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Abstract

The predictions of composite materials responses in fire environments are important
in terms of safety. This reality problem can be simplified as a thermaidiuidture
interaction problem inerms of mathematical modelling. The therfhod model is
used to simplify the physical properties of fire. The classical continuum mechanics has
difficulty in predicting crack propagations because of the singularities of differential
equations at discoimuities. Therefore, the peridynamic theory which uses the integral
governing equations is a good choice to predict the damage in composite materials. It
will bring convenience to simulate the composite response in fire environments using
a monolithic methdology. Consequently, in the current stutpth thermefluid
modelling for fire and thermomechanical damage modelling in compoaite
simulated by using peridynamic theory. Therefore, the following models are

developed step by step to achieve the fiaajet.

Firstly, a fully coupled thermomechanical ordinary staeed peridynamic model
is developed for isotropic materiaBoth the deformation effect on the temperature
field and the temperature effect on deformation are taken into considefid&mthe
fully coupled ordinary statbased peridynamic model for isotropic materials is
extended to laminated compositBssides, a bonbdaseeridynamidaminate model
was applied to predict the responses of gly3composite under a pressure shock

loadng.

Secondly, regarding the fluid model to represent fireperidynamic model is
developed for Newtoniansingiehase fl uid | ow Reynol dés
high temperature shouldlso be considered which is one of the typical properties of
fire. Therefore, the heat transfer is incorporated into the fluid model to represent the
thermal properties of fireBased on the singighase fluid peridynamic model
peridynamic model for mulphase fluid flows is also developed. The NaxBéokes
equationsincluding the surface tension forces are reformulated into their integral

forms.



Thirdly, by combining the developed singdase fluid peridynamic model and the
ordinary statebased peridynamic solid model, a fisttucture interaction model is
developed for the simulation of weakly compressible viscous fluid and elastic structure
interactions. Subsequently, the heat transfer is incorporated into thestfluddure
interaction model to predict the composite respansgera fire scenario. The ISO
temperaturdime curve is utilized to present the high temperathieh isinduced by
fire. The thermal degradation properties of the composite materials are also included
in the numerical peridynamic composite model. Finally, the caitgpeesponse under

fire scenario is predicted
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1. Introduction

This chapter contains four sections. Sectioh presents the backgrouraf the
composite materials, fire propertiemnd damageorediction methods. Sectioh.2
presents the objegt of this research, while the thesis structure is provided in Section

1.3 Finally, a summary of the content in this chapter is given in the letsbrse
1.1. Background

The composite materials are widely applied to construct offshore structures such as
oil platform and offshore wind turbine etc. due to their pgiformance mechanical
propertieg1]. However, the concerns regarding their response to fire come into the
academic research field since the composite materials are usually flammable.
Therefore, in terms of safety, it is meaningful to investigate the composite response in
fire environment$2]. The failure prediction of the composite materials due to fire is
one of the important aspects. Howeveis a quite compleproblemsince multifields
are involved in this subject, g. solid mechanics including composite mechanics,
thermodynamics, fluid mechanics, thermochemistry and 48Joift will be difficult
to consider every factor of the composite firing process for numerical simulations.
Therefore, the composite firing process can be simplified as a thermastilucdure

interaction for numerical study.

The peridynamic theory (P[] is able to predict the failure or damage because its
governing equations that use an integral form are mefahiegen at discontinuities.
Therefore, the peridynamic theory can be utilized to predict the composite damage in
the fire environments. However, there is no peridynamic model availabieein
published literatureto solve the thermal fluid structure ir@etion problems.
Furthermore, one remaining issué¢hatthe PD theory is originally proposed for solid
mechanicsHence everthe PD fluid model is quitea few in published literature.
Consequently, the extension of the application field of the PD tlieoeguired firstly.

Then the coupling of the PD fluid model and PD solid model can be conducted to solve
the final problem. As a result, several PD models are developed including the
composite model and fluid models. The coupling approach of the falid, and heat



is developed in the PD form. Finally, the composite response in fire environment is

predictedoy using the developed PD models.
1.2. Research objective
The objectives of this research are:

91 Developingan ordinary statébasedperidynamic OQSB PD fully coupled
thermoelasticmodel to simulateisotropic materials behaviour under
thermomechanicaloadings. The coupling term between the mechanical
field and the thermal field is considereddaiectionally. This work forms
the foundation of the composite model introduced in Chapt€he results
regarding this study are provided in Chaf@end published as a journal
paper(5].

1 Developing OSB PD fully coupled thermoelastic formulation for laminated
compositesby extendingthe isotropic material model in Chapt8r The
results regarding this study are provided as a part of Chiater published
as a journal papef6]. The formulation is reduced ta bondbased
peridynamic (BB PD)ully coupled thermoelastitorm to investigate the
behaviour of larmates under extreme loading conditions such as underwater
explosions. The study provides an application example of the peridynamic
model provided in Chaptet in ocean engineering fields. The results are
provided as a part of Chap#and published as a journal pad&i.

1 Developing a nottocal Lagrangian model based on the peridynamic
differential operato(PDDO)f or f l ui d | ow Reynol dds
This study forms the foundation of th
this is the firstime that the peridynamic differential operator is used to solve
the NavierStokes equations. Furthermore, this kvig one of the earliest
researches regarding the peridynaapplicatiors on fluid mechanics. The
results are provided as a part of Chaptand puolished as a journal paper
[8].

1 Developing a nothocal Eulerian model based othe peridynamic

differential operator for fluid flow coupled with heat transfer proldenis



work is conducted based on the previolsid model. The results are
provided as a part of Chapt®and published as a journal pajpey.

1 Developing a multiphase fluid model based on the developed ghgke
fluid model in Chaptel5. The surface tension force is included in the
multiphase fluid model. The method of the surface tension force modelling
provides the basic idea for the flestfucture interface numerical treatments.
Thus, thisstudy pravides one of the fundamental models for flstducture
interaction model in Chapt@r The results are provided in Chapiemnd the
related manuscript is under review.

1 Developing a fluidstructure interaction model by combining the previous
solid model in ChapteB and the fluid model in Chapté&: The coupling
methodology is developed based on the numerical treasrentthe
multiphase fluidinterface in Chapte6. The corresponding methods and
simulation reults are provided in Chaptér And the related manuscript is
under review.

1 Based on the above PD modedsthermal fluid-structure interaction of
composites for fire scenario is simulated as a comprehensive case in Chapter
8. The thermal degradation propertiestb& composites are taken into
consideration. The composite damage is predicted by direct fire contact and
indirect fire contact. Théhermal interaction between the fineated air and
composites is simulatedia convectionand radiation interface boungar
conditions. And the related manuscript is under review.

In conclusion, the ultimate goal of this research is to propose a monolithic
methodology based on the peridynamic thaorgimulate the thermal fluidtructure

interaction, e.g. composite matdrdamage in fire environments.

1.3. Thesis structure

This thesis is structured in ti@lowing chapters and a brief outline of the content
of each chapter is givdrelow.

1 Chapterl Introduction



This chapter provides basic information regarding the research background,

the research objective, and the structure of this thesis.

Chapter2 Literature Review

This chapter represents the traditional peridynamic theory and the
peridynamic differentiabperator. For the peridynamic theptiye bonebased
form and the ordinary atebased form are reviewed. As to the peridynamic
differential operator, the theoretical foundation, the derivation and construction
process are provided. Furthermore, an accuracy test is performed for the
peridynamic differential operator to investigatbe accuracy of the

approximatiorfor first and the second derivatives.

Chapter3 OSB Fully Coupled Thermomechanical PD Model for Isotropic
Materals

This chapter describes the OSB PD thermomechanical model for isotropic
materials. The nodimensional form of the PD model is also provided.
Validation of the model igonducted by solving some benchmark problems
and comparing the simulation results with other numerical solutions. The three
point bending problem, plate crack propagation, and the Kolthoff problem are

simulated in a fully coupled thermoelastic fashjbh

Chapter4 Fully Coupled Thermomechanical PD Model f@omposites
Material

This chapter presents a fully coupled ordinarytedb@sedperidynamic
modelfor laminatedcomposites. The formulation includes a coupling of both
thermal and mechanical field3.o verify the proposed model, numerical
simulations for benchmark problems are carried out and their results are
compared with AISYS solutions. Various loading conditions, e.g. uniform and
linear temperaturl®ad, pressure shocks arensidered for single layer laminar
and multilayer laminates. Finally, the crack propagation paths and temperature

distributions are predicted for stk loading condition§s, 7].



1 Chaptelb Isothermal and bBn-isothermal Fluid Laminar Flo@imulation

This chapter provides a ndocal model for fluid flow both in isothermal
condition and nossothermal condition. The fluid flow governing equations,
i.e. NavierStokes equations, are reformulated in the integral formulation by
using the peridynamic diffential operator. Then the numerical simulation
algorithmsin thetotal Lagrangian description, updated Lagrangian description,
and Eulerian description are provided. The numerical model is validated by
solving the benchmark problems in fluid mechanics, leygrostatic problem,
Poiseuille flow, Couette flow, shear driven cavity flow, Tay&neen vortex,
water dam breakage, natural convection, and mixed convection prof@ems
9].

1 Chapter6 Multi-phase Fluid Flow Numerical Simulation

This chapter provides a ndocal model fomulti-phase fluid flow based on
the peridynamic differential operator. This is an extension work based on the
nortlocal model for singlghase fluid flow in Chaptes. The surface tension
force existing on the interface of different fluids is modelled by the
peridynamic differential operator. Some benchmark problems for-phaise
fluid flows are solved to validate the proposed model, i.e.-ghase
hydrostatic problem, twphase Poiseuille flow, twdimensional droplet

deformation.

1 Chapter7 Fluid-Structure mteraction Numerical Simulation
This chapter presents a new monolithic methodology based on the PD theory
for simulating fluidstructure interactions. The fluid model developed in
Chapter5 is adopted. The ordinary statased PD isotropic material model
reviewed in Sectio2.1.2is employed. The fluid motion and elastic structure
deformation are predicted simultaneously by using a novel interaction
algorithm. To validate the developed fltstructure interaction model, a dam

collapsed under mibber gates simulated.



1 Chapter 8 Coupled Thermafluid-mechanical PeridynamicModel for

AnalysingComposite undeFire Scenarios

This chapter presents a thermal fhstducture simulation of compositesan
fire environment by using the developed peridynamic model. The thermal
degradation property of the composites is also taken arisideration. There
are two simulation cases provided, i.e. composite directly under fire
temperature boundary condition and the composite indirectly under fire
boundary condition via fireated air. The fluid and composite interact via the

thermal fieldby considering the convection and radiation on the interface.

1 Chapte© Conclusion
This chapter reviews the research achievements, summarises the research
novelty and contribution. The gaps and recomneeridture work are listed.
The publications from the PhD thesis are provided, and the final rermarks

drawn.
1.4. Summary

Damage prediction is a challenging topic since the classical continuum mechanics
(CCM) mathematical model is meaningless at discontinuiti€serefore, the
peridynamic theory is adopted in this study for composite damage modelling to
overcome the shortcomings of classical continuum mechanics. The fire scenario
prediction is another challenging topic in fluid mechanics. To solve the composite
damage under fire scenario imenolithic methodology, the fire is simplified as
heatconducting fluid and modelled by the PD theory. The following objectivésof
thesis researchare the proposing of 1) OSB Pnhodel for fully coupled
thermomechanicdor isotropic materials, 2) OSB Pnodel for fully coupled
thermomechanics for composite materials, 3) shpgiase viscous fluid PD model, 4)
heatconducting viscous fluid PD moddl) multi-phase viscous fluid PD model, 6)
fluid-structure interaction Pbnodel, 7) thermal fluid and structure interaction PD

model.



2. Literature Review

2.1. Peridynamic theory

The peridynamics (PD) proposed by Sillaigd Askari4] is a nonlocal, meskree
Lagrangian methodwhich provides an alternative formulation for the continuum
mechanics. PD is basedh antegraldifferential equations as opposed to the partial
differential equations of classical continuum mechaf¢s Therefore, no singular
stress or strain will be created at disiiauities. The equation will be valid everywhere
within the body. This is one of its advantages over the classical numerical simulation
methods such as the finite element method (FEMje, the basic concepts of the PD

theory are reviewef.0].

As shown inFig. 2-1, each material point is identified by its location represented by
a coordinatex in an undeformed state. The body regiorRis and the interaction

domain of material poink is called neighbourhood and is denoted Wy. The

maximum interaction distance is called horizireand denoted by/. The length of

the horizon is the measure of nonlocal behavibbe other material points iH, i.e.
Xi, are called the family members af. Furthermore,y and yi represent the
positions ofx and xj in the deformed configuration. Hence, the displacemehts
points x and family memberxi are u(x)=y x and ui=u(x)iy X,

respectively. As illustrated iRig. 2-1, the initial relative position vector is denoted as
3=Xj X (2.1
Consequently, the relative displacement betweemd xj can be defined as
d=u(xi) u(x) & iy} (x- x) (2.2)
The equation of motion for point in PD form is expressed §H0]

r(x)l'j(x,t):fjx(t(ui UX xt) tfuiux Xi ,t))d\/i b (x b (2.3



where 7 (x) represents density/ represents the volume of poing, U(x,t)

represents the acceleration of poxtat timet, b(x,t) represents the volumetric

body force.The integration on the rigiitand side of Eq2.3) represents the total PD
force density acting on point. The acceleration of the central point is calculated by
the force exedd from its family members, indicating a nlmtal behaviourln the
deformed configurationtj is the PD force density function exerted from pointto
point x . Similarly, t is the PD force density function acting at the material print
from point x. Depending on the magnitude and direction of the PD faraewd ti,

the PD theory can be classified into two subdosjaie. bondbased peridynamics
(BB-PD) and statdased peridynamics (SBD). The BBPD and ordinary stateased
(OSB-PD) theory are used in this study, which will be explained in the following

subsections.

Undeformed — ) Deformed

Fig. 2-1 Interaction of the poindf interestx with its family memberx;

2.1.1. Bondbased PD theory

The material bodyR can be discretised by a set of material poifte material

pointi is the central point and material poiptis one of its family members. The
coordinate®f pointi in the undeforradand deformed configurations axe andy;, ,
respectively. The corresponding displacement is denoted biyhe bold symbols are

used to represent vectors. The same notation is applied to other material points, e.g.

The initial relative position and relative displacement vectors are defined as



3 =X; % andd; =u; 4 .Thenthe relative position in the deformed configuration
Sy;-y 3 9.
It should be noted that in boithsed PD, the pairwise PD forcesindtj are forced

to be equal in magnitude and parallel in direction, t.e. ti. As a result, the

discretised form oEq.(2.3) becomes

r(xi)U(xi,t):g 2t(uj U X% ,t)\/j bx t) (2.4)

j=1

where N, is the total number of family members for pointin BB-PD theory, a

pairwise PD force densitly is defined as

f(uj-ui,xj -xi,t) Z(uj U-X, X t) c% a(T T) gJ (2.5)
G QJ'VI‘

As a result, the equation of motion E3) is expressed in borAdased PD form as
[10]

QJo
=z

r(xi)(j(xi,t):g:c u( 5 )

iy

g ‘\{ Ob-()g ) (2.6)

O?Bﬁ Qo

in which a is the linear thermal expansion coefficient of the matefiaé termT.
represents the temperature change of pointith respect to the initial temperature,
T = @x,t) - (.t Of Similarly, T, is the temperature change of poigt The
term s, is the PD bond stretch which represents the deformation stahesRid bond

between material points, and x; . It can be defined 440]

v %
| P, - x|

@2.7)



The termc is the PD constant which can be calculated by equalling the strain energy
densities obtained from PD theory and CCM. The fornmariat of ¢ for different

dimensional problems are provided[ 48]

e 2E

t—, for1D problems

T rea

c= :iK‘?— for 2D problem: (2.8)

Tphhlck a

i

T18K ,  for 3D problems

ipd
where A, ., is the crossection area for 1D problems ahg., is the thickness for 2D
problems.

The BB-PD theory does not distinguish the shear deformation and bulk deformation.
Hence, the Poissonb6s rati d@2b)analyssand®¥4d t o ¢
in three dimensional (3D) analy$i0].

2.1.2. Ordinary statebased PD theory

In order to overcome the limitation of BBD theory on the material properties,
statebased peridynamic theory is proposed by Silling ef1dl]l. The ordinary state
based expressions for PD force functions are presented as priovjti2p

t(u

i

adL
-U,X X ,t) %e4d
2

n- 4P Tlag—— (2.9a)
e AL

and

1€ adl, g -y,
tu-upx x0t) =§g4d;__—x_‘(ﬁ n ) 4@ Tag =

with

10



_e2,for2D
- }3, for3D

W4
f@i (2.9d)
X |

The dilatationsg for point x; and g; for point x;, are defined as

(2.%)

ayj =Y

L
C j_yi‘

ij

IOO Oz

q=add ds - B o (2.108)
ci=t -
5 d ds - B LV gr:rjm (2.10b)

(;i=l

The relationship between the PD material parametersa j.b andd, and classical

material parameters are listed as provided 2j;

E 1
a=0,b = ,d = for1D 2.11a
AT (2112

rea

(K 2m) b :L d _=2_3f6(/)r2D (2.11b)

phhlck mick

14 5 4 15n 9
a==— —-m®p =——,d ——Tfor3D 2.11c
28é<‘7 3% ¥ 4 pd (2.11¢)

By plugging Eq(2.9)into Eq(2.3), the equation of motion for ordinary stdtased
PD formulation in discretised form can be written[ 2]

2 820 «
2 S%elar gl ) S

r (X )u(x, t):gé L ARR/RY 819( ) 212
P 3 5 j [
F T NS
¢ € ¢ - a b2

11



2.1.3. Peridynamic failure criteria

Since PD equations are formulated without any spatial daréstiPD theory is

suitable to be applied for failure prediction. Once the stretch between material points
exceed the critical stretch valug,, the bond will be broken and will be removed
permanently. At the same time, the forceasEn these two points becomes zero. The

critical stretch value for bond failure is related to the critical energy releas€ rate

[12];
e ﬂ G
1 B for3D
(&, a3 0
HEm dK, 2y gad
s =116 ' - (2.13)
% 6 16GC —for2D
e m— (K, 2 4 8d

A history-dependent damage function(xi,xj,t) is implemented for each

interaction between the material poift®]. The value of the functiom‘(xi,xi ,t)

will be set to be zero when the bond is broken.

ea T H# o

ihad-a—— 6
c(x.x,.t)=1 ¢ (2.14)

[ ] ~ o T+T ~

0% . 4000 9

10,58 - a-—L &S

1 C o

The local damage at a point represents the weighted ratio of the number of broken
interactions to the total number of interacsomherefore, the crack propagation path

can be presented by the local damage valj&3s

a c(xi,xj,t)\/j
J(x.1)=1 -—F (2.15)
av,

j=1

12



2.2. Peridynamic differential operator

It can be inferred from the previous section that the PD form of the material
parameters is required for PD material modelling, which is calculated by equalling the
strain emrgy density obtained from classical continuum mechanics and PD
expressiondBased on the PD concepts, a peridynamic differeoiatator igecently
proposed by Madenci et 4lL4]. It is derived based on Taylor series expansion and
orthogonal function properties. Being different from the bbaded PD theory, the
peridynamicdifferential operator does not have any constrammateriaproperties.
Furthermore, it can be directly applied to reformulate the partial differential equations
to their integral forms. The classical physical parameters can be directly used without
converting into their PD expressions, which avoids the derivation process required by
the bondbased and ordinary stab@sed peridynamic theory. In addition, it does not
have any limitation on the order of the partial derivatives both for time and space. Fo
example, the secoratder derivatives can be directly approximated by one integration
by using the PD differential operator which corresponds to the sexdedderivative.

As a result, the error of the PD result is reduced by using fewer integrabomsared

to nonordinary statédbased PD. Furthermore, the PD differential operator functions
are also forced to be orthogonal to each term in the Taylor series expHi#gion
Therefore, when determining the expressions of the PD differential operators, both

lower and higheprder terms are considered.

The theoretical foundatioand derivation of PDDO wibe brieflypresentedior 2D
problems irSection2.2.1and an accuracy test for PDDO is conducted in Se2tiha

2.2.1. PD differential operator for 2D

The simulatiosinvolvedin this thesisre for2D, therefore peridynamic differential
operatorff14] for two-dimensional space up to secemder derivative is provided in

an explicitform.

The Taylor series expansion up to secorder derivatives for twalimensional

space is expressed in an explicit form as

13



xe3) £ (x) % i) 1 g, Thlx)
flare) 1) m= 7 = S g o1

2t LB g g

where 3=xe +e, with e and e, representing the unit vectors ik and y

directions. The ternR , (3) is the remainder for Taylor series as

X} ¥, forsome 4&(0) (217)

1 wf(x a3)
R2(3)= a
’2( ) men sMINLE Xt PO
Note thatR ,(3) = O(|3}3) and it is assumed to be negligible. The +aral form

with the help of PD differential operator will be derived for following differentials

[14].

() D) A(x) 2T 2 (w) 019
ook o X % ow
Since the derivatives are up to the seeortkr, PD differential operatog™™ (3~)

will be used to represent the PD nonlocal expressions up to the smcemd

derivatives.
Multiplying g™* (3~) by Eq.(2.16) and integrating over the horizon result§ld]

ﬁix gh® (3)( f(x+3) -f (X))dVi

— ﬁxxlufw((l ) g~ (3‘)dVi +Hxﬁ£( flg) gplpz(g) dVv j

2 2.19
+m %Xlz UJXEZX) PP (3‘)dVi +H é é% flfpéx) gplpz(3‘)dV ( )
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where O<p, #, 2. By enforcing the orthogonality conditions for each PD

differential operator ai4]

for g*°(3):

2 (2.20a)

L1 . .
i Eng”(&)dVl:O ery(zgm(3~) dv 0
for g®(3)
F,] Xlgol(&)dvlzo ﬁ%(gm(g) av Hl, ! %ﬁ]?/gm(&) v P

' 2.2
~ Ll 5 o1 ~ 1 (2.20D)
A Eng (3)dvi=0 wa(zgp (3)dv FO
for g*(3)
i %9 ()avi=0, fo”(s)av FO. = e(s) av
o1 L _ ; (2.20c)
[, %97 (3)avi=0,  fr.g7(s)dv 0
for g%(3)
F,] Xlgoz(3~)dV|:0 ﬁg(goz(:}) dv 0, ., %ﬁ]e/goz(g) v B

' 2.2
~ 1 5 0 ~ 2 (2.20d)
i Eng (3~)dV|:1 wa(zgo (3~) dv 0
for g**(3)
ﬁ Xlgll(g)dv|:0 n3(911(3) dv =0, ] %ﬁ/g“(a) v P

' (2.20€)
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the following relations can be obtained from E2j19) as[14]

for g (o): 7926 0ceo) r)avi LB e
for g (a): 7986 (o) -r)avi K @)
for g () 3.0°@(1s) r()vi £ g
for g”(3): 7.0°(10s) (v £ 2w
for g*(a): 70561 (xv) t)avi £ g

In conclusion, the differentials in local form are reformulated into theirlooa

form as[14]

& fi(x)

DR

| |

A 8g°(a) 0
[ 2 T T oigy 1
Lot (x) d 7197(3) 1 .
=L E[ (T(x 8 #(x) g°(s) dui (2.22)
L ] 2 i
1.2 1 G (3) 7
T2t (x) s !
1 (g'(3) g1
e

() ¢

P

where the terng represents the PD differential operator for each derivative, such as

g'°(3) is the PD differential operator foif (x)/ X .
The PD differential operator functiong*™ (3), are chosen §44]
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o (o): (o) =(a) i, ) wr i) wix (@) wik @) w, (2%

for g*(3): g ( ) (am) WY ( ) w X( 130; w )( eﬁ) w, (2.23b)
for 920(3):920(3)=(afo°) Wy, -(am) Wy ( ) w x( agg) w )( e_@ w, (2.23c)
for g% (3):g* :( ) (am) Wy ( ) w X( 1303 w )( aﬁ) w, (2.23d)

for g**(2): g**(e) =(as) wa {) wy (te)) wix( &) wix df w, (2.23¢)

or expressed in a compact form[a4]

eg°(s) Dol aff oy ay alewno
197(0) 1 @ A al al auﬁwxz 1
107°(3) e ay ay aly we (2.24)
Tg”(e) | &l aff aff al aﬂiijf :
Tg%(s) § &l all all il all g x

where ao'ilq’f represents the coefficients of the polynomials viithg, 4, 2. The

weighted functbn w is defined a$14]

we e (20

(2.25)

By substituting Eq(2.23a)into theorthogonality conditions provided in E@.20a)
the following equations fog*°(3) can be obtained ai4]

(aie) fj, weidvi+(&2) | Ay sV if d) | whw

2.26a
(@) v davi £ | o ey ix e

(2i0) 5, voa dVi+ (&) | Ay 2oV i€ &) | v v

.26b
(aoz)m wdVi -(3111) Xﬁvg(fdv i 6 (2.260)
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(aie) 7, weidvi+(a) | v AV i ) | whtv

2.26
+(a(1)2) ﬁ wx? 5dVi (aﬂ’) Hxﬁvf‘xzd)d X (2.260)
(aio) fy e, Vi (&) | fiv v i ) | whf o 0260
+() ) wedVi {49 xRV e '
(aié’)r",] o xdVi+( &) . AV 150X it ) LMY gV
' : ' (2.26¢€)

+(a2) [, W &dVi {ay) v X e

Similarly, by substituting Eq. (2.23b) intothe orthogonality conditions provided
in Eq. (2.20ke), thefollowing relations can be obtain¢ti4]

Aa=b (2.27)
with

A 2 3 2 2

gW)(l Wf(ZX WlXWlZXW1 2?)(

S wx w? aw?d v 2 9

W X 2 1 X 2 12 U
—_~ A 4 2 2 3 .
A—mxgwxf wk,x wlxw?Zix w?,dk (228)

> 3 2 4 3 Y

eWX1§’ WX W1§( XW , N, uX

A2 3 3 2,2
gWXl%( W1)§XW1 2 X Xy 5 W1qu

@l % & a? al
S0 8l al al
a=&ly a & of al (2.28)
@l 8l A% al al
02 11

g2 a% a? a? al

& 0000
01000

b=é0 0 2 0 O (2.28¢c)
000 20
€0 0 0 0 1
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After solving for the unknown coefficierat, the nonlocal form of derivatives of

2D PDDO can be easilyeneralized intohe 3D PDDO agl4]

function f can be found.

— —_—
(®))
N 8
N ™
~ AN
N—r
>
=) (— (—
[ e el el s F e e ek >
b T Th Th T Th T T Th
N S N S S N e e S
8 2 8 8 8 8 8 8 =
< o ©o « — (2 (— = <
.owugggAbgAOwdnlung o X3212223X,_X5Xo
D) (= (o (o (o (o O O N
(= (= (= (= ¢ = ¢ WWWvWAvWAvWAeWX1vWA1X
x DO DD D DD DD ,e,e,am_.v
haad .I\)
2
— '
$ <
o
X [ PESPEEPEEPERPEDEE  » PENPERPEIPEEPEEPES._N
.— e trniernirnirnirn e Penlan)
- b b Th Th ThH ThH L L Th
> o 4 o o o — —
= € § 8 § §8 8 3 & &
=] I O OO O o O o O O O
L ek Lo B R L ) Gy Sy Sy SEp SRS ) 1D (— (= (= (= (e (o (o (e (e (e (o
< < -~ X x x X| &g X|& X|Z
X X X ~—|N ~—|N ~—|N ~— ~—- ~—~
=1 =1 g e v S - A - A
O e e Sk Sy DY Sy S S Sy SENy Suny Sy SN S S SENy Sy Sy S

where
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N

A 2 3 2 2
¢ X XX X X ] XXy XX TX X,
2 2
aX X 2 X 2K X 1
2
1

cc
>

1
X, X5 XX XX %X

4 2 3 2 )
SXX XX 5 X 1o X K. XX X KX X W
S 2 4 2 2 2,2 3 2
eX13 I%zx 1 X X 12 X X3 )fzx 1% X122
—~ @ 3 2 2 2 4 2 3 3 3 / -

ASRWSxa X Ox Sy XD DX X3 F5 XX X Fxo gy Qi
y 3 2 2 2 4 3 3
eXlg( X 3 X TIX XL XX 1XQ§XX2315|’(
e 2 3 2 2 2 2 u
QN X XX X XX, X ¥ X T¥ XX, X ¥y

3

Z 2 2 2 3 2
X ¥ XX X3 X R 5 XX hxflzgxflgxl)gsxuu
€ 2 2 2 3 3 2 2,2, U
eXlQ(SX 2 é( X2 3 X 1)(2 3 X 2X3X Zé/ XlZXS Xp(Z)é XXZXSX UX

(2.30b)
& 00000000
© 10000000
€ 01000000
© 00200000

b=€0 0 0 0 2 0 0 0 0 (2.30c)
© 00002000
2000000100
& 00000010
© 00000001

3=XE 8, HE (2.300)

with e, e, ande, representing the unit vectors in tke y, and z directions.

2.2.2. PPDO model accuracy test for 2D
2.2.2.1The effect of particle distribution on PDDO accuracy

ThePDDO accuracy is tested for first and secorakrderivatives both for uniform
and nonruniform particle distributions. In this way, the effect of the +uoiform
particle distribution which frequently exists in fluid flow simulation on the PDDO

accuracyis investigated.
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In order to test the higharder derivatives approximation accuracy, a function is

set as an object

f(xy)=x 2y (2.31)

with the variable domain oki [0,2] and yi [0,2]. The exact solutions for the

derivatives are easy to obtain as

I.If(X,Y)ZZX, |fl(X,y) :6y2,
kX M
2.32
FH0) L, B0 g, M)
I ' C oy

In the numerical implementation, the domain is discretize@18y21 particles with
both uniform and nominiform distributions, as shown Iig. 2-2. The noruniform

distribution is generated from a standard normal thstion[15].
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Fig. 2-2 (a) Uniform (b) noruniform particle distributions
The red point located 41[1) in Fig. 2-2 is set to be the point of interest, whose

derivatives are shown ifiable 1 for exact and PDDO solutions with their relative

errors.
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(1,2) with exact value and PDDO

Tablel Comparison of derivatives 4K, y)

solution with 213 21 particles

wilwy

Wil Wt/ fy

Method o/ uf /

Exact
Solution

12
12
(0)
11.9924
(0.063%)

3.719E15

2
(0)
1.9738
(1.31%)

6.0536
(0.89%)

2
(0)
2.0005
(0.028%)

PDDO value

Uniform
PPDO NonR

()

-0.06672

error
value

6.0572
(0.95%)
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Fig. 2-7 (a) Uniform (b) noruniform particle distributions, and (c) exact values for
wilay

It can be observed fromablel that the accuracy of the PDDO both for first and
secondorder derivatives is acceptable. However, the irregularity of the particle
distribution will increase the numerical error compared te thgular particle
distribution as shown ifig. 2-3-Fig. 2-7. Therefore, the techniques that redistribute

the particles in a nearly uniform fashion is necessary for the PDDO simulations.
2.2.2.2PDDO prediction accuracy test for function value prediction

The nonuniform particles as shown iRig. 2-2 (b) are treated as the original
particles. The uniform distributed particles as showign2-2 (a) are set as the new
particles. The function E(R.31) is given to the nofuniform particles inFig. 2-2 (b).

The distribution of the function valuefs(x, y) of these noruniform particles is

shown inFig.2-10(a). The function values of the uniform particles should be predicted
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by using the derivatives on the nraniform particle positions calculated by PDDO.

The procedure is provided kg. 2-8.

The positions of the uniform and nomiform distributed particles are provided in
Fig. 2-9 (a). The uniform distributed particles are set as the interest points with their
family members being the namiform distributed points, as illustratedfig. 2-9 (b).
Particlei represents the particle of interest belonging to the uniform distribution

system, and particlej represents the particle belging to the noruniform

distribution system within the horizon of partigle Besides, the particles belonging
to the uniform distribution are not the family members of pariicl@though they are

locatedwithin the horizon.

Function Eq.2.31)  Compare SIrBIEn FEDEE o
(exact values) <« uniform particle positions

(predicted values)

Assign Taylor series
Expansion .(2.34)

Derivatives on each nen
uniform particle position

Eq.2.333

PDDO

Fig. 2-8 Function value prediction procedure
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(@)

Uniform particles
Non-uniform particles

Q Uniform particle of interest

— PDDO interaction

(b)
Fig. 2-9 (a) Uniform and nofuniform distributed particle positions, (b) illustration of
PDDO interaction between uniform particles and-oaiform particles

First, the derivatives of functionf(x, y) on the positions of neaniform

distributed particles are predicted by PDDO in the realm ofumsform distribution

particle system. For example, for partigebelonging to the nomniform particle

distribution system, the deatives are calculated according to.23)as

gfvaDO(X?u’yjnu) g gglo(xjk) 2
U
gf;DDO(X?u’yjnu) HNJ_ 2901(Xjk) 3
() Ba () (O )@ ln) ¥ @33
gf;yDDO(X?u’yjnu)gu ggOZ(Xjk) 3
& (4" ") ug 89" (%) U
with
A 10 e :
ggm(xjk) gé (\?1 0000 é@ W( J:)
<9 (%) he D100 ch“gé W(Xjk)z
€™ (x, ) B 0 2 0 00Uk w(x}) (2.33b)
é Ue é uce
égoz(xjk) ue & 0 0 2 0pe w()(.2 )2
Ci(x,) hE £ 000 1HE U
&9 (XJk) ¥ éW( Jk)( 1%)
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where superscriphu represents the nemniform particle. Particl&k represents the

family member of particlg] belonging to the neoniform distributed systemN; is
the total number of the family members of partiglevhich belongs to the nen

uniform distributed system. The term$ and.x; are defined as; =x"- X" and

2 — \,nu u
jk_yk_YT'

Subsequently, the function value on the position of parti¢khown inFig. 2-9 (b))

can be predicteby using the derivatives on the position of parti¢ldy using Taylor

series expansion as (as shown in(Ed6))

(f ()ﬂ“’ yiu))corrected ()ﬁnu Xnu) +f;DDO( X ynu)( ]X

PDDO nu nu 1 PDDO nu nu u
170 ) (v ) (e ) ()
¥

.
Loy )y ) eyl #)ut v

(2.34)

where superscripti represents the uniform particle aml represents the nen

uniform particle. By using Eq2.34), and by using theon-uniform family members

(i) located at(x, y™)of particle (i) located at(x’,y'), one corrected function

value at(x', y') can be obtained for each family (i) (such ag(j)). Therefore, the
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predicted function value z(bg“, yi“) can be obtained by averag the corrected values

as

b, (f ()gu, >{J))corrected

()™=

é (X?u’ yjnu) + f’)I(DDDO ( )snu’ ¥nu)( ?(u _ %(nl.)

'\fi"nU% PDDO nu nu nu 1 PDDO nu nu u n 2
a @ yr)(x -y F1E0e (e ¥
x
?’; f;yDDO(X?u, yjnu)( yu _ >Jlnu)z ﬁ'EyDDO( )J(nu, ynu)( iXu )J(n)( y“ yj ”_‘)
N.

i,nu

i,nu

[}

(2.35)

where N, , is the total number of the namiform family members of particle located

at ()g“, yi“).

The function values assigned to the nomiform particles,f(x?”,yj””) and

predicted for the uniform pticles, (f ()g”, yﬁ))predmd are plotted irFFig. 2-10andFig.

2-11for resolutions21® 21and 513 5], respectively.
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Fig. 2-10 Function value, for (a) neaniform particles (assignedo,(x;‘“, yj““) and

A predicted A
(b) uniform particles (predlctec()f ()g“, Y )) for resolution213 21

29



9,650 9.650
8.444
7.238
6.031
4.825
3.619
2413
1.206
0.000

8.444
7.238
6.031
4.825
3619
2413
1.206
0.000

T
0.0 05 1.0 15 2.0

x(m)

(b)

Fig. 2-11 Function value for (a) neaniform particles (assignedl),(x]f‘“, yj”“) and (b)

. ) . predicted .
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The total L.-norm error of the uniform particle set is calculated as

a (f Predicted()ﬁu, ylu) - f exac'(xu’ yu))2
e = |- _ (2.36)
a ( f exact()gu, ylu))

By comparing the error for different resolutions as=0.31% for 213 21,
e =0.0670% for 413 41, ande =0.0374% for 513 5], as shown ifrig. 2-12, it can

be concluded that a higher resolution results in a more accotaten.
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Fig. 2-12 L>-norm error plot for different resolutions

30



3. Ordinary State Based Fully Coupled Thermomechanical PD

Model for Isotropic Materials
3.1. Introduction

Due to the development of aerospace and mechanical industries in recent years,
mechanical and thermal shock loadings become tlypité important loading types.

For example, the gas turbine engine casing of an aircraft can experience a temperature

rise as high a&700 C within an extremely short period 6]. In the analyses with such
loading conditions, the thermomechanical coupling effects often play a crucial role
and as a consequence, they should be considered both in thermal and structural fields
[17]. Not only the effect of temperature on deformation but also the effect of
deformation on the temperature field is nwegligible. Therefore, fully coupled

thermoelasticity analyses are necessary when dealing with such types of problems.

The basic theory of linear coupled thermoelasticity is well understood and fully
developeddr many years. Bidf8] first introduced a coupling item in heat conduction
equation to solve the coupled problem of thermoelasticity. Later, Herrfd®&n
generali zed Bi oiditnensignal anisatropje body. Recently, Jablan e e
et al.[20, 21]gave exact equations for classical coupled thermoelasticity in cylindrical
and spherical coordinates. Although some analytical solutions are providexier s
simple problems, many complex problems have not been completely solved with
analytical method$22]. Therefore, numerical methods such as FEM and boundary
element method (BEM) have been widely applied to get approximate sol[#&jns
For exampleCannarozzi and Ubertif24] conducted FEM analyses for linear coupled
quasi-static thermoelastic problems with a mixed variation method. Displacement and
temperature acted as primary variables in their research. On the other hand, stress and
heat flux acted as dual variables which were also involved directly in their analysis.
Tehrani and EslaniR5] studied the coupling coefficients and relaxation time effects
on thermal and elastic waveotion by using BEM. When the fracture is involved in
the fully coupled analyses, temperature distribuséicound crackips becomes a major

concern. The high energy concentration around a moving crack produces high amount
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of heat energy and results in ugtextable temperature increase. Atkinson and Craster
[26] deduced some simple and asymptotic tenajoee distributions for the region near
crack tips during crack propagation. Weichert and Schd®@#t investigated the
temperature near therack tips in brittle materials with very small plastic zones and
high crack velocities. The crack tips were simulated as heat generation sources and
consequently, the temperature distributions were predicted. An experimental study
conducted by Bhalla el.g428] estimated the temperature distribution near the crack
tips. A temperature increase was observed in their experiments. Miehg2@}.al
presented a cainuum phasdield model for brittle fracture in thermoelasticity. A
bending numerical simulation test considering the crack growth and dissipative heat

generation was provided, and its corresponding temperature field was discussed.

When a disontinuity is involved in thermoelastic problems, the aforementioned
numerical simulation methods based on the classical meahah&ory predict
unbounded stresses and energy densities. Even for linear elastic fracture mechanics
(LEFM) and dislocation dyamics, supplemental constitutive equations are needed to
determine the motion of a dislocation. On the contrary, peridynaf#jc30] is a
nonlocal theory that includes damage as part of the mlateysponse. As a
consequence, the PD equations remain valid where crack or discontinues[Bigrges
Therefore, PD theory is especially suitable for problems with discontinues, thus it is
adopted in this study. The crack nucleation and propagationdemsinvestigated by
many researchers in the realm of PD thdB8¢38], but most of them are only in the
mechanical field. In the thermal field, Oterkus ef38l] derived the formulation of
thermal diffusion with PD theory and utilized it to capture the fuel pellet craghkiblg
Bobaru and Duangpanydl, 42] studied the heat conduction in bodies with and
without discontinuities in bortlased PD theory. Regarding the thermomechanics,
fully coupled bonebased PD theory was formulated by Oterkus ¢4.3], Oterkus
[44], Madenci and Oterkyg5]. Furthemore they successfully applied their model to
predict crack propagatigd6, 47] However, due to the aforementioned limitation of
the BB-PD model on material properti¢k3], an ordinary statbased PD modeat

necessary for thermomechanical problems.
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Regarding the fully coupled thermonmamical analysis, the ordinary stdtased
PD model has not been explicitly provided, only the expression in-baseld theory
is available in the published literatui4, 48] Therefore, in this section, ordinary
statebased fully coupled PD thermoelastic equations with explicit formulations of PD
parameters are provided in Secti8r2 Then these equations are cast into their

corresponding nedimensional formg Section3.3.
3.2. The OSBthermomechanicasotropic PD model

The ordinary statbased PD model for mechanical deformation prediction is
provided in Sectio2.1.2 In thissection, the OSBD thermal model is discussed. For
the point of interested , the heatconduction equation in the fully coupled

thermomechanical PD model[#&3]

- 0Q(lxj xi-)é(X,- K}g’ b(*, 931

Wherehs(xi,t) is the rate of heat generation perit volume. In the abovequation,

k is defined as PD microonductivity with its definitions beinlisted ag§39, 43, 49]

k= 2 >~ for1D (3.2a)
A‘dread
6k
k= T for 2D (3.2b)
Phyg &
k=5 tor3p (3.2¢)
ol

The second termwvithin the summation of Eq(3.1) represents the deformation

coupling efect on temperature. The time rate of change of stretch extension,

e(xj - X ) can be defineds
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) T (@ u) @3

The term b is the PD thermal modulus and its formulation in GSB theory is

derived as followgdetails provided i\ppendix A). The physical meaning and theory
foundation of the PD thermal modulase fully discussed by Oterkus et @3]. In

this section, the same derivation approach is adopted. The initial form of the ordinary
statebasedPD force function for poink. is shown in Eq(2.9a). In anotherform,

being similar to the derivation conducted by Oterkus ef4dl, 44] the PD force

function can be divided into two parts[48, 44]
t=k @© BT (3.4)

The first part on the righhand side includes only the structural deformation, and
the secongbart is related to temperature effect. In BB¢4), k is called the modulus

state[50], the termBT represents the effects of thermal state on deformation.

By plugging the dilatation ternm Eq. (2.10a) into thePD forcefunction Eq.(2.9a)

results
e dL, &N
t(uj-ui,x]. 'Xi’t) gZdWaéajaz,ld ‘Q? ,'E) YLlo2 I{q’s i "'ET

After rewriting the PD force function by splitting into pure mechanical and thermal

part Eq.(3.5) becomes

2 2 !
eBeee—zad at, a sLV 2dbs iV 3
ek 2 9 vl g
add?L, ! 0g -y @
eae—a LV, 2db 8 J E

g‘x -x‘ -

(3.6)
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By comparing Eqs(3.4) and(3.6), local thermal modulus of the bond between

and Xj can be obtained as

a2agldiL. N
b(x;-x) B ——L8a N 2+

3.
ge‘xj_xi‘ A i (3.7)

1-O:0: Ot

yj-yi
‘yj-yi‘

the explicitform of the local OSB thermal modulu®,, for differentdimensions can

with B=56 [43, 44] Subsituting the PD parameters providedEg. (2.11),

beobtained as

Ea

b= > forlD (3.8a)

rea

Ak . L. N 0

ly(xj - xi):i Ko-2m Ly LV, 3 mgor2D (3.8b)
phhick &lg:" mick \X{- Xi‘ j=1 9
(27K - 4 L, M 0

b(x - %)= & es( . 451 L, a LV, § mgfor3D (3.8¢)

pé’ge 16 pd ‘x].-xi‘jzl

Furthermore, for the borbased restriction §=0) [10], the OSBPD thermal
moduluswill reduce to its bondased form, wherd, =2 & or b, =1/2(c § [43,

44] with ¢ being the bondbased PD material constdf0] as provided in E(2.8).
3.3. Non-dimensionaform of OSB PD model

The governing equation can be put in a -démensional form by using nen
dimensional variablef51]. Therefore, the fully coupled PD equations east into
their nondimensional forms by adopting the approach proposed by Sa¢k2jaand
Oterkus et al[43].
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Regardng the heatconduction equation, the diffusivity is defined as the
characteristic length/time quantity and the characteristic length/time is the elastic wave

speed52]
|
re,
a= [[*¥2m] (3.10)
r t

where/ and m are Lame's constants. Combining the characteristic length/time scale

leads to characteristic length and time as foll (23
I"=gla (3.11a)

t =g/& (3.11b)

As explained in43, 52]following nondimensional forms can be used

Length related variables:

o 2 03
x=9%d =%9n & v =29 (3.12)
a a ca * ac -
Displacement:
(313

Stretch:
(3.19)

Time:



_ag $
t—g? g (3.15)

Velocity-related variables:

9 9 &y and e -—-L%qéfe (3.16)

And the temperature:
T= QT (3.17)

By using the above nedimensional parameters and substituting the peridynamic
parameters listed iSection2.1.2into Eq.(2.12) and Eq.(3.1), the nordimensional
form of the fully coupled equations can be achieved byzirtdi the nordimensional

parameters given in E¢B.9)-Eq.(3.17) as

1D analysis
- 2 MAT-T &0 _
T==—a®&— - ¥ hforlD (3.183)
l'=1(; i~ Xi‘ 2 g
— N é_ -rl+-r V. -)_/i _
u(xi,t) =— a & 5 ! g‘ —V b—()g ,t)for 1D (3.18b)
i=1¢ i~ yi‘
2D aralysis
6 vat-T ac " 2 °
=~ i~ e e, ~ T
T':,Oﬁ_ﬁa_‘ﬁl-x‘ e 1 Q__'—u 5 LV & k for 2D (3.19a)
l-lg i i 3 ﬁoh 47] _ )—(I‘ i1 J Hg
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e -1 ~ = 2}
N AL
T e NI £ R
p l=1e+6(1 _V)%l V)_% i j %J - yl‘
& c 2
(3.19%)
with
- N = =
g=a¢g1~s T g VYfor2D (31%)
j=1
3D analysis
a_ _ €20(1- &) 20
_F_ GQEJ-I €e é o 168 L N, l“% EforBD
T p a9k -x G2ty — 32— 5 v U
PR R T Lt M g
(3.20a)
€573 Mg +¢ a
. 1pdtd 8
_ 3 N g8 ¢ 4ﬁ15"xj-xi‘ ¥ -V _
u(x,t)= —aeé U =V, H(x.t)for3D
(V)P d s fev_ T+T AV
&*5(1 -2\/)3_ v B el
e ¢ ~u
(3.20b)
with
- Na+v. - _
g=3 ‘?1—‘\;31. T ‘é’”wforsD (3.20c)
j= €L

In the above equations, the ndimensional variables are denoted with an overscore.
The parameterfi and'Fj are the rate of temperature changes at material goentd

X, , respectively The nordimensional coupling coefficient,, measures the strength
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of thecoupling effect on temperatidistribution due to deformation. It can be defined
as[52]

__ biQ,
° re,( +2 ) (321

3.4. Numerical implementation

In a dimensional simulation, the accelerasi@nd temperature chargef PD
material points are updated according to(Ef2) and Eq(3.1). In a nondimensional
simulation, the acceleratisrand temperature chargef PD material points are
updated according to Sectidh3. Explicit time integration is used to find the
temperature, velocity and displacement profile at each timg&4¢pThe numerical
procedure is provided iRig. 3-1 for dimensional simulations as example In Fig.

3-1, N, represent the total number of the time stepepresents the current number

of the time stepand N__.. represents the tdtaumber of PD points.

node
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Fig. 3-1 Flowchart for the numerical procedure
3.5. Verification simulation cases

In this section, peridynamic simulations are conducted using the proposed model.
The validity of the fully coupled thermomechanical equations is established by
comparing the PD solutions with previously considered BEM and ANSY'S solutions.
Firstly, a dimen®nless isotropic plate is imposed with three types of loadings, i.e.
pressure shock loading, thermal shock loading and their combination. The results from
PD solution are in agreement with the ones from an existing BEM solution. Secondly,
a dimensional istropic square plate is separately subjected to a tension pressure shock

loading and a combination of compression and tension pressure shock loading. The
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temperature and displacement responses from PD solution coincide very well with
ANSYS solution. The msent twedimensional PD model is thus validated via these
numerical simulations both in dimensional and -danensional forms. As a next
verification problem, a block is investigated with a temperature boundary condition.
Good agreements are obtaineddoynparing PDand ANSYS solutions. Hence, the
non-dimensional form of the equations is validated both for two and-thneensional
problems.

3.5.1. Plate subjected to shock loading

The validity of the nordimensional thermoelastic PD equations for 2D problams i
established by constructing PD solutions for an existing BEM solution provided by
HosseiniTehrani and Eslan{b3]. The same geometry model, boundary conditions,
and loading conditions are adopteslin[53]. As shown inFig. 3-2, a thin plate with

a nondimensional geometry: =10,W =1C and thicknes$ =1 is subject to a shock
loading on the edge of = 1./2 and fixed on the edge ot = L/2. The edges of
y=W/2 and y= W/2 are traction free. Furthermore, &t= -L/2 the plate is

subjected to temperature boundary condition and all other three edges are insulated.
The Poisson6s ratio is set to be 0.17. R

Dx =0.0t5 and the horizon size is chosends 3.015 R. The uniform time step size
is 5.0° 10* with total simulation timef_, =6 . The boundary condition is

implemented by using fictitious layefs4]. The applied loads are implementada

real boundary laygb4]. Since there is no heat source in this simulation dase0.

The initial conditions are:
0(%y, T=0) (vt § C (3.22a)
T(%yt=0 =0 (3.22b)

with U; and U represenng the nondimensional displacement componeintshe x

and y directions respectively.
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The shock loading conditions are:

Loading 1: Pressure shock

P(x= L/2,y) ste* (3.23a)
T(x= L/2,v7.1) e (3.230)
Loading 2: Thermal shock
P(x= L/2,7,%) ® (3.242)
T(x= L/2,y1) ste™ (3.24b)

P(x= L/2,y) ste* (3.253)
T(x= L/2,y1) ste™ (3.25h)

wheret represents the nedimensional time. The applied pressure load is in the

positive x direction, as illustrated iRig. 3-2.

<
)

T————*

SN
|

%4,

RN NNNanny

ol

Fig. 3-2 A thin plate subjected to shock loading conditions
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Fig. 3-3 to Fig. 3-5 provide the thermal and mechanical responses=a8 and
t =6 along the horizontal centrelired the plate for 3 different loading conditions.
The coupling coefficient =0 represents the uncoupled case, where the effect of
deformation on temperature field is igndré&ig. 3-3(a) represents the temperature
distribution when the plate is subjected to pure pressure shock loading (loading
condition 1). As can be seen from the figure, wherD no temperature change is
observed. On the other hand, when 0.1 both temperature drop and temperature rise
are observed, which are induced by the applied pressure shock due to coupling effect.
The magnitude of the temperature change is relatively small, within the range between
-0.02 to 0.05. As tim progresses, the peak position of the temperature distribution
moves towards a positive direction.Fig. 3-3(b) represents thdimensionless axial
displacement along the horizontal centreling at3 andt =6. Thewave frontsat
these twotime points are observed. There are slight differences between the
displacement predictions frorhda coupled and uncoupled cases. As time progresses,
the difference becomes larger. Therefore, it could be inferred that due to coupling
effect, the temperature change induced by deformation does affect the deformation.
The same conclusion is obtained fréime simulation cases with loading condition 2
as can be seen froRig. 3-4. Due to the heating effect by the applied thermal loading,
the plate experiences an expansion state. Subsequently, the tension loading creates a
cooling effect. Therefore, when compared with the uncoupled case, the relatively
lower temperature change ibserved inthe coupled case. Consequently, the lower
temperature change gives rise to a smaller deformation response. This conclusion can

also be applietb loading condition 3whoseresults are presentedhing. 3-5.

In conclusion, good agreements are obtained for three types of loadings. For both
the thermal and mechanical fields, the results from ordinarylséested PD predictions
agree well withhose from BEM solutions obtained BipsseiniTehrani and Eslami
[53]. Therefore, via these numerical simulations, the presendimoensional PD

model is validated for 2D problems.
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Fig. 3-3 Comparison of BEM methofb3] and PD solutions (a) Temperature change
distributions; (b) Displacements along the horizontal centreline of the plate for
loading condition 1

0.164 = PD/t=3,'=0.1
BEM,'t=3,' =0.1

0.144 « PD (=6, =01
BEM,t=6," =0.1
0.12 4 PD/t=3,'=0
BEM,"'t=3,' =0
0.10 * PD/t=6,"=0
BEM,'t=6," =0
0.08-
=
0.06-
0.04-
0.02-
0004 N s
0.02 -
0 2 4 6 8 10

44



-0.2

0.6

0.4

0.24

-0.4

= PD’t=3,'=0.1
BEM,'t=3," =0.
e PD’t=6,"=0.1
BEM,'t=6," =0.
4 PD/t=3,'=0

BEM,'t=3,' =0
* PD/t=6,"=0

BEM,'t=6," =0

(b)

8 10

Fig. 3-4 Comparison of BEM methofb3] and PD solutions (a) Temperature change
distributions; (b) Displacements along the horizontal centreline of the plate for

0.16

loadingcondition 2

0.14

0.12

0.10

0.08

0.06

= PD/t=3,'=01
BEM,'t=3,' =0.1
e PD/t=6,'=01
BEM, t=6," =0.1]
4 PD/t=3,"=0
BEM,'t=3,' =0
* PD,/t=6,"=0

1.2

I

8 10

1.0

0.8 paspss=

0.6

0.4+

0.2+

0.0+

= PD/t=3,'=0.1
BEM,'t=3," =0.1
e PD't=6,'=0.1
BEM,'t=6," =0.1
4 PD't=3,'=0
BEM,'t=3,' =0
* PD’t=6,"=0
BEM,'t=6," =0

x|

45

8 10



Fig. 3-5 Comparison of BEM methofb3] and PD solutions (a) Temperature change
distributions; (b) Displacements along the horizontal centreline of the plate for
loading condition 3

3.5.2. Plate subjected to pressure loading

Thermal and defrmation responses of a square plate under two types of pressure

shocks are analysed@ihe geometry dimensions of the plate &reW .1m, with

the thickness bein@.001 m The material is chosen as carbon steel and its material

propertiesare given as: elastic modulus=200 GPs, Poi ssana®lg, ratio
thermal expansion coefficiert =11.5 310° K', density 7 =7870 kg/ni, specific
heat capacityc, =472 J( kgK), and thermal conductiviti, =51.9 W/ mK). The

reference temperature 3, =285 K. The grid size iDx =0.0005 r and the horizon
size is chosen agd=3.015R. The time stepsize is0.001es with total simulation
time 8¢s. On the other hand, directly coupled plane element PLANE 223 is utilized
in the ANSYS model. The number of nod&3® 8C and time step size B.16¢s for

the ANSYS model.

The initial conditions are:
u(x yt=0 =y (xyt § 0 (3.26a)
T(x y,t=0) =0 (3.260)

The shock loading conditions are:

Loading 1:
P(x= 1/2,y,t) =16°t Pe (3.27)
Loading 2:
- ap o)
P(x= L/2,y,t) 0 sifgst 18 GP (3.29
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Fig. 3-6 andFig. 3-7 provide the temperatuend deformation responses along the
horizontal centreline of the plate under two loading conditions. Since only the
mechanical loadings are applied, the temperature changes are induced due to the
coupling term in the heat flow equation. As showFfim 3-6(a) andrFig. 3-7(a), there
is a remarkable ageenent between PD and ANSYS solutions. When the plate is
subjected to loading condition 1, the temperature drop is observed due to tension
loading as it can be seen frdfg. 3-6(a). As time progresses, temperature change

increases to a final value 6f5 K. When the plate is subjected to loading condition 2,

temperature increases where thisiecal compressigrand temperature drops where

there is local tension.

Under both loading conditions displacement fields obtained from PD and ANSYS
simulations mate very well. Furthermore, it should be noted that even though carbon
steel has a relatively small coupling coefficient, kez0.00286:., the generated
temperature change due to mechanical shock loading is considerable. Therefore, if a
largestrain rate exists, i.e. shock loading is applied, fully coupled thermomechanical

analysis should be taken into consideration.
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Fig. 3-7 Comparison of ANSYS and PD solutions (a) Temperature change
distributions (b) Displacements along the horizontal centreline of the plate for
loading condition 2.

3.5.3. Block subjected to thermal loading

In order to validate the proposed PD model for 3D problea block subjected to
temperature boundary condition is investigated. As shownFign 3-8, the
dimensionless length, width and height of the blaek5 0.15 and 0.15, respectively.
The Poissondés ratio is set as 0.33 and
model, the grid size i®x =0.012tand the horizon is chosen &s=3.015R. The
integration time step size jg/43 10* and the total simulation time jg. On the other
hand, directly coupled solid element type SOLID 226 is adopted with a mesh size of
0.05and time stp size 0f0.020 in ANSYS model.

The block is clamped at = L. The block is gradually heated at= 0 and all other
surfaces are insulated. The temperature boundary condition is defifled sis(t ),

wheret is the dimensionless time. A fictitious layer is used to implement boundary
conditions[55].

oy
o
=

l
ju

Fig. 3-8 Block under thermal loading

The temperature distributions and horizontal displacements along the line of
y=W/2 and z= H/ 2 are presented iRig. 3-9 (a) and (b) at dimensionless time of
t=p/4, p2,3 /@, respectively. The results which are obtained from ANSYS

solutions are also provided for comparison. It could be seen thatheotbnperature

and displacement distributions match very well, indicating the capability of the derived
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PD formulations to accurately predict the thermal and mechanical responses for three

dimensional problems.
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Fig. 3-9 Comparison of ANSYS and PD solutions (a) Temperature change
distributions (b) Horizontal displacements along the centreline of the block

Derived formulations and explicit expressions of PD parameters including their
dimensimal and nordimensional forms are validated through these numerical

simulations.
3.6. Numerical results for damage prediction

Peridynamics is a reformulation of classical equations that is better suited for
modelling bodies with discontinuities. The proposed model is further employed for

failure prediction including fully coupled analysis. First, a thpeat bending test is
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corsidered to predict the temperature distribution and deformed shape. Then a plate
with a preexisting central crack is subjected to a pressure shock loadimdjtion.

The temperature and structural responses without crack propagation are verified
against he ANSYS solution. Then the crack propagation is simulated, and its path is
compared with the one from a pure mechanical simulation. In this way, the coupling
term effect on crack propagation is estimated and analysed. Therefore, analysis
involving cracksare considered in this section by using the developed PD model.
Finally, a numerical simulation based on Kalthoff experinjgé} is carried out. The

crack path predicted by the PD model is compared with the result of the experiment.
3.6.1. Threepoint bending simulation

Threepoint bending test of a simply supported beam is simulated under prescribed
displacement condition as illustratedrig. 3-10. The origin of the coordinate system
is located in the middle of the beam. The material properties are related tolikdber

material,the shear modulus i MPa, Poi s s o:n0S, therraat exmansion
coefficient a =1 2310° K* , thermal conductivity k, =0.1W/( mK) , density
r =906.5kg/ni, specific heat capacity, =1103.14 J{ kgK [57]. The critical
stretch value iss =0.1724. The reference temperature 3, =293K . The

dimensions of the beam ate=40mm, W =10mm, and thicknes$i=0.5mm. A

pre-existing crack with length being=1 mmis located in the middle of the beam at

y= W/2. The supports are placdn=4mm inwards from the outer edges. A

prescribed displacemeris applied in the middle othe beam aty=W/2 as
U=(t/tow ) Unax » Where t ., is the total simulation timet,, =0.01s and
U =6 mm. The uniform PD grid size iDx HD.5mm and the horizon is

d=3.015R. The time step size i§310° s and the total simulation time is

t., =0.01¢.
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Fig. 3-10 Geometry of threg@oint bending test

Fig. 3-11 and Fig. 3-12 present the damage plots and corresponding temperature
distributions att =0.007 sandt =0.01<. It can be observed froiffig. 3-11 (a) and
Fig. 3-12 (a) that the initial crack grows in the vertical directibiy. 3-11 (b) andFig.
3-12 (b) present the corresponding temperature distributions. As expected, the
temperature rise is observed whehe local compression is expecteahd the

temperature drop is observed near the crack surfaces where there is local tension.
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(b)

Fig. 3-11 (a) Damage plot and (b) temperature change (K) in deformed configuration
att =0.007 < (displacement scale factor is 1)
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Fig. 3-12 (a) Damage plot and (b) temperature change (K) in deformed configuration
att =0.01¢ (displacement scale factor is 1)

3.6.2. Plate with a crack subjected to pressure shock loading

Based on the previous exampleSection3.5.2 damage propagation is predicted
for a plate with a prexisting crack of lengtl®.02 m as shown irFig. 3-13. The
geometry, material properties, and boundary condition are identical to tHseseion
3.5.2
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Fig. 3-13 An isotropic plate with a prexisting central crack under pressure shock
loading

The pressure shock loading is specified as

£-130% (Pa) t t5
=1

3.29
-1 40", (Pa) ,t>t, (529

P(t)

wheret, =8¢s. The total node number ir or y direction for the PD model is set to
be 500 with a grid size @di.2 mm Thus the critical stretch valug is calculated as
0.0213 withG, being 42320 J/m. The horizon isd=3.015 R. The time step size is

setasl0® sand the total simulation time BOgs. On the other hand, directly coupled

plane element type PLANE223 is@ied in the ANSYS model with the grid size of
Dx =0.0012fand time step size di.6¢s.

In order to better understand the existence of crack surface on the temperature and
deformation field, initial failure is not alMeed. The horizontal displacement
predictions at different time steps are showfim 3-14, Fig. 3-15, andFig. 3-16. It
is observed that the peridynamic results coincide very well with ANSYS solutions.
The displacement distribution along axis propagates uniformly in the vertical
direction before the eltdis wave reaches the crack, as showirio 3-14. After the

elastic wave reaches the crack surface, displacements becossifoom due to the
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discontinuity of the displacements along the crack surface as it can be seéigirom
3-15andFig. 3-16.
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(a) (b)
Fig. 3-14 Horizontal displacements (m) (a) ANSYS and (b) PD resultssates
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Fig. 3-15Horizontal displacements (m) (a) ANSYS and (b) PD resultssabes
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Fig. 3-16 Horizontal displacements (m) (a) ANSYS and (b) PD results&0¢s

Fig.3-17, Fig. 3-18, andFig. 3-19 present the induced tem@ture distributions due
to theapplied loading. It is observed that the peridynamic results agree very well with
ANSYS solutions. The temperature distributions alonhgaxis propagate almost
uniformly in the vertical direction befe the thermal wave reaches the crack, as shown
in Fig. 3-17. After the thermal wave reaches or passes the crack, thermal waves get
disturbed by the estence of the crack. The higher temperature drop is observed near
the crack tip as can be seen frbig. 3-18 andFig. 3-19. This also indicates the stress
concentration near the crack tips. Besides, the region near the crack tips is under
tension, indicating a teedcy of a crack growing in the vertical direction. The crack
surfaces experience local compression. Therefereperature riseare observed in

these regions as it can be seen fiig 3-19.
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() (b)
Fig. 3-17 Temperature change distributions (K) (a) ANSYS and (b) PD results at

t=7es
(a) (b)
Fig. 3-18 Temperature change distributions (K) (a) ANSYS and (b) PD results at
t =15¢es
(a) (b)
Fig. 3-19 Temperature change distributions (K) (a) ANSYS and (b) PD results at
t =30es

After verification of temperature and deformation field for a plate with @&pigting
crack. As a next example, crack propagation is allowed. The cracigwations at
different time steps are providedHhig. 3-20to Fig. 3-22. Crack propagation patterns
are compared with coupled and uncoupled casesnpé&rature distributions at
corresponding stages from coupled cases are also provided.
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In the early stage, the cracks grow in similar patterns for both simulation cases.
Crack start to propagate earlier for the uncoupled ¢age3-20). Cracks both begin

to propagate at around 8. Up to 28¢s, the cracks propagate in a sginilar
manner for both coupteand uncoupled cases. Cracks start branching at aroussl 28

(Fig. 3-21) and split into visible asymmetrical branchésg( 3-22). Besides, the
branches for uncoupled case grow faster than the coupled case.

For the coupled case, it is clear that before4@he temperature distribution is the

same as the one obtained from the simulation without crack propagation. However,
temperature drops at the crack tips move as the crack prop#@agte3-21 (c)- Fig.

3-22 (c)). The cooling regin at the crack tips creates temperaindeced local
compression at these regions. Furthermore, the temperature rise around the crack
surfaces creates local tension against the compression created by the pressure shock
loading. In conclusion, the inducesmperature change due to deformation influences

the crack growth in the opposite direction against the applied mechanical loading,
leading to a reduced degree of crack propagation response. ldatikferent crack

pattern from the uncoupled simulatienabtained.

In conclusion, if shock loadings are applied, large strain rates are created, and thus

the coupling term should be considered for more accurate crack propagation

predictions.
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Fig. 3-20 Damage plots for (a) uncoupled case, (b) coupled case and (c)
corresponding temperature change (K) distributiorts=it6es
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Fig. 3-21 Damage plots for (a) uncoupled case, (b) coupled case and (c)
corresponding temperature change (K) distributiorts=28¢s
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Fig. 3-22 Damage plots for (a) uncoupled case, (b) coupled case and (c)
corresponding temperature change (K) distributiorts=80¢s

3.6.3. Kalthoff problem simulation

Kalthoff and Winkler[58] and Kalthoff[56, 59]performed a series of experiments
where prenotched plates were subjected to dynamic shear loads. In the experiments,
a cylindrical projectile impacted on the notched side of the plate with a constant

velocity V, parallel to the ais of the notch. The prexisting crack in the upper half

steel plate was observed to grow in an angle of approxima@Ilgounterclockwise
with the notch axis. The failure is in a brittle fracture mode under a lower strain rate.

These experiments have been successfully simulated by numerical methods such as
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phasefield simulation[60], finite element methofb1]. In addition, Silling[62] and
Dipasquale et al63] used PD to numerically simulate the Kalthoff problem within
the realm of the mechanical field. In this section, a fully coupled thermomechanical

simulation is condcted based on the Kalthoff experiment.

The problem is symmetric so that only the upper half plate is modelled. As shown

in Fig. 3-23, a square plate is modelled with=W 00 mmand its thickness is
1 mm. A preexisting crack of length bein§0 mm is located above th& axis with

the distance o5 mm. Due to the symmetric conditions, the lower horizontal edge of
the plate is fixed in the direction, i.e.uy(x, y= O,t) =0. The other boundaries are

free. All the boundaries are thermally insulated. The impact is simulated by imposing
a constant velocity to the nodes on the left surface between the crack and the lower
horizontal boundary in the PD model. The velocity asgtiel to thex direction and

its magnitude is

vl zjla(t/to)vo tet,

3.30
TVO t> tO ( )

where |v | represent the magnitude of the applied velocity witk16.5 m/s and
t,=1es [60]. The properties of the elastic material afe=190GPe ,
r =8000 kg/m, n=0.3, ¢, =477 J[ kgK), a =17.6 310° K*, k; =16.2 W/( mK).
The critical energy release rateGs =2.213 310 J/rf. The reference temperature is
Q, =285K. As to the PD discretization, the mesh sizédis .0005 i and the

horizon is chosen ag=3.015R. The time step size i9.0les and the total

simulation time is90¢€s. The critical stretch value is calculatedsas- 0.010z.
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Fig. 3-23 The geometry and boundary conditions for Kalthoff problem

The crack is observed to propagatd ai20es. The crack evolution at different
times is provided irFig. 3-24. The angle between the crack path and the poskive
direction is observed to b&8’, which is close to the corresponding result of the
Kalthoff experiment. Furthermore,gliemperature change distribution evolutions are
provided inFig. 3-25. The maximum stretch distributions in deformed configurations
are presented ifig. 3-26. It can be observed temperature rises near the crack and

temperature drops in the crack, which agrees with the conclusions drawn in the last

two simulation cases.
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(c)
Fig. 3-24 Crack evolution at different times, (&F 40¢s; (b) t =65¢s;(c) t =90¢es
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Fig. 3-25 Temperature changg] distributions at different times (displacement scale
factor is 3), (a)t =40¢s; (b) t =65¢s;(c) t =90¢s.
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Fig. 3-26 Maximum stretch distributions in deformed configurations (displacement
scale factor is 3) at different times, (aF 40¢s; (b) t =65¢s; (c) t =90¢s.

3.7. Summary

In this chapter, fully coupled thermoelastic equations in ordinary $fased
peridynamic theory are provided, including their sthmensional forms. To verify the
PD model, some benchmark problems are solved by using both peridynamics and FEM
solutions. The goodgreement between PD and other methods indicates the validity
of the proposed PD model. Finally, crack propagation patterns are predicted for three
point bending test, Kalthoff problem, and a plate with agxisting crack subjected

to a pressure load. €Hollowing conclusions are drawn:
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1. The ordinary statbased fully coupled thermomechanical PD model
introduced in this chapter is capable of predicting temperature and displacement
responses accurately both for dimensional anddnmensional problems.

2. When shock loadings are applied, the coupling effect on displacements and

temperature should be taken into consideration for more accurate results.

3. The coupling terms do have an effect on crack propagation when shock

loadings are applied.herefore, fully coupled analysis is necessary in such cases.
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4. Fully Coupled Thermomechanical PD Model for

Composites Material
4.1. Introduction

In recent years, higherformance composite materials like filveenforced
composites (FRCs) and carboarbon composites (CCCs) are increasingly used in
aerospace and mechanical industries, especially for the working environments with
mechantal shocks and large temperature variati@d$. The analyses of this type of
problems have been carried out in the pashg the uncoupled or semmoupled
thermoelasticity theory. It is assumed that the deformation induces relatively small
temperature changes, and hence can be conveniently neglected. Only the effect of the
temperature on the deformation field is consideramvever, the coupling coefficient
of composites is much larger than the metal materials. Furthermore, the coupling effect
on temperature is significant under the loading conditions like a sudden change of
temperature or a mechanical shock. Therefore, deformation effect on the
temperature field is crucial in these cases. The uncoupled ofceepled analysis
may not be accurate enough, and the employment of the fully coupled thermoelasticity

theory is necessary in these cqég.

Many research achievements in the realm of fully coupled thermoelasticity are
presented in the literature regarding composite materials. This problesméec
complex because of the anisotropic property of composite materials. Siaéley
presented an experiment to test the thermoelastic constants of composite materials
under compressive loading. Basic equations of linear thermoelasticity of composite
mat eri al wer e e srk @7. Besklds.eadsimplenforrik af €duglingw o
constant was introduced to estimate the coupling effect for composite materials. In
addition to the analytical and experimental methods, numerical methods are also
popular in this field. Rao and Sinli@é8] dealt with the coupled thermomechanical
analysis of composites beams using FEM, presenting different results from uncoupled
analyses. Moreover, the coupled thermoelastic response of a composite plate subjected
to thermal shck was studied by Mukherjee and Sirj68] using FEM. Khan et al.

[70] compared the temperature profiles from different FE models in the

66



thermomechanical analysis of composites. Comparatively, boundary element method
(BEM) was adopted bYKdl and Gaul [71] to investigate the coupling effect of
composites. They stated that when linear elements were used, the BEM had a
improved accuracy than FEM. Fully coupled thermomechanical analyses of one layer
or equivalent singkdayer plate were given by Brischetto and Carf@ég&, providing

a wise approach for mullayered composites.

In addition tothermoelasticity, failure analysis is also a hot topic in composite
research. It is a challenging task to predict damage in composites. Composites can be
defined as two or more materials combined to form a single m&t3jal There are
several kinds of failure exist in laminated composites materials, e.g. fibre/matrix
debonding damage, fibre breakage in tension, as well as fibre bulking inessopr;
interlaminar delamination, and penetration due to imgd#di. Therefore, the
inhomogeneous nature of composites must be taken into consideration in the analysis,
to predict the corresponding failure modes. Furthermore, the stacking sequence and
thickness also have an important effect on the failure initiation andtero[d5].
Although many mathematical adels and computational methods have been
developed to predict these failure mechanisms, a high challenge still exist because of
the adoption of continuum damage mechanics. Being different from the
aforementioned numerical methods, i.e. BEM and FEM, peaiahjc (PD) theory is a
new numerical method based on Aoocal continuum theory. Therefore, the PD theory
is suitable for simulating cracks for composite materials. Oterkus and M§deTd|
successfully applied the bottised PD theory for composite materials. Kali@al.[79]
predicted the crack propagation in certracked composites laminates using a bond
based PD theory. Although boidsed PD theory has been successfully employed in
analysing composite materials,etimaterial property is limited to having a fixed

Poi s s o n4.sAdditianally, the major shear stiffne€s, of a lamina is also

forced to be a fixed valueleged to the elastic modulus in fibre direction and transverse
direction[80]. Corsequently, if bondbased peridynamic theory is utilized in analysing

fibore reinforced composite lamina, four independent material constants

(E., E,, G,.1,,) will reduce to two independent constafi, E,) [80]. On the other

hand, statdbased peridynamic theorjl11] which eliminates these limitations.
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Although various formulations are available for staésed PD composites modelling,
most d them are limited to mechanical analysis. Oterkus and Madé®cprovided

a fully coupled analysis of a fibimeinforced lamina. And then the model was extended
to multi-layer laminatedy Gao and Oterkuf/]. But the bonebased peridynamic
theory is used for both models. To the
analyses for laminates are currentbt available in ordinary stateased peridynamic

framework.

To address this concern, the focus of this chapter is on fully coupled analysis of
composite materials with ordinary stddased peridynamic theory. Oterkus e{39]
derived the heat conduction equation with ordinary diaded peridynamic theory.
Moreover, fully coupled thermomechanical equations for isotopic materials were
proposed by Oterkus et §.3] using bonebased peridynamic theory and extended to
ordinary statédased peridynamic form by Gao and OterfajsBased on the previous
work, in this chapter, both thermal and deformation fields are derived using ordinary
statebased peridynamic theory. The directional dependency of composite material
properties, as well as the coupling effect on temperature,es fako account. Then
the fully coupled thermomechanical numerical simulations are presented in Section
4.2 Subsequently, the validation cases ar@oeted in Sectiod.3. Furthermore, the
bondbased fully coupled thermomechanical PD model is applied to simulate the

damage of composites under endater explosion in Sectigh4.
4.2. PD composite model

Regarding the fully coupled thermomechanical problems, the PD formulations are
derived basa on irreversible thermodynamics, i.e. the conservation of energy and the
free energy density function. The general form of the fully coupled thermomechanical
equations based on peridynamic theory is givga3m6, 48]and ChapteB. However,
the fully coupled thermomechanical composite model in ordinary-ststed PD
framework has not been established so far. The followingosecépresents the
derivation of fully coupled thermomechanical formulations for ordinary $fiased

peridynamics for composites by taking into account their directional properties
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4.2.1. Singlelayer PD composite model

In this section, fully coupled ordinary as&based peridynamic single layer
composite (lamina) model is developed in which the orthotropic property of lamina is
taken into consideration. As shownhkig. 4-1, it is presumed that the PD bonds are
divided into three types according to their bond directions: fibre direction denoted by
F , transverse direction denoted By and arbitrary direction denoted Iy [10, 80,

81]. Besides, the fibre angle is denoted by The bond angle witmespectto the

positive x direction isdenoted by .

7
<

—
=

Transverse directioff,
——

Arbitrary direction T

Fig. 4-1 Interaction of a family of material points for a fibreinforced lamina.

PD force density function provided ih0, 82]is modified by including the thermal

effects as;
edby (o-(a+AT o
t(Uj'Ui,Xj 'Xi,t) ngxj'xi‘a(qu (@ ﬁl) lyl:z" (4.19)
gr(mbe(x) +on(x) &)(s A G
and
ggdL—”a(q.-(@+;)T.) ?_
t(u-upx %t :zg!é'xj-xi‘ : ) :ﬁj Yi (4.1b)

8'+(’7ZbF(Xj) +47br(xj) &T)(%i ;a'[) gj_yi‘
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where

f1 (xj - xi)// fibre directior
=1

10 otherwise

m (4.2a)

with

f1 (xj - xi) “fibre directior
=1

10 otherwise

m (4.2b)

In Eq(4.1), a, and a, represent the thermal expansion coefficients in fibre and
transverse direction, respectively. Therelay, represents the thermal expansion

coefficient in any direction 436]
a = gcos( )+ airf( ) /j+, sf ) cgb) (4.3)
with [83]

a,= gcos( B +asif( ) (4.4a)
a,= gsi’( H +acos( )l (4.4b)

In Eq(4.1), g and g, are the dilatations of poiritand j, respectively[10, 80}

The dilatation for a single layer PD model is also modified by including the thermal

effects as

N ply

g =d ‘3_-(% - /3) Y (% a.)a (4.5)

with d =

and N, represenhg the total number of the family members

y

Phye &
within the same layer. The parametgrsand L ; [10, 80]are defined in E€2.7) and

(2.9d).
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In Eq(4.1), the peridynamicparametersb. , b, and b, are associated with

deformation of collective points in the fibre, transverse and other directions,

respectively. The peridynamic parameters in4Ed) are defined afgLO]:

a= %(le 'Q66) (4.6a)
6Q

L= ——ee 4.6b

bF phhick ﬁ ( )

b, (x,) = Q2= Qe 2Qu) (4.6¢)

Ne
203
j=1

Xj-XiM

b, (x,) =\ %2~ Qe 2Qus) (4.6d)

Ny
2dQ X; - xiM
j=1

where N., N; are the total number of bonds in the fibre and transverse direction

respectively [Fig. 4-1). The reduced stiffness matri[>Q] , is defined a$1]

é,Qll Q12 0
[Q]=¢Q, Q, © (4.7)
é O 0 QGG
with
__E _ B _,E . 4
Qll 1_ nlz /Zl’ Q22 1 _ 157 21’,7Q12 1 -1 ﬂ’ (%96 GT.I ( 8)

In Eq. (4.8), E, E,, G,, n, andn,, represent the elastic modulus in the fibre

direction, the elastic modulus in the transverse direction, major shear modulus, major

Poissowmdédsandatmi nor Poissonds ratio, respe
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Similarly, the directional dependency properties are also taken into consideration in
the heat equation given in E81). Therefore, thermal micro conductivity proposed
by Oterkus and Madenf46] for a lamina is adopted as

£k, + f for fibre direction
K= _ (4.9

1k, otherwise.
wherek,, and &, represent the peridynamic micro conductivities for fibre and other

directions a$46]

6k
k_ = 2 4.10
" Phyic d ( )
and
ki (x) =F2(k1—'k2) (4.11)
a Xj= X ‘VJ

In Eq.(4.10) and Eq(4.11), k, andk, represent the thermal conductivities in CCM

for fibre and transverse direction.

PD thermal moduli in fibre and other directions are defias (derivation process

is provided inAppendix B

gb; + ffor fibre direction
b= , (412

15 otherwise.

with
3
bm — (Q12al+ Q22 aZ) (413)
phhick a

and
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:(Q11a1+Q12 aZ) -(QlZ @ @22 )3

b, (x (4.14)

As a summary, the ordinary stdiased PD formulation for a single layer is given

as,;
eXdL.,X alg+ g { .av¥T TH) ﬁ’
ply ] 1 lyj - yi
OZA2 G, (x) o (x) w3 ) F,-v]" @9
g*(”le XJ (Xi) E'ET)( /'aT) E

Qj - |Q
plye(/?Z K (x W@W

a2
u
reT(x, =4 é Y +mg(x.9 (416
j 1e

u
& Qm b(x) +de(x;-x) g
Here Q; and Q, represent the temperatures at pojnand k , respectively.

4.2.2. Multi-layer PD composite model

The PD mechanical model developed by Oterkus and Madéfgi 76] for
composite laminates is adopted in this subsection. As illustrateid.id-2, each ply
in a laminate is modelled by otteyer PD nodes (shown in blue, red, and yellow colour
for different plies). The muHiayer laminate is modelled by assembling the single
layer moded according to the stacking sequence. Due to the directionally dependent
properties of the laminate, four kinds of PD bonds are defined in the mogénia
fibre bonds, irplane matrix bonds, interlayer normal bonds, and interlayer shear bonds
[10, 76] Additional bands, also called interlayer bonds, are added to connect points
between neighbouring plies. Theplane bonds have already been discussed in the
singlelayer model, so only the latter two bonds belonging to interlayer bonds will be

explained in this sectio The grid size is represented Bx.
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s [nterlayer normal bonds m—— [1-plane tratrix bonds

=== Interlayer shear bonds

In-plane fibre bonds

Fig. 4-2 lllustration of PD laminate model far¥ =3 R and fibre directionf =0.

As illustrated inFig. 4-2, the equation of motion for material poiktin n™ ply can

be expressed §%0]

N shear

ply N
rig=3a (ty 43 )vV" + & PV 2+ A4 AV,"b* (417

j=1 m=a H4n 1- mnfEnd j-1 =

where P, represents the PD force density vector due to transverse normal bond and
dy is the force density vector assated with transverse shear deformation. The

superscriptsn and m, represent the sequence number of the layer where the material

point is located. The ter\,, ... represents the numbef family members connecting

to x, through interlayer shear bonds. It should be noted that the first term on the right

hand side of Eq4.17) is presented iection4.2.1
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Xr;+1 Ny
Xn+1 "
K (n+1)" Ply
P;(nﬂ)
V4
n —>
Xi th th x| n™ Ply
S 1) n(nd =
K qTIEn ) qu(n Xn-l é
i h
s (n-2)" Ply

Fig. 4-3 Representation of interactions of material pdinin multi-layer composite
model.
In the transverse nomhdeformation, the laminate (resiich layer) is treated as the
matrix material in its thickness directi¢0]. Therefore, the material properties in the
thickness direction are assumed the same as the material properties of the matrix, i.e.

E,=E, G, G,anda, =& (4.18

n

where the subscripth represents the matrix material. The transverse normal force

density functiof10] including the thermal effects is represented as

P = dp, 5" - %Ta:z"k)H (.19
k k

where P'™ represents the force density between pdintin n" ply and its

corresponding point im™ ply with the same kplane coordinate. The terrE is the

horizon in the transverse normal direction. The &g, is theaverage temperature

change of pointx; and x;'. The transverse normal peridynamic parameigr, is

given aq10]j;

_ E,
i Fh., +h)V €h, k) 420

whereh, ,,, h, andh, _, are illustrated irFig. 4-4(a).
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Similarly, transverse shear bond force density function can be modified by including

the thermakffects as;

ap=4bd((sy - aTar) (s 4 QJQ)H (4.21a)

i

or
g™ = 4b, gha(+h) y7 oy (4.21b)
kj ‘XA _ XI? ‘y]m _ykn .
with
£ =y ‘Xkr‘( mTar;;ﬂEr)n +(Pi st (4.21c)

whereh_andh are the thickness ah” and n" layer in the laminate, respectively.

Here m™ layer represents the one layer above or one layer below"thayer (Fig.

4-4(a)). Thereby,/;" represents the average shear angle in the interlayer shear
direction. si" is the stretch between node$ and x7', and T, is the average
temperature difference between nodes and x7' , with respect to theinitial

temperature.The termqy" is the trasverse shear force density vector between

material pointk in n™ ply and material pointj in m" ply. The horizonsize in

transverse shear directiod, is defined as7=+/ & +E(( Fig. 4-4(b)). The termb,

is a PD parameter and it is given[8];
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1+ 2 ﬁ hn hrl U
Pe o2 % ¢z g 2 (e )Fkg
(4.22)
N
n+l X:ﬂ 9 X?ﬂ hn+1 d
n XE.l . 9 X? h, Py | h
R 8 J
2 Sy
o " by
(a) (b)

Fig. 4-4 (a) lllustration of each lamina in a laminate with represenng the total
number of layers; (b) Horizon in transverse shear direction

In this chapter, the multayer laminates composed by uniform thicknels. ()
plies are considered. As a result, BQ0) for the expression db, and Eq(4.22) for

the expression df; can be simplified as

b, = Eﬂ - (4.23)
Zhhickgg\/k 1+Vk ’

and

— Gm 1
8 ~02h?nck ((d2 * thﬂck) N 8 o 2h‘“‘°")

b (4.24)

Similarly, the effect of interlayer thermal bonds is considered in the coupled heat
equation by modifying E.16) as
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1

n n

. we ) - e
reT(x t)= ;(m,/(xk) +m)eQ(X )- &

) . a)'ef}kbgvr

e o) o) .8

HL nm m
+ a 7 tinter m n - OQQterek, z Vk
m=n4,n 1-@ ‘Xk - X H
Nimeré Q(XT,t) - @(;1t) ﬁ
HL A ANM - yym n
+ a a@kinter m n - OQQterekj,z \‘lj + rqb (Xk’t)
m:ni,nl-jzls ‘X]— _Xk EI

(4.25)

The secondnd thirdterns on the righthand side of Eq4.25) represents the heat

flow between adjacent layerdl. ... is the family member number those connect}

inter
through interlayer thermal bonds. Rate of change of bond extension is considered only
through the thickness direction for interlayer thermal bonds. Interlayer PD micro

conductivity and PD thermal modulus are given as

= k’E 4.26
20 (¢ M) 429

inter

and

S Sk 42
4ph?1ick( d hthick) @20

inter

and b

inter

The derivation process far,

inter

is given inAppendix B And ther surface

correction factoformulations arerovided inAppendix C
4.2.3. Reduced bonthased model

Based on the previous stdiased PD multilayer laminate model, the reduced bond

based PD formulation is derived in this section. The discretized form of the PD
equdion of motion for a material point; in the n layer of a laminate can be written

as
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Npy

(=8 ( e () =) ) v
i - Yk
+ a c. (srgm Tnm) yk yk Vm (428)
m=ntnk ‘yk yk
Nstear yJ' B yk m n
+mr§ln1— ]al.— ( ) ‘y:n-yl?\/J b-(Xk’t)

The first three terms on the righand side of E¢4.28) represent the PD forces
developed by ifplane bonds (including fibre bonds and matrix bonds), interlayer
normal bonds, and interlayer shéands in sequence. If the bond direction is parallel

to the fibre direction/n is equal to 1, otherwise, it is 0 c,, andc, are PD

fo m’ in?
material constants associated withpiane fibre bonds, Hplane matrix bonds,
interlayer normal bonds, and interlayer shear bonds, respectively. The defifations
PD material constants are listed[ 38, 76]

¢, (x) = - 12E1(°EN1F' E) (4.29)
o - 9 E, @ X)XV
¢ Gi=t
=t (4.30)
g;Ei' 6 Ez lghhick d
(} -
—_ Em
Cn = hhickv (431)
C. = 2G, (4.32

Pl ( &+ R In ( Nic! ~2&’)

It is assumed that a material point interacts with other pointadjacent plies
through interlayer normal bonds and interlayer shear bonds. Therefore, the horizon of

the interlayer normal bond is taken as equal to the thickness gilynk,,. . In

Eq(4.29), N; represents the total number of family members those connect to the
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material point with fibre bonds. In E@.31), the value oV can be calculated as the

average volume of material points connected through interlayer normal bonds. As to

the thermal expansion coefficieat, , the same formulation Eg.3) developed i1j84]
is utilized. a,, represents the thermal expansion coefficient of the matrix material. In

Eq.(4.28), f represents the sheangle of the diagonal shear bonds.

It should be noted that because of the adoption of-asdd PD theory, the four

material constants existing in a laminate, ., E,, nn,,, andG,,, reduce totwo

constantsE, and E,[76, 80] The major P@ s o n 6 8, iglimited to 1/3, and the

major shear modulus i§,, = i with n,,/ E,= 1,/ E..
12 ,Zl

Regarding the bonrtdased thermal model, the heat conduction equation given for a

laminate is

S ey, AQLY) - @t) @
rcv'l"(XE,t):'ﬁﬂyg(n?£ Kx)+ "@ X] - Xy ‘l:jjn

j=1 € u

118- Q(”Z [? +H‘()ek] EI

+ a gkimerQ(X?’t,z' Q ) Qb I (4.33)
m=n,n 1-@ ‘Xk - Xy H

+ .Sat]eargkinter Q(XT’trr)] i riQ(l?'t) Q nm Vm+rqb (XE’t)
=1 8 ‘xj - X, p

where k.

inter

represents the micrconductivity for both interlayer normal and shear

bonds defined by E.26).

The PD thermal modulué depends on the PD material bond congé®yt44, 46]

PD thermal modulus for iplane bonds and interlayer bonds can be expressed as

1
b, =§cf 3 (4.34)
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b =1c g (4.35)
2
1

b ZEC'“ 3 (4.36)

b’ = Cis g (437)

where b, , b,,, b, and b, are associated with iplane fibre bonds, #plane matrix

bonds, interlayer normal bonds, and interlayer shear bonds.
4.2.4. Failure criteria

The general PD failure criteria are provided in Sec?dn3 Due to the anisotropic
material properties of the laminates, the failure criteria should be modified
correspondingly. The mode mixity effects can be captured by the selected failure
criteria, whichis demonstrated by Vazic et #8]. The PD predictions for failure
mode ranging from pure mode | to pure model Il are consistent with the experiments
[85]. Because of the four different types of PD bonds in a faylér composites
model, four different critical stretch values are needed in the failure analyses. The

critical stretch vales are considered HD, 86]

I Ge

s = |- _ (4.39)
a6 16 0
\jg%”%"’gﬁ('(m 2.m 0

(=g =k 439

S TE S TR (4.39)

Sn = JHZG'E (4.40)
hick =—m

f= /hG“CG (4.41)
hick ~m
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wheres,, s;, S,, f; are the critical stretch values for matrix bonds, fibre bonds,

interlayer normal bonds, and interlayer shear bonds, respectively. The material

constantskK,, and /7, are bulk modulus and Laméconstant of the matrix material.
Besides,G. and G, are critical energy release rate for the first and second failure

mode in classical fracture mechanics, respectively. t€hes s, and s,. are the

longitudinal tension and compression strength properties of a single ply. The critical
stretch in Eq4.39) has a similar meaning of critical strain in the context of classical
continuum mechanics. On the other hand, the critical stretches given i(4B8gs.

(4.40), (4.41) are obtained by equating the energies required to eliminate all PD
interactions across the crack surfaces to the mode | or mode Il critical energy release
rates. Thus, the failure criteria memted in Eqs(4.38), (4.40), (4.41) are energy
based[10]. By appling the above failure criteria, it can be observed that the fibre
bonds can fail both in tension and compression. The matrix bonds, interlayer normal

bonds, and interlayer shear bonds are only allowed to fail in tension.

Eq. (4.38) and (4.39) are related to the intralaminar failure mode. E438)
corresponds to matrix damage and splitting failure mode(4=8P) correponds to
fibore damage. E¢.40) and (4.41) are related tohe interlaminar failure mode. Eq.
(4.40) corresponds to interlaminar moetdracture and Eq(4.41) corresponds to
interlaminar mod4l fracture as shown ifig. 4-5.

D Oh U b b pean: 5555339

--------- Broken interlayer normal bonds

(a) (b)

Fig. 4-5 Interlaminar failure modes: (a) Modd-racture; (b) Moddl Fracture

—— Broken interlayer shear bonds
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The historydependent failure functiong in Eq. (2.14), is defined for each

interaction to indicate the bond breakage, being 1 for intact bond and being zero
for a brokerbond,as[10, 40, 86]

.. ,f . . d s 4 .
Cf (XT _ Xl?,y? -ykn,t) El Or(skj al-[c\vg,kj) <Sft an ( %] q-gvg, k]) $(442)

TO’ fOf(Sk]. B al—l;vg,ki) 28y or( § -q-gvg, kj) g

! VARV 443

ool IOfor(sKj-a/ ) S
Fl' for (Sﬂ?m - ‘;lm-l-ar:/rg;1 k) in

cin(ka-x’k‘,y;‘ -yQ,t) = (4.44)

e fé_l,forfkr}m<£
cis(x].-xk,yj -yk,t) %_O,forflgmz ‘ (4.45)

where c,, ¢, ¢, and ¢, are related to fibre bonds, matrix bonds, interlayer normal

m?

bonds, interlayer shear bonds. As a result, %), (4.5), (4.19), and(4.21b) with
including the failure functions E@.42)-(4.45) are expressed as

(e 0]
t(un-urxr xt) 208 , _ 3 Y (4460
) e ) p
U
g @c, () + e O g
XdLJ; (ar-(a+a7) o
ko 7 -y
=2dé |, 1= % (4 460
t(u ul,Xe X t) ggec Q’DF(XT) % aTn %(j yk‘ ( )
g Ecy Ao (X)) + e g
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N & c. , for fibre direction
n—d S V" (+ a yct 4.4
% él dész /H) M (5 2T }cm,forotherdirection( L
P;m:4bNC$ﬁ(S1?m - na-azzk)H (448)
k k
nm oy f”m hm+ hn ym -yn
qy" = 4bsd ¢ (m - ) L X (4.49)
‘Xj - X ‘yj Y

Correspondinglyfor each kind of PD bond damage the local damage parameter Eq.

(2.15) becomes aHL3];

Ne
a c (X - xLy] v
/o (xt)=1 -2 - (4.508)
avy
j=1
Nply
a c,(x)- xpy" vty
Jm(xit)=1 22 — (4.50b)
avy

a ¢ (- Xyl yov”

Jo(it) =1 e 00
m=n4,n
N.sl.wear
a c. (x’J“ XY -yk“,t)vjm
Ja(t) =1 (4:500)
i=

4.3. Simulation cases

In order to validate the derived ordinary sthssed thermomechanical PD

formulations, several numerical simulations are conducted, and then the results are
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mainly compared with those obtained from ANS¥futions. Firstly, irBection4.3.],
temperature changes are imposed on the composite models to estimate the equation of
motion which includes thehermal loading. Secondly, heat transfer simulations in
multi-layer composites are implemented Saction 4.3.2 in order to validate the
developed PBhermal model for mukiayer composites. Thirdly, pressure shock loads

are applied in fully coupled thermomechanical analysesdations 4.3.3 The
emphasis is put on the predictions of the displacements and the temperature, which act
as primary variables in the simulations. And the validity of the fully coupled
thermomechanical PD model is investigated by the comparisons of the simulation
results wih the ANSYS solution. Finally, iBection4.3.4 failure analyses with central
pre-existing cracks on the models are carried out. The gragagation paths and the

temperature distribution evolutions are predicted.

During the numerical simulations, the composite material is chosen as
graphite/epoxy. The material properties are listeBable2 [1]. The length and width

of the singlelayer composite model specified @sl m. Thethickness of the single
layer model is0.001 m. The multilayer composite model is constructed with three
singlelayer models with a ply stacking sequence@@)fQO /0 , as illustrated irFig.
4-6. Each ply is modelled as a twdimensional orthotropic structure with one node in
the thickness direction. The models are discretized into 200 subdomains kotimth

y directions, leading to a space betm material pointsDx, as53 10* m. High

accuracy and desired numerical efficiency can be achieved by adopting this grid size.
The inplane horizon is chosen @a=3.015 R, which is recommended 3] and
[10]. The origin of the coordinate system is set at the middle of the bottom ply as

illustrated inFig. 4-6. The reference temperature@ =285 K.
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y/‘ Layer#

— /f/ X 90

0

Fig. 4-6 Multi-layer composite model withstacking sequench/QO /0 .

Table2 Material property of composit¢]

Mechanical Properties Thermal Properties
Longitudinal coefficient of
181 thermal expansion 0.02

a, (em/miK)

Transverse coefficient of
thermal expansion 225

E, (GPg 4, (em/m/K)
Longitudinal thermal

Longitudinal elastic
modulusE, (GPa)

Transverse elastic modulu:

Shear modulu§,, (GPg)  7.17 4, ctivity k, (W/m/K) 8.3075

_ ) . _ Transvere thermal conductivity
Major Poisson's ratiav,, 0.28 K, (W/m/K) 0.7575
Mass densityr (kg/m3) 1620 Specific heatg, (J/kg/K) 1092.728
Elastic modulus of matrix 3.4 Thermal conductivity of matrix

material E,, (GPa) material k_, (W/m/K)

Thermal expansion coefficient
1.308 Of matrix material 63

a,, (em/miK)

Shear modulus of matrix
material G, (GPa)

4.3.1. Composite subject ttemperaturehange

In this section, temperature changes are imposed on both thelayegland mult
layer composite models. All four edges of both composite models are free to deform,
and they are insulated. An adaptive dynamicxagian (ADR) approach introduced
by Kilic and Madencf87] is utilized for the quasstatic analyses. A unit time step size
is used to save computational tifd®]. The displacements predictions are compared

with the ones from ANSYS or classical laminate theory (CB88] solutions.
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4.3.1.1Constant temperature change

As afirst case, simple loading abtion, i.e. a constant temperature changb@K,

beingapplied to singldayer composite with a fibre orientation Bf=0° is considered.

The analytical solution based on the CLT for a single layer ply can be calculated as
[89];

u(x y=0) =,( D x (4.51a)
u,(x=0,y) =,( Dy (4.51b)
The termu, andu, represent the horizontal and vertical components of displacement.

During the numerical simulations, convergence study is utilised by tracing the
displacements of a point as shown kig. 4-7. The horizontal and vertical
displacements predictions along the central lines of the dliagge model are
provided inFig. 4-8. The good agreements indicate the successful application of the
statebased PD equation of motion by considering the effect of temperature on the
mechanical field.
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Fig. 4-7 Convergencstudy by tracing the displacements of the material point at
x= 0.0495mnmandy= 0.0355n.
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Fig. 4-8 (a) Horizontal (b) Vertical displacements along the central lines of the
singlelayer model subjected to constant temperature change.
As a second case, the same constant temperature change is imposed on-the multi
layer composite model. The analytical smo based on the CLT for mulayer

composite model can be calculated&8¥;

u =a,( O)x (4.52a)
u=a,( D)y (4.52b)
u,=a,( D)z (4.52¢)

wherea, and a; are the thermal expansion coefficients of the laminate with respect

to the global coordinate system. They can be presen{88]as

{a}=[A"a.Q d ,h (45%)

with
{a}={a 4 (4.53b)

and
[A]= éléf_é ) (4.53¢)
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k

where g0 kf is the reduced transformed stiffness matrix as defined i(4EJ), {a}Xy

is the thermal expansion coefficient vector with respect to the global coordinate system

and h_is the thickness of the™ layer. In ANSYS, the solid element type SOLID186

is utilized in the static analysi¥he mesh size ix and y directions are23 10° m

with three elements in the direction.

The displacement components along the midline of the Hhaykir canposite model
obtained from PD, ANSYS and analytical simulations are compared and presented in
Fig.4-9. It can be easily observed that the results from these methods agree very well.
Thus, the PD equation afotion for multi-layer composite under a constant
temperature change is validated. fehis a slight difference between PD results and
classical ones near the boundary due to the PD surface[€fi¢dt should be noted
that the deformation of multayer composite differs significantly from the sieg
layer because of the orientation of each ply in the stacking sequence.
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Fig. 4-9 (a) Horizontal (b) Vertical (c) Out of plane displacements along the central
lines of the multlayer model subjected to constant temperature change.

4.3.1.2Linear temperature change

The thermal loading is changed to a linear temperature chBige500x ( K) with

X representing the horizontal location. As a first casentreuniform temperature
changds applied for the singlayer composite model. In ANSYS, the plane element

type PLANE182 with the plane stress assumption is utilized in the static analysis. The

mesh size i43 10° mwith only one element in the thickness directios.ghown in
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Fig. 4-10 and Fig. 4-11, the horizonthand vertical displacements predictions from

peridynamic solutions are in agreement with the ANSYS predictions.
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Fig. 4-10Horizontal displacements), (sm) (a) PD and (b) ANSYS results
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Fig. 4-11 Vertical displacements), (em) (a) PD and (b) ANSYS results
As a second case, the same linear temperature change is applied to theyarulti

composite model. The ANSYS model is the same as described in Ske8tibid The
displacements components are compared with ANSYS predicéisrshown irfFig.
4-12to Fig. 4-17. Due to symmetric fibre orientations of the composite, the horizontal
and vetical displacements distributions are the same for top and bottom plies. As
expected, the displacement in the thickness direction, the top and bottom plies have
deformation in the opposite direction. The transverse displacement of the middle ply
is obsered as zero. It can be inferred fréng. 4-16 andFig. 4-17 that a delamination
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tendency exists on the right side due to higher temperatures. Good agreements are also
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Fig. 4-12 Horizontal displacements), (am) (a) PD (b) ANSYS results for bottom
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Fig. 4-14 Vertical displacementsy, (sm) (a) PD (b) ANSYS results for bottom ply.
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Fig. 4-15 Vertical displacementsy, (em) (a) PD (b) ANSYS for middle ply.

-1580 -1580
0.04 .
1185 -1.185
-0.7900 -0.7900
-0.3950 -0.3950
0.02 .
0.3950 0.3950
0.7900 0.7900
1 185 1 185
0.00 1 580 . 1 580
-0.02 -0.
-0.04 .
0.00 0.0;

(a) (b)
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Fig. 4-17 Transverse displacement, (em) (a) PD (b) ANSYS for top ply.

4.3.2. Heat transfer in composites

In this section, pure heat transfer analyses in the singlenatidlayer composite

model are tested in order to validate the proposed -haykr PD thermal model.

4.3.2.1Composite subject to heat flux on the top ply

Constant heat fluss000 W/nt is applied to the top ply of the multiyer model.
The compsite model is initially at the reference temperat@g, The total simulation
time ist =50 s and the time step size in PD solution is defineditas 0.01<. On the
other hand, the element type I9D278 is utilized in the transient thermal ANSYS

analysis. A grid60® 60 in the x-y plane with three elements in tlzedirection is
chosen in the ANSYS model. In addition, the time step size used in ANSYS model is
2.5s. The temperature change distribution predictions during the simulation process
are compared with those from ANSYS simulations, asvehipom Fig. 4-18 to Fig.

4-20. The remarkable nteh indicates the successful application of the PD interlayer

heat flow formulation.

(a) (b)
Fig. 4-18 Temperature change distributionstat10s (a) PD (b) ANSYS results
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() (b)
Fig. 4-19 Temperature change distributionstat30 s (a) PD (b) ANSYS results

() (b)
Fig. 4-20 Temperature change distributionstat50 s (a) PD (b) ANSYS results

4.3.2.2Composite subject to a temperature boundary condition

In order to verify the PD heat conduction model fospiane and transverse
diredions, a temperature boundary conditidd <y 1002) t(K) is applied at
x= 4/2, wherex, y and z represent the coordinate components arid the
simulation time The composite model is initially at the reference temperatye,
The total simulation time i800 < and the time stegpize in PD solution igit = 0.01=<.

The SOLID278 element type is chosen for the ANSYS model with a time step size
10s. The ANSYS model is constructed with 40 elementsg iand y directions and

3 elements inz direction. The PD results of temperature distributions are compared
with the ANSYS solutins, as shown frorig. 4-21to Fig. 4-23. Good agreement is
achieved, thus the PD thermal model of the laminate is validated.
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() (b)
Fig. 4-21 Temperature change distributionstat50 s (a) PD (b) ANSYS results

() (b)
Fig. 4-22 Temperature change distributionsta100 < (a) PD (b) ANSYS results

(a) (b)
Fig. 4-23 Temperature change distributionstat300 < (a) PD (b) ANSYS results.
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4.3.3. Composites subject to pressure shock

In order to validate the fuyll coupled thermomechanical PD formulations, the
deformation and thermal responses of sidgjer and multlayer composite models
under pressure shock loads are investigated. As illustratedy.id-24, the plate is
fixed on the right edge and it is subjected to pressure loading on the left edge. The

plate is insulated at the top, bottom and right edges.

The initial conditions are:
u(xyzt=0 =y(xyzt9 K xyztQ=( (4.54a)
T(xy zt=0 =0 (4.54b)
The boundary conditions are:
u(x=U2y,z) =y(x #2, vz} & x B y2z)t ( (4.55a)

Se(Xy= W2,z9 5,(xy W2 z)t sExy W2°2t ( (4.55h)

Se(x= 12,y,t) B(1) (4.55¢)
T, (x= W2,y =2w2,z) (4.55d)
T,(x= U2,y =w2,z) o (4.55€)
T,(x= W2,y =wi2,z) C (4.55f)

whereu, represents the displacementandirection.
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Fig. 4-24 The top view of composite models under a pressure shock.

4.3.3.1Singlelayer composite subject to pressure shock

Pressure shock loading is applied to the sitmyer composite model for 2 different

cases.
Case 1:

P(t)=10° sin(pt 310‘) Pa; for fibre anglie=0° (4.56a)
Case 2:

P(t)= 10"t Pa; for fibre anglé =90° (4.56Db)

The induced temperature changes and horizontal displacements along the central
line of the ply are predicted with the newly developed fully coupled thermomechanical
model. The results are compared with ANSYS solutions by using a directly coupled
method[91]. The directly coupled element PLANE223 is utilized in the transient

theemomechanical analysis. The mesh siz23sl0* m and the time step size is

83108 sin ANSYS solution.

Fig. 4-25andFig. 4-26 provide the temperature change distributions and horizontal
displacementfor 2 different cases. In case 1, a compressive wave is generated. As the
wave moves to the right, the temperature rise is observed where there is local

compression, on the other hatitetemperature drop is observed where there is local
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tension. On the tber hand, in case 2 temperature drop is observed due to applied
tension loading. The observed temperatures coincide with the theory and experimental
results[92]. As seen fronFig. 4-25-Fig. 4-26, the induced temperature changes and

horizontal displacements match very weith ANSYS solutions.
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Fig. 4-25 (a) Temperature change distributions (b) horizontal displacements @t
for case 1
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4.3.3.2Multi-layer composite subject to pressure shock

In order to validate the proposed PD fully coupled thermomechanioddInfiar
multi-layer composites, a pressure shock loading is applied to thelayaltimodel
as:

P(t)= 10°t Pa (4.57)

The induced temperature changes and displacements along the central lines of all
three plies are predicted with the proposed PD model. Furthermore, the results are
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compared with ANSYS solutions by using coupled element type SOLID226. The
mesh size and time step remain the same with the ones from théayeidttcomposite
as inSection4.3.1

Fig. 4-27 and Fig. 4-28 are the horizontal displacements and temperature change
distributions of each ply, respectively. Due to the symmetry stacking sequence and
loading condition, the top ply and bottom behave similarly. As it can be ségg. in
4-27, the displacements of the middle ply are slightly larger than the bottom ply due
to fibre orientation since the fibres in the middle ply are perpendicular to the loading
direction, on the other hand, the fibres in the top and bottom plies are in the loading
direction. Similarly, in terms of the temperature field, temperature changes of the
middle ply are also much larger than the bottom ply as se€&igi-28. As time
progresses, sudden temperature variations are observed near the boundary. Although
there are little discrepancies between the PD and ANSYS results in the lgeer sta

especially in the middle ply, such variations are also captured in PD results.
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(b)
Fig. 4-28 Temperature change distributionsyat 0 (a) bottom ply (b) middle ply

4.3.4. Crack propagation predictions of composites

After verifying the developed PD thermomechanical formulations for both single
and multilayer composites, in this section, damage patterns and corresponding
temperature change distributions for single layer and #aylér composite model at

different inegration times are presented with a-pxesting crack size oa= 2.0 cm

as seen irrig. 4-29. The initial and boundary conditions are identical to those from
Section4.3.3 PD dscretization is achieved with a uniform grid @90 30(. The

critical stretch values are calculated a&5=0.0177 and s, =0.0373¢ with
G, =2.37 310° MPa/n[76]. The critical stretch value of fibre bond is assumed to
be twice the matrix bond, i.8, =0.0354. The critical stretch value of interlayer shear
bonds is calculated a¢, =0.104: with G, =7.11310° MPa/n [86]. The

simulation time is chosen dgles with time step sizd0° s.

TN NN NN

LLLILLLLLLLI

Fig. 4-29 Top view of a composite model with a central crack under a tension
pressure shock.

4.3.4.1Singlelayer composite with a central crack

Pressure shock loading is applied to the sHteyer composite with a crack for 2

different cases.
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Case 1:

P(t)= 3 Pd4(tH(t0 t)- toHHt to)) Pa; for fibre direction =( (4.58a)
Case 2:
P(t)= 5 BO?(tH(t, t)- t,H{t t,))+Pa;for fibre direction =Qt (4.58)

wheret, =4.0¢s.

The damage plots and temperature change distributions at different time steps are
provided fromFig. 4-30 to Fig. 4-32 for case 1. As shown iRig. 4-30(a), the crack

begins to propagate at=8¢s. Coinciding with the predictions in previous solutions

[79, 80] the crack grows along the fibre direction which is perpendicular to the pre
existing crack direction. From this figure, it can also be noticed that the cracks on either
side of the prexisting crack tips grow equally. It indicates the fibre/matrix debonding
[93] failure mode, which arises from-plane shear stress in the matrix. A similar
failure pattern is observed in the experiments conducted by Boger{9t].aRs
presented itfrig. 4-32(b), temperature increases near the crack, which agrees with the
conclusion in95]. There is a temperature drop due to local tensiontheamrack tip.

On the other hand, there is a temperature rise along the crack surfaces due to local
compression. The temperature change distribution has a similar pattern as the crack
growth.
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Fig. 4-30 (a) Matrix damage plot (b) Temperature change distributféijsfor case
1 att=8es.
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Fig. 4-31(a) Matrix damage plot (b) Temperature change distributféijsfor case
1latt=11es.
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Fig. 4-32 (a) Matrix damage plot (b) Temperature change distribenib() for case
1 att=14e¢s.

The crack growth and temperature change predictions at different time steps are
provided fromFig. 4-33to Fig. 4-35for case 2. Similar to case 1, the crack propagates
along the fibre direction, indicating the fibre/matrix debonding. Only the splitting
failure mode is observed in the PD prediction, Whis consistent with the
experimental observations frof6, 97] The temperature drops at crack tips are
observed fronfig. 4-33to Fig. 4-35.
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Fig. 4-33 (a) Matrix damage plot (b) Temperature change distribut(&‘)sfor case

2att=7.5¢es
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Fig. 4-34 (a) Matrix damage plot (b) Temperature change distribut(&‘)sfor case
2 att =8es.
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Fig. 4-35 (a) Matrix damage plot (b) Temperature change distribul(bﬁ‘)sfor case

2 att =10.5¢es.
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