti mal angle for th
cChuftree @sngldyg usesmegclomi g showed a decrease
duri hgce stahse angleex ifsatnigngerh e he atpper ramp

1634 1FA guBuep t oFilpmPaed hen Thh7eO mreas where t¢t
mat er i alwegseitmisitaurc kf or both angles, most of
the bottom corner ariefdi sise gamg@Piee hat i ¢ fr or

Even thoughr rtelsail T 2@A i makihpie wlasasiotcahmopleac
opti maflorantghe upperr ampt ke admel gseub satnadnt i al
resulatmemdpaocnt ful decrease in volume for the
that during the vi br aotvieorno ipOafnéit eedgfti atifihe s i mt
dumper boefffolropardbibnregs s (Rad8pedgtnwas therefor:
deci déethetdird@glAes not siondcde amednt of materi:
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walsost cdwbld bBaffect of Thheda ogwaesaltlhemmesul t .
choaehe optifmal tdoreglueper r amp.
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.5 fors argloenmkmarmppat es t he

NW =T CcWm

Rew design and evaluati on

The ,neowpti mi zed angl es cwesrted enerfipgildlpee nt ed i n
and showednificant | mproveme@aoampar eéedet o0 ed:?
t he basmbl atei on c(abr93y.b3h ekkte)lr emseud tsodi f i ed

custowmmpearccaa ryback ohi 41Wak®@%.7Teduction o

When complde dd@ust omepderseidgn wh5 2 hk dh aaf

carrylbadclk stil |l 3armwh inndhecaw d meewtte ant fé 1 otuly dnt
t hceustoemeramf f excdli wtwioormb at ¢talrarye aacrke
i mprovements itdeggheamadel i n th
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ved the issue wibhthewftrbatmatbeti af ¢ hik
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computational fl uid dyQFaink dsE M CFDI)i mgs mul t
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5. Sustainability

5. 9Etona@ami ¢

Ther oj ects stthgeppkément atwibdhadftepdateson in
carryhkedk. ilsf t Wol wwi bhwew| d hmtobabl y c¢come
extra costs foreddres tcrovamtairdnagp tiohdess e
cl ear tgantvlesHmeavye rr,edbucang )yl elo 6 s
cust owmdrls be able to increase productivity

5.9E@Bvironment al

I f this project increasenmsantuhfea cotdudrse tohnaty Vo
el ectrical dbuhmpeéess wbomla? eédwdc € mos sinons

the dumper I ndtusivoyl dsaabrseadhubctadont a n t he
consumpntoimem eovfa b | e r edsioeusreclessf tisaulclhy aesl ect r i c
dumper wouédcotueamgbvarbdaen de portgegynamnal |y crea
i ncitememtnfeowabih@er energy power sources to

5.9S8¢ci al

With the pot eennmiisasli ornesd uacntd cduntee@ fieaficetf ossi | f
thati hdeemde omesol oal ons f or reldeaicctirnigc aclar ry
dumpehe, project copbdl abdohnienpdrt ewet noe nlte sisn
publi ¢ bhealtteh wor kingt cos daintlhaevneralser s ope
whetrlee dameeaursdedal so for the people |Iiving

5. Future

Tagebtenef i ci alt hreeeasdurl Itds ef xrpoearti nvearst conduct ed
t hesias bi gger model, woiudwkei lgdetlefi tso alme | unped t
factdmis could be a projechefaaostfluyure re

For a simil ar pirsoejceocnimeinnd &€t dhdeke of iugthuarneg, tih e
baselineiasmahdtobnusing resewrnrdals and tir
exper Amenher suggestiaohdfiswoe@hd eéxpéoi make f
This wanoldxperiment for the angle of repos
whi ch par afnettoerrse groasePnt di fTfherse mato uhludmi di t
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experiments to better capture the underl yi
computational model | i ng.

As mentb ahear amet-BranGl ok rRR expl ored i1 ndivi
recommendauttiuvaore fparopPpecitgnicf uBxXmgr aments (|
whi cah Bpptromtcihmi ze t he set,t hreegcsoommefn deeDdEM |
software is HKHymemset ddywkwidi ¢do tEhDeE M i af nf de r oepntt |
parameters. This program can most | ikely &
performing angles for the different plates
angl es.
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6 Concl usi on
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the carryback
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Whil e DEM cannot fullifWasephacpodbiemeasi ahl t 0 ¢
nummdrequphryesdi cahetesydeoweopmgnt ti me, <coOSs
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demonstratedgebimat ri cat eadater at ifounsl yt hat c:
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effective angles to reduce the carryback g
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FiguboeCAD model of the Original A40 dumper
the dumperesd@8nt ssCthepsesempsnrdbrree sheemtps
exhaust pipes

FigbfTep vi eswnaséleixper i ment model
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Fi gb®Be de visemeasloltelxgpheea i ment model
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Percentage of clay left after dumping(%)
FigbBeNor mal probability plot for 50% moi s

The plot shows the distribution of carrybe
50% cl ay moi sture content. The Dblue | ine r
di stribution, whidlae¢ arpdi ot essdherepdes eémt:
95% c onifntdemwveal
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Average Average Load

(?F?erzzs:k (Tonnes)

ADT 01 _ 4.7 48
ADT 02 4.7 48.2
ADT 03 2.9 48.5
ADT 04 6.6 47.2
ADT 05 No Data

ADT 06 No Data

ADT 07 6.7 47.6
ADT 08 | 4.6 47.9
ADT 09 51
ADT 10 No Data

FighbdeAverage carrybackVbdbowwuwstthoemeA6 0, provi

gbbeExampda&r nybadhlk problem and .where the
e i mpgevwaled by Vol vo.
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FiguhéeAnot her example of the carryback proc
st ulchkee i mage was provided by Vol vo
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Fighb7yeAnot her exampTlhe oifmgpceviae d yibywc¥ol vo
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FigRteCAD modeduotf d enghireg mA.6 0

45



Tabll7e Val ulkes $orf ab-P
particle size.

Parti Surface -RHergsSurfa
Origi 122.66 221.5
A 1920 176.6304 265. 8
B 110 148. 4186 243.6
C 90%99. 3546 199. 3
D 85%88.62185 188. 2
E 80% 78.5024 177. 2
F 70% 60. 1034 155.0
G 60%44. 1576 132.9
H 30% 11.0394 66. 45
Tabll8 Specific values
pl astatci oy

Run Pl astRiadii P-P b P-G lgg
1 0.85 50 199. 35
2 0.85 100 199. 35
3 0.85 1409 199. 35
4 0.85 250 199. 35
5 0.85 350 199. 35
6 0.85 600 199. 35
7 0.85 1200 199. 35
8 0.85 199. 3555, 357
9 0.85 199. 3583.062
10 O0.85 199.35110. 75
11 0.85 199.35199. 35
12 0.85 199.35299.02
13 0.85 199. 35450
14 0.2 199.35199. 35
15 0.85 199.35199. 35
16 0.925 199.35199. 35
17 0.95 199.35199. 35
18 0.999 199.35199. 35

4 6

ean@ rwhye nf ocrhanging the
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FigR2eRotatiosi mui atfon. the

8. EDEM par almetcern pti ons

8. 1Edi nbur g-BRl &$ast oAdhesi on Model ( EEPA)

This model was developed at the Universit.)
simulating the behavior of cohesive bul k
compared to other physics-prhaddlis ibs htatvdtori
By being abkeeptasstomulbehavior it can accol
def ormati on when the particles are compr es

EEPA applies forces differently depending

ot her, which means that it wil/ be differe
applying forces differently depending on t
mor ei steia¢c. How the fo(cChkar b2t ddileguaree shown
1) There are a | ot of different parameters
which wil |l be referred to as EDEM has name

8. 1.Aonst anftf p(dM)c e, f
This parameter represents otcltairv dreit avee nc o n s

particl es. Examples on forces it represent
attraction and repulsion or electrostatic
attractive force, causing particles to adtl
materials (Morrissey et al., 2014).
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8. 1.9ur2f acey EA2 mgy,

Al so known-costtalte Medhe@esi on Energy, which i
the cohesion forces for -afmaferceael .tbal chkt
force depends on the contact area of the t

1.Qomdt act Plasticity Rati o,

s parameter affects the ratio of cont ac
resents fully elastic contact and one i
4

) .

1.91l.4pe Exp, n

Used to switch -obveetrweaepn riefl atthieo nfsohricpes s houl
nolhni near (1.5). The differenceFcgnrbelseen
8. 1.Tle.n5s i lbe Exp,

This parameter affects how fast the adhesi
move aBaptheldurve represents the force wi
values the force disappear§g .faster (Morri ¢

8. 1. Mantgential Stiff Multiplier,

Makes it possible for the tangential stiff
model . A value of wunity means that the tan
stiffness, while a value | ess than one r es
nor mal stiffness (Morrissey et al., 2014).
8. 1.Bond number

This di mensionless value is implemented by
understanding of how cohesive the materi al

with the equation:

0 ¢ (a)
O is the cohesiisont feorwei gmtd of the parti
force is derived through:
"0 - —Y s (2)

T r= the mean overl ap.

T r = mean particle radius.

T Y= surface energy.

T Q= constodrt fpulcle.
The recommended égofiidse Icionhee siiso ntlheasts i nt er ac
0¢ pis a cohesive interactSmpn. (Altair Eng
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He
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8 .
Th

1H28r-Miznd!l i n with JKR version 2 model

FMizndl i n wit hp hJyKsR cvsernsoidoenn 21 s a cohesi on
counts for the Van der Waals forces wher
ntact force | sKkendbeeltleonh st hbedohngI&KR) .
mo d e | i s a more roRumotdeleramodni 9 fbeéethteenr
mul ating relationships between multiple
del . Thi s model was used to simulate t he
ometry.

e HWEmtdd in part of the model model s t he

nt act bet ween two mat ecroihaelssi vaen dnaitse ru saul asl
Il e the JKR V2 part complements it with
th adcheveiecdan mMul ti ple materials. (Altair

1.2urlf ace energy
e

JKR V2 model, |like the EEPA model, al s
however in this case the cohesion force i s
the particle to geometry rather than cont ¢
Engineering I nc, 2022a)

8. 1. Qomwt act radius
It i s necessary to use a contact radius w:
radius forms an additional bond between ¢t
increased radius from the original particl
adhesivengseeosmbeéetweand particles. Accordi ncg
recommended contacitl2atdi usesboiugidnodle dilde
particle sinéeagoiusg maasti vel Y20 ncreases S|
(Al'tair Engineering Inc., 2022b)
8. 83caling
8. 2EEPA
When a particle is scaled down or wup it st
keep the same kind o08. tohesegunat Asnmeati bh
cohesi on-1ffdireme tihe (b2 nd nmMmb e rFoirs tcha lsc wplraotj
the variable for the particle that wil/ b e
particle.
i i 3J (3)

T s = scale value
Since the Bo for the original particle anc
same, the surface energy wil!/ be scal ed ascs
y Y3 (2)
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and t he cofnfstfamrtc e uwill | be scaled as

Q "QJ (5)
8. 2H2r-Miznd!l in with JKR version 2
With the time studying this subject, there

scal eMiHed Itizn wi th JKR version 2 for this s
recommendation from EDEM, the surface ener
scal e waltwme s( swoud d be considered sufficie

(9]

r Vi (B)
8. Resul tsclbaytwieth 50% moi stur e.
Tabll9% Carryback for clay with 50% moisture

Tes Operat Mass mMass cl Tot al Ma Mass cl a % of
nr (g) before dump (g) dum@pg) carry
1 1 563 (3%2) 663 100 276 8
2 2 561 359 637 76 217 1
3 2 559 540 748 189 35

4 1 543 614 833 290 47. 23
5 1 562 600 833 271 457 1
6 2 562 528 735 173 327 7
7 2 559 599 759 200 339 3
8 1 571 693 729 158 2 BO

9 1 567 614 748 181 298 4
10 1 568 615 788 220 35 77
11 1 570 636 788 218 348 2
12 1 568 651 773 205 31. 49
13 2 567 660 831 264 40

14 2 570 616 656 8 6 13. 96
15 2 569 662 696 127 19 18
16 2 569 601 788 219 364 4
17 2 568 657 826 258 397 2
18 2 568 619 877 309 493 9
19 1 570 629 844 274 43 56
20 1 571 659 789 218 33.08
21 1 570 642 812 242 370

22 1 571 646 845 274 42 41
23 1 569 608 842 273 44 90
24 1 570 621 872 302 48. 63
25 1 575 630 868 293 461 5
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8. 5tudy off sur-Pace energy P

Time: 35.0001 s

Altair EDEM”

Fi g88% mul atPRPoYi= Wit h

Time: 35.0001 s Time: 35.0001 s

\ z
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" Y

Altair EDEM” Altair EDEM”

Fi gB84Sei mul atHA-PoYi= Wil h
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Time: 35.0001 s

 Altair EDEM"
Fi g85BSei mul atHPoYi = Woulh.

Time: 35.0001 s Time: 35.0001 s

tair EDEM”

Fi gB8B6eSi mul &P jYonl 4 t h
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Time: 35.0001 s Time: 35.0001 s

L.

Altair EDEM"”
Fi g87eSi mul &P jYo=r2 5 t h

Fi gB88eSi mul ®PjYor8 5 t h
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Time: 35.0001 5 Time:35.0001s

_Altair EDEM”

Figa49eSi mul atDoB85with

Time: 35.0001 s Time: 35.0001 s

Altair EDEM"” Altair EDEM"”

FigbbdeSi mul aeEDo@2. with

6 4




8. ombi nati ons
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8. Fr ansporstcetniaan os
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8. EFOont plate study

Figa62eThe angle for the front plate that v
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8. St udy of side plate angl e

Figa®eThe angle for the side plate that we
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Time: 40s Time: 40s

L V| L

Altair EDEM” Altair EDEM”

Fi gdbSei mul ati on of a4a4®ilmples deasitdqre witdkes .

8. Ramp plate study

FigubeThe angle for the ramp plate that we
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Time: 35.0001 s

Fi gu®Sei mulcaft i coal &A% p

Time: 35,0001 s
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Fi g8beSi mul ati on

Time: 35,0001 s
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9. At ween the ramp and bottom of the dump
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Fi g88S mul ation SAdnd addptiaonalb plate with
7 ABet ween the ramp and bottom of the dumpe

8. ICAD model s

Fig8d4eAngl es f ocudthemd pdiensdidgmll &t A i s 160
anahgl el B5A s
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