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Abstract

Addi ti ve manufacturing ( AM) and wel din
extensively used across various industri e
higerformance component s. However, chal
residualangt rdedseesd,s | i ke cracks and poro
I nherent high ther mal gradients and repe
Traditional numeri cal met hods, such as t

di fficultiedsy ianddetfechigv crack di scontin
processes due to their reliance on cont

mechanics.

Thi s t hesi s has d ebveed odpedumerp erail d ymadma Ic
simulating mechamiechlanitclaer, malnd f hei mobe!
the numeri cal investigation of AM and we

i nt eboggsh lcont i nucuanp albfhieea e lyl, i ng di scontinuit

without the need for remeshing, providir
numerical methods.

The research includes systematic invest.
scale parameter determining the | evel of

di fferent peridynamic-bhesenhy!l atlid®dmedf,yi st la

noor di nasbpsesd aa@epr o-hohegon Apedwuiadynamic f

devel oped and validatedhiformffdectcireel p a
i mproving accuracy and computational ef fi
anal ysetsher more, a coupled thermomechanic

phacshapgpenomeammamulsated to simul ate the st
wel di ng and AM processes. To further e
Peridynamic Di f f eurtentiisaeld Opoer amodelils ng
behaviour s, i ncludi ng -oweepgitlilnagr yd y(nMami acrsg oa
which are closely related to AM and wel (

driven fluid motion in the molten pool
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Chaptlert rloducti on
AMand weledcdihmarreagpy dly changing the modern

al |l owhengproduction of complex, customised
However, as adoption expands, the need f
become vital. This <chapter i ntroduces t

backgodMndwebddnpgeri dynamic theory, outl:i

anmpresents an over viasw wefleld ehaes a¢ h ecsd rst rsit br w
l1.Blackground and Motivations

AM commonly knowncas pd®bapmeisryt iongtechnol o

t hrdeemensi onal objects Waeghtelryn afnrdoenz ,d i2g0i]
Unl i ke traditional subtractive manufactu
formed block to achieve the desired shap

0
eeded. This approach all ows the product
desi gdomr i th mini naAld amadt enmiea |, WRA839-tag t ool
essdrdaena production met hod, cAMssuppoowett
ool i ng ocroesatse i raonndme nt al sustainability,
driver of I ndustry 4.0 and an (aAtdtarmadct i v e
Javaid, 2019)

AM technol ogies are compatible with a wi
met al s, cer ami(Y¥an g nat, makmprbgedipld B pcca bolses

di verse sector(K.abeinhyea naedrzo septaaalt omoLli0le)
heal t hcar(eMoi hnadnuasvterliheesv ealadpop2@@d1 AM for pr
customi sed, l i ght wei ght , or geometricall

product devel opment &aArdd howmm! ywidhak ng asst re

appl i cataldnys ciommptri sed only a smglBli kfasact
et al, ,tR&®1lt6gchnol ogyds maturity is now p
fields.

Within the marine industry, chall enges s
complex | ogistics, and hingohradi nvaattioveg. cR

devel opment sanhnadvues tshyownhi ft towdedcdandece

manufactur-pngnt awdt p8De parts now being ¢
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rr-exampl e, pil ot projects in the U.S.
oard the USS Essex, have demonstrated t
boar di,ncwheipcehne at i onal efficiency and red
ppl y( Sthraiiemlsy ] n2@ad4) ti on, the cpreiantied
opell er demonstrates the transformatiywv

owcasing new possi bi(lTiatkideesMahutde s202nl)

ver tthiree ewisdespread industri al adoption
all enges. Hi gh ther maijcogt adagerctys| asd i
tal AM processes, contribute to the de
rogeftggects that can compromise the inte
f-ertiyti cal (Appluil bamieedsBRrtemnan. €t0 101 ., 2
ongside the rise of AM, wel di ng cont
nufacturing, serving as an essenti al t
dustries such as shipbuilding, constru
| di nge ,r oicreslsudi ng arc welding, | aser v
e inherently <characterised by |l ocali se
ading to complex ther mal c(yshlreasv aann de ts t

21)Not adbil syt,i nmchtei on bet ween AM and wel din
vel opment of hybrid processes such as )
t al Deposition, -bvatsieadh elneew grya gseo uwecledsi n
yer ORadlyalr ; etRuanima,n 2Q 118l .b,oth0 DD nvent
brid approaches, the resulting ther mal
porosity can have a direct impact on

I I s anvde spér&lsssnuorne, 2011)

addrebal bbegassrarchers and engineers h
experi ment al and numeri cal met hodol
mi tBExpensment al met hods provide empir.i
rrmati on, vali datChgn pegc eShodihplanmid;he2 @1 9
ennahhudazath2 lbeonhs mmi ng. I n respohas, nu
copnoep ul at |l owing researchers and engi nee
stories, stress evolution, materi al f

ocessingFicmointda t ebeamentandmanlpwdias i ¢ iF&lA)



dynamics (CFD) are the most common sSi mul
exploratisnraffe pfr@ecenasace relationships wi
exper i(Vaesrnitod a etangl et SOhGi; n200clh6éo;r ituoc et
angdhao, .2018; )

Howeweradi ti onal numer i cal approaches |
simulating cracks. Cl assical Finite EIl em
equations that assume continuity across
capture tcramkanaipiapagati on without ext
enri chment( Anedcehrnsiogmpe s2Wdt6i)ng t he researct

computational framewor ks.

Fi frlSchemati c drawing of peridynamics

To overcome these | imitatiobhasegpgercdygnam
theory, has emerged (&s | & i plgno mi2edriOi®dyy naa miecr:
simulation domain is discretiseHdi BInto a
peridynamics represents the materi al res,|
poiammtand its surrouraddaig hmait er ifalnipgoei nmdtisst
hor il ZTohnre Abondso connecting materi al poin
and abrmeoalding criterion (e.g., critical ¢
and proBagat ngnandohsdlkear ie,t A Q0a&hd|j2alcleln)t bo
mi cr ocr aacnkde rrjet m macrocracks, enabling t
crack patterns( Sand ifnagi launrde TAhsekdaens s h 12e0s0s5 ) n
peridynamics is ideally suited for study

processesapr mankisomog giitn advanced predictive



1. Resedirmy Gbndectives

Accordingly, the primary aim of this the

model |l ing tools, which are suitable for
procelshisess research specifically focuses o
def or méteirdoimd,If usi on, phase transformati ons

which are areas where tradit.i oholaoroidevd |

aim, the following objectives have been
T To investigate the influence of horizor
selection guidelines for achieving accl
T To develop and i mplement a peridynamic
and -unnoinf orm di scretisation, thereby red

mai ntaining accuracy.

T To extend tddedalvahodiazen peridynamic for
anal ysi s, addressiwugpi tbemctdabteagties atoif
di ffusion probl ems.

T To develop and validate a <coupled th
i ncorporating phase change, thereby S
def or mat AbMand uwe Indgi ng processes.

T To exteedi dywwadmeild i ng framework to si mt
usi ngl acabndi fferenitmail avdiee gantad ry,s itsh erf e
interfacial PPeMaadi aoved i mgl evant

1.T3hesStirsuctur e

This thesis nsmcodangpaersed eacho addressing
peri dynoalmild i ng teahdi owpésiciegrs eSM The str

foll ows
Chapter 1 introduces t he research by 0
significance of the study. 't articul ate

an overview of the thesis structure.

Chapter 2 provides a comprehensive i te

continuum mechanics approaches from cl as



recent advances in peridynamics for meche

and identifies current chall enges.

Chapter 3 details the methodology adopte

foundati ons of peridynamic theory and t hi

model s.

Chaptiemmvesti gates the influencgerifdymamizo
model s. It provides a theoretical di scus
numer i cal studies to illustrate i1its 1| mpes
guidance for effective modelling in vari

Chapbtienrt roducéor iprzeer n dwfadar nmud at i on, whi ch
peri dyanpapmiocach t o ageociommochatdeTshoioset cbkapi e
presents the mat hemat-h arail zare veed mopanetn ta mod

its capability through a series of numer.|i

Chap@ext ends t hepeduadyfnaameceomk t o t her ma
anal ysi s, addressing the need fuarn fa@aceaenur e
di scr edtoinsaaltmesoref f ecti veness of the method

case studies and benchmark si mul ati ons.

Chapttedevel ops a coupl edertidggmhmaeamewa ki c

i ncorporating phase change phenomena, ca

t h

re

a
c

and mechanicabhnd i eepdrdoicriegs & & chapter pr e
eoretical formulation, numeri cal i mpl el
S

ul t s.

Chap8eexrpangperiti denmoameild i ng framework into
address mul ti phase-cfalpaw,l aweyt t(iMag ,aanagdodn it)h e
wel di ng .prldc e snstresa d wopkisd rftidoee nt i al operato
compl ex interfacial phenomena and demons:

numer i cal exampl es.

Champcemcl udes the thesis by summari sing
di scusses the I imitations encountered, pr

outlines potential direeti dywmafedd i fngr ti mer



1.PAublications Arising from this Thesis

The research presented in thisrevhieesswesd h
publications

1.Wang, B. , Ot er kus, S. and Oter kus, E. ,
stdhtased peridynamics. Continuum Mechan
pp.-728.

2.0terkus, S. , Wan g, B. and Ot er kus, E.
peridynamics. Procedi a-429r uctur al I nt ec

3.Wang, B., Oterkus, S.-famdh Ot splkus, ob. re
i n kamsdkd perPirdycneadmiac sS.t r28 t up4EOlU.8 2t egr i

4. Wang, B. , Ot er kus, S. a& md mOtwearvkeu sd i skp.e

rel ationshi psbascerd opredrlindayr maansitcast.e Per i dyr
Nonl ocal 6N&9de l-4ppg.,3 9 4

5.Wang, B. , Ot er kus, S. and Ghtoerrikzuesn, sE.a,t
based peridynamics fibagnudmade Cagthmtsieam.o
Mechanics and JIHhEe3 moe8dgym.adnd £ s ,

6. Wang, B., Oterkus, S. and Oterkus, E. ,
dual hori zodopemiady méd miTad4e(r Ima;7 4 S .rels s e s,
7.Wang, B. , Oter kus, S. and Oter kus, E. ,

peridynamic model EAhgr nevedidn g gAmanlay syissd s
El emdnrtOs, 85371
8. Wang, B., Oterkus, S: oxcmd Oroedrek usi,ngE.o,f
fl ow wettingcamp@inldl atrlyer fmoow using per.i
operBngirneering Wwio(B) CdppwiLess,

Several chapters of this thesis are based
above. The relationship between each c¢h:
foll ows:

A Chapter
A Chapter
A Chapter
A Chapter

Based on [ 1, 2, 3, 4, 5, 6 .
Based on [ 1, 2, 3, 4].
Based on [1].

Based on [5].

ga b~ W DN



A Chapter 6: Based on [6].
A Chapter 7: Based on [7].
A Chapter 8: Based on [ 8].

Where appropriate, materi al from these p
suppl emented with additional cont ext an

compl eteness within the thesis.



Chaptleirt r ature Revi ew
2.1 Introduction

The continued advancement of AM and wel d
for predictive model |l i ng framewor ks t o
behaviour, phase changes, and multiphase
review of onhef ecxohdatinuum mechanics app
formul ations to per-bdyedmmet hods oc@ahei ht

addresses the foundations of peridynamic

anal ysi s, mul t idphryesciecnst npordoeglrieisnsg ,i nanappl y
complex interfacial phenomena. The chapt ¢
|l iterature, thus motivating the research

2.2 Overview of Continuum Mechanics

Solid mechani cs S a fundament al di sci
understanding the deformation and failur.
to extern@Jverl otaldes p&€tbaséemwbi Wewmihalmd @),

has provided the principal theoretical f

various formul ations developedThe mddt es
common continuum mechanics f rReuwldat, i &M 1v8:
where the equations of motion for the o

point s, are expressed in the form of pal

Owing to the complexity of mo s t engi nee
generally restricted t o i deal i sed cases
conditions, and materiealgi meepenaigi es., Na ma

met hods such as the FHEMweawvds ,bddaire wied e lay ¢

formul ations on spatial derivatives pose:
domain (such as cracks or materi al separ
i napphbiecahbhlse spatial derivatives Dbecome

di scont{Andeéi een ConxC®klgau)ent | vy, traditione

suppl ement asswc it eacsh nd gruiecsh ment functi ons,
rremesthoi nngod e | cr amka p e o p a(blant daedrhsuoiing e s2e0 1 6 )
approaches, however, can increase comput

the accuracy of the simulation because t|



2.3 Peridynamidc ReckEmdombyevel opment s

As an al tC&Lriyn aSiilvlei ng (2020) Il ntroduced t
Unl i ke Cauchyds continuum mechanics, whert
using spatial derivatives, peridynamics
that i s i nherfearetel ¥ rroamn Is@@%ilil adinmtige rai nvda tAiswkea
As a resul t, peridynamics [ not Subj e

di scontinuities such as <c¢cracks.

A key difference between peridynamics at
i nteractions. Il n CCM, a materi al point i
by contrast, peridynamics all ows each ma
witai hinitEeSidlilsitragm,ce2000; Silling et al

2018)The distance of interactions between
which is a |l ength scale parameter in per.
Cachyodés f&€Cmuldatisomot have a | ength scal
repres-ehts siional materi al behavi esucral whi ct
AHori zono is a fundament al concept i n pe

corresponds to Ahorizond in the Greek | al

Since its introduction, there has Aseean r
generalised continuum theory, it can be ¢
met §d Madenci and , Otceormpo&tietrekuls3 ) and , Maden
pol ycrystal(lDienetmpatl egif 0sit6df us ,etc earl ami 20
( Gus ki et &Vazi 2020) ahd, daapbggne alfhe 20
versatility of peridynamics extends to t
fati(gQiteer kus et palagMa@e®dde@i and ,@mnar kus,
vi scoel Matdieamict y and. OFerkbheyr manéy) peridyr

successfully extended to address multiph
for tM@eem&lus eGaoala.n,d 200led kluecQtr2zidckal)s et
2013)and por ouGt drlows fetelals., 2017)

Among t he vari ous areas wher e peridynat
mo d e lhlaisndpecome Bmeraetawve wariaous studies

on peridynamic analysis of thermal- diffu



di mensi onal mul ti physics model coupling
and vacancy diffusion fields to investig
and Duangpanya (2012) I nt rboadsuecde d p ear I ™wylInte
f or mul attri a@ams ifeonrt heat transfer analysi s.

ordinabpsedaperi dynamic heat conducti on

formalism. To analyse failure prediction
proposed @rtwoheameedahiyc al model . Xue et a
stdhtased peridynamic formulation for heat
decomposition method. Wang et al . (2016)
devel op a peondynoanilc di fafou seit al . (2017

simulations for heat conduction anal ysi

considering cracks.

Despihtessiede range of applications for per
t we-htye year s, research on the fundament
remains relatively |l imited. The current

depends obonsumgestin the influential pap
(Silling and TAse&kyars yg ROLDt5e9d using a hori
times the grid spacing between materi al
researcher $atoonsheHoweivmu, their concl u:
original peri dynami ebafseedmutdgbhamnes.ngaBidl
Al t houeghskeadndperi dynamics is an effective
i n materi aMagpgeopierands Oaer Pos ss@2013%)rati
parameferovercome these | imitations, adyv
as ordi-bhasgedspet(eSdyrndmigc send aorodni n20 Q7 )st a
baskPedr i dynami cs2qQ08a;diden,gewe2rddél.7devel oped.

I n addi tgiaapnad vodihaet ed with horizon si ze

peridynamic model s presents ffClon#eamMm com
solutions to peridynamic equations are g
met hods are typicall y( Manpd mgie dand @Fbamrak ins

spati al di scretizati on, uni form discreti
S o0ome probl ems, usi ng uni form discretiz:
computational time since only some part

10



fine discretizati omowlkdleasi atghemaparet i
Moreover, variable horizon size can al so
or due to the nature of the prhoblemn To
Peridynamics was ded®1odpevdh2ilcihe hRé¢ h cavs &albot

uni form discretization and variabl e hori .

I n summary, the horizon size influences
I mportant to determine optidmasmethomndomo
ordinabygsesd aperi dynamics formul ations to
withi@assonabl e computati orhaolritziome .Pelrn dgad
formul ation specifically addressing ther

| i teratur e

24Heat Source Modelling and Ther momechani
Wel ding remains a widely wutilised fabric

relying on high temperatures to mel't an .

thermal field not only governs the devel
Inked to the metallurgical, crystallisati
occur durin®usoldi aigf iupatni e¢m mi | ar princip
solidification, AM has emerged as a trans

| ayoelrayer fabricationlafs aommluaExnadou@mdnae
design freedom, customi shhaven)] eando mane
adoption across sectors such Heweawearo,s ptalce
wi despread i nduANMird adt ialplplliicmittied by t he
of the wunderlying processes f(dgtar éd .for
201}1.8

One of the challenges in both welding e
mat hemati cal moaeed spParmhhcmi ae edependence
ti4mensumiangrtrroiralprocedur es dUArni n gnpporra caenst
aspect of these modelling approaches 1is
prova dmat hemati cal description of the fr
materi al and its spat-afafledtiesd  raldeliloinngwi

heat souarce enmpledpged to assess the i mpact

11
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sport and to inform the optimisation

), as wel |l as to characterise the cor
gy input (e.g., |l aser or electron be:
sour cAeMamedel # most cases, adapted f
rature (Thompson et al ., 2015). Var i
past decades to investigate AMeat tr

esses. The welding heat source model
ce, a planar distribution heat sour ce
nds on different wel ding( Haemaldy amd
b, 2Mh20) thepparctt efontcle nwdr ks far a

=

eline, the welding heat source can
nt hal (1941) stated an anal yti-cal S C
nite body s ubsjoeuwrtceed. tFoo ra gceomesrtaaln ta rhee ¢
s heat flow is distributed in a par!
ri bution of the heat source can be <c
(1983) appliadtdRosemsihoandls heaetorso ul
d the analytical solution-emferiglye bt am,
ng, due -twi dthle t atige depthe wel d, P
he wel ding helauemsoaraleorm@st me gtrleiad k n

pi ece, and it must be treated accord
ce model . Gol dai méda8bpnplrodosbdeacet
vercome t he penseutrrfaatcieo nh eeaftf encad edlu,e att
9) provided the analytical sol-utions
nsi onal heat source.

over, due to the complexAMpr @oc¢e d hes ,h

d temperature change ctahermdbcéeef es imd

n et al ., 2019) . Therefore, in the
ess, the ther momechiaodwmaibkcenpag!|ingt bi
ctur al fields. Gol dak et al . (1984)
i ng heat sources to investigate the t
iaite difference model ( FDM)n ffionri tmo:
um. Ning et al . (2019) utilised an

12



source AMi ometraeldi ct the temper aSeaipe €ti edld
(2021) devel oped an FEM butt wel ding an
tempedapendent material properties such
Youngos modul us, and ther mal expansi on
tempatdependent t her mal expansi on has

tempedapendent Youngd6s modulus strongly i
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addeat onr ansf eire fdtuen nagc cwoenhpda miged by ph
sidered a moving boundary problem due
ween the Iliquid gfRage. aRde Dhlei nsdoabri d o
racteristic, only a smabDi j inunm@hBedm o

stance undergweksods pihfaiseacihamgemodel | i
t hlei gpwild di nt erface i s clIrhwecilalt einnt hhesaatt

nly hantdfrtadkbggfmenhods and fixed gri

i Latif (2009) appbiedptheittgntrtaca&cet
ndary during melwhingh ogetssoldrdidd ciattii or
uid interface tthatt splnittas na bwitrhglseo |l @ ld
s can accurately predict the |l ocation
| atent heat. However, it merely can |
application in modiKulamd AdseYns®po wdli f |

fgir x@dd met hod treats the entire comput

(Vol l er et al ., 1990), where the Stefan c

con
pha

req

| i
suc
be

duct i oTnh ee gqutaetfiaoon .condi ti on represents
se interface, so that the heat conduct
uired to melt or sol(iJddiijfiy, t2h0e0 9ma.t er i al

xed d methedphase boundary is represenr
h as effective heattlrawageati hegatocanheat:
applied using standard heat transfer

However, wheaf faphpd ayty escga ptahcei t y met hod t o a

dur

hea

i ng phase tr aneseidbse amos | atduwees | tg dnfeteriad iepe

t capaci t-yhainmget hent phaatk calcul at ed

temperature range. I f the temperature i
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solidus to above the | iquidfuaili nttmheamtgu
|l atent heat rel easku danmrd nAgr g yhreo ppchualscees ,¢c hlag

I n summary, the accurate representation
of thermomechanical coupling effects are
capabil ity AMsiweulldaitngnasnd While the devel
numeri cal approaches, such as finite el
I mproved our understanding of t her mal f
phenomena, many exi dttiemdg bmo dtehlesi rr ermealiina n

continuum mechanics and the <chalanednges
di scontinuities. This has | ed to growing
such as peridynapri camifsrianhge whba dalfrfeesrsi ag t h
l i mitations and capturing the compl ex, m

manufacturing processes.

2.Multiphase Flow and Surface Tension Mod

AM and wel ding processes involve not onl
but also complex fluid flow and interfac
| aser or electron beam AM, a molten pool
surrmgnsgol id and gaseous phases, creati ng
surface tension, where the force acting

an important role in stabilising the mel
whee tharacteristic | ength scale of the ¢
of surface tension on the flow field is

When temperature gradients form across t

subj ect eec atpo | tl lméry mseuerffeacctes .t ensi on gener al
i ncreasing teampdroatmurteempaermadmur e Igiasst ri bu
interface produces (Wozmirdlk2cOeltlt @inisg ogr ad ia
i nduces Marangoni forces, which act tang
motion tferemi bos with | ower surface tensi
hi ghémaceuitiMan samd 2BJdIhehexcmpi | | ary effect
influence melt pool dynamics in AM and we
evol utieovne,nttwmd | mechani cal i ntegrity of

14



Accurate simulation of these multiphase

I mportant for predictive modelling in AM.

Ov
mu
cCo
fr
gr
Lo
us
pe
us
me
t h
g u
mi
me
(B
sm
(G

e
I

r the past few decades, extensive re
t i phaseBafsleudi do nfilSoheek eNsa 8d (gulad n @ nar e t wo

mputational fluid dynamics methods for

e
a
g9
t

e
0
a

m the nanoscal ef itrostt hcéau heegoorroje tissloed s D la
ds, such as the volume of fluid (VOF)
ano et al . (2015) performed a numeric
ng t he tWwWOFR rnaectkhotdhe i nterface bet ween

formed numeri cal simulations of the ¢
ng the fluid volume interface trackin
hod. Ma etl opled @2 lulmerd ewd met hod f or
r mal Mar angoni e f fpehcats ea ti ntcloanpir es s i b a
ntitatively comparing the numeri cal r
ration with exipeali measalt sa.ndAndteloaret
hods t hat can be used for mul ti phas
|l ytschko et al ., 1996) . The meshl ess

ot hed particle hydrodynaindymra nmectsh onde t(!
o and Oterkus, poop@asdacemMoni igse (Dazed

particle hydrodynamhasef 6t owi mul atismug f &

me
a l
we

t e

t

n

ef f

al
i n
bo
t h
two
Hi

S
t
u

e

r

hod addresses problems involvinegt fl ui
(2010) extended the method to higher
ghted colour gradient formulation to |
sion. Describing wetting phenomena, i
ects at the interfaces between fl uids
O requires the iimplementatatont lod a@lpi
e.r fBarceei nl i nger et al. (2013) extended
ndary conditions to explicitly includ
temperature or concentration gradient
fluids, an additional force known as

schler et al. (2018) proposed a smoot |
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tensi ondmrgiraan-empel mary fl ow based on a c

met hods, i ncluding Marangoni forces.
As a promising meshless method, -lpceadaldyna
continuum mechanics (Silling, 2000; Silli

I nspired by periBgnadcdiyvoamioec mDI afepasti al
( Madenci eits adevel200pleéd t o transfer t he ¢
I ntegrsdbrfoum applications of PDDO can b
et al., 2017; Madenci et al ., 2dENVE; opceerddL
a nloohcalLagrangian model for Newt oni an f |
| amifdamws amdequent | y efxareintiep hfalhie® dnd dard d

Ot er kals.,, @HLing PDDOs2)1lNogovenled altr 2@ i
fluid based on Eul erdéds method, in which t

weakly compressible fluid model

Despite progrésasednamdt meghl ess approa

mul ti phase fl ows, accurately capturing t
The PDDO has shown promise in extending
however ,h steuxdiisetsi nrgev e al a gap in the deve

capable of addressing multiphase flow pr
coupl edf |tlied anoi our

2.6 Knowledge Gaps and Thesis Contributi

Whil e peridynamic modelling has seen si
mechanical, t her mal , and multiphase fl ui
partially resolved. For example, approxir
beengessutge d, but -masady f éomulbaotnidons and \

validation @mperiodynamifd efVammuwlbdtei alnscr et i

have been proposed, but their stability
Simil arfwaemrssiromwen mul ti phase fl ows, S U (
Marangoni effects, are only beginning to

Thi s t hesi s ai ms to address these gaps
validating advanomdepesrisdiyytaed for t he

demands of AM and wel ding applications.
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ChaptMet 3odol ogy

3.1 Introduction

The accurate modell i ngkegyghambheegeal ndefomp
mechaspes| fwheal ldyeal i ng with compl ex p he
I nitiation, propagAsi pr,eviands lyadttesceralk
approaches based on Cl g <LLiMgrad I1Gommitti endu ubmy
reliance on | ocal partial differential ec
and require additional treatments to mod:
To address t hese chall enges, t he perid
fundamentally nonl ocal reformul ation of

spati al derivatives withdemhitegd ail n eqghuat pr
di scontThniusi tdhreaspt er presents the theoret
formul ation of peridynamicf ometthlhoed ss ul saey

numer i cal i nvestigations.

32Per i dyhhaem rcy

I n CCM, the motiomesttrabmdt éyi @alarbody di
based on the | ocal bal ance of l i near mor
equation of moti gn(vReend days,s i 20 1o3n)

00 o tacd e (31)

i n whisschthe ma&ss dbaesidtiospl abeimantmee nabl
operdit®rthe Cauchy 1+s's15retshse tbeordsyo rf,oracred p e

Eq31l)pr e stehnatts i nt ernal forces at a point &
of stress in its immediate neighbourhood
However, this reliance on spatial der i ve
model |l ing problems with discontinuities
undefined at those | ocations. This necess
suals remeshing, enrichment to represent

the simulation framewor k.

To ovetrhceo mei mCCHt iSo(nPoipdgdp posed t he peridyi

which removes the requirement for spati a!
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of motion as nonlocal integral equations.
wi sbhrromadiengali thoinntas finite spatial don
'O, as sFhid&n i n

Deformed state

" Undeformed state
y

Fi lPeri dynamic horizon and force

Within the horizomt sa dmortclee «dmeendsa utsya |voeffrdi
i nteraction with neeghbhue i agl Imadteiraral o ff

density vectomeoast mbteesaoidhpoiatce stat e

The c orscteaptie peri dynamics i s a mathematic
concept of a viecampr obglGiteaadsloowif m@l dhe de:
i nteractions between a reference materi e
hori(zZSaonrd | i ng.Feotr ailns,t @3m0cle? )d e sosni tnya tveercitaolr p

ef reman be denoted]wnblesteate notation as

With these definitions, the gener al peri
a¢fMadenci and)Oterkus, 2013

" e 0 oD Yoot o Joefoim eaQée fod (32

wheawswrepresents the volume associ ateed wit

within the horizon.
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Generakrligyynamics can be <cl assi fibadednt oo
(Sillipg,or d06@b8agsyeslst A g,andld donabgseasd at e
(Madenci andforewmkaswwho®®l ) e distingui sh

direction and magnitude of the force den

Fi &2) .

o ® o ®
., ® ®ee ® evee
¥y ' . y T(x’,t){x—x’}
:T(xit)(i &) :. e o ®
! oo ©® .T(x,t)(x'— )
y L
e '. ® (1)
Bond-based Ordinary State-based Non-ordinary State-based
Peridynamics Peridynamics Peridynamics
Fi 82Force states in the peridynami

odH dmr RS t SNAReyYyl YAO&

Bonrbdased peridynamics i(sSittHea nariinidnbedl)c hf o
force density vectors acting ombyg gadaier o
stretch of t he DbTomeas ec ofnmrecceds ngr & hams ume

magnitude and opposite in direction

The force {em@i tedi nveddtnoerar el asati cmaseti a

poiwitns (E)can be expreasgMademcit heand oOtmer ku

o o v, . «x 3.3
1 ef> e e Bw|<>ae Ohece o (33)
G Ae 3
and at maetees i al poi nt
. . . X ¢ 3.4
Jdoh‘)(“) LYo Bo’oi()ae Ohece e (34)
C e (3

whedeaende epresent thenadies p lsdang@memtgsdfour i n
poi etishe dreegpr esent the position of mat e
configurateoin, atnhdussi mi | ar |l vy, feavi t hsnf ar

the horizon, | teeceenOabe represented as
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The tdkemptes the stretch of t he eboded bet v

after defohmatcan be defined as

e (S Sex eS (35)
dxe 03

[ 02 Oheze e

The bond consd ant33Faean 0FHgids asel ated to t
modul us and geometry, derived by equating
and CG®GMdenci and. Oterkus, 2013)

To establish this relationship, the strai
for a given | oading condition using both
equating these results, a direct caolrresp:
materi al parameters can be established.

For a linear elastic isotroqiomemai emniadl c

I's gi(vMand ébryci and Oterkus, 2013)

. W0 (3.6)
w _""ST)

andrf a-di meesi onia$ gi(vMiacdidorycei and Ot er kus,
& pj_@ (3.7)

i n wl@iischt he el & si themotdhiskndes hoamdon si

As can be observed from the e xbparseesds i o n

formul ations incorpotrtQ@ftreomn®@Mlter ediedraesgar
the Poissdmdos rsatmpd, fication i mplies the
par amet erasend bpeirdi dynami cs; i nstead, the
fixed Valpiod oo fdtivne nsi onal gepmeor i-¢evr aa d

di mensiondlSiptolmlgem2000)

For materials with Poissonbs ratios diff
peridynamic model s, -Basdédd aosrrdtimeaear gs éd mad re)

formul ations, are required.
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3. hNRAYI®EASRI 1§ SNAREY Il YAOa

The or di-bnaasreyd sftoartneul at i o-ldagedeappi sashthye
the requirement t hat the forces between
magni tude and opposite in direction (Sil

density vecpmosed,emaheaeaisr magni tudes are

(Fi &2). Further mor e, the force acting on a
own motion and that of i1its i mmediate nei
al | family tmeambebezowithin

The pairwise force dens®si byr dviencat#ow s saitat m.

formul ati o(lnMa de gdiveandyOt er kus, 2013)

Jofote i Sp_— (38)
KR

and at maetae¢ Made mpwoii nand Oterkus, 2013)

“ N , (e« 3.9
] emte ed Bo (39)
C & (3
wheoandare auxili adreypepadeametoenr st he mater.
def ormation fi.eld, and the horizon
For a |linear el astic i sot roccpincwbneaatseerni al |,

( Madenci and Oterkus, 2013)

TW Qf

—eof0 T ©0ax Ohexx e (319
w2 o3

whidlfeor t he pair gdJlandeetnecrii aln dp oOtnretr kiuss, 20 ]

TW QI
Sec2 oS

—efd T ©0e Ohex e (319

The +eimn the above expressions represe.l
strain, agiMadengivandb®pPterkus, 2013)
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—elD Q1 Qe (313

whedtean@are the peridynamic parameters.

As di scuss,etiegpeepieouslyywyami c p acroannseitdeerrsi ncg
a common parameter in Bothipsthdgpamatso
bet ween these par amet er sdiclaanh Bl roeasi tna belnies h
density under isotropic expansion and si
CCM. The detailed |ist of peridymawmiidcdedgart
I mab3l¢ Madenci and. Oterkus, 2013)

Tab3tl®Peri dynamic parameters in diffe
. P @ , q
2D o -1 c A Q =5
G ‘ “Q Q
. P L’ . PO , w
3D o - — W — Q —
q Y - I

i n waishthe Dbul ki moduhlewasTab3dkpt asi. des t h
cal cul ati on obandes hadgk nmoolddufilifuess e n t di men

Tab328ul k modul us and shear modul us ir
O (@)
2D N ——— R
(SN Y cP
(0] (@)
3D N — R
cp (¢ cp
| t i s notewodimgnshabhal foal ¢wlbati’ons whe

pfo,t her bk diaasnd f odri nmehnrseieo n a lwh&al pdtutl reeg ri e n s

hals —Under these specific condiikeommnmes th
zer o, causinqs—g—s—h%dﬁg—.ss—t—orﬁe)rnmSB.mO)and
Eq3123to vani sh.

Furthermore, substinwoi nget pesiedyrfamiers p
Tab3le thetférat o hed s ek qld)atnedr(@lghfe c o me s
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equi val entdgtioietn{B)badt{&).As a result, the
stdtased for mul at i ebna sreedd ufcoersmutloa ttihoen bfoonrd t
of Poi s qPoonidsss aomabpifcomat 2D, pARor . 3D)

3. D2FNRAYI®BIEBASERI GSNAREYI YAOX

Tlef ordeen vyietcgy ®st riction is f-ardheabyesadhated
formul ation, wherein the directions of tfF
once the force direction is no |l onger cc
necessarytty expluire conservatdcomdiotfi amgtu
automatically sidtaisefdi eachdi nbrddt@ rpleaos ddy th &
Ther etfhocer ef,ol | owi ng cOMadeéenoin aaud t Other meg ,

(@2 « Jll oD o QO TU (313

Wi t hi n -drhdei nmebmpms sd af er mul ati g mpoet We forc
acting on wm@aaerbael dpoently expressed usi
CCMIhis approach allows the integration o
into the peri dwWaamncif aamdge Worek kus, 2013)

For example, twmegdicratgssdaperi dynami cs m
to the -Kiirshhdfifollpa¢§ dadeneinsamd Oter kus,

Jll ofDe o0 (0w o(fﬂ-ﬁ o o (319
whelies the shape tensor, defined as

L ODOe oO0L0e o5 Lo o0 (313
Herode, o0 s the influence state, character

bet ween matdareinalt esoitrhtes dyadi,@an#®» odQ@ict of
i's the p,oosddsomi lsitrag et he rel ative positioa

a particular bond
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The fi#«KstcRhof & |sitnr eBshs)ctaensher det er mi ned
deformation ggamdi eht bsKobsabhofifolfpds ess

foll ows

Fo9 (316

The secokidr chhiholfd H$ttraessbet ecraslocrul ated fr

Lagrange gsrbyaMardetnensamnmd Oterkus, 2013)

{ _ofk<r (317

wheraen‘darLeam® constants, related tooloungo
is tracekieperdeetnitangdg tmbid aGrRaage sggirsai n t
comput(eMhdaeanci and Oterkus, 2013)

] (319

q
al o)

To incor phasade mtMer i al model s into perid
the stress and strain componentsscalen per
def iakehdenci and Oterkus, 2013)

ODOe oOloe o5 Loe O (319
L D0 o0L0e o LOo O
where tliwe o®eernmnt es the position state in
Alt houghdinoabysesd aperi dynamics all ows t he
materi al model s, typical parened gy dmea e
i nstapGui ¢t ealTo o02v0elr8c)ome t hi s, the stabi
Sil(eaygd3) empl oyed, whereby a stabilisati

formu( Madenci and Oterkus, 2013)

Jefboe e 0Oe eOL o o 00 % oo (320
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wh e'Oies

1

a

positiaies

ct ohnes t baonnt d,

cadhifl8.6 Jaamtd a s

g

Eq37)f or dtivme nsi onadi memditomaeée st rraatdur es,

i s

The
2013)

33Peri dynamic

Whil e
me c h a
di ffe
Oper a
repr e
seco
be

n

ca

whedesmepresent s
t.heTherpa@ogmtk rd K 'Q K 'Q K ar e

wi t hi

peri dynamic

gi ven

defor pmt @ m (BRI e

2o

t he

ni cs

renti al
( PDDO)

sentation

tor

by

(321

ODoe oD

d e f(iMaedde nacd an

o0 e O 3 e (323

Differenti al Operator
peridynamic

ng

t heory

us i integr al equations

has

of any order

d

t o

Ot

o fT hpea rftiiraslt

i ntroduced

oV

e g unactinioccredn. ¢ eBputi,| dtihneg Poenr itdhyi nsa
Madencecetwminkipl phapdé

dai

d order partialQe dibhfwibe mensi ahwman tl o ma
|l cul ated using PDDO as
I'PT Q rp (323
rr T
I I '
ll,P T (b Il,:: |:|Jl£2 K I:IJ
(rfw (v ° K * X3 K.:p @
' Qe I'Y I’v Kre
U'P———I'r r'Q K
|’|’T“ I'r
F Qe
Wl o
the volume associ ateed wi't

n

functions.
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Herke,oe o ' m ,mis the relatbhetewp®dnsimatoar iva
eand its fami bagvi mAt ar IMawi thlor nz ® n

. 0 (329
wheraendrepresent the pKwj ebspeomancdaix etshe v
anghg areubhhe vectbescoordinate directions

Peri dymnanitd €£nQ K, Q K, Q Kan® Kin (Eh3,ar e
constructed to satiGcGMgdendihogthaal emp2® EG

peridynamic integr al operator codilheectly
orthogonal foy peopeéey haarsEci ieamnt hieoec® mpact
as (Madenci et al., 2016)

P . ~ (3295

whe®e Kis the peridynamic ftunplrtdi oplti sp t o
the order of differemndastitbe Krhhecadepedt

pi§ 0, ot her wi)s.e

Eq(329can al so be writt(eMadenncain eetx palli.c,i t2 Of

e 2 P L | LI ] LI ] l,h}Q K I’I Np Tt Tt Tt T[I’I ( 3'2 6
o, y y . y |:|I iQ K |:| ’ U ¢ T T -

| ,I , o o ., ., |,|I IIQ K I:'Q & T T p m T

11 il '! 1 I 2

Ill ’ ’ 1 1 1 1 1 1 1 |,|| p K |’| T[ T[ T[ p T[IL’J’

U, o o o L, W KO Ut T ™ 11 ¢

i n which the superscript on relative pos
of an,d.

Each peridyfamKkciEgBaédatom given materi al
constrouMaddnas et al ., 2016)
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(3.2 7
Q K w 1 Ks,

in whiamhe the coeffi cijaeiKsi s oabweidghter mu

that describes the | evel of nonl ocal i nt
The weight function typically decays wit
study he wei gchhto safgudhacdteinocni iest al ., 2016)
R (329
1T Qwn
The unknownowcoaef(Bhgdaemtse arranged in mat
PR B B B N (329
O B ¢ T OV N ¢ B VB
1P, . . “ o 1P
"0 w w w W ryp
v O 0 9 ®w o
By substituting these coefficients into

Q in (Bt he explicit foceme bep tepsesente:t

(330
Q K w 1 K, ,
W] Ks,, O] K,, D] Ks,,
(I)—| 3<§11 (I)—| g@’i
Q K w 1 K
W] K, , O] K3, w01l K,
d)—| g<§11 (I)-| 3<§::
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Al ternatively,

QK. 6
rFQ Krr o kD
e, e,
rQ Ky 7@
rQ Ko Ur®

To det er mi

condi E8aQgriensul ting

Her=d,s t he

= 1K

E: € € Es &=

ne

€: & & E: &=

01l K, , wl K, .,
w1l Ks, ,

(I)-| 3<§ ) (L)—| %a ]
w1 Ks, ,

d’)-| $<§1 ] (L)-| g<§1 )
(I)-| 3@: ’

these canakbe
d) d) |°|J|’|;| g@’ Yo
W W ey Ks, , v
(i) w INI’I\—IL R v
w W ek KS, o, 0w
) W oW Ks, , O

concisely

(331

Wr i

theobvunkbewnBEg3Beh it oi emtt Hogo

i n
shape matri x
r,‘” . | H | |
o, s , y
11
i’ v ! T
I1I1 LI ) ) .
l.'l’ LA | L | . |

=|=is theunknown coefficients matriwith

a

l i near

wi t h

>

ol
>

y 11

, |’|’Q (’E

>
LA |

system

(3.3 2

(3.3 3

28



and

ASs

a

€ & &

€ & & &t Es
€ & & &t Es
€ & & &t Es

mgi tsr ipxr esented as

p

(a4

|t
1
1T
It
Urt

Moo
p T T T T,
m ¢ T T T
T T p T T
T T T p TO
nnmnncY

r enknown coefficients matrixk, ¢ a

+ =1

>
|
>
1
>
1

>
1

: Ex
v

n

(3.3 9

(335

be obtained

(33 9

Ther effeorriedynami@ d atmhcéie oosnst r bBg B3l

ConsequbetilyaQe canobe

Tel i nearf rsoym8EGrcan be

Wh e

n

t he

obt ai(dzed

sol ved

either

by

usi ng

through E

anal )

nei ghbouwaeohmmaterimlapoiete ara distripued nt s

symmetrically within the horizon, and the weight function frep( 3.2 8 is used,

analytical integration oEq( 3.3 3 leads to a closefbrm expression for the shape

matrix

) v Q¢

1
1
1
1
1
1
1
1
1)
u

s

1

LD

Accordingly,

as

po Q"

T 1
T 1
1 v Q*
o8 n
1 pao Q
" LD
T 1

g

po Q“n

(VG

(3.3 7

t h e=|=iusn k on lmtwan | aoeed fyftii B tsso | v i
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n’L‘“ n n n n ¥ (3.3 8
i v Q Iyl
1 o P WQ o - o Q |:|
' 1 poQ* T poQr
1 cQ 1
+ ] m T[ I v Q" n n i
] ' Iyl
1 1 T 1 & 1L 1
1 1 po Q 2
§] - o0 - - p WRQ iy
u 1 po Q" 1 pc QU

Substituting these coefficients, the analytical forms of the peridynamic funesions
presented as

e %AEUU (339
¢ ) F:)028(,&/\ SQUU 1 2?1&/\ SQUU

C ] OUAA /\A = s

¢ % 2 s
¢ %Aﬁuu %Aﬁuu

For gensgymmetnoba distributions or compl e
determined numerically. The detailed numé
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Chaptlervedstof®artii daznePer n dy nami c s

4. Lntroducti on

The acobrgeceyidynami ggosemounéat ibynst wo key
parameter s: the discretisation size and,
defines the spatial extent of Thioal oltail c e
of horizon size not only affects the fid
i mplications foThdtompadmtsional selosdcti on
recommendati on associ-basddwpe{Sidymeangr ¢aynic
Askari,, whOiO5h suggests setting the horizo
spacing. While this rule of thumb has beece
bormdhsedr mul awihos e formul at maheriingplos s 0 [C

constraints, such as a fixed Poissonds r ¢

Wi th the develdaospente nge roifdysntaamiec s-pr dionhar por
formul ations, the mathémMadieoal anhduoOt er &
These generalised framewor ksbaowved caoper d dc
permitting a broader range ofsanadetrii@an o
horizon sha®ed opebiochynami c-easedhafar mal atdi
not full yThe deeirfsfteoroednt nature of the i nt ¢
i n Hteadt eperi dynamics may require differer

opti mal horizon size.

This chapter addresses this gap by systen
size +ibmaskdnd orhdasnead,y-osmtidahmetbtys sd aper i dyna

A rangeand -dthwoeasi onal benchmar k prdobl ems
dynamic cases, are examined to evaluate I
and computational efficiency. The aim is
t he hori zon si ze i n di fferent peridynar
rellitatby and predictive capability of per
structural engineering.

42Numerlimpéle menafRe¢rniochynami c Formul ations
This section presents the numeri cal proc

t he peridynamic model s. The approach ac
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probl ems anbdasedegr erbbaosnedd ,y-ostica hrahys sd at e

formul ati ons. Key aspects include the sp
numerical integration of the peridynamic
codniti ons, and the incorporation of corre
at boundaries and interfaces.

nad{y LI IS IANF a2y

I n numeri cal i mpl ementati on, the solutio
materi al points, each representing a fin
The spatial di scretisation forms the ba:
material point interacts nonlocally with
radius.

As i | | usktirgalt mdt eirni aQ®atpolioeadtniter act s wi t

nei ghbourGngl peovahndissen centres fallj.within

Ax
¥
Ax g
o et
JEAC 7R
A OO
blo|o g 019
\Je oo e [o]/
\‘{_!_,?-‘
-
Fi 4INumerical discretisation of the si mul
The peridynamic equation of moti on, or i
Eq32), i s approximated numerically by sum

member s withasn t he hori zon

(4.1)
"0 « <o
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whewetshe force density veeltwpop«t laet seoinp mad

forcandenotes the numlge madfewn @ihg ipod ime shor

of mateRi al point

To reduce numeri cianl (Bgnt egwat icomrect ooas

i ntroduced: a volume correction factor al

4.2.1.1 Volume Correction

For neighbours near the edge of the horiz
within the horizon. The volume correcti o
( Madenci and Oterkus, 2013)

1 1 o o (4.2)
Ci

i n whniddls defi ned as

78 (43)

l —_—

C

wheVYei s dihsecretThins s¢ arer ectei con applies i

ot herowi spe,

4. 2StrRace Correction

Fomat epoiaht s at or near boundari es, hor
i ncompl ete nonflfocalddreser adtiisgnsa i sur f ac
thereforeheapmpddegslsity and magnitude of t
presence of free surfaces, which is det el

The correction is typically computed nume
the strain energy density at each mater.i

comparing these results with those from

Firsa fictitious uni ax#H &la-dsdtrreecttci ho niss baepf pol
integrationi.pd@hiedynamatat heamp wo(eMia deesn c i
and Oter kus, 2013)
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(44)

wheire s the stretch & ahndeelnh emapliersa ngel tvepro i oy
Tab3leThe correspoinmi d@Mdielrant amteido m s

— , (45)

whe,y ei s atplpdnioe ana li ns ttrhaegy mxd d r e cwti i ol R,3.

Consequesnutrityac etect i on @ ial & osaotmpount etde rans

— (46)

Nowhdei | at et BogB8hQand.(FEdhas cowiragdBye.d

The strain energy debhsesmndyc s situsretdhaes oocnodr
formul(ae&d3and (HJopar ameitnert he o fdisreary s
for mu(saete(3dEa n d.(3Ed). Tshuirsf ac e fcaccrtroec tiisort o my

as

0 (4.7)

Herme , i s stthreain eniepgyi demamit.go f damewesk

the strainienedgaCgWiardieenssidtyber di mgnsoonal i

probl em. Il ts general form can be written
& th (48)

wh e@eentdr epresents the sveldas.saandhel tf @airce |
i dandin (El)i sorrecaeddbyf.odri | avaBgaemf or
peridynami.dhdaraemeadeas i s corrected via v

fact o(42).6oiksgequemtulayt,i otni o f(Elho $ i oaef or med
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(4.9)
"0 4 40 o 4

nah A WS SANIF a2y
4.2.1 Dynamic Probl ems

For dynamic simulations, either implicit
empl oyed. While implicit schemes are wunc
steps, they involve solving | arge system
computationall g tkbmandcitudg.y, an explicit

(Madenci andi Otedéapsed204daB8)i ts simplicity
The explicit approach updates the displa
only information from the previous steps

systems of equations.
Given the acceleratione¢forformr4®Eag.theer ivaell omxa it

and di splacementé ptanhbdenast cuil m¢ eslt ep

o o Yo o (41 Q

and
O O Yo ¢ (411

wheX¥oes the time step size.

It should be noted that explicit scheme
numer i cal stability, the time step must
determined by von Ne(ltmpnomust amidMédPd enrdeaim a |
and Oterkus, 2013)

o " (41 2
In: QT B s.l p P p o (JL) -[(I)T .I’I
B ' Ro) ﬁ[ = . 0
¥ . * °En
y oou ¥y
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4 ..2SRRarobl Bms

Static analyses require the system to rea
and veloci®Owiesg are@ ke ononl ocal nature a
directly solving for static egq.Hielriehr itthm
Adaptive Dynamic Rel ax @xtnidoenr woAMR) i1lMsatdmad
Madenci,, i2n01whi ch the equations dafi moti o
domain with artificigaladiuméndtyi d eardd nda mphie

equilibrium.
The ADR method introduces fictitious ma
following (Rademail aanadnOterkus, 2013)

ﬁé% Mf%ﬁﬂf%&&& (413

whefiebi ctitious di,aig®ntahe mda mp imalghrec aveefcftioc
Langrepresent the initial positions and

respeatnidharge, expressed as

L1 e e e B he (41 9
and
# CeM e e MM o I (419
wi Dhlenoting the total number of materi al
The vieccotnosri st s of peridynamic interaction

ith component can be expressed as

(416
3 4§ 40 o 4
By applyingifhereremarakplicit i ntegrati
di spl acement of each material pOMademdi tF

and Oterkus, 2013)
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. (417

¢ O Yo
and
.. - (418
+ T 1Yr
wheYoes the time step size and i sThteypica

damping coeébf ideitentmi ned at isaclh mpumed st
(Underwogd, 1983

T (419

wi tthis the stiffness (matdreinx, vlmidc lOties kaiisy

(42 0Q

ndano2 dzy REMRA 9 2y A

The i mposition of boundary cOQMiutei ams tihr
nonl ocal nature of the formulation. | nst
nodes or along boundari esmetadhndiss pteandagn

enf orces boundary conditions over finite

4 .. BDilspl acement Constraints

Di spl acement boundary conditions are i mpl
of material points | ocated wit h(iMadaenfciict i
and OterkKlws,ach0®r&)e thi ¥, &aretintooducedi
the physical boundar(iseese 48)fT hteh e¢ hd cwlkwnteisasn ¢

region is typically((9et to twice the hor.i
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Fi 42Appl i cation of displacement constrai

fictiti(oMasderrecgii oannd. Ot er ku

S,

2016

LeV,w, amddenote the prescri-pey adiidsy mlcd d emesr

respectiThel yi spl acement of a materi al
def ioredx fdag Maxdemmi and Oterkus, 2016)

6 o Yo (Y ddam Yo o ahufom (429

f oor di raesct i on

0 ool Yo ¢ ddam Yo O ahufom (429

andzf di raesct i on

0 oo Yo Y ST Yo 0 dohim (423

whed &, anddenotde stph eaccfe meantter i al points

po

Wi

regiwhmgl epanddenotes themaber i alno pdhjemag € nt

1

position in the physical domai n. By re
fictitious region, the desired boundary

4 .. BTr2a cBoiucmmdGomy i t i ons

Traction boundary conditions are i mpl eme
materi al points within the fictitious r e

iI's reproduced Matd etnlte @ounTddaaeyekcys ,i ¢4 a1l 6e)x |
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for these i mposed di splacements depends

the orientation of the boundary nor mal

(x,y")

b 1
_+ }  —
(x.v)

d d

- ele——e

b
‘ (x,y7)
|
| R S R,
L

Fi 43Application of traction boundary con
vect odi riencka d@anci and. Oterkus, 201

For -dtiwvoensi onal probl ems, consideri-ng a [
direction, the displacement sfomwix hdany ¢ titei d
(Madenci and Oterkus, 2016)

0 i Yo (429

(r) \I" rl"\

andrfy dagection

O oo Yo (423
¢cp ', O Odw
[ ] [ ]
O W W
l\)\l"rl"\
whejfr‘eang ar e appl iredr neatlr esrscest angent t o

respedtisvé&byng, samedBbiussonbdés ratio

For -dthmeesi onal probl ems, the methodol og

conditions wusing fictitious regions is r
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possesses a uiitremadarnmal, itmet e sl acement

thaelixection as

6 oo Yo (4.2 §
P PP ¢
p ’ 0O
oaw U oo
W
0 ol 0 o
' ; - e o (O wuo
a a
for y dasection
0 oo Yo (4279
¢p ', odmml o6dwh
[ ] [ J
O W W
l\)\lvllv\
andrfz dasrection
0 o Yo (429
Cp 'L L ocdmid 6 o
[ ] [ J
O a a
Lr)\lvrlvx
Note that this procedure is only valid i/

43Numerlimcwadstsi gati on
nNOOBmSGSNYAY a2y 2F | 2NRAT 2y {ATS

The hori zon si ze i s a decisive numeri ca
determines the extent of nonl oc al i nter a
of uni form discretisation, each point [

cirrcu(lar 2®&pherical (in 3D) re€gi dhedehione
off directly affects t he accuracy and co
simulation. I f the horizon is chosen too

which |imits the model's ability to capt:
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poi nt interacts only with its near est r
captured). Conversely, a | arger hori zon
proportionate gains in accuracy.

A commonly adopted gui del tbraes,e do rpiegii ™a/Inlaym
t o sel ect t he hori zon size] aw)t.hrdai g i
recommendati on ensures that each point r
supporting reliable approximation of bot!
the emergence of-banscerde pgeern edryanla ms catfeor mu |
reqesexraemi nati on. Mor eover, it i s 1T mporte
are robust for both static and-adydn anirc el c

di mensi onal structures.

This section systematically investigates

uni form discretisation simulatiomasedanal)

ordi nabpsed.,atoarndd nmebmsesd aperi dynami cs. B
si mpéechmar k geometries and | oading condi
dynamic scenari os, this investigation ai
selection that balance computational ef fi

pernadnyi ¢ predictions are compared with I

equi valent settings.

FEMIiIi mul ati ons were ftarr vedi foiud atiinonANSFIS;
(f emworde quadril at er akd)i meenrse oennapl | oryoedde | fso r w
el ementmnsodleeihgehtahedr al )diweernes i wsnead fcoars etsh

configuration was gener at efd tthoe npaetrcihdyin

di scretisation, and identical materi al
modul us, Poissonds ratio, and density as
anal yses, twastkmptstepssbtent with the
nabat AN a2y 2F | tfFGS

I n the first simulation case,Fitddewi dipnami
di men$i onpli and thimg&nesssi nvestigated. T
composed of a |linear elastic and Ohomogen

¢nmOoédnd densguEy .Vi bration is initiated &
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uni axi al strain of 0.00hei hefheedgei ndntt
constrained using a fictitiods ersghgoasn, w
i Ri 45

Uniform discretisation @& médoptEad,h wiatt e r .

poi nt interacts with its nrnMejghwlhowhs i wi tvl
systematically to assess its influence o]
The dynamic analysis is performed using

time steppmsseeceonmds .

&0 = 0.001

Fi44Square plate subjected to initial

26 L

Fi 45Di scretisation of the square
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4.2. 1-bBcred Peri dynamics
The analysis blegsead woRilwd &deii fofoenrdd nt hor i
¢ wd pltlohiv)are investigated. Goasnegd tfoo rtnhuel an

for-dtiwensi onalPsitgysuacnt duarter@a.i o i s fixed

A monitoringm@Poi2nit, adi tlamRt55f rom boundar.i
horizont al and VvEehei calmedihs st @ac e mesntosf. b
vertical displacements at thisRpesuhtsanee

compared with FEM solutions.

As howhi ¢46a nkli 47,a chgseement between perid)
i's obséer oep@nbomep ndicating these as opti

based f or mhdynamins Jwmas&i prlat eon

0.001 6=1Ax 6=2Ax
0.0008 6=3Ax 6=4Ax
EO.OODB 6=5Ax = = = ANSYS
£ 0.0004
(]
£ 0.0002
o
@
o 0
2
w-0.0002
=
2-0.0004
5
L-0.0006
0.0008
0.001
0 0.0001 0.0002 0.0003 0.0004
Time (s)
Fi¢4g6Vari ation of horizont al di spl acement
m, O.nM)byp usi-bgsbédnderi dynamics.
0.00015 6=1Ax 6=24Ax
6=3Ax 6=4Ax
__ 0.0001
£ 6=5Ax = = = ANSYS
£
@
£ 0.00005
g
3]
a
wy
© 0
g
5
>—0.00005
-0.0001
0 0.0001 0.0002 0.0003 0.0004
Time (s)
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Fi 4g7Vari ation of wvertical di spl acement o
m, 0.n2)5 5wi thly tuismdgsednBeri dynamics

4 .23. 2 Or di-maagegd SRartiedynami cs

For the obdbeerpdryostmatati on, the restrict
here,m&® vi s used to avoid t he f orbreuslead i on
peridynamics as exflha&i mednei m asiget iodn hd.r:

monitoring point are adopted.

Fi 48anki 49compare therpdriiwdymantshe FEM. As

whil e horizont al di spl acements are captu
di spl acementb spiese dmaedite dwmmindhtowowFor smal l er
horijzopuwsoua nld ¢ww, the model fails to accur

di spl acement response.

0.001 6=1Ax 6=24Ax
0.0008 6=3Ax 6=4Ax
— 0.0006
E 6=5Ax = = = ANSYS
‘€ 0.0004
[«F]
50.0002
o
<
-3 0
k-
w-0.0002
s
R-0.0004
5
T-0.0006
0.0008
0.001
0 0.0001 0.0002 0.0003 0.0004
Time (s)
Fi 48Vari ation of horizontal displacement

m, O.nBY usi ng obradsi enda rpye rsitdaytneami cs.
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0.0001

6=1Ax

6=2Ax

0.00008 5=3Ax

6=4Ax

= = = ANSYS

0.00002

Vertical dis

-0.00004
-0.00006

-0.00008

0 0.0001 0.0002 0.0003 0.0004
Time (s)

Fi 49Vari ation of wvertical displacement o
m, 0.n2)5 5wi thly tuismer g obradsi enda rpye rsitdaytnea mi c s

4.2. 20Ndinna-bgs&tdaPeri dynamics
The -amrochi nabgsesd adaeal ysi s " uUupAsSP bief voreds fi
horizon sizes are consideredAs apmde s diret s

Fi4l@nki 4L8better agreement with FEM is f

1 pwwand W, wi t h increasing horizon si
i mprovement and, in some cases, reducing
0.001 6=1Ax 6=2Ax
0.0008 6=3Ax 5=4Ax
EO.OOOS 6=5Ax = = = ANSYS
‘£ 0.0004
§ 0.0002
Z o
%70.0002
_§fo.ooo4
5
T-0.0006
0.0008
0.001
0 0.0001 0.0002 0.0003 0.0004
Time (s)
Fi4glOWariation of horizontal displacement

m, O.nmibBy usirorgdimoarb g setdaperi dynami cs.
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0.00015 6=1Ax 6=24x
6=3Ax 6=4Ax
0.0001
B 6=5Ax = = = ANSYS
k=
(]
£ 0.00005
ot
s
o
vy
S 0
8
E
-0.00005

-0.0001
0 0.0001

Fi4glNMariation
m, 0.n2)5 5wi thly

of

0.0002
Time (s)

ndoa £ FGS ! YRSNI ¢Syaazy

| met secondheasguare pl

vert.i
tuismergd imoar gsetaperi dynami c:

0.0003 0.0004

cal di spl acement o

ate described previ

| oadi ng, with @a° pgremsOcarpipbleide ds ttroe stsh eo fr i g h't

i Fi 41 2The | oadi

remain as specified in

y

ng is Iimplemented via a fi
(Fi 413 foll owing

the methodollTagy sdtedatdey n e d
solution is obtained using theUrRdampwo ovcat,
1983; Kilic andAIMadgeaacmet r2i0l,0)di screti sat

w x —

L

Fi4glBquare

pl at e

the plate vibrati:

o* =200 x 10%pa

subjected to uniaxi
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Fi4l13Pi scretisation of the square

4 .33BonlasPeedr i dynami cs
For the wuniaxi al -btasredi ofnorprud lmltem,n b oendf i
horizont al and vertical di spl acements al

various horizon sizes and compared to FEI

As shdwdl damki 415 he cl osest agreement wit
hori zoh @inwZesiww, Januow. For smal l er hor
di screpancies arise i n Tbhoetshe driesspullatcse meamr
findings from theraldymiamnice vimddiadti@nhor i z
four times tolpe igmwaild yspadiamgles acltasaady a

simul.ati ons

0.0012 5=1Ax 5=2Ax
6=3Ax 6=4Ax
__0.001
£ 5=5Ax = = = ANSYS
& 0.0008
£
3
o
2 0.0006
2
=
§ 0.0004
5
T
0.0002
0
-0.5 0.3 -0.1 0.1 0.3 0.5

x coordinate (m)

Fi ¢l Hor i zoinstpallacement al ongba(sxed y=0) b
peridynamics.
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0.0002 6=1Ax 6=24Ax

6=3Ax

0.00015 6=44x

0.0001 6=5Ax = = = ANSYS

0.00005

placement (m)

0

-0.00005

Vertical dis

-0.0001
-0.00015

-0.0002
-0.5 -0.3 -0.1 0.1 0.3 0.5
y coordinate (m)

Fi4¢lSertical displacement-baskedgpéxirOynagin
4 .330rdi BaattyesPedi dynami cs

The or di-maaged sftartmeul at.i cAs isshiodpnGmkhiag pl i e c
417 the simulation resul tijs apejv emwl tahnadt h ¢
1 vwoo f fae r b eatgtreere me n't with tme cbBMr aeotl utis
horifzopwswanid cwwdo not sufficiently captu
di spl acement field, which is consistent

(vibration) case.

0.0012 5=1Ax 5=2Ax
6=3Ax &5=4Ax
0.001
E 5=5Ax = = = ANSYS
@ 0.0008
£
Q
(]
@
S 0.0006
2
=
§ 0.0004
S
u
0.0002

-0.5 -0.3 -0.1 0.1 03 0.5
x coordinate (m)

Fi4l@or i zdoinstpallacement al ong (x-pagp=ed) by
peridynamics.
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0.00015 &=1Ax 5=2Ax
6=3Ax 6=4Ax
0.0001
— 5=5Ax = = = ANSYS
E
£ 0.00005
(]
£
3
(3]
° 0
wy
2
_gfo.oooos
2
-0.0001
-0.00015
0.5 0.3 0.1 0.1 0.3 0.5

y coordinate (m)

Fi#4lNMertical displacement al ebnagsedxk =0, vy
peridynamics.

4 .33Bovrmr diSh ah gsPeedr i dynami cs

Finall ypr dihea-lngposnsed aperi dynamic model i s
previously in the vibration case, this f
FEM solutions for aFil4lt@erskiiefd PHowezven, si 1z
best agreement i s obseryvempwowd mid c¢bhe s ma
suggesting that smal |l er horizons suffi ce
Larger hoowumeos vbw) al so yield reliable
match i s observed at the | ower end of t hi

0.0012 6=1Ax 6=2Ax

5=3Ax 6=4Ax

__ 0.001

E 6=5Ax = = = ANSYS

%.0.0008

5

%0.0006

%0.0004

0.0002

-0.5 -0.3 -0.1 0.1 0.3 0.5
x coordinate (m)

Fi 418or i zaoinstpallacement al ongrdxkxnabhbgdstdaiyed
peridynamics.
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0.0002 6=1Ax 6=2Ax

6=3Ax &6=4Ax

0.00015

0.0001 6=5Ax = = = ANSYS

0.00005

placement (m)

0

-0.00005

Vertical dis

-0.0001

-0.00015

-0.0002
-0.5 -0.3 -0.1 0.1 0.3 0.5
y coordinate (m)

Fi41%ertical di spl acementoradlionnagh g(sxe=tla,t ey )
peridynamics.

ndaem +A0ONl a2y 2F | [/ dzoAO . f20]

The third benchmark investi-giamessitdraldyani
bl ock subjected t Asrempirfecrem f&iisée met oshkht ha
di mengi©®nd ™I and is initially | o@dted wit

i n hori zonTthael Ildeifrtecftacoen i s fully gcomastrai
showhi 42 1lwhil e all remaidiir@def dd o< kanes tmo
as a |linear, el astic, homog®nemmukdnmat er i

densgi KxywuEl .Poi ssond6s ratio ossteaken mas ad .

and -onrodni nalbhys sd ag ieamud alt/i 3o nfso,fb acsreddi rsd rmy | satt a

Nmm e

Fi 420 hrckiemensi onal bl ock subjected to ir
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Fi42Di scretisation of the bl ock
For computational efficiency, the domain
Ww TBITL, resulting i n aermompunmaatte roinaall pnoeis
Explicit time integrapipmsTlse uesfefde onvi t df at
Size is systemati cdlalsy aenv alnueetged bmul e x prl

4.3 . 1-bBcred Peri dynamics

I n theadbeddsi mul ation, the responst at a
(Bt XumBtx vttt x xiv ) s monTher éddstories of th
transverse, and vert (Fiagj2 26lii 42p3 reed fthP nt c o |
demonstrate thaljt ocaoyh ®@hiddeatgtreereznee ndf wi t h

reference results.

0.0003 — 6=1Ax — 6=2Ax — 6=3Ax
— 6=4Ax —— 6=5Ax — — — ANSYS
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Time (s)
Fi422ariation of horizontal displacemen

( 07.7ra, 07078, 0707.8) wi tbly tuismdéagseéodnpderi dynami
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0.00003 — 6=1Ax — 86=2Ax — 6=3Ax
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Time (s)

Fi423/ari ation of transverse displacemen
( 07.7r, 07078, 070718) wi thly tuismédgsédnpderi dynami
0.00003 — 6=14Ax — 6=2Ax —56=3Ax

— — —ANSYS
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0.00001
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-0.00002
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Vertica

-0.00004

-0.00005
0 0.0001 0.0002 0.0003 0.0004 0.0005
Time (s)

Fi4g2a«ariation of vertical displ a@é&gment o
m, 0707./8, 0707/8) wi tbly tuismdéagsednpgeri dynami c ¢

It is notedmebbhraesassthdi screpancies bet
resultsThingreaasemul ati on of error over t
rel atively coraergsuei rdeids ctroe tkieseapt itolne comput &
three di mensions. W th fewer materi al po
and affect the | atAhs sucacigieme aod!| yhihlea tsii amu | r:

more reliable for determining the opti mal

I n compari son, this 1 sdsumeniss olhhas$s cpseBso:

meshes can be used. Overall, f-basaddD dy
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for mul aga iboonr I zwonw oinz ¢ naufes t o offer a good

accuracy and computational <cost.

4 ..3. 2 OSt &b ®sPeegir i dynami cs

The ordi ihbarsyd stpaetre dynami c formul ati on
Di spl acement histories at the moniithori ng
Fi423 6i 427 The results indicate that a be
achievVvedwdWhri |l e ot her horizon sizes can a
t he opacase consi stéokdy hs Hoows btoteh t he amp

of the displacement histories.

As i n dblaselocwcadse, the error relative to F
reflecting the influence of t he coarser
f i ndsiungggsdhet r e c o mme nodebtoirom cacfur ate and ef fi

with ordhasey permateynami cs.

0.0003 — 5=1Ax 5=2x —— 6=3Ax
—— 5=4Ax —— 5=5Ax - = = ANSYS
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$0.0001
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.§o.ooo1

=
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-0.0002

-0.0003

0 0.0001 0.0002 0.0003 0.0004 0.0005
Time (s)

Fig25ariation of horizontal displacemen

( 07.7r, 07078, 0707.8) wi tbly tuismeng oebradsiendary st a
peridynamics.
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0.00003 —&6=1Ax — 8=2Ax — 6=3Ax
0.00002
0.00001

0

isplacement (m)

0.00001

-0.00002

-0.00003

Transverse D

-0.00004

-0.00005
0 0.0001 0.0002 0.0003 0.0004 0.0005
Time (s)

Fi4¢26/ari ation of transverse displacemen
( 07. 7, 07078, 0707.8) wi tbly tuismeng oebradsiendary st a
peridynamics.

0.00003 —5=31x
- = - ANSYS

0.00002

m
o
o
=]
S
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=

o

0.00001

| Displacement (m)

-0.00002

Vertica

-0.00003

-0.00004
-0.00005
0 0.0001 0.0002 0.0003 0.0004 0.0005

Time (s)

Fi 42 NVariation of vertical displ a@é&gment o
m, 07078, 0707/8) wi tbly tuismer g oebradsi enda rpye rsitdayt nea mi

4 .3 . 30 NobinSt &t ggsPeedr i dynami cs

For tioe dnopabgsesd afer mul ati on, di spl ace me
horizontal, transverse, and vertical com
Fi 438Fi 4¢3 % nidi 440 The results indicate tha
provide reasonably agreement with the re
amplitude and phase of the dynamic respol
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0.0003

—6=2Ax 6=3Ax

5=4Ax

6=5Ax == =ANSYS

__0.0002

0.0001

0.0001

Horizgntal Displacement (m

-0.0002
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0 0.0001 0.0002 0.0003 0.0004 0.0005

Time (s)
Fig28ariation of horizontal displacemen
( 07.7rd, 0707/, 0707.8) wi tbly tuisrrmrgd imoarb g setlat e
peridynamics.
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isplacement (m)
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Transverse D

-0.00004

-0.00005
0 0.0001 0.0002 0.0003 0.0004 0.0005
Time (s)

Fi4g2%ariation of transverse displacemen
( 07. 78, 07078, 0707.8) wi tbly tuisrrergd imoarb gsetat e
peridynamics.
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Time (s)

Fi g3 Wariation of wvertical displ a@&ment o
m, 07078, 0707/8) wi tbly tuismerglimoarb g setdaperi dynan

ndps dzo. h DIGIRENIA A 2 Y

For the static @mnaeynsi ®onatt héd | Daxrke gtelome e r
and uniform discretisation adopteldi gn t he
431t he block is subjected tomnm0 Aimp laixd dal att
the riDhe lfaaxzeking i s i mplemented through

of the right face, following the procedu
Fi432The | eft face of the block is fully
t r aetriecen T-heatsed enadgponse i s obtained us

Rel axatiohUnecemhwoagd,e 1983; Ki lwict hanad tM antee
s i Yoels.

—» 0" =200x10%%a

\w‘——————-N
|
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Fi 43Di scretisation of the bl ock
4 53 BonlasPeedri dynami cs
The effect of horizon size on the 4displa
based formulation. The horizontal, trans:
along the respective central axes Mf the

reference solutions

As shoavwmmn ¢33 &-i ¢35t he peridynamic predict

agreement with the FEM results for all d
size is greatc¢ew n hamwmntorrastq,uatthég& opan@l | est
fails to capture the correct displacemeni

0.00035 — 5=1Ax% 6=2Ax

0.0003 6=3Ax 6=4Ax

E 6=5Ax = — —ANSYS

£0.00025
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S 0.0002
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S0.00015

g

= 0.0001

Q

T

0.00005

0
-0.15 -0.1 -0.05 0 0.05 0.1 0.15
x coordinate (m)

Fi433Hori zontal displacement variations ¢

based peridynamics
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6=1Ax

0.00005 &=2Ax

0.00004 6=3Ax

6=4Ax

—= 0.00003

6=5Ax = = = ANSYS
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'€ 0.00002
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(=]
o
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placem

o

-0.00001

erse Dis

-0.00005
-0.15 -0.1 -0.05 0 0.05 0.1 0.15
y coordinate (m)

Fi 4344 ransverse displacement wvariations
based peridynamics.

0.00005 6=1Ax 6=24Ax
0.00004 6=3Ax 6=4Ax
__0.00003 6=5Ax == = = ANSYS

0.00002
0.00001
0

al Displacement (m

-0.00001

o
©-0.00002
o

~ .0.00003
-0.00004
-0.00005
-0.15 -0.1 -0.05 0 0.05 0.1 0.15
z coordinate (m)
Fi 435%ertical displacement vari atbiacsresd al o

peridynamics.
4 .530r di BaatyesPeedr i dynami cs
Therdinabygsesd at er mul ati on demonstbrastdas a
f or mulDatsipdm.c e ment di stributions for the
components are evalwuated along the Asentr

C

Il 1l ustr &Ftiggd®@iBmn4H43 8 otmhe peri dynamic resul ts

with FEM solutions f opwdallhle hersitz camrgieseo
observéedowwoorroborating the -diimansigen afl

simul ati ons.
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£0.00025
[}
€
3 0.0002
[14]
-
»u
©0.00015
[3]
=
[e]
S 0.0001
[e]
I
0.00005
0
-0.15 0.1 -0.05 0 0.05 0.1 0.15
x coordinate (m)
Fi43@ori zontal displacement variations a
St dtased peridynamics.
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Fi 43 Transverse displacement variations a
St dtased peridynamics.
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Fi 438ertical displacement wvariations al c

St dtased peridynamics.

4 53 Bovmr diSh ah gsPeedr i dynami cs

Finall yor dihrea-bngosnsd at er mul ati on i s assess:¢
along the central axes are computed for &
res dissthsowhi ¢39Fi 44 nki 441 al l horizon si ze
1 pwe@xhibit close agreement with the FEM
1 Ccwowprovi des an opti mal solution, accul
behaviour in all directions.
0.00035 5=1Ax 6=2Ax
85=3Ax 6=4Ax
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=3 6=5Ax = — —ANSYS
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x coordinate (m)
Fi 43Hori zont al di spl acement wvari-ations

ordinabgsettaperi dynami cs.
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Fi4g4dransverse displacement vari-ations
ordinabgsettaperi dynami cs.
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__ 000003 | &g 5=5Ax = — —ANSYS
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placemen
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al Dis
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Fi4d NVertical displacement vari aoihi dinsamy ol

st dotased peridynamics.

nod @ LI NI @S wS a dzfroil aat SRR R R 2 RIOB Y {miR (80
oFaSR t SEAR¥NKI Ta8a

To provide a direct comparison under i den
for the 2D plate in vibration’ apfdfom ten
both the eradiera rayn dsitnaatheys sd at @er mul ati ons.
mat ches t he fi xedbddd spenrbisd y rad midcassfa db o [
el astic response is ef tlenbabyeobuyravteesp raets e n

pfo; t he atseerdd curves are therefore omitted
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The comparisons are performed with the s
and with the hori zome ciefti ¢t oo ptthiemufno rindud natt
owh or or dibrasreyd dtoatma lcotiioornem ainmab s asd at e
formul ations. The same trends were obser:

comparisons are reported here for brevit)

4 .63VYi bration of a Pl ate

Fi 44 2nkEli 443 how the horizont al and vertic.
of the material point | ocated at-b@@e@d55 r
peridynaommidadisn amsgopsnsed aperi dynBmt bsfoamdl| &Ei
reproduce the FEM results closely in ter|

di spl acemedt nampwnesd aperi dynami cs provi de

agreement despite employing a smaller hol
0.001 —— 3Ax,0rdinary State-based Peridynamics
0.0008 —— 20x,Non-ordinary State-based Peridynamics
- = = ANSYS
Eo.ooos
£ 0.0004
[
§0.0002
30
2
-0.0002
_§70.ooo4
G
T-0.0006
0.0008
0.001
0 0.0001 0.0002 0.0003 0.0004
Time (s)
Fi g4 2ariation of horizontal displacement
m, 0. 255 m) at opti mum ¥barsiedo Pegii de nfaomri ¢

Noordi naBps8daPeri dynamics.
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0.00015 , — 3Ax,Ordinary State-based Peridynamics
—— 2Ax,Non-ordinary State-based Peridynamics

- - - ANSYS
_ 0.0001
E
5
£ 0.00005
g
3
° 0
5
~.0.00005
-0.0001
0 0.0001 0.0002 0.0003 0.0004
Time (s)
Fi 44 3ariation of vertical displacement
(0.255m, 0. 255m) at opti mubm sheod i RZeorni dy reaem

and -dNrochi naBps8daPeri dynami cs.

4 . 63P| ate Under Tensi on

Fi 44 Anki 44 pr esent the horizont al and vert
along the midlines of the plate under un
based per i doyrndaimm ac#sy s endoantpe@r i dynami ¢ s, an
respective optiimdm Mbonihz crassisze the perioc

goadyr eement with FEM, with nearly coinci

0.0012 ——3Ax,0rdinary State-based Peridynamics

—— 2Ax,Non-ordinary State-based Peridynamics

0.001 — — —ANSYS

0.0008
0.0006

0.0004

Horizontal Displacement (m)

0.0002

-0.50 -0.30 -0.10 0.10 0.30 0.50
x coordinate (m)

Fi¢gdHori zont al di spl acement al-bagef@x, Vy:
Peri dynamiocrsdiannadByNsoBnd aPer i dynami cs at t he
Si zes.
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0.0002

0.00015

0.0001

0.00005

0

-0.00005

Vertical Displacment (m)

-0.0001
3Ax,0rdinary State-based Peridynamics

-0.00015 2Ax,Non-ordinary State-based Peridynamics

= = = ANSYS
-0.0002

-0.5 -0.3 -0.1 0.1 0.3 0.5

y coordinate (m)

Fi44Vertical displacement al obbgsé¢d=0, vy
Peri dynamiocrsdiannadByNsoBnda Per i dynami cs at t he

Si zes.
I n summary, the choice of peridynamic fo
simplicity, flexibilitypbaaed momhput atsi @& m
and computationally most efficient, but
( pfoin 2D a®d n 3D) and the inability t.
materi al responsteass ed hfeoromulli antairo/n srt eamhcev e ¢
decoupling volumetric and deviatoric co

Poissonds ratios whi ke eneyaaridhihneagbmnos osdleartaet

formul ation provides the generality by |
bonds, all owing established constitutive
to be incorporated dfirraencetwoyr ki.n tHo wehvee rp, e rt
versatility comes at a higher computati ol

Accordinbhgedbeoepedi dynami cs ma yo{tsounicteapbt!| e
studies, -badedapgrstdgnamics for structur :
i n Poi ssonds-omditn aihy saedda topreorni dy nami ¢ s f o

i nvokeompgex materi al s.

44Chapter Summary
This chapter presented a systemati c nume

peridynamic model s, focusi ng -cam du Aihfroerem
di mensi onal structures subjected to stat
compar icsfo-bhcrd , or-dasady -amditreagbnasesd at e
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peridynamics with reference FEM solutio

formul ati oans iidna bdkheee al e d

Tab#rl&ummary of optimal horizon sizes for
2D and 3D
Peridynamic mc 2D 3D
Bonrbdased Peridy 1 oww 1 oww
Ordi natbpsetdater i 1 oww 1 oww
Noordinabgs&tdaPeri | cCcow T o

For both the 2D plate and 3D bl ob&sedses
and or di-bnaasreyd spieartiedynami cs achieve good :
when the horizon size i s] sowth.t Byt lcroemd rtaisr
noor di nabysed at @r mul ati on consistently de

stress predictions Jwictotd deemalilferedh arsi zo@nd

static and dynamic scenari os. 't was al s
beyond these opti mal values does not sig
unnecessary computational <cost.

Anot her i mportant findingdiimendieomalcr®iam
to numeri cal errors arising from coar se

Consequentilnye, reeasrploynses provide a more r
asessment i n dynami c probl ems, wher eas

di screitndslmadaadner ror s.

Il n summary, the findings of this chaptei
selection in peridynamic modelling with
applications, a horizon size of th+tree ti:
baesl and orbasedyf et mbtleati ons, whil e a v
spacing is safdimcakegpsesd @aperniohynami cs. Th
expected to contribute to more reliable

research
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Chaptlearibvati ecrorofzobu&ler i dynami cs F
5. Lntroduction

Whil e the prceivs ouwsisieddb laipnh e s for hori zon
peridynamicsdiusdrmet iogsaantyiocenmgi neeri ng prob
nouwmni form meshes to capture c oAptlheoxu gde o
uni form discretisation i s easy ftor ismprhe m
applicaas omsly certain parts of the sol ut
whil e other parts can bé&odaiing droetm e d cu it |
t her efffoeres menefits in terms of both con
fl exilbn laddgi t-iminf drom ndbinscreti sati on, t he
di fferent at different parts of the solu

time or to capture the correct physics o0f

I n this chapter, a -hnoerw zder ipveartiidoynn aanfi ¢ 8 h
pr esarstitattg -Eagereange etqhadrn @mnis Crhfld dacatsii vse n e !
oft happroach is demonstrated through nume
problems: a plate under tension and a pl &

nouwmni form meshes and variable horizon si z
5. Puabri zon PeFardmwnlaBdidoesh o#h alBula@@ge equati

The equation of mot Qah f o atai onMafeerr e rad e

configuration (cMaddrciexpmaesQtear kass, 2013)

010 10 (51)
Qor o Y
wheldeenotes the Lagrangian, defined as t|

enefYaynd the tot alYogotteret iboldyenergy

I n the peridynamic framework, the total k
mat eri als points

p

y E 6 DO (5.2)

wheories t he doermssitthe aarod ume asso®i ated wit
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The total po’tiesn tdieafli neerderagsy t he di fferenc

energy and the work done by external for

Y w > (5.3)

Whe1H—da,s the body force per unnQt volume ac
The strain,eenefrgy aeqisv &ys mhe feiMaad npDi ah o
Oterkus, 2013)

1 « « he « (5-4)

P
S 1« « FE he «

allxel

whetr andare the number of family members (
within the h®an@pes pdcotpementys,s t he posit
def or med c,o0ondnd rneibhceroonp @atr e rsti ingyl from t he
bet ween maifQan®&énemalndpsdare not equal, a
evaluated over a differenmadema&@an@éi nhs |

respectivel vy).

Subst EQ62)jEmd.3)and (549gi.nt 4518, t he equati on o
for maté&bieabmpsi nt

(5.5)

where the for e nddeanrsei tgyi vveenc tionr st er ms of 1

a¢ Madenci and Oterkus, 2013)

(5.6)

and
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(5.7)

For t Heashbeodnderi dynamic formulatiomt the
e andonlildepends on their, | @9 aadt(&an. The
simplify to

< p ] (5.8)
QT « «
and
< p 1 (5.9)
ql «
For variable horizon sizes, these force
< | EJS « « (510
C ¢« ¢«
and
<« | B(Ti « « (51)
C « (]

whelr eanld are defined as

ph Tt (513
mh s

and
ph Tt (5.1 3
iy Tt

As shown in Fig. 5 1, that due to differe

horizon (e.g., shown in blue) may be wit

6 8



horizon (red), but not vice versa. Il n su

Eq. ( 5.13 ) iisscoasodiefr ea hpeelh®t i1 i Bor ombE¢
e T |
A
-./.-(-o}

gooooopoon
oooooooon
O oo

Fi 81No-oni form discretization with dif

The bondoicnoEfant (Hlg)i s as define886)previo

for-dtiwensional structures), and the stre

« « o o (519

For the obdsedr pestirddgpaami dse,r ms can be a

variable horizon case as

® h oo ¢ 5.1
< SO0 e aa (519
[ ] ° p .
and
© h o ¢ 5.1
<« ﬁ— oD ¢ u — ( 9
[ ] ° p .
whed@dan@are the peridynamic parameters, a
T a b3tle

The dil at at(5b%ande(Bp.fi mr Emat emdtadr ipai ng i n

antre defined, respectively, as
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(5.1 7

and

(5.1 9
— Qi

For -onrodni nabgyssd ageer i dydamsc sfyowvbmatberical

Mandor variable horizon size can be writ

< | ||-o L o o o (519

< | ||-0E o o ° (520
where the §hapen tbensodrt,ai ned as

(529

L o o o 5 o o W

and

(52 3

&. ..§..d)

where thE®reymdboents dyadihouprdodwectnot ed

ordinabygsed at @r mul at i-eome rngayy( Geoxdneitsb jatls . z, e r200

di scussed i,An nsdacditiisonstu.d.,3 these are add
outlined( d¥1®)i | I ing

5.3 Numerical | mpl ement ati on

The general procedures for the numeri cal
boundary conditions, application of surfe
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schemes,deClhapetdeeh HAe)Tihheonrseader i s refer
4 ftohrdescri ption of the wunderlying algor
procedur es.

5.4 Numeri cal | nvhestiizgpant iPenmrsd dfyomranDwalFor m
As previously discussed, while uniform d
|l iterature, the use of wvariable mesh size

adopted in other numeri cal met hods, such

I n this section, t h-eoreiff#cenct pegenegsanmifc st
demonstrated through-uoasersmtuaddises et hgal Vv

the grid size and the horizon radius may

For clarity and comparison, each probl em
with different grid sizes and correspond
are considered: (1) the vibration of a pl
dynamically; and (2) a plate wunder tens
perfor mance. Each chageds o thladsnerddy -uasr dnigre
ordinabgsed at er mul ati ons to demonstrate

duabrizon framenmioff xr widihsomoeat i sati on.

pptM  §S +AONFo2y AY b2ydzyAF2NY 5A&a0ONBall
I n the first simulation case(fFi &4 e wdyrmami
di menBidnpl and t hndedkin® sisnvestigated. The
as a linear elastic and homdyemad®@és dmat er
dendgi xwuEll .Poi ssonds ratio -basedkenmabati
and -onrodni nathyasesd atsa mul ati ons, anbdased25

simulati ons.
Vi bration is initiated by i mposing an in
di redheoheft edge of the plate i sFifgully

45 , whil e al/l o tfhreere . e dTg etse a rna etgrr aad ti ioan |

explicit scheme wif8ea. time step size of

For clarity and direct@domgabh@d ob,i sa mat

selected as a monitoring point. The hori:
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are recorded as functions of ti me and coc
obtained in ANSYS.

5. 4ELfé&ct of Locally Defined Horizon Si z:i
I n thisssskaoaamRiheg ai ght h@Rdgiodsn tdh)s cpled ti ¢
with a coYor s@npriwhiolfe ¢ Regileanptllofyasl fa r e f
gri ¥o ofdrd . The mes®b etakeheens e t wo reg ons i s

C.

‘<t| K

For each region, the horizon size 1is de
di scretijsat@odwfoirzeRegilont@iYofaed Regi on
whed@®ianad® idenote ttherhdrspaaing ratios i |
I n thie iand@iyare varied simul.i@meaousgyt fis
the horizon size of materi al points in |
Al t hough the mesh differs faammodstse rtihael tpaooi

remains the same for every material poi ni

Region 1 Region 2
Fi 82Di scretisation andicbarseogsi flocase
5.4.1. bakseBom®eéri dynamics
Fi &3 ané&i 4 show t he ti me hi stories of t
di spl acementfo,r rnmerep scetliexcdleyd, mat er i al p O i
of locally de(f iamejd hb o thkhesre ds if & bnai | rad 9 wint <
i ndicate that peridynamic predictions be:
as the horizdcon$iger §dhca/®4s eadyod & nid
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Yo, tWwoyield the closest agreeimefliessg t h
findings are consistent with those obtai
that a | ocal ly 7dedwiwneenda ihmos iezfofmendsti iaveen of§a ri d
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S
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-0.00005
-0.0001
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Time (s)

Fig4Vari ation of wvertical di spl(akc.ezeint o
m, O.n2Wwi5t h bormeasied f qgr rhwlcatliloyn defi ned hi¢

5.4.1.1.2 -DadedaPer B5dgnami cs
Fi &5ané&i &6 show the time histories of t
di spl acements at the sel ectbeads endatfearimul apt

73



Hori zont al di sp(Fap®eehit bpr edooctdi agseement
results across aHKdr ttelsd evde rhtoirFadi agt6)n,d ists zde & C
combi n@atio¥ins oYo anid ™Yo |, 1Woshow the c¢l os
correspondence with the FEMbassédtcasne. a |
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5.4.1.-dr. B8i Naoimps8daPeri dynamics

For tdoednoabgsesdater mul ati on, the ti me |
vertical di spl acements at t hd Ghaméitgo.r ed
58The results demanstaa@tses dtalt aetr muomat i on p
agreement with the FEM s ol wiptelacn dfc @wnad altyle t
predictions for danal Ic¥w) .hori zons

11 52182
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Fig7Variation of horizontal di sp(lG.czotent
m, 0 .nMWi5t h hoorediima-bgsetat gr rmwlcatl il yn def i
horizon si ze

75



0.00015 , — 581=1Ax1,62=1Ax2
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Fig8VvVariation of wvertical displ(ak.ezeint o
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horizon si ze

5.4.1.2 Effect of Constant Horizon Si ze
I n the second set of Il nvestigations, t h
througho-unhi fbemhypyndi scr et iAsse ds hddeinsjinn i s
the left half of the plate (Regimmul) is
while the right half ( Regimsp.he emeps ho yrsa ta

Y . .
bet ween t he tonrgv,e—glq.ons is therefore
AT T
Pt P D o \.
TH- 11 | )
Region 1 Region 2

Fi 89Di screti sation andcharseogpsi d ocase
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However, in contrast to the previous case

for each region, al |l materi al points in
horizon radius irrespectiVve joft@GiWe,ir und
wi t®ivarfirradm .Astbebore, the dynamic respo
material point is monitored and compared
Furthermore, for each peridynamic for mul:
constant horizon configuration in this s
| ocally defined horizon case in section !

5.4.1. baskeBom®Pe&ri dynamics
Figl@Gnki 51 present the horizontal and vert
for the materi al p olihret cdtosEe®t23m5rmem.nt
reference is observed |f o¢gYo hijor ic¥eoon s@inde
T Wwe 1 Y.
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FiglNMariation of vertical displ(akc.e2ieeint o
m, O.n2Wwi5t h b orea sierd f gr mwlnasttiacoat hori zon

A direct comparison between the | ocally
provi dedoYd,or oYo and Yo oY®.As shoRing.i n

512anBi 13 the horizont al di spl acement p
approdowever, vertical di spl acement resu
horizon is wused, attributable to the inc

within the horizon.
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in thkeabedwdf ar mul ati on
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5.4.1.2.2 -DadedaPger bdgnamics

For the obdsedrfyosmataeti on, the time his
di spl acements for the coinBitsplnankh &L bzon s
The horizontal displacement predictions

tested horizon sizes, wlfFeirgelapss hblwe wer ei
sensitivity tdoehdereemersti zei. t ThBEM i s a

Yo oYow, andyo Yo
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Comparison with the IFo&h®&InRKi Bleyf isrheodvsh ovreirz
similar horizontal displacement predicti
vertical di spl acement accuracy for the ¢

number of family members within the hori:
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5.4.1.-@r.Bi NaoimpsB8daPeri dynami cs
Finally, -offdn na-begsedat eF i mitl 8a hEiofpl, S how
t hat both the horizont al and vertical di

wi t h t he FEM reference forThal uséenf ed ma
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constant hloriYoon v@bpeevide the closest

predi.ctions
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A direct comparison between | ocalily def|
preseri B2A@nEi 21 1t i s thati deod ht tsdtr at egi e

i ndi stinguishable di splacement responses
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pdndu tfF3dS | YRSNI ¢SyaAirzy Ay b2ydzyAFTF2N)Y ¢
In this case study,0awsqplawiet pil akee®s$ di n
mis subjected to a prescrinbeApphiadi at t
right edge,Fiagl2rhl est oatdedgi ns i mposed Vi
the right boundary, following(tskbeFimgtbod:«
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4183The | eft edge of the plate .iTshef ylllay ef
material is [0Oi getmbAed ad’e nygy dwfit Poi ssonds
rati o is takebasaesd 1ldi3mufloasd i & in s d-+b wasnald ant oen
simul ations, and-b@s28 foTnue additestdsy rsetsaptoen
I's obtained wusing the AdaptUWndce rDiyoncadni cl 9

Kilic and Madenci , 2010)
As in the previous plate vibration anal"
constant horizon size approaches are inv

the -basad, or-dasady -osrbdditneaebnas sd aper i dyne
for mmlsat iTohe peridynamic results are ber
solutions computed in Ansys. For each for

selection strategies are compared.

5.4.2.1 Effect of Locally Defined Hori zol
I n this analysis, the solution domain 1is

Region 2), RisH2iTlhleu sterseht esd ¥Ydaen nidmm bR e gvihd © h1
s half th¥t méfd)Regivnng &Qmest ratio of

I n each region, the horizon radius is de
size:t@iYofor Regijon ¢® iYordodr Regii ¢® iand
¢@iare varied simultaneously from 1 to 5.
5.4.2.bakseBomPeéri dynamics
Fig2ankHi 32 dresent the horizontal and vert
the central -baesedf OpThdenbomidt s L entdtiecrat e
agreement with the FEM solutiojn io¥o,achi ey

1 oY Y0, Yo anld Yo, uY® .
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5.4.2.1.2 -DadedaPgprbdgnamics
Fip2anki 325 how the horizontal and vertica

stddtased fobimbbat-hboanneld results, hprizon <c
oY |, oY |, 1Yo |, wWwanid uwwo ], uwWoyield bette
agreement with the FEM reference. Smal | e
the correct displacement field, as previt
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5.4. 2.-dr. Bi Noimps8B8daPeri dynamics

Fig2@anKi 821 he hori zont al and vertical di
noor di nabhrpsesd af e mel atliosre st correspondeil
obtai hedeYssnr cYo . I n conbasetd &aodbondina
based reswlrds habfssdaher mul ati on shows I

di spl acement error at the interface as t|
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5.4.2.2 Effect of Constant Horizon Si ze
I n this set of analyses, al | mat eri al po
horizon size, irrespective of | ocal grid
as I €@ i wiGivaried from 1 to 5.

5.4.2.bDakseBomé&ri dynamics
Fig2&nki 82 Present the horizontal and vert
bomwdhsed formulation with constant hori z
horizon valgYees ooVo I Wweo Yo and
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p Moo UY® pr ovaibdeet a @greement with the FEM -

horizontal and vertical displacements.
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A direct comparison between theFic®g3ndst ant

andi B3 lshows that while horizont al di spl .
constant horizon approach results in I mp
I mprovement can be attributed to the inci

the constesnpechioalilzyoni,n the refined region
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bet ween |l ocally defined abdsednfoamul Ao

5.4.2.2.2 DadedaPger Bdgnami cs
Fi®3anki 833 how t he horizontal and vertica
stdtased formulation underThéehédocbmrehansi zé
oo oYo | (Wo ™Yo anid p o wo yield

better agreement with FEM results.
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E - - - ANSYS
®
2.0.0006
&
50.0004
5
i

0.0002

0
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x coordinate (m)
Fig3¥ariation of horizontal displiamcement

ordina-bgsetaf gr mwinasttiacmt hori zon si

—561=2Ax1, 62=1Ax2
— 51=4Ax1, 62=2Ax2
——561=6Ax1, 62=3Ax2
— 51=8Ax1, 62=4Ax2

0.00015

0.0001

E — 51= -
._E— 0.00005 81=10Ax1, 62=5Ax2
7} === ANSYS
§
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2
-g -0.00005
g

-0.0001

-0.00015

-0.5 -0.3 -0.1 0.1 0.3 0.5
y coordinate (m)
Fig3%ariation of vertical displiacement

ordina-bgsetiat gr mwlnasttiacmat hori zon si

Comparison between | ocally deRFiigeindand c

Fig3p confirms that horizontal displ aceme
the optimised horizon sizes, while the
vertical displacement due to a | arger nul

90



0.0012

__0.001
£
%0.0008
£
g
r?m'lo.ooos
g
£0.0004
E ——k =2, 61=3Ax1, 62=3Ax2
0.0002
——k =2, 61=6Ax1, 62=3Ax2
---A
0 nsys
-0.5 -0.3 -0.1 0.1 0.3 0.5
x coordinate (m)
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0.00015 ——k=2,61=3Ax1, 62=3Ax2
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0.0001 - — - Ansys
E
‘€ 0.00005
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£
g
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y coordinate (m)
Fig3xomparison of vertical displacement
bet ween |l ocally defined and-basesit ant h
formul ati on.

5. 4.

for
peri dynamic
ze i
t hi

approach.

hori zon S i

magni tude of

hori zon

S

predictions

error

ntroduces

tbedinmatbpsesd af ® Fanfu | a¥Ya o/ n

2 .-@r. Bi Marimps8daPeri dynamics
Fig3@anki 83 pres dmet hori zont al

vertical
I he

All d reoluyg hf o Inlco we ats

and
Yo
s ome i nterface

i's |l ess signifioc
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Fig36/ariation of horizontal displiamcement
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——081=4Ax1, 62=2Ax2
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2
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y coordinate (m)
Fig3variation of vertical displiacement a
ordinabgsetat gr mwinasttiaomt hori zon si
Direct céEmpa&@inBEoH3 Y shows that, for the
(1 Yo |, Yo for 1l ocdl |l o def gMwefdar const an
hor)konh strategies yield nearly identicsze
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-0.5 -0.3 -0.1 0.1 0.3 0.5
X coordinate (m)
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y coordinate (m)
Fig3Lomparison of vertical displacement
bet ween | ocally definedoaddnabasedat eho

formul ati on.

Since a hoaowihzso ng esniezrealdfy p rbeafseerdr eadn di no rbdoi
stdtased for mul-arntdiomabh g stehdea ftneornmul ati on wa
with compar ablAes hsohrorvizrimhianw il dels .adopti ng t

same horizon -csredierca-bhgpanasdiant eromul at i on doe

significant | oss -rodl atcedirearcrygr uitn i mdreir 4 G
more pronounced with | ocally dreifa . aredr éeadbud
the magnitude of such errors while main

predictions.
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5.Chapter Summary

This chapter has pr esheonrtiezdo na pdeerriidvyanta noinc s
usi ng tLhaeg rEwmlgeer e ghucartii zoonrs .p eDruiady nami ¢cs pr ¢
framewor k f ounihfamrdm i digs cnroent i sati on and va
which may be required for computational
features agfi neemp hgxhpe oneltdmsd.ol ogy has bee

evaluated through numerical experiments i
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static (plate under tensi-bayebenohmankr p
based, -oanmdd nres iy s sd aft @r mul at i ons.

The resul ts demonst rbaatsee dt haantd, ebradsi enda 0 ¥ h
formul ations, optimum accuracy IS gener a
three times the] | oxual, grni d isnpeacwintgh (f i nc
di s
pre
att

(@]

retisation. Both | ocally defined and

o

i ctions:; however, the constant hori zc

-~

Il buted to theacthicmgama@tdemiuanbepoiofmt $ n i

For toednopabgsedafer mul ati on, the -opti ma

—

uni orm discretisafioqwdlsn faddmnditom, be hem

obserw¥eg2@d@acur when | arger horizons are
strategi es, | eadi nrge ltaot epdr oenroruonrcse.d Atn ttelr e
coarse and fine regions, the change in h
which resatosy imelawcii ddr. FHOAWE Vhars, eds exh

mi ti gated when a constant horizon is appl

Finally, with the advancement of AM tec
materials such as microstructured mater.]
suitable alternative for the analysis o
approaederst eopd i n (Ptlrae i diPtl eaRdtdbr,eand Bar chi
Spagnuol o .et al ., 2017)
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ChaptTehre roBiafl f uAIia b Iy sUs s DlgyHor i z o n
Peri dynamics
6. 1 I ntroduction

The preceding chapters have systematical

numer i cal i mpl ement ameichhman&lapsevi & chy raa mioccsu
the influence of discretisation ang hori z
These investigations have established a
met hods to a broad range of mechani cal €

wel di ng procesgmud t aphlyheindmaelr eretflf ect s ar e
coupled to the mechanical response, requ

capture the effects of nonlocal ther mal

This chapter extends the petrhdguyanbarmizco nf r :

peridynamic formulation to solve ther mal

i s utilised to derive the governing eql
utilisation of variable discretisiart,i on &
which can result in significant benefits

t he capaliuldlotryi zoofn tPheer i dy ntahndecdsf & roe miu | eaxt d

probl emsnsader ed, including a square pla
boundary conditions, a square plate unde
with an insul ated crack. For al |l probl e

obtai ned betiwese nprpeediicdtyinobamns and FEM r esul
6. 2 PeriTheraaifd uFer ool at i on

The governing equtahnteromma |If odi fpfeursiidoynn acmainc b €

for t hLea gbrud negre( @tgaurak u o net al ., 2014)
'2 T_’L‘) T_i‘) o (6.1)
Qoro 1 O

whe®ies the tenmnpear athwer dTahger ralahaggiraann.gi an may

as
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(6.2)

0 Qw
wheries the Lagrangian density. I n peridyn
aamateri al point can be defined as
O ik (6.3)

i n whiischt her mdi spdeesidmiesaaeandts the heat

mas s
olo|o|o|ofoO o|lo|o
ofo L0-'o~o /{0 |0 0O
ofo ./'o, c{k O |0 '\o’ﬂ“o\_o o
7 N -~ R [
|9 oko|jo|o|p|oyo
o P Q"}Jko o d o ‘Q
olo|lo|b|o|o Q];') ola
o o\\g 6|lolo 9.\*"0 o ;:'>
o|lo|o|otalolo|d]ofo
ol|o o|lolvlolololo
ofo olo(lo|o|o|o|oO
Fi glMateri al poin{®tankdustBhet halti zoRAO:
I n peridynamics the interactions between
materi al poi nt exchang-escaleat nteenreaagtyi otn

surrounding materialOwoihta|) @sERGDHDfits I
(Ot erkus .Etacdl matz014) poi nt pdps swelsiscels ¢

depends on the temperatures of alll nei ghl

For a givenQamwatérei dlhepotahs poeéfinnédl as th

mi crot her mal potential s associated with
bidirectional heat exchemge, btewoveminc rt omoh a
pot emtaradd ar i se. Mi crotathée pmamhdpooment hal t e
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di fference bet weseann d hteh enameatrd railalpop mitnt s

with inside its horizon.

Therefore, theé atthemramale cmdt goreti idaelf i ned as

p p & O TOFERO 0 (6.4)
(I) - - 3 ) TN\ A N (b
¢ € & O OhEhO @]
in whiaollare the number of materi al point

poieatad, resp@ctsi weley,t emperatauyrCei oft  mate
temperature of the first mat dryi &lhep ciame
f o®@, cingl the volume associ at §thewietguat he

represents t hat t he ther mails ptohteens umml|l of
mi crot her mal potentials associated with
Usi ng tilhagrEange equaBl)bomrgit hen malyeEddb pc

the peridynamic governing equation for t|

(6.5)
w "iHTT
wher e
) (6.6)
pp T8¢
Cw T O O
and
, 6.7
pp _Ta e
Cw 1 O O

The firstes)eemr e mefkigs t h,e i & a»trh of ,| owh idleen s i

t he seconcdortreer ssponds to the reverse inter

Moreovieeat tileor(E®can be further defined ¢
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il -7 15 (6.8)
i n wihgiicshhteraeg source due to volumetric hec:

The rate of h-ewmherenreegagty fsitmwewdari es over

expregackcr&kus et al ., 2014)
(o)
) 6T—‘ (6.9)
T o

whed es péei sic heat capacity.

Therefore, the peridynamic (6h)ermamal edvirfift us

as

(6.1 0
) ® O

where heat source due to volumetric heat

Qp " i (61
I f hhaseked peridynamic ther mal di ffusion
density between two materi al points is a
di fference between only t,he interacting I
p_Ta (612
¢t © ©
and
p_ T4 (613
¢t © ©O
For microther mal potential s,
, pt O ©O (619
T4 o —
CC o o
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pé 'O © (615
CC o o

As a trresudarrespondi nmng (Egadand (lcdenbet i e
rritten as

¢o o (619
Ce °

and
¢o © (6179
Ce °

wheper i dymamioc o nd@cuacnt ibvel teyx,rn eneneasd ofn@ad 2 ol
domai (nGt eearskus et al ., 2014)

. 0Q (619

in w@ischt he heahi soniect hivckgesanefthhe

horizon size.
6. Bualor iPEomdynaihersmdfofrusi on

The uni form di scretizati on wi t h const an

peridynamic simulations since it i's si mj
However, for some problems, wusing finer .
solutiancdaoméee computationally time cons
finer di scretization size at | ocations

di scretization size <can be used el sewher

can al sod beei trheegqruidruee t o computational or
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Fi &2No-oni form discretization with dif

't should kEeg6hdankd(6ildahei microther mal pot

i f one materi al point does et shio@2nwii thhi r
although a materi al point associated wit
horizon of another point with a | arger (1

Accordingly, the heat fl owadhenastigevehedt
Eq6lfgand (Elgjcan be reformul ated for the ve

| Q‘O 0O (619

Ce °

cO0O © (620
| —_—

Ce °

where the indicator functions are define:

phd  m (629

T

pd (6.2 2

T

and the peridynamic micr ocanwducet igviivteine sby:
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¢oQ (62 3

C "—
“Q

A fp'Q (62 9
“Q

whelranidare the hormatvter smkaenpoohespecti vel
6. Ther mal Qiafsfeu Sit wm i e s

To demonstrate the daglabmi peorniidgsnaomi c$ heé h
di ffusionthoemubdatifienent problems are cor
with temperature and no flux boundary col
with insulated boundaries andUaisouar ©@rpl
uni form discretization was ut iPleirza ed nvainti hc
predictions arMr eoulptag eabtwaithhedEby using
finite el ement software.

6. 4. 1 P Meampee rwa tiNtFleuBeainrddCGomydi t i ons

Ay

P as | L e
Fig3Peridynamic model of the pla

For the first example problem, an isotr o}
= width @MW) s=coORrRB@&Jer dtie( pl atehbhadt. 0L hi
m and is subjected to ted@emditttir 3 bounda
an0@ miniy pmat the | eft and right edges,
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bottom boundaries are insulated boundar.
i ntroduci ng fRjacntdi tfiool ul so wi enggi ot nhseQ t aepr pkruosa ceht
al(2014)Speci ficod,hetaltercragplaCaudydmas Eadensi:t
specified aW MK drkidgdXb0eL2s3Becti vel y.

The geometry is discretized in various |
domain is split into two equal regions as
y . Me s'@ ert amteiecn t heise devbi medi @asn s
LY (629
0
y

wheYeéendicates the spacing betweerw the m

i ndicates the spacing between the mater.i:
The cases are evaluated with various hor.

i s defined as

| (629

wheljries the horizon 7siiszet hen hRoergiizoonn 1s iazned i

relationship between horizon size and sp:

()

gy (627

whefe 1, 2 represents Regi onrrs 11 éarbd r2,prree
the size the hoiri odn.t Ferhewxiampn ei,ni Regi

three materi al points in radius.
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6. 4.

Fi ¢4Per i dymoamilc wi t h

I n

1.1 UBnliaftber swwir teh i 1l @ nitHp e & & ede s

t he f

L

&,

rst

S pachientgve e n

dir

andparameters

ections.

Al l

peridynamic sol

ar e
and
ANS

obt ai

ned by

compared wi

YS

10

Temperature (°C)

9
8
7
6
5
4t
3
2
1
0
-0.

d-a %4,,
mate i @8t ppoli nhshori zont al

tahse sphloamne

uni form di

materi al

ut i

on of

usi

t h

——PD, 5,714, |
——PD, 5,27, |
PD, §,=3A, -
PD, 5,244, |
——PD, 5,54, |

- ---ANSYS

scret.i

sati

iins tdhiescr et i ¢

an

poiipts Thax e fam e

t h

ni

Fi @bTemper atur e

As
FEM

m)

. . . . . . . .
005 -0.004 -0.003 -0.002 -0.001 0.000 0.001 0.002 0.003 0.004 0.005
Location-x (

(b2 HiameEdb62@arEeqg. bot h

equal t

e temperature
ng explicipgdt pitme
t he fi

t e

el eme mt

nt e

me t

pari damamisEMr pme@dinct i ons

when pa p.
can bFa g5 eembeindynmraenrdicdvena good agreer
results for all horizon sizes for uni
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6. 4. 1. 2 Unliaftberawir tela nBi aftfid¢done NnB e s

45

Fi g6Per i dymamilc wi t h unilhwltirhfcdcirearnethiogatzio

I n order to investduldrei ztchne ccoampcaebptl,i ttyh eo
di scretised with the ¥aYepsdipsmcir)etaszaitn otnh
former case. However, the horizon sizes
( sEeEG6) . The horizon size of Region 1 s
Regibon ¢2) ( The&aenipparreamet er s are equal to

10

9

8

7

6

5 —PD, 5,214, |
4ar —PD, 5,224, ]
3

2

1

0

0.

Temperature (°C)

PD, §,=3A,

PD, 5,744, |
——PD, 6,754, |
- - --ANSYS

. . . . . . . . .
-0.005 -0.004 -0.003 -0.002 -0.001 0.000 0.001 0.002 0.003 0.004 0.005
Location-x (m)

Fi@ZTemperature variations foor omwhRh and FE

p,a cC.

The peridynamic solution of the temperat
are obtained by using explicippd tppimne i nte
and compared with FEMZTdxulptey iaynalmown pir
generally agree well with FEM. However

Regions 1 and 2 for | arger horizon sizes
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6. 4. 1. 3 NolnaniefDwWElmheanldeniHpe a 8 awre s

Fi @¢8Per i dymoamilc wintihf onrom dbsicderttiisaali omor i

Ssi zes.

I n the third case, the square plate has
properties and boundary conditions with

increases the computationalnidostm discord

on theaonducti on, the discretisatdon si z:
¢t pmiin horizontal and vertical direct.i
Region 1 is same a¥s pdinpiidr(fm @Grsefhehhahi
Ssizes remain the same in each rkagmon as
parameters are equal to 0.5 and 1, respe
10
9
8
A?
Q
\a—;G
§ ° —PD, 5,214, |
% a4t —PD, 5,224,
s PD, 5,34, |
) PD, 6,=4A, |
—PD,62=5A2
! ----ANSYS |
-8005 -0 (;04 -0 603 -0 (;02 -0 601 0600 0(‘)01 0(;02 0(;03 0(;04 0.005

Location-x (m)

Fi ¢9Temperature variations foromwhRth and FE
™, a p.
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The peridynamic solution of the temperat

axes are obtained by wusing explicit tio
p8t pmt QO As sHhiog@n the PD predictions for t
agree well with the FEM results for wvari

6. 4. 1. 4 NolnaniefDowsmmhet i Biaftfi édone n@node s

Fi@gl@®er i dymoamilc wintihf onroom d b sdtirfeft @ rseartti oo r |

si zes.

I n peridynamic numeri cal simulations con
di scretisation size but also the number
case shows a geoddmoaedddntprefdi cti ons f ol
sizes wwunhfarmodi scretisation. Therefore
uni form discretisation from the third ca:
to half of the honizeon sEieHedDi nYRxkYeon 2,
and ¢ , horizon in each region contains s

their hori Qamidp avfoa meotveerrs are both equal t

10

9
8
7
€
= 6
e
p=}
85
ué Wl —PD, 02=1A2 |
3 , _PD,(52=2A2
PD, §,=3A,
2 PD, §,=4A, |
. —PD, oz=5A2 |
0
0.

. . . . . . . . .
-0.005 -0.004 -0.003 -0.002 -0.001 0.000 0.001 0.002 0.003 0.004 0.005
Location-x (m)
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FigGlOTemperature variations for omwhRh and F

N ™,a ™.
Ascanolbeer vek @lrit hpdee i d ynruanmira c a l resul ts |
wel | with the FEM results. However, as t
observed at the interface of Regions 1 al

6. 4. 2 URPd é@hteer ®ad c k Inwsiutl Botuendl ar i e s

Ay

R ! R R
\ | | |
T L Y

FiglZPeridynamic model of the plate unc

I n the second example problem, an isotr o]
subjected to a thelk edg es.h oTchke |goeaodmentgr iocn |
10 m in length (L) and hwidthri@GVRewiThlke a
specific bpatheamakcitgahdmastadepspeygi fiei
6 =1 J/®RglKV/ miknd=1k g /, me s p e cTthiev e lnyi.t i al cond

boundary conditions are stated as

oy 1 T3 (629
and
av@ vl m3h o ™ (629
U@l v m3h o0 m (630
o v wlA h o m (6.3
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6. 4 . P2l.alt e with Uniform Discretisation and

I n the fipresti domamssmilctthaes a uni f oYrnY=mesh w
0.02 m and identicall horni.zokhodpaeameneeas
are both equal to 1. The peridynamic sol
centr al horizont al axis are obtained by |
si zedt pfrt s .

0.07

——PD, §,2,
0.06 ——PD, 5,72, |
PD, 5,34,
0.05 - PD, 5,744, 1
——PD, 5,754,
- - --ANSYS

o
o
R

Temperature (°C)
o
8

Temperature (°C)

Location-x (m) ) ) Location-x (m)
(a) (b)
FiglIemperature variations from BD (an)d FI
t sa®® mwQ pa p.

The results are assessed witok sBasmmad@s ho
Ss. Both peridynamic amdlBEMsr eawnl be abes e
per i dymalmeilc results agree well with FEM
uni form discretisation.

6. 4 . P2l.a2t e with Uniform Discretisation and

I n the second case, the numerical model I
case. Il n order t o i ndvueasbtriigzaotne -ctohnec ecpatp,a bhioal
Region 2 i% doubTRkakeaernmpme,amet ers are equ
2, respectively. The second case adopts

and the temperature variations alomg the

= s3 aRrds6 for various horizons and compare
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Figld@emperature variations from D by F|
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As shdw®ldpmer i dyreasmild s for various hori z
we |l | with FEM results. As the horizon si z

the interface of OResljicdmmss. 1 and 2 at both

6. 4 .P2l.a3t e wintif oMNam Di screti sation and | den

I n the third case, t he -ugne@ dmetnr ydiisscr it 3§ |
spacing between materi al points ih Regi ol
mitdhY mid. However, the hori zroemg,isdirkes ar e
1. Thekaenidpmoe ameters are equal to 0.5 and
solution of the temperature vari@ts3ons al
ana= 6 are evaluated witkiekphi diitmet ismhe p

vt pmts and compared with FEM results.

0.16 T T 0.07 T
——PD, 5,714, PD, 5,714,
014 ——PD, 5,724, 0.06 PD. 6,724,
PD, 6,=3A, PD. 6,734,
0.12 1 ———PD, 5,=4A
——PD, 52:4A2 0.05 b 52 5A2
S o ——PD, 5,754, | e oo ANSYS
2 - - --ANSYS o 004r
3 E
© 0.08 ©
“E’. ‘é’_o 03
0.06
2 e
0.02 -
0.04
0.02 0.01
0 0
-5 4 3 2 1 0 1 2 3 4 5 5 4 -3 2 1 0 1 2 3 4 5
Location-x (m) Location-x (m)
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FiglTemperature variations from D by F|
t s @t y = 0, k =0.5, m=1.

As can be doch&ebvedsbrosm from peridynamic

for various horizons are in a good agree.]

6. 4 .P2l.a4t e wintif oMNom Di screti sation and Di ff

The fourth case inherits the same discr.
i Ye m8tdhY miidi. However, the horizon size i
size of the horizond si 3enkanmpeaghaoret2,r si .a
equal to 0.5, each horizon has identical
vt pm s i s adopted to obtain the temper e

centr al aX+ ss3 vamelsd. t i me

PD, 5,=1A,
PD, 5,224, |
PD, 5,=3A,
PD, 5,=44,
PD, 5,=5A,

- - - -ANSYS

Temperature (°C)
Temperature (°C)

Location-x (m) ’ c v Iiocatic?n-x (njl) ’ ’ ! °
Figl&emperature variations from D @by F|

t s &at y = 0, k =0.5, m=0. 5.

Theperi dyreamild s mostly agree with FEM res
FiglLp. However, with the horizon size inc

iI's observed at the intex fshaamddf Regi ons
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6. 4. 3 Bouear dnistul Graaw &k

Ay

150

FiglPeridynamic model of the plate wi

For the final exampl 1 prtolbe ems atsr sphioovns
considered with c2n dam iwn dit eho ghtWh n (aknhylj. OR Oels
The plate has an insul ated crac&m.i nThe e

specific Gepatheamacitayghdmassadeypspeygi fie
6 =1 J/ ®glK 1,4W chKlkagrnit mrespectively. The p

to the following initial and boundary col
. , y - 7 o 7 :
o@dnh m 73 - @ -=h — U — (633
S C
and
. 7 . .
Oth—m pmn3th O @ ?h) pmn3th 0O (633
dOLi6 msh e L6 msh 6w (639
Since there is an insulated crack in the
horizon cowomeptorandi semeti zation, the ge
i per i fyryéwamilc as in the previous two nume
definition of regions (zones) in this nu
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two numerical ekaammpbdeameMersoaee,defined

previous two exampl es.

6. 4 . P3l.alt e with Uniform Discretisation and

. ©
e

[Zone 2

Zone 1

Figl®D model with uniform discretisati

As shdowmElBnin this initial caseQt pe pl at
withcth. @8pacing and the same horpzdhesi ze
peridynamic solution of the temperature
eval uated with8apttismdé ost e@arsioues dfori zon
with FEM results.

1

0.8 -

0.6

04

0.2

ot

—PD,5,=1A

Location-y (m)

2
0.2+ ——PD, §,=24,
04 PD, (52=3A2 4
06k PD, §,=44, |

——PD, 3,557,

-0.8

----ANSYS

4 L L L n L L L
-100 -8 -60  -40  -20 0 20 40 60 80 100

Temperature (°C)

FiglIemperature variations from PD and F

m=1.

As can bFRi gl€Qe nt hien numer i geadi dyammaniycse s r b o

various horizon sizes with uniform discr
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6. 4 . P3l.a2t e with Uni form Discretisation and

e

5

Zone 2

Zone 1

Fig2®D model with uniform discretisati

To i nvesdtui-bgbartiez otnh esi z e ¢ o0 n(cseepet@2 Pu thii Isi meT
uni form discreti Z@tp % nm8ees iV nmduphipa nfdi rtshte c e
horizon size in Region 2 is doubled due t

(G T®h ¢ J)This case adopts the same ti me s

1

0.8 F

06 F

0.4 F

02F

ok

Location-y (m)

—PD, 6,17, |
-0.2F ——PD, §,=2A, |
04 PD, 62=3A2 R
06 PD, 6,=44, |
——PD, 5,754, |

-0.8

- ---ANSYS

1 . . . . . . .
-100 -80 -60 -40 -20 0 20 40 60 80 100
Temperature (°C)

Fig2Temperature variations from PD and F
m=0. 5.

As shoRung2ilmhere i s a good agreement betv
results obtained along the vertical centr

a slight difference is observed.at the i1
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6. 4 .P3.a3t e wintiif oMam Di screti sation and 1| den
B N\ L
f'f\(::::"[”: """
NG
. 52‘\4// \\‘
'i ]
Fig22PD model-uwi fbrmodi scretisation and
Since coarse mesh requires |l ess comput at
Region 1 is increased by two(Qtg Mes comr

MtAIY mA)To eval uat e -urief @f hedits ofemionat
caéeEe@G2puti lizes same hor@zoh §i)Tde in a
time step size is. the same as the first

€ ool

-é 0 —_PD, 4,712, |

302 ——PD, 5,727,

04 PD, 52=3A2 -

o5 PD, §,=4A, |

. —PD,J2=5A2

Rl ----ANSYS |

-100 -80 -60 -40 T—le:peraOture (20(2;) 40 60 80 100
Fig2Iemperature variations from PD and FI

m=1.

As can be Fog8r vedpenpdgadiaeni icons for t he
variations along the wvertical centr al a X
horizon sizes.
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6. 4 .P3l.a4t e wintif oMNom Di screti sation and Di ff

Fi 2D model-uwiflbrmodi scretisation and

| f hori zon

Therefor e,

contains more materi al poi nt

in the | ast case, horizon si z

with the horizdin chizé )n aBRe giha@aT hien

di screti zat

ion size ks¥ hBidsiiymesBtgdd) .i n th

Since bot h'Qameds hh orrd tziomh asv e evaladtd 0, of 2,

Regions 1 and 2 contain identical number

1

0.8 [

0.6 [

04

Location-y (m)

041

-0.6

-0.8 [

0.2

ok

0.2

- ---ANSYS

4 I . I . . . .
-100 -80 -60 -40 -20 0 20 40 60 80 100

Temperature (°C)

Fig29emperature variations from PD and FI

m= 2.

As shoPung2ibtnhe pertdeymmpaenriact ur e predicti ons

vertical central axis agree well with FEN

di fference

i s observed at the interface |
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6. Bhapter Summary

I n this chheprniezgn ther iddiyanhami ¢ for mul ati on
of t her mal di ffusion probl ems. The fra
di scretisation and horizon sizes within
advaenst aign terms of computational efficie

il lustrate theduglpabohi apps oach,t hehree

studies are examined: a squarfel upxl abtoeu nwdi atr
conditiange, phasgqusubjected to ther mal S |
containing an insulated crack.

For each example, the solution domain is

characterised by distinct di scretisation
horizon sizes is considered to systemat.
the results. Across all cases, good agr
predictions and finite el ement met hod (|
di scretisation or horizon sizes are empl
may sariat the interface, with the magnitu
hori z on thseiezoemes | arger . Overall, the fin
Dudlori zon Peridynamic formulation <can o
involving variable discretisation and hor

computational efficiency and accuracy.
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ChaptTehrerimomechhaCleaanlPee i dy Mathet f or
Wel dAnnagl ysi s

7.1 Introduction

AM and welding are increasingly recognis
advanced manufacturing, of fering fl exibi
However, these processes involve highly
environments, where rapid heating and co
mechani cal responses, and phase transfor
coll ¢gctdetedr mi ne t he dfi nanlanufiaatowsrtead cfcw
Consequently, the devel opment of accur at

simulating these coupled multiphysics phe

process parametsemg -amartnndym texipadr i ment at i ¢

The preceding chapters of this thesis ha
computational framework for peridynamic |
anal ys$Bius |l ding upon these developments, t
approach to address the chal Ifeorcguesst pbesec
model |l ing of heat ®&rceangfuegd hancdeaoptheagasle acshpae
of any numerAiMoal wmd delngf aors the represent
l naccurlaeikbeat nsaurce model can |l ead to
temperature field, whi ch i n twurn propacg

di spl acement and residual stress predict]

I n this <chalpitreggr at maemws ineomt peridynamic r

heat sour ce model s i s devel oped t o pr e
di spl acement variation. More i mportantly,
condogctipdhhase transformation i s consi der
i mportance of how the | atent heat in th
di stribution and displacement field is

compar edFEVMeh!| t he Cl ose agreements are ol
t he capability olfi nehe prapsessedt noper i dy
t hermomechani cal pAMardcWwahdengnmbgsei i O
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72 Per i diyne a mio cne cThhaenoircys
TOH OM  t SOKSRENRIOK A @A NI Aizf 3 2 v &

The baseéd ther momechani cfadmaheat abr @ons her
gi venOtbggr kud et al ., 20

" o6 Do  QQd Q e (7.1)

wheties thed dehsesi éfyf ect i & pO@ihsehaet tceanppdeaiattyu, r
tefQmepresents the volumetr AMphed@samrener a

represent the heat raised from the heat

The heat (Ober Hedd@tiyma(EDcan0 be expressed

9 & (72)

KR

AN

wheties the hmr mab CK o egiisvirtdylecati ve posi
bet weatner i alanglon nt e croenffeirgednncaetdiismoe nsi on al
structuthkRer malcropndsucpgr ovvit(deeldB). i FOEQL hr ece

di mensi onal str u(cQtuerreksuy d et iasl .def2Zned as

¢Q (7.3)

whe®es the ther majli < otnfdeuchtdrviizon sinae.

I n addheéei ohitrat(E@d).nepresents the temperatur

a pair of emanbe@r iaamld phiist £xan be obtained

telef® Vel Ve (74)

On the qgqthkRemgemandal form -ef as$ hiec ibtays pide d b ¢
peridynamics is pro20.dkegqgobgt Odcrer tlis meti @

expressed as
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~. ., . O CGe e« (7.5)
Qo
G Ae g

whedreepresents the bond c(®6pandn(tEFdfnd i s
t wand thmeasi onal striuepuesgntespaet sveksy
t wo mateasabi pe3bhliiias Etghe coefficiedt of t
i's the di snalt &ce me n dpriode fndtreerpm € Heorsti t i on i n

def ormed configuiration, thus

7. 2. 2 DesT m2gpd midecalbtfur c e s

Heat source modelling can be classified
heat source, and a volumetric distributec¢
the numeri cal mod el depending on the act

tmographic characteristics of the wel d.

7. 2. 2 .tHe aBboui rnc e
I n the case of welding arc/ |l aser beam act
supplied Owiatnh bpeo werreat ed .asAsa sphdoifdne ihne at

i s

-

point headalsloaudr ce,csmcentrated source

i n the peridynamic wel ding model

Laser beam

Fi 4lPoi nt heat source moving on the su
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This is a simplified approximation of a

temperature prediction under certain co

solution for the temperature distributio

actedearmnfaini te plate as
0

O © 0 79197

(7.6)

whe©®ées the initial t e mpiesw lad umr et ol e @th ei nvo!
ti me (heat "™siosurtchee pdoiwsetrance to the ¢tadetrr

speed 0b6 awuwcr edits ttihmee tahnedr ma l di ffusivity
As can be ob@E/®),vkd femmeEgture field in
tends to apprRBACwhiio ichoesy mwhtenhave a phy

real wel ding process. However, the analy
heat source model provides a reasonabl e

of the substance é¢fGhrr ifsrtoenm stehne, hle9a6t5 )sour

7. 2. 2.2 Dcats sHeaSb uon e

The | aser beam arc is a commonly wused h
technique. The source model <can be accur
heat source as (Eagar and Tsai, 1983)
L s e — (7.7)
nawdo N7 Q
and
, 0 (7.8)
r] cH”

whegfé&s the maximum heat dendiOPydgw,df st he v
the speed of t hedimsovt mg mewer safirst aas er
di stributifadmiop &mpa mesteeft satt hae cpboei satttd. (i me
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72 . 2. 3 VOl satmreitHe ac u 0 0 e

I n order teneongyi demamhiwghdi ng with heat |

physical manufacturing process, a-vol ume
el l i psoi dal heat Fsg@gadhracse brecde Ip,r osphhaSv8rd )ibny
y
bon
Fi #2Semil | i psoi dal heat source mo

The mathematical formMGofdahkat1988E)ce i s

o e, 0@ 020 ow ol (7.9)
naoawohd 1 Qown = - =
@ ® o
whed,@, amde ellipsoidal heat ®/gauihifice par ¢

i s fhleamtt a cfdiantt d.imes the maxi mum heat den
of the welding (@&al dvehk ,c hl198&5)gi ven as

, ¢ 0 (7109
T S aon i
whelies the net heat input per unit ti me.

7.3 PeriThyemranoimne cCoampil @ sPh svEie dan g e
Heat transfer scenarios with temperature

character-iisneasi oy, pdwe itcaalt meatnuurlet iof t he

phase transformation challenging.

Phase change refers to the physical proc
di fferent states, such as solid to Iiqui
energy required for a materi al tarender
change, i s known as | atent heat. During
| arge amounts of | atent heat at the tra
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wel ding and AM, where rapid heating and
mel ting and solidification are common. T
effects of | atent heat i n the peridynami

t her mdhle response of matepergV¥sheaposedr te.

I n the present worsk,i mpHe ci atgntcoheatder e
capacity, i n which the specific heat cap:
mus hy zone. Mus hy zone S a temperatur
temperature that t he tmatntsdror mapobcesasesihe

i ncreased specific heat capacity in the |

0 (719
0 0

whe®es the substance solOiidci ftihceats wins ttaenntp
temperature. Wi th the considered | atent |
the effectiwienhehkitadbeampaxertiydynami ¢ heat ¢

at different phases can be written as

o) 0O O Ol IPEMA OA (712
o O O O 0Ol IMEBNBDEAMAO A
o 0O O 1 E NEBDEEAO A

whed,® an@are the specific heat capacities

zone, and |liqui.ibhe sfhtetivesphpeati vepgci:t
is determined based on its | ocal temper a
bel ow the melting point, the specific he:
used in the duwatti cam.nducti on e

I n addition, the mechanical properties

manufacturing are strongly affected by t
i ncreasing temperature | eads t o a reduc

temperatures hegher stiffness.

To account fodepdrddretmpeanatarieon i n mate
wel dsicnegnar i os 1 nv o & v Rlaogc apl h aaspep rcohaacnhg.ei s a d «
I n t he ¢ onvobeansteido npaelr i bdoymnda mi ¢ s, the inter:
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poienansdi s | inked by a 6bondd. The bond co
Of or -aantdwadhmeasi onak gl w &B.§luarned (FE70,.
respecti vedrysi e & ihtoggmper ature influence i

the padiasmeat ecronstant value.

However, in the ther momechanical phase ¢
Youngd6s modulus in the mechani-cape mdhdeantys
property00.defsotperde s gJhttlread baonds in the the
formul ation are metdmanéedalt obasddgitdher mo wl

temperature on materi al stiffness i s exf
foll ows
. o O 7.1
w ehO ( I
Q
and
o e O @ o
. ”,
“’Q

-+ Phase interface

Solid M{{ﬁby Zone ¥ jjquid
a; .7 6,

s .
ry P
-~ ~,

AN

r'/ 2 \‘a

[ |

- ll\ ."I

/_\ \ \\ \ /f

~_ 6w

f '|
\ = /
\;/

Fi @63Peri dynamic hor-mepohaandaitbonhkdsr fhgt

Therefore, the effect of temperature on
bond constant. As the temperature varies
bond constant I's updated accordingl vy. Th

points can be expressed as
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e b ehO hO 7.1
Gefediofio 20 we (719

With the -demprerda@anturbkPond constant, t he eq

t heemasti cibtay eidn plrond ywamit ¢t ®encas be re

<. U N - (713
" o0 oD weheddONO | O Ohex e
O GCGex « | -
| (0] -H-om
C Ak S
where all terms are as previously definec
constant directly links the |l ocal ther mal
7.4 Appl ilciattii a8hu eod@axnydi ti ons
The initial condition of the tetmprerature
Oedm M O o (719
wh e iOei s t he initial-hdaetmpéraatment | fs pae

manufactur®Ong ¢@gebicesdtiasgpremperatur e.

The boundary conditions in the heat cond

flux, and the heat generation.

T dm ¢ SYLISNI §dzNB

I n peridynamics, the application of pres:¢
approaches used i n CCM. Rat her than i mpo
poi nt |l oad or distributed | oad on the p

ficud tliamyer, )Y,devihotcehd iads i ntroduced out si d:¢
Yand s hiwiOtrer kusl2tMadenci20and Oter kus,
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20,
A
' £
A
! A :
e A
B r O
.Xf xb X
R. R,

Fi ¢64Mat eri al fiYeanld damaifn,t¥ti ti ous dom

As iIIquit'gr4,atterdeimpecified‘Oqut‘)ndalr(yngeimlper
mat erial surface is Iimposed within the fi
to the correspondi ngpeaitfeircal | poitnhe t eamyg
materi a peidetermined usi @tehkuBdbt owl

O o Yo O oyfd Yo Ol Yo (7.17
whe©OétaWWdre the temperature of matamdal p:
real Yegiamspectively. Not e egtamaditar ehe m
symmetrically located with wespact httoctals
‘Oo%Fb m this represents the insulated bou

Tdn dH d Id&El G

The i mplementation of the heat flux fror
transfer equation can be achieved by eva
area and transforming it i iQtetd.®h esrod fuarred r

t he heat afplpyx ed as a volumetric heat sou

can be expPptessed a@s¢ al ., 2014)
. ] el O :
Qe Mo (7.1 9
Yw
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whemedis the Yesatthéuspacing bet-weser hmat ¢

nor mall vector to the surface.
TOn ®oR & RIS HER BYSH {8 dzNDO S
For the numerical I mpl ementation of a mo

bi ratnlleat h procedure for materi al points

t he point heat s ourdceep einsd ernetp rveosleunnteetdr i acs |

applied only to selected materi al points
prescribed path. When the heat source co
point is assigned the correspondioag volu

advances and moves away from a given mat e

i s set to zero.

t = 1At

2Ax

t =24t

2Ax

t = 3At

2Ax

2Ax

t = NAt

2Ax

Ly

Fi é¢5Demonstration of i mplementing moving

mo d el

The principle for i mplementing the movi ng
i1l usthn B €de t ot al | ength of tdh,e wheil cdhi nigs
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di scr etbimmad ce rii eflloep ationttasl. ti me required for
the entire welckiomngitngdgk tHhe time intery
source remains acticae bOe ebdthi mademabal p

.. 0
Vo - (719

7.5 Nu mRersiuclatls

TOp dm  {2if SATR AN 0 25yY

Classical Stefan' 6J,i2j0ipiPsli tboat @anee@r 6blas
moving boundary problem t hat wdbedoweieme & wtol
phases as the materialAsumpd & ganeleedasi mehraasrei
assumes that the entire substarOchet itniinei al
o mno, t he t etnpeerf at erdegeatof t he materi al

mai nt aOn®d anitiating the solidification

front begins to propagate from the <cool

substance remains in the |iquid phase at
(©)
JI:iquiid_Gli
Solid w
Qb
Xi
: .
Fi g6Physical il lustration of Stefan':
The Stefan solidification problem was r
ManuwaAlNSYS, .Lho. tB0D43scenari o, the solidi

region i,asexroomisndddéad) Thme regionb has a
mMid and wiodt 8t f
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I nitially, the entire liquid,®©i ad.dAti s ma
0 mQ the temperat wre- 3t ishswhjdent ed gteo ( &
surface tOemmperaturggering the onset of s«

interface between thhegsoki Htoamdvii gauwdr ph

boundary. The ther mal conductiviat®®y and d
77 J&nd pnTEM , respectively.
i
x w
R, .Rt o, . /
(a) (b)

Fi g7Stefan'"s solidification prpériednyndriuc

di scretization.

I n t his study, the substance i s assume

transformation temperature range
O pz3 O O 13 (720

The | atbeansts ohceiaatt ed wi th t hitsg npfELs HHealc@an g e

the effective heat capacity in the mushy
. . (7.2 )
o} 0 0 T ¢ TIEC 3

Consequently, the specific heat capacity
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# # TCUAEC3 p3 g T3
# T QTHEC3 g T3

Fig7/(b) presents the numerical setup, the
ofww O0Ipmm with the horowb®nme hessemd aisze

o pnO s adopted.

The initial temperature is set to the fu:
oy m O T3 (723
To i mplement the temperature bYowintdlmrgne o
horizon satde( 4,9 wllarea t he temperature is
O.,.
06 ZRfp O us (729

The evolution of the temperature distri
peridynamic formulation and compared witdtl
The FEM model empl oyed PLANES55 ejdaement s
mMinpb. The same material properties and bo
mo d e | we r Bh earpapn siieedn. t anal ysits ww@ss ipnegr f or
automatic time stepping. The mesh size
check, which confirmed that further refi
t her mal field. The case set upl AINoSIYISo wsl ntch
2013) .

As shoFwng8i nt he temperature prailmest al on
selected tidmeomidht @eméal em@ demonstrate g

agreement between the peridynamic and FEI
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-0.5

)

25F

Temperature(°C

o
o

A
T

45

———-PDt=300s
ANSYS t = 300s
* PDt=600s
ANSYS t = 600s
x  PDt=900s
ANSYS t = 900s

Fi 88Temper at ur e

3 2 a4 0 1 2 3 4 5
X - Location(m) %107

comparickom .al ong

axi a
A comparison of the temperature wariatio
-hb M between the peridynanfAicg9anko F EtMh enotdi
bet ween 787.82 tmd {7&mNp@rRat aaeh adps
which is the time that substance compl et
5
.
—ANSYS
0 100 200 300 4-?;)me(530)0 600 700 800 900
Fi §9Temper at ur e® v-&r impt i on at (
Further, the comparison of tetmp®l®d®E®t boé hd,i
the peridynamic andFFBEMtmhedelesnpies ait lulr @s f |
the pl ate preeadidgmoeadaillcya grheees wi th t he FEN
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y - Location (m)
y - Location (m)

5 5 0
y 4 05
3 3 1
A5
2
0 4 25
3 . 3
;
2 35
: ; 5

X - Locatlon m) X~ Locatlon (m)

(a) (b)

FiglOemperature odipgit{rap)buit d ymg mtFEM model

To further Il lustrate the effect of | at
solidification problem is also solved wi
resulting temperature dicktrmbattdrmim sal ong
preseii @dlAisnobserved, the inclusion of |
the predicted temperature profile. This i
released during a phase change without

Neglectingebatéesti heanhaccurate temperat ul

x  PDt=900s

ANSYS t = 900s

Bis — — —PD t =900s Without Latent Heat
——ANSYS t = 900s Without Latent Heat

-051

)

251

Temperature(°C

351

-4.51

5 4 3 2 4 0o 1 2 3 4 5
X - Location(m) %103

FiglTemperature dh s rdabuutii on at (

TOp ®H b FAAk K ¥ ENRIo 25yY

Neumddn | iext2drdd®d9 t he <cl assical Stefan pr
temperature ,O0f ¢eheesddstlae,ddeAsi DMmd-wm mprer a
7-12t he materi al initially ©eaeamai nnsheant teh eu
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bounder y-iast suddenl yO m®iTrhti ssi naebd uagptt cool i |
solidification at -ltihceuibd uindtae ryf, a @aerndpnt diea g

phase.

For the numerical study, the geometry anic
the StefanFipg7od) )em 4 smlieatded ah dl evicglt h o f
mid, wWQthp7HA J# &ndp e

)
Solid Liquid 0;
0, w
Oy
Xi
,
Figl2Physical illustration of Neumanno

The initial temperatur ® tchfougwbucththe dfik

mel ting point. The | eDt el#e ciasusti mgn t ma
boundary towadvambe phase change i s accol
| atent heat treatment(723 .in the previous

As s hdwnmg7(ibn) , di scretizati owmw efmminoy bk a me

horizon sowrkme amfd awd iomep 1 De p

The initial temperature is applied as

O m 0O ¢3 (725
Fictitiou¥Ywibtohundmaey horizon size is adde
boundary condition, i.e.
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O.,.
O w -l O L3 (729

The Neumann solidification probl em was

PLANE5S55 el ements. Awwnm@ifipwms madhpsedefof

a convergence test with el ement sizes of

thermal analysi $ waustOmseirnfgorametdo nuapt itco t i me

Temperature distri butfoonsatalsoenvge rtahle tciemet
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temperature ipACt ahAC bEettweesnol i d region),
| i near transition bient wichdeG pathgis 0 tcthe nlgaet & ret

is accounted for phase change at this tel
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Ti leependent temperature respwwnsdis at t w

m ando -hw 1 are cémg-aded dan be observ

temperature at point M drops sharply at t

and is reached by the moving solidificat]i

The tempem@ag uaequaitck drA@ wkiweenhe® awmmdyv a
to smooth blAtCOvedeune Ot oantdhe | atent heat eff
bel-awAC, the substance completely solidif

the similar curvature wiA@G. the temperat ul
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peridynamic and FEM models. As seen, the
FEM resul ts

TOp do ¢ RISNY & K a GPSFI &2 G ALY AYSH {8 dzNDO S
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MinbiBThe specific heat capacity, ther mal
a$ TOMECQ uvmwH J# dndywcEll , respectivel y.
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