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Abstract

Designing light weight structural parts especially in the areas of aerospace, ma-
rine and automotive industries has become a must over the years to reduce energy
consumption of structures and systems. To this end, numerical models enabling re-
alistic and accurate results for deformations, damage initiations and propagations
inside solid mediums constitutes a corner stone for failure prediction since they
provide flexibility in optimization of design constraints such as topology, material
type and reduction of structural weight.

Within the framework of continuum mechanics, classical approaches are well stud-
ied however they include the restriction of local interactions for finite element
methods since classical theory of continuum mechanics assumes that each individ-
ual particle interacts with those locating in their immediate vicinity. Due to the
inherent formulation of classical theory of continuum mechanics, in case of con-
tinuously transferred thermal and mechanical loadings, the governing laws that
they include partial differential equations become undefined in the presence of
discontinuities inside solid mediums. A study in applied mechanics called peridy-
namic theory introduces a new modelling concept of non-local interactions for solid
structures. To be able to avoid undefined equations of associated problems, the
peridynamic theory of non-local continuum mechanics replaces the spatial partial
differentiations with integro-differential equations.

In the content of this study, deformation field of an isotropic plate under the
effect of uni-axial stretching has been investigated by means of this relatively new
approach of non-local continuum mechanics.



Deformasyon alaninin c¢evresel-dinamik teori ile isotrop ortamlar igin
modellenmesi

(Cagdag Akalin
MAT, M.Sc. Tez, 2017

Tez Danigmani: Dog¢. Dr. Mehmet Yildiz

Anahtar Kelimeler: Bolgesel olmayan siireklilik mekanigi, cevresel-dinamik
modelleme,yapsal elemanlar

Ozet

Son yillarda, havacilik-uzay, denizcilik ve otomotiv endiistrilerinde dinamik ytikler
altinda caligsan hafif ve mekanik dayanimlar: yiiksek yapisal elemanlarin geligtirilme-
si ve bu elemanlarin bulunduklar sistemler tizerindeki atalet etkilerinin azaltilarak
enerji tiiketimlerinin diigiiriilmesi konusu bir hayli 6nem kazanmigtir. Bu baglamda,
malzeme deformasyonlarinin ve hasar olusumlarinin, hassas ve gercekci sonuclar
iretebilen sayisal yontemlerle modellenmesi yapisal elemanlarin agirlik, topoloji
ve malzeme tiri gibi tasarimsal sinirlamalarin belirlenmesine ve bunlarin opti-
mizayonuna esneklikle imkan sagladigindan gelismis miihendislik uygulmalarinin
aragtirma-geligtirme stireclerinde onemli bir yer tegkil etmektedir.

Klasik siireklilik mekanigi nazarindaki yaklagimlarda her biri sonsuz kiigiikliikte
kabul edilen diferansiyel elemanlarin sadece onlarin bitisik komsgulugunda bulu-
nanlarla etkilesim halinde olduklarinin kabul edilmesi sonlu elemanlar yonteminin
kullanildigr saysal yontemlerde bolgesel etkilesimlerin neden oldugu kisitlamalar:
iclerinde barindirir. Klasik siiriiklilik mekanigininde 1s1l ve mekanik yiiklerin dagi-
limlarimin tarifinde kullanilan denklemler dogalar1 geregi kat ortamda catlak gibi
siireksizlikler barindirmalar: halinde tanimsiz hale gelirler. Uygulamali mekanik
alaninda gorece yeni bir yaklagm olarak gosterilebilecek olan cevresel-dinamik
modelleme yontemi sonsuz kiigiikliikte diferansiyel elemanlarin lokal olmayan et-
kilesimine izin vermektedir. Lokal siireklilik mekaniginin yap1 igi siireksizlikleriyle
tanimsiz hale gelen denklemleri bu yeni modelleme tekniginde integro-diferansiyel
denklemler ile degistirilerek tanimsizlik ortadan kaldirilir.

Bolgesel olmayan siireklilik mekaniginin bu yeni yaklagimindan yararlanlarak, i-
sotrop malzemler iizerinde mekanik kuvvetler nedenli olusan deformasyon alani-
nin sayisal yontemlerle hesaplanmasi ¢aligilmigtir.
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Chapter 1

Introduction

1.1 Motivation and Literature Review

Since classical approaches to model mechanical behaviour of materials including
discontinuities utilize from partial differential equations(PDEs) it is required that
the governing equations have to be continuously differentiable through material
domain. As explained in detail in following chapters of this present study, these
PDESs become undefined when the equations of motion derived based on classical

continuum mechanics are applied on a region including discontinues.

Instead of using partial differential equations, a non-local(being an particle-based
method) approach, named as peridynamic theory, in which one of the fundamental
concept of classical mechanics is that of a particle, [6], is considered as cornerstone,
has been introduced by S.A. Silling in [32]. Non-locality of the peridynamic theory
comes from interactions of each particle with others within a pre-defined sub-
domain so that effects of neighbouring particles on subjected particle are applied

through integro-differential equations.

In literature there can be found many research effort regarding analytical solution
and numerical implementation of peridynamic theory. For instance, idealization of
real structures can also be tuned by their one or two-dimensional representatives,
in a sense is that dispersion of stresses along unbounded rod is examined in [36]. In
addition, analytical solutions for simulation of crack initiation and propagations
have been developed and numerical implementations have been proposed in [§]

for Kalthoff Winkler experiment. As well as deformation case of a one-dimensional

1
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string, distortion of a membrane type structure that can be approximated as a two-
dimensional body is studied in [37] where numerical simulations for opening-mode
resulting in plane-stress condition. Additionally, simulation of tearing mode are
presented and associated results of discontinuity formations and their propagations
throughout material domain are provided. In the same study, damage simulation

of spherical membrane under the effect of a sharp fragment is presented as well.

Besides, coupling effect of thermo-mechanical interaction for structural deforma-
tions in presence of crack formations and propagations are modelled based upon
Lagrangian formalism in peridynamic theory, [2]. Furthermore, an extensive study
of bond-based peridynamic modelling capturing damage initiation phenomenon in

brittle structures are studied in [14].

In particular, influence function in peridynamic theory brings the effect of neigh-
bouring particles onto each subjected material point thus it terminates locality
concern in classical approach. In this manner, effect of non-locality providing
a function for propagation of waves on structures of different kinds is presented
in [30]. A well-know approach using energy dissipation during propagations of
cracks is based on calculation of J-Integral, in this sense adaptation of J-Integral

on peridynamic theory with explicit derivation scheme is given in [15].

Moreover, time efficiency in numerical analysis for computational work is one of
the fundamental concern, relating to this, efficiency of numerical implementations
for peridynamic theory is analysed and propagation of discontinuities in specific

type of materials are studied in [33].

Furthermore, capability of peridynamic theory on capturing stress-strain fields
on bodies with discontinuities is introduced for conventional laminate compos-
ite plates configured with varying fiber orientation in [43]. The other study for
deformation of non-conventional composite plates with non-ordinary state-based
approach is introduced in [42]. Additionally, one another study by means of non-
ordinary state-based approach in case of quasi-static loading condition has been

proposed in [5] for linear elastic materials.

The study, [12], can be seen as an extensive discussion on peridynamic modelling
for materials whose Poisson’s ratios are different than 1/4, while fundamentals for
generalization of bond-based technique leading to state-based approach in peridy-
namic theory has been introduced together with numerical solutions of well-known

benchmark problems in literature are provided based on explicit solution scheme
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in [27]. Furthermore, extension of peridynamic modelling capturing plastic and
permanent deformations of solid bodies is covered within the frame of state-based
approach establishing a constitutive model between forces and deformations in
[34]. Additionally, generalized approach of peridynamic theory being non-ordinary
state-based modelling was used for solution of deformation problems of solid me-

chanics in [40].

Governing laws of thermodynamics can be applied to derivation scheme for govern-
ing laws of peridynamic theory leading to coupling effects of thermal and mechani-
cal phenomenons for deformations of solid bodies, in this sense numerical solutions
of thermo-mechanical problems based on peridynamic modelling are presented in
[26].

Non-locality of peridynamic theory provides an inherent capability of taking effect
of long-range forces into account for each material point in equations of motion
which is very similar to computational structure in classical molecular-dynamics,
in this sense, comparison of formulations for dynamic effects and governing equa-
tions that are consolidated by computational results have been provided in [31].
Moreover, under the effect of non-locality, analytic solutions for deformation field
of a one-dimensional micro-elastic structure with dispersion relations of different

kinds are presented explicitly with various examples in [41].

As well as coupling of material parameters in classical approach with those that are
in peridynamic modelling, mathematical investigation upon equations of motion
being a integro-differential equation with second-order time derivative for numeri-
cal solutions of benchmark problems are studied in [9]. Moreover, a new proposal

for solution of peridynamic formulation with examples is introduced in [10].

As oppose to crack behaviour in ductile materials, crack branching phenomenon is
more likely observed in brittle structures and capability of peridynamic modelling
on capturing material fragmentation is presented in [13]. Moreover, impact studies
as a result of extreme loadings on material domain within the frame of peridy-
namic modelling are performed in [7]. In one another impact study on damaging
of circular plate with implementation of peridynamic formulation in molecular

dynamic solution algorithm, numerical simulation has been presented in [28].

Heat dissipation models based on peridynamic approach for materials including
discontinuities differ than results of classical continuum approaches, regarding to

this, solutions of both are compared in [3]. As a result, it is emphasized that
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classical outcomes overlap with consequences of peridynamic modelling while limit
of horizon size approaches to zero. Moreover, peridynamics is considered as an
embracing formulation of those that belong to classical theory because of the
fact that peridynamics stresses approaches to classical stress state depending on
smoothness of motion for particles, constitutive equations and non-homogeneities

of material domain in [35].

As a bridge between classical stress formalism and peridynamic pair-wise forces has
been introduced in this present study, introduction of peridynamic equation of mo-
tion in terms of stress tensor can be found in [18] as well. Moreover, improvement
of solution steps for elasticity problems including discontinuities within the frame
of peridynamic modelling that takes long-rage effects of surrounding particles into
account for each subjected particle on material domain has been introduced in [4].
Additionally, application of peridynamic theory for consideration of both thermal
and mechanical effects being a challenging issue for small length scale systems such

as electronic parts is presented in [17].

Specifically, application of both finite element analysis and peridynamic technique
of non-local continuum mechanics are utilized in the modelling of a truss element

and results are compared in [21].

A novel research on a numerical simulation for fragmentation of a isotropic tube
whose damage behaviour under compressive forces are observed in [39] has been
developed by implementation of both peridynamic and FEM algorithms validating

upon experimental results in [19].

1.2 Outline of Thesis

In this study, balance laws for conservation of linear and angular momentums
under the effect of internal stresses and resultant traction vectors are presented in

an explicit manner in Chapter (2).

Afterwards, in Chapter (3), the equations of motion in local theory is obtained

based on Lagrangian formalisms.

In Chapter (4), peridynamic equations of motion is derived for linear micro-elastic
materials, [22], [25] while in the following sections, peridynamic definition of de-

formation is presented, [33].
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Peridynamic parameters leading to bond-constants for three and two-dimensional
isotropic materials are obtained in Chapter (5). Based on peridynamic bond-
constant derived in Chapter (5) for two-dimensional structures, results of numer-
ical simulations pertaining to deformation of an isotropic plate in plane-stress
condition under the effect of uni-axial stretching are presented in Chapter (6) .
Furthermore numerical results that are obtained in MatLab® Version R2016a are

compared with FEA results in terms of deformation fields.

The present work is finalized in Chapter (7)with remarks based on results obtained
in Chapter (7).

Additionally, Appendix (A) presents vector rotations, tensor transformations and
a general review of derivation for a fourth-order isotropic tensor that is highly
occupied in constitutive relations of applied mechanics. In Appendix (B), classical
constants of deformation are provided under the review of simple body distortions
while in Appendix (C) constitutive relations for different type of structures are
introduced based on fourth-order isotropic tensor derived in Appendix (A) Fur-
thermore, general review on classical definition of deformation tensor is presented
in Appendix (D) for the purpose of establishing relations between components of

finite strains and stresses.



Chapter 2

Background

2.1 Fundamentals of Classical Continuum

Theory of Solids

Property of being continuous for a material medium under consideration disregards
molecular structure and states it as not consisting of gaps or voids. Because of
this hypothetical definition of material domain, theory is referred as theory of

continuous medium or briefly continuum theory, [23].

From classical point of view of continuum mechanics for solids, a well-equilibrated
body in terms of internal forces sustains stabilities of displacements between parti-
cles. Nevertheless, any disturbance against equilibrium condition of internal forces
causes deformations and discontinuities such as cracks due to external forces that
compels body to exceed mechanical endurance limits. These stiffness properties
are prescribed in constitutive relations to be able to relate associated stress and
strain components along desired directions of material domain. In local contin-
uum theory, interactions of subjected particles presented by RVE are restricted by
only neighbouring material points located in their immediate vicinities. Moreover,
stress and strain components occurring on sides of each RVE play a fundamental

role in terms of determining traction forces that acts on subjected particle.
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2.2 Equilibrium of traction forces

(Classical approach regarding interaction of material points dictates locality such
a way that particles which are represented by infinitesimal RVEs interact with
only others in immediate vicinity. In this sense, internal surface forces of RVEs
ordinarily named as tractions appear on oblique-cut surface of RVE as shown in
Figure (2.1) while they are balanced with stress components, o;;, of associated

side-faces on tetrahedron that is presented in Figure (2.2).

These stress components appear as a result of balancing forces against traction
exerted on oblique-cut surface of tetrahedron. Therefore, balance forces associated
with their stress components acting on infinitesimal areas, dS; on side-surfaces of

€j

./, acts on oblique-cut surface area, dS,, and

tetrahedron while traction force, t
defined as follows.

t?j = crijej (21)

)

where e; are basis vectors of Cartesian co-ordinate system. Also, in relation (2.1),
sub-index, 7, indicates surface normal in which associated component of stress

tensor is applied while sub-index j denotes direction of same stress component.

FI1GURE 2.1: Oblique cut of an arbitrary solid body

As shown in Figure (2.1), red arrow represents surface normal while traction force

belonging to oblique-cut is indicated by means of blue arrow. A relation between
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tetrahedron’s side-surface areas and oblique surface area can be expressed as fol-
lows.

dSn (TL . 62‘) = dSn COS (921) = dSnnz = dSz (22)

in which n is normal vector belonging to oblique-cut’s surface while 07 represents
angle between principle axes and surface normal, n. On the other hand, n; is

cosine value of this angle.

As a result of applied external forces, solid body can be expected to experience
either a elastic or plastic deformation. From this point of view, stresses emerg-

ing from these applied forces through cross-sectional surface inside body can be

defined.

Now, let us consider a solid body on which external forces come into existence.
Splitting body into two pieces through any arbitrary oblique cut and inspecting
free-body diagram of half part of RVE, one may realize that equivalent force on
former contact surfaces of cut-off plane emerges. These forces applying on side-

surface areas of tetrahedron allow us define stress vector as follows.

€ 1 .fz

where f; is a force along any arbitrary direction and sub-index ¢ indicates surface

normal of an area on which f; is applied. Similarly, traction force on oblique-cut

surface of tetrahedron is defined as

ti = dm (dSn (2.4)

The Divergence Theorem [11] which conserves the fluxes of vector field inside a

é//(v-f)dvzﬁﬁﬁ (2.5)

—

If force vector field is assumed to be divergence-free, namely (V - f) = 0, then

close surface is given by

relation (2.5) can be reduced to

#f'dgzo (2.6)
14
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Thus, equilibrium state of all forces affecting on tetrahedron can be expressed
through relation (2.6). In point-wise manner, the left-hand side of relation (2.6)
can be written as a sum of associated dot products. This result implies New-
ton’s third law of motion for equilibrium state which dictates that net force on

tetrahedron has to be equivalent to zero. Therefore,
trdS, +t'dSy + t;°dSy + t57dS; = 0 (2.7)
And according to (2.2), relation (2.7) reads

£1dS, + £ n1dS, + t2n,dS, + tPn3dS, = 0
t;n —|— tflnl + t?ng + tfsng = 0 (28)
t? Sl tfjnj =0

By invoking the identity given by relation (2.1) into (2.8) equilibrium equation is

obtained as

n —
t; +oemn; =0

(2.9)

FIGURE 2.2: Representation of forces acting on surfaces of tetrahedron
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It can be also shown that traction vector, ¢ is obtained long vector-dyadic dot

product of second-order tensor,o, and surface normal vector, n, as follows.

' =0-n

= (0;i€;) - (NiCL
(7565) - (mees) 210
= Uijnkej e = aijnkéjk

= 0441

Traction vector is applied on an area whose surface normal is defined by n, here-
after n term can be neglected in notation. Therefore three-components of ¢! in

Cartesian co-ordinates can be written explicitly as follows.

t1 = oung + o12N2 + o13N3
to = o911 + 022Mo + T3N3 (2.11)

t3 = 031M1 + 032N + 033N3

In matrix notation, traction vector and right-hand side of relation (2.10) can be

shown as
i1 011 012 013 ny
=1t | = |on 02 03 No (2.12)
l3 031 032 033 n3

in which second-order tensor defines Cauchy’s stress components. Moreover trac-

tion vector, ¢, can be decomposed into its normal and shear components.

Additionally, determination of maximum normal and maximum shear stresses that
body can withstand is considered as consequential issue in terms of failure criteria
of structural parts. Disappearance of shear forces results in existence of pure nor-
mal forces on oblique-cut surface or other way around. In this perspective, because
of orthogonality condition between shear and normal forces, traction vector, ¢,

can be mathematically expressed as
f 2 f 2
n\2 __ . normal . shear o 2 2
(87)" = (dg}go ( ds, >) + (d}%}go ( ds, )) = (ts) 4+ (tv) (2.13)

ltsl =/ (t)* — (tw)”

or

(2.14)
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In case of non-shear force on oblique-cut surface of Cauchy’s tetrahedron, namely

ts = 0, then relation (2.13) is reduced to

=t
N (2.15)
tn—tN:O

By means of relation (2.10), the last line of expression (2.15) can be stated in

component form as

oping —n; =0
Okile — Jpékink =0 (216)
N (Uki — ap5ki) = 0

or in matrix form

n 011 — Up511 012 013
na 021 022 — Up522 023 =0 (2-17)
ng 031 032 033 — Up533

Since the first vector is any arbitrary array being different than zero, then deter-

minant of second-order tensor has to be equal to zero. Namely,

011 — Up511 012 013
‘Uki - Up5ki = 021 0922 — Up522 0923 =0 (2'18)
031 032 033 — 0p533

which yields to following expression.
—os+ ool +oply — I3 =0 (2.19)
in which I, I, and I3 are named as stress invariants and defined respectively as

I = trace(o) = oy

1 1
L= (trace(o)? — trace(0?)) = 5 (005 = 0ij05i) (2.20)

I3 = det(o) = |0y
Solution to expression (2.19) results in three principle stress components that are

Op,, Op, and o0,,. By means of kinetic equilibrium equations of tetrahedron, it can

be shown that maximum shear stress is equivalent to half of difference in maximum
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and minimum principle stresses. Namely,
Tmaz = TaX (7'1, T2, 7_3) (221)

where 7 = (0p2 — 0p3) /2, T2 = (01 — 0p3) /2 and 73 = (01 — 0p2) /2.

2.3 Balance Laws in Local Theory

2.3.1 Conservation of Linear Momentum

Forces acting on infinitesimal area of tetrahedron’s oblique-cut surface have been
inspected in the very beginning of Chapter (2). Resultant vector based on tractions
in addition to body forces, b;, over entire material domain can be expressed as
follows.

P it /t_;(gijani) -dA + /pigidv (2.22)

1% v

in which ¢; is same traction vector appearing in very left-hand side of relation (2.12)
which is a function of its stress component and its associated surface normal. This
resultant force plays a role in altering linear momentum of entire body in time

domain. Mathematically,

% pitt;dV (2.23)
1%

According to Newton’s second law of motion, entire body is accelerated by resul-

tant force as inversely proportional to its inertia being resistance against motion.

Additionally, resultant force is balanced with (2.23) as inertia of entire material

domain remains constant. Therefore,

d - S S .
a7 pit;dV = /tz’(Uz‘j,nz’>'dA+/Pibz’dV (2.24)
1% A %
By means of Divergence theorem given by (2.5), the first integral on right-hand
side of relation (2.24) can be converted into volume integral and can be expressed
as follows.

/(Uz'j”j)'dffz/(Qjej)'(Uz‘j)dVZ/Uij,jdV (2.25)

A \%4 \4
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and balance equation for linear momentum can be obtained as follows.

d

14 \%4 14 (226)

By collecting all terms under a single integral, relation (2.26) can be expressed as

d .
/ (,01% (W) — 0455 — pibz’) dvV-=0 (2.27)
J

Since dV is an arbitrary infinitesimal volume being different than zero, integrand

of integral given by relation (2.27) can be directly equalized to zero. Therefore,
piti — 055 — pibi =0 (2.28)

in which spatial derivative of second-order tensor, o;;, is 0;; ; which has unit of force
per volume, [N/m?3]. This term can be associated with force densities emerging
from strain energy between interacting particles as limit of horizon in peridynamic
theory approaches to zero. From this point of view, stress statement of a body
including discontinuities reveals importance of peridynamic theory in comparison
to local approaches. Stress field around a crack tip can be obtained through

following expression which is derived based on Airy’s function.

R — (2.29)

an 2
x
in which o is nominal stress applied on cross-sectional area of a two-dimensional

plate including hole in centre. Substitution of relation (2.29) to equations of

motion in local theory following relation is obtained.
p(x, t)i(x,t) = div (o) + b (x,t) (2.30)

including spatial derivatives because of which stress term becomes infinity at crack

tip position, z = a.
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2.3.2 Conservation of Angular Momentum

Ordinarily, balance of angular momentum leads to symmetry condition for Cauchy’s
stress tensor whose derivation has been introduced at the beginning of Chapter
(2). Based on balance of linear momentum equation for whole entire material
domain inside solid body (2.24), by multiplying both side by distance of rotation
around centre of Cartesian co-ordinate system, y, equation for balance of angular

momentum is obtained as follows.

d : R S .
E/piﬁidv X Y = /ti (0ij,m5) - dA | X 4 + /pibidv X Yk
v A v

(2.31)
Applying explicit form of traction stress vector, ¢;, which is given by relation (2.10)

to the first integral in the right-hand side of relation (2.31).

/piﬁiei X yrperdV :/(Uijnj X ypey) - dA +/ pibie; X yrerdV
v
y (2.32)

pi€iriliyredV :/(Giklaijnjykel)’dg +/ pi€iribiyrerdV
VvV
A

<\<

Divergence theorem given by relation (2.5) can be applied to convert area integral

in relation (2.32) to volume integral as follows.

/(leaz’jnjyk) dA = / (€ik103Yr) 1 - dA
A

<\<\D>

(0€;) - (€imoijyn) dV (2.33)

(€ik10ij Yk + €iki0ij0k;) €AV

By rearranging all terms in relation (2.32) in an appropriate way and substituting

the result obtained in relation (2.33) into relation (2.32), one may write

/ﬂiﬁikzﬁz’ykeldvz /(Eiszij,jZ/k+€z'kz<7ij5kj)€zdv+/ﬂiﬁikzbz’ykeldv

v v v (2.34)
/Ez‘klo'ikdv = /Gz’klyk (piti; — 0355 — pibi) AV
v v



Stress in Local Theory 15

Because balance of linear momentum has to be satisfied according to relation

(2.28), the left hand-side of expression (2.34) yields to zero. Thus,
€kt =0 (2.35)
Expansion of result obtained in (2.35) yields to following three a set of equation.

€123012 + €213021 = 0
€132013 + €312031 = 0 (2.36)

€231023 + €321032 = 0

According to Levi-Civita permutation symbol given in (A.22), in each line of
these a set of equation, coefficients seen in front of stress components imply skew-

symmetric property in permutation symbol. Therefore,

o2 — 091 =10
031 —o13 =0 (2.37)

093 — 033 =0

which dictates symmetry condition that is (0 = O'T) for Cauchy’s stress tensor
that can be also presented in a short-hand notation by using index notation as

follows.
Uij = Uji (238)



Chapter 3

Strain Energy and Equation of
Motion in Local Theory

3.1 Strain energy density function for isotropic

materials

Externally applied forces to linearly elastic isotropic material domain causes energy
accumulation and conversely removing external forces results in release of this
accumulated energy. In this manner, it can be considered that strain energy
density function relates the deformation amount and internal stress components

based on energy stored inside material domain.

As shown in Chapter (2) and Appendix (D), symmetry condition in stress and
strain tensors given by relations (D.38) and (2.38), allows us to express them as

in arrays of six-components. Namely,

T
Oij = [011 022 033 023 013 012] (3.1)

and
T
€ij = [611 €29 €33 €23 €13 612] (3.2)

As explained in Chapter (4), kinetic and potential energies of a body can be

expressed along sum of individual kinetic and potential energies of each particle

16
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in material domain. Namely,
g = =
=5 D mGyiG) ) (3:3)
j=1

and -
U= ZW(] Zﬁ by Vi (3.4)

(Classically, during a simple unidirectional tensile stretching of an arbitrary body,
energy that emerges from uni-axial deformation of RVE is defined as strain energy
which can be obtained by calculating area under associated stress-strain curve.
By same analogy for uni-axial deformation of a body, strain energy emerging from

arbitrary distortion of an RVE is expressed by
1 3.3
Wo =3 D) oGmne(imn (3.5)
m=1 n=1

For a single material point denoted by (j), let us write normal and shear strain
components given by relations (D.31) and (D.36) respectively as follows. Consid-

ering condition, ¢ = k, leading to normal strains that is

Ouy(j)

€ik(j) © €)= Wii) = 5 (3.6)
and condition i # k, leading to shear strains that is
Ouij) | Oungj)
bl = Ui k(i i) = 3.7
Yik(i) = Uik(i) T ki) = g T g (3.7)

Based on array representation of stress and strain components given by relations
(3.1) and (3.2) respectively, constitutive equation expressed through relation (A.1)

can be expanded for explicit calculation of strain energy density function as follows.

1 3.3 1 3.3
:_ZZUTGIQZZ 6k(] €k(j)

2 i=1 k=1 i=1 k=1 (38)

= 011€11 + O22€22 + 033€33 + 023€23 + 013€13 + T12€12
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From constitutive relation given by (C.55) for a linearly elastic isotropic material,

Cauchy’s stress components are explicitly obtained as follows.

4 2 2

11 = (H-l—?u) 611+(/i—?u) 622-1—(/%—?“) €33
2 4 2

099 = (I{—?'u) €11+(/€+?ﬂ) EQQ—F(I{—?M) €33

2 2 4
033 = (H — ?'u) €11 + </€ — %) €99 + (/‘i -+ ?'u) €33 (39)

023 = €23
013 = U€13
012 = U€12

Performing calculations in relation (3.8) by using explicit forms of stress compo-

nents given by relation (3.9) yields to
1 4 1 2
Wiy = B (/f o ?M) (€11€11 + €260 + €33€33) + 5 (ff ~ ?N) (2€11€22 + 2611633 + 2€0€33)

+ 11 (€23€93 + €13€13 + €12€12)
(3.10)

Invoking explicit forms of strain terms given by relations (3.6) and (3.7) into

relation (3.10), strain energy density function becomes

1 4
Wo =3 ('”v + g) (1) + U22) + W)
2
+ (’”v - gﬂ) (u1,10)u2,20) + U110y Us30) + U220 Us30) (3-11)

5 ((20) + 1s2)”" + (w0 + w3.1))” + (w20 + 21

Ordinarily, an arbitrary single variable continues function, u(z), can be expressed

based on based on first-degree Taylor expansion as follows.

)= 3 ot (2 .12

n=0

Numerically, relation (3.12) can be approximated in a way that original function at
points z;,1 and x;_; by infinitesimal forward and backward incremental distance,

Azx. In other words,

Uit (Tis1) A ui(2i) + ui(@y) (241 — 24) /11 (3.13)
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and

in which it is possible to write (z;41 — ;) = Az and (2,7 — x;) = —Ax. After
multiplying both side of relation (3.14) by Az and summing relations (3.13) and
(3.14) side by side, first-order derivative of function, u(z), through central finite

difference is obtained as follows.

qu(le) - Uifl(xifl) (315)
2Ax

wi(z;) =

Second-order mixed partial derivatives of an arbitrary function, u(z,y), can also

be expressed by means of CFD along first-degree derivatives. Namely,

Puij(wiy;) 0 <3Uz‘,j($i;yj)) y (0u/0;)i11; — (Ou/0Y;); 1, (3.16)

in which partial differentials with respect to variable y in numerator can also be

expressed based on CFD in relation (3.16) as follows.

i1, (Tit1, Uj) | i1, 41 — Uiy, (3.17)
y; 28y |
and
Oui—1,(Ti-1,Y;) o YizLytl — Uiz1j-1 (3.18)
y; 28y |

By invoking discretized equivalences of partial derivatives given by relations (3.17)
and (3.18) into relation (3.16), we can expressed second-order mixed partial deriva-

tive as follows.

2
0% u; (i, y;) Uil — i1 i—1 — i1 41 T+ U151

Ox;0y; - 4AxAy

(3.19)

In addition to mixed kind partial, second-order derivative u can be obtained by
using forward and backward second-order Taylor expansions around points z;q
and x;_;. In other words, forward and backward second-order Taylor expansions

are respectively

Uit1 = Ui + 1\ o (Tig1 — @) + o

N[ =
7 N
SR
HMS
~~_
—~
8
+
=
|
&
o
w
Do
=
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By summing relations (3.20) and (3.21) side by side and substituting (z;11 — x;) =
Az and (z;_; — x;) = —Ax in resultant line, we obtain second-order partial deriva-

tive at point x; as

0 (8%) Uity — 22U+ Ui (3.22)
: )

% 81’ Aq;)2
Applying CFD on first-order partial derivatives in strain energy density function

given by (3.11), can be approximated form of the strain energy for material point

(7) and expressed as follows.

1 Ap uagan —uaG-n )", [(Uagem) = Uai-m)\" |, [ UsGiam) — UsG-m) )
W .
=73 (’H 3 ) (( 2Az, * 27w, * 2Az;

. 2_u (1) — U1(j-1) U2(j+m) — U2(j—m)
2ASL’1 2Ax2

+ U1(j+1) — U1(i-1) U3(j+n) — U3(j—n)
2AI1 2AI‘3
o [ Y2tm) ~ YaGom) U3(j+n) — U3(j—n)
QAZ‘Q 2AZL‘3
2
4B Y2Gtm) T Yaom) | U8(i4n) T U3(i—n)
2 2A.’L’3 2A$2
2
B[ Ui+ 1G-0) , U3(j+n) — U3(j—n)
2
4G TGy, YaGem) T Maom)
2 QAJ,'Q 2Al’1

(3.23)
in which sub-indices (j) = 1,2,3,4,5,6 inside brackets stand for material points
around particle (j) while sub-indices outside brackets are for co-ordinate directions,
(21,22, x3) as shown in Figure (3.1). Strain energy density function given by

relation (3.23) can be expressed along expansion of squares in bracket of y, yielding
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to following form.

1 Ap wigy = G-\ | ((Yagrm) = Uagom )", ((UsGiam) — UsGom) )
Wi = =
=3 (’H 3 ) (( 2Az, * 27w, * 2Az;
2 Ui+t — UiG-1) \ [ Y2(i+m) — U2(j-m)
3 2A$‘1 2A£L'2
X U1(j+1) — U1(i-1) U3(j+n) — U3(j—n) I U2(j+m) — U2(j—m) U3(j+n) — U3(j—n)
2AI‘1 2ALIZ‘3 2AI’2 2ASE3
K
2

2
U2(j+m) — U2(j—m) U3(j+n) — U3(j—n)
QAZ'Q

U2(j+m) — U3(j+n) — j—n)
2
I
* 2
U2(j+m) — U3(j+n) — U3(j—n)
2

2
U3(j+n) — U3(j—n)
QAZL'Q

U3(j+n) — U3(j—n)
QAZ'Q

()’
() |
<< - m>> <”3 )
(g
(g
(g

U2(j+m) —
2A$3

(3.24)
in which the first sub-indices outside brackets indicate directions of displacement
vector, u. As later remarked, strain energy of material particle (j) can be de-
composed into its constituents for each interaction in its immediate vicinity as

illustrated in Figure (3.1).

3.2 Lagrangian formalism for equation of motion

in classical interaction

Interaction of material particles in classical approach is considered as they com-
municate with others that they are only in their immediate vicinity leading to
locality notion. In Figure (3.1), neighbouring particles appearing in green colour

around blue-colour RVE are illustrated.
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FI1GURE 3.1: Local interactions of material particles

As details given in Chapter (4), using Lagrange-Euler equations of motion leads
to determination of displacement field for whole material domain. From this per-

spective, firstly let us write Lagrange-Euler equations of motion.

4oLy _ oL (3.25)
dt \Oug;y)  Oug)

in which (j) = 1,2, 3, ..., s, indicates all particles in material domain and L presents
Lagrangian which is given by difference between kinetic an potential energies of
solid body, namely, L =T — U. Total kinetic and potential energies of body can
be expressed as a sum of each particle’s kinetic and potential energies therefore
relations (3.3) and (3.4) can be expressed based on constant volumetric expansion

and density of each RVE as follows.

I (7 =
=35>, (%) ' Uu)) PGHAVG)
=1 (3.26)
1

=3 (o Ty () Ty () F an () * U (G) + U ()~ U () + -+ -) PHAV)
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and
=1
U=> ;Wph Zu(j HAV)
j=1
1
=5 (- F WG+ WG F WG Gm) + WG Gm) T WG G F WG G + ) AV
+ (- i (hbas ) F Uas()bra) F Uas()0rs) + ) AV

(3.27)
As explained while writing relation (4.7), strain energy density function, W), is
defined along summation of sub-strain energies, w;);) of interacting particles. At
that point, classical theory differs from peridynamic approach by including only

strain energies in immediate vicinity of particle (j).

In total potential energy relation (3.27), strain energies, w(;)(k+1), W(j)(k—1) W) (j+m)
W(j)(j—m)> W) (j+n) a0d W(;)(j—n) can be expressed in their explicit form similar to
(3.23). In strain energy density term, wy;)y), first sub-index inside bracket indi-
cates blue particle in the middle and second sub-indices symbolises green inter-
action particles as shown in Figure (3.1). Strain energies of interacting particles,
(j +1) and (j — 1), with particle (j) along x; direction are w;)j1i) and w)—i

that are respectively defined as

1 4 (g — mg
W)+ = 5 (/f + g) ( oAm
n 2u Ui(j+i+1) = U1G) | [ Y2(i+H4m) = Ua(j+—m)
2A$1 2A$2

UL(j+1+1) — U1(y) U3 (j+1+n) — U3(j+l—n)
2AI1 2ALE‘3

_I_

4 I Ul (jH1+1) — U1(y) 2 19 UL (j+14+1) — U1(y) U2(j+14+m) — U2(j+1—m)
2 2A(L’2 2A.T2 2AI1

LK G — 1)\’ 1o (MG T NG) | (UBGHn) T ()
2 2A(L’3 2AZE3 2A(L’1

(3.28)
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and

1 4 (g — gy’
2 (’H 3 ) ( 2Az,
o 2 UiG) — UiG-i-1) | [ Y2(-tem) ~ U2(i-l-m)
3 2A$1 QA.I‘Q
o (M6 T MG ) UGt T UsG—ton)
2Al’1 2AZE3
2
I Ui(y) — Ui(j—i-1) 19 ui(y) — Ui—i-1) U2(j—1+m) — U2(j—1-m)
2 QA.Z'Q QAZEQ 2AJZ1

i I Ui(j) — U1(j—i-1) ’ 19 Ui(j) — U1(j—i-1) U3(j—l+n) — U3(j—l—n)
2 2A£L‘3 2AZE3 2Al’1

(3.29)

in which second-order powers and multiplications of partial differentials are negligi-

bly small compared to first orders and its second-order power along () direction,

namely,

(uza0)” < 1 and (ugagzn)” < 1

(“273(a¢l>) < 1 and (Uazﬁl)) <1
and

(Un(jaiem) — Ua(iti—m))/ (2A%2) (Us(j114n) — Us(iti-n))/(2A73) < 1

(Us(jtin) = Us(i-n))/ (2A22) (Ua(ji4m) — Ua(j+i-m))/ (2A73) < 1
following assumptions are considered as valid,

(u250)° ~ 0 and (usagzy)” ~ 0

(U/273(j:|:l)) ~ 0 and (u3 9 ﬂl))Q ~0
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and

(Ua(jti4m) = U1(j+i—m))/ (2A22) (U1 (j114n) — Ur(j+1-n))/(2A23) ~

(Un(ji4n) — Un(jti-n))/ (2AT2) (Us(jsitn) — Us(4i—n))/(2A73) = 0

By means of assumptions made above, similarly, corresponding strain energies of
material particles, (j+m) and (j—m), along () direction, w;)(j+m) and w;)j—m),

are written respectively as

1 A\ (zgrmin = v\’
1) — Ua(j
W) G4m) = 5 (Fv’ + g) < ToAn )
+ k- 2p Ut(j+m+l) — U1(j+m—1) Ua(j+m+1) — U2())
3 2ALB1 2A$2
X U2(j+m+1) — U2(j4+m—1) UZ(j+m+n) — U3(j+m—n)
QAIQ 2A$3
Un(jamr) = U2 1o [ Y2ltmty) T WG+m+) — W (+m-)
2AZL’1 2Al‘1 2Al’2

X M U2(j+m+1) — U2(j) ? 19 U2(j+m+1) — U2(j UL (j+m+n) — UL(j+m—n)
2 2A[L‘3 2Al‘3 QAZL‘Q

(3.30)

=

and

W) (j—m) =

L ) ((126) = UaG-m—) ’
2 3 2A 1,
o — UL (j—m41) — W1(j—m—I) Ua(j) — U2(j—m—1)
2A£L‘1 2A3§2
1 U2(j) — U2(j—m~—1) U1 (j—m+n) — UL(j—m—n)
2A$2 2AI3
2
ﬂ U2(j) — U2(j—m-1) 19 U2(j) — U2(j—m-1) U1(j—m+1) — U1(j—m-1)
2 2AZ‘1 2ASL’1 QAIQ

2
I H U2(j) — U2(j—m-1) 19 U2(j) — U2(j—m-1) U1(j—m+n) — UL(j—m—n)
2 2A.T3 2Al’3 2AJI2

(3.31)

+
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In immediate vicinity of particle (j), strain energies of material points along (z3)

direction, w;(j+n) and w;)j—n), are given respectively as

_ 1 A4\ ((Usgansn — us) |
T O UL (j4n+l) — UL(j+n—1) U3(j+n+1) — U3(j)
2AZL‘1 2AZL‘3
n U2(j+n+m) — U2(j+n—m) U3(j+n+1) — U3(H)
QAZ'Q 2Al’3
I H U3 (G+n+1) — U3(H) ? 19 U3(j+n+1) — U3(y) UL (j4n+l) — Wi(j4n—1)
2 2A.Z'1 2A£L’1 2A.C173
+ K “3 (j+n+1) — U3(j) ? 49 U3(j4n+1) — U3(j) U2(j+n+m) — U2(j+n—m)
(3.32)
and
4\ (s — Usg-n-n)
W(j)(j—n) Rt A1

o 21 Un(j—ntl) = U(—n—1) \ [ U3(j) = U3(j—n—1)
3 2A$1 2A(L’3

1
2
X U2(j—n+m) — U2(j—n—m) Us(5) — U3(j—n—1)
QAZL‘Q 2AZE3
H
2

2
U3(j) — U3(j—n—1) 19 U3(j) — U3(j—n—1) UL(j—n+1) — U1(j—n—1)
2AJZ1 2Al’1 2A[E3

)

(3.33)
Substitution of six terms for micro-potentials obtained along relations (3.28),
(3.29), (3.30), (3.31), (3.32) and (3.33) into relation (3.27) leads to determina-
tion of motion for each material point, (), by means of Lagrange-Euler equations

of motion given by relation (3.25) for each co-ordinate direction, (z1), (z2) and

() 9 P
d L L
dt (3%@) C Oun) ’ (3.34)

2
o Us() — U3(j—n-1) 19 Us(j) — U3(j—n-1) U2(j—nt+m) — U2(j—n—m)
2 2Al’2 2Al‘2 2A$3
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or in explicit form

d 0 1
P AV
dt (aum(j) (2 (s 29) P V(J)))

1 0
D) < E (- + W) + WGty + W(im) + Wy + W) + W) + ) AV(j)) Vi)
Uy (5)

0
g, (j)

(- -+ Uy ()Day () + Uao()Daa () + Uars()bas () + -+ ) AV(yy) = 0
(3.35)

or

1 (Owgiy | Owg Otz (j)
iz, (5)PG) — = + Vijy = by m—2 =0 3.36
tay ()PG) ~ 5 ( Dinr) " Omy ) O T OG0 (3.36)

Similarly, equations of motion for other principle directions, x5 and 3 can be

written respectively as follows.

’ 1 (OWym)  OW(—m) Oty )
P, N Viiy — by () —22 =0 3.37
i 7 ( Mgy () " Ousiy ) P 2 Oy (3.57)
and
TIEIE 2 Oy Oaay )T Qg

Before associated substitutions, let us treat partial differentiations of local micro-
potentials given through relations (3.28) and (3.29) only and substitute them in
equation of motion given by relation (3.36). Additionally, remaining partial dif-
ferentiations along other directions (x2) and (x3) are performed in the same way
and substituted in (3.37) and (3.38) respectively. In this manner, (3.28) can be

expressed as follows.

i)y _ (K N 4_#) (Ul(j+l+1) - “1(j>)
Oy, (j) 3 4 (Ax1>2

1 o 2p U2(ji+m) — U2(j+l—m) n U3(j+14+n) — U3(j+l—n)
2AZE1 3 QAZEQ 2A£L‘3

L (g (M) TG ) 2 (s T UaGiom)
2 4 (Agj’z)z 2AZB2 QA.CEl

L NG+ =M@ ) _ 2 U3(j+1+n) — U3(j+1-n)
2 4 (Ax3)2 2A$3 2AI1

(3.39)
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or in a more compact form

Owggy <n N 4_#) (ul(j+l+1> - Ul(j))
i, (5 3 4(Amy)?

N ( o 2_#) (  Un(iem) — Un(ji—m)  Us(j+i4n) ~ U3(j+l—n))

3 ANz Ao 4Az1 Ay
. (_Ul(j-i-l—i-l) —UiG)  Un(+im) u2(j+l—m))
4 (sz)Q 4Ax1Axy
o (_ulmlﬂ) — UG Us(tin) — uS(j+ln)>
4 (Axs)? 4Ar1Azs

(3.40)

By combining all terms, having the same denominators, local micro-potential en-

ergy, wj)(;+1), belonging to material particle at co-ordinate designated by (j + 1)
becomes

Owgygn (K N 4M> (ul(j+z+1) —Ulw)
Oy, () 3 4 (Axp)?
_ (K, + H) (“2(j+z+m> — U2(j+1-m) | U3(j+i4+n) — U3(j+l—n))
3 4Ax1Axy 4Ax1Axs (3.41)
(“1(j+Z+1> —UG) | UG Ul(j))
4 (Ax,)” 4 (Axs)”

Differentiation of other coupling local micro-potential along (z1) direction is per-

formed based on (3.29) and expressed as follows.

Qwg -1y _ (ﬁ N 4_u> (um’) —ulull))
Otz () 3 4 (Axy)?

" 1 o 210\ [ U2(i—t4m) — U2(j—i—m) n U3(j—14+n) — U3(j—1—n)
3 2A.Z'2 2A.1'3

201,

L Uy(j) — EEYR I 2 [Un(j-14m) — Ua(i—1-m)
2 4 (Axs) 2Ax, 2Axq

LK

*

2)
Uy ( ) — U(j—1-1) n 2 U3(j—l+n) — U3(j—I—n)
Al‘g 2Al’3 2A11

(3.42)
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As similar to procedure that is performed while obtaining relation (3.40), expres-

sion given by (3.42) can be treated as follows.

Qwi-n _ (K N 4_u> (um’) - ul(jll))
Otz () 3 4 (Axy)?

N ( . 2u> (u2<j—Z+m) ~ Un(otm) | UsG-tin) ~ U3(j—l—n))

3 4Ax1 Az 4Ax 1 Azs
) (Ul(j) —UiGi-1) | Ua(-tm) — U2<j—1—m>) (3.43)
4 (Ax2)2 4AT1Axs
(ul(j) —UL(j—1-1) | U3(j—l+n) — U3(jzn))
4 (Awxs)? 4Ax1 Az

By rearranging all terms appearing in the right-hand side of relation (3.43), lo-
cal micro-potential energy, w;yj—i), belonging to material particle at co-ordinate

designated by (7 — ) becomes

w1y </-@ P 4_#) (ul(j) - Ul(jzl))
Oua, (5) 3 4 (Axy)?
E) Ug(j—i4m) — U2(j—l-m) | U3(j—l4n) — U3(j—I-n)
+ <K + 3 ( 4Ax1Axy + 4Ax Az > (3.44)
(ul(j) — U1(j—1-1) U1(5) — ul(j—l—l))
4 (A$2)2 4 (Ax3)2
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Sum of two partial derivatives, Ow(;(j+1)/ g, ;) and Ow;)j—1)/ O, () is obtained

as follows.
QWi+ | IWG)G-) _ (,.i + ﬁ) (“1(j—Z—1) —2ui + “1(j+z+1))
Oay(y  Qua(y) 3 4 (Axy)’
— (x+ ﬁ) —Ua(—tm) + Ua(——m) F Ua(jtem) = Ua(i+i-m)
4AZL‘1AZE2
(n LM ) —UB(j—ttn) T UB(j—1-n) T U3(j+14n) = U3(j+i-n)
4A$1A1’3
(U1 joi-1) — 2uy() + Ul(j+l+1))
— i
A.ﬁEl)
(U1 joi-1) — 2uy(y) + Ul(j+l+1))
— U
AIQ)
_ (U1 j—i—1) — 2uq(;) + U1(J+z+1))
AIg)

(3.45)
Substitution of equivalent terms in discrete form in accordance with relations

(3.19) and (3.22) in the right-hand side of relation (3.45) leads to the following.

Qw i+ |, Owy)G- It
s =—<f€+—) 1,11 T U)2,21 T U(5)3,31
iy T o) 5) (o) o) G31)

(3.46)
— K (U(g)l 11 T U122 + U1, 33)

Additionally, summation of local micro-potentials energies, w;)(j+m), W) (j—m) and

W(5)(j4n)s W()(j—n)» can be obtained in a similar way of relation (3.46) and written

respectively as follows.

QW) j+m) | OW()(j—m)

= — </<; + %) (U(j)LlQ + U(5)2,22 + U(j)3,32)

8%1@ 8ux1(]~) (3.47)
— K (U( H2,11 T U(j)2,22 + Uz, 33)
QW) | QW) (-n) f
+ =— (Fé + —> U(j)1,13 + U(5)2,23 T U(5)3,33
Otar(j) Oty (j) 3) ’ i) (3.48)

— g (u(yzan + Uz + (s as)
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3.3 Equations of motion in classical theory

The last three equations given through relations (3.46), (3.47) and (3.48) can be
invoked in (3.36), (3.37) and (3.38) respectively hence equations of motion can be

expressed as follows.

. 1 1
Ua()PG) = 5( ("6 t g) (4610 + U220 + UGs34)

(3.49)
+ 1 (ugaan + a2z + U()a,ss) )Vm + ba()
or in a more compact form, equations of motion can be expressed as
.. 1 1
lia()PG) = ~3 (fi + g) (uiissa) + 1 (uGrass) | Vi) + bags) (3.50)

in which sub-index, [, that is repeated, implies a summation over co-ordinates,

(1), (x2) and (z3) while a term stands for free index.

Instead of using displacement related terms, equations of motion can be expressed
as a functions of associated stress components in accordance with relations (C.53)
and (D.25). To this end, relation (2.28) is achieved as follows.

Pa()lia() — (O()azsar + O(azsas T O(awsws) — Pai)ai) =0 (3.51)

or

1 (AdGaz | AGazs | AI()azs
Qe = — VDo 3.52
PaiyliaG) = 5 ( Ae, T Aw T Ag ) TPe@ben (3.52)
Relation (3.52) can be written in a discrete from based on central finite difference
method given by relation (3.15) thereby three components of equations of motion

can be expressed as follows.

O(j+Dx1zy — O(j—Da121 O(j+m)z1z2 — O(j—m)z122 O(j4+n)z1z3 — O(j—n)z123

Pz () Uz (j) = 2A 1, + 2A x5 + 2Az3
+ Pr1(5)a1(5)
(3.53)
Pn () lao () = O(j+zozs — O(j—Daamy + O(j+m)zazy — I(i—m)zawe | 9(j+n)wazs — I (j—n)zaws
z2(5) Y2 (5) 2Al’1 QA:[;Q 2AZL'3

+ Pas(j)ba))
(3.54)
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N O(j+l)zsz1 — O(j—z3zy O(j+m)zsze — O(j—m)zsze O(j+n)zszes — O(j—n)zsws
Pas(5) Uz (4) 2Ax, T 2ATo + 2Axs

+ Pas(j)ba()

(3.55)
in which sub-indices of stress tensor, o, indicates local neighbours of material point
labelled by (7). Adding and subtracting terms that are o(jyz,z,, 0(j)zszs A0d O(j)zs0s
seen in numerators of relations (3.53), (3.54) and (3.55) respectively enable us to

rewrite equations of motion as follows.

AT — I(j)zrzr — 9 (j—lz1a: O(j+Dz1er — O(j)mia;
Frfnw ( 20z, ) i ( 201, )

i (%-)ml - U(j—mmzz) 4 <U(j+m>w1x2 r- %’)ml)

2A£L‘2 QAIQ
O(j)xrizr — O(j—n)z123 O(j+n)zizs — O(j)zia1 N
t ( 2A 1 ) - ( 97z, ) T P (5) 0 (5)
(3.56)

N — 9(j)zzzs — I(j—lz2a: O(j+Dz2xy — O (j)zaxs
& o ( 24z, ) i ( 2A1q )

. (%)xm — U(j—mng) N (0(j+m>:c2x2 - %’)mz)

2A 1, 2Axy
O(j)zams — O(j—n)mons O(j+n)zgzs — 9(j)zaxs
( 2Azs )+( 2014 )ﬂ) 20 2(“ |
3.57
. O(j)xzxzs — O(j—1)xsz O@j+D)zsz1 — O(j)zsx
Pas () lis () = ( = SQMIJ 2 1) +( ! AT L 3)
O(j)zszs — O(j—m)zzmy O(j+m)zzzy — O(j)aszs
O(j)zszs — O(j—n)zsxs O(j+n)zszs — O(j)z3zs N
( 2Ax3 ) + ( 2Ax3 ) +p333(]) xS(J)

(3.58)



Chapter 4

Fundamentals of Peridynamic
Modelling

4.1 Introduction

As a result of particle interaction, emerging potential energy on an imaginary bond
between interacting particles is attributed to deformation of that bond. This po-
tential energy caused by restoring forces between interacting particles in deformed
state of a body is called micro-potential, being strain energy of a scalar valued

fU.IlCtiOIl, W) (5) [22}.

In peridynamic theory, every particle defined on a body interact with its surround-
ing particles located on a spherical region as illustrated in Figure (4.1). Boundary
of this region which is called horizon of subjected material point painted with
red colour in Figure (4.1) is determined by a radius, § named as horizon. From

non-local approaches’ point of view, locality is determined by size of horizon.

Within the realm of particle interaction on a body, all neighbouring material points
denoted by sub-index (j) communicate with the subjected particle (i) that are

illustrated by blue and red colour balls respectively in Figure (4.1).

33
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FIGURE 4.1: Non-Local interactions of material particles

As illustrated in Figure (4.2), micro-potential energy that each particle has does
not have to be necessarily same since horizon of each subjected material point

denoted by (j) are different.

y —y=n+¢

FIGURE 4.2: Peridynamic deformation vectors and particle horizons

Material points in a body are presented by position vectors in both initial and

deformed states for which orange and green vectors are used in Figure (4.2).
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Mathematically, the prescription that distinguishes micro-potential energies of par-

ticles (i) and (j) is stated as follows.

W) F W) ) (4.1)

Beside micro-potentials that each particle has alters depending on displacement
vector between interacting particles, it is defined as a function of relative position
vector, { = x(;) — Z(;), in reference configuration as well because stretch state of

imaginary bond at initial configuration contributes micro-potential energy as well.

To this end, micro-potential energy is written as a function of both relative position
vectors n = y(;) — yu) and = x(j) — x(;) respectively in deformed and reference

configurations of a body as follows, [25].

W) = W) (U(1)s U2y U)s s T(1)s T(2) T(3)s ) (4.2)

which indicates micro-potential energy on particle (7) that is caused by surrounding
particles (7)s On the other hand, micro-potential energy is expressed with respect

to particle (j) as follows.

W) () = W) () (U(1)s Uy U)s s T(1)s T(2)s T(3)s ---)- (4.3)

in which u;s are vectorial differences of position vectors that are wgy = yu) —
Ty, Y2) — T(), Y(3) — L), -~ including all relative displacement vectors within the

horizon of particle (7).

Relative position vectors in reference configuration are expressed as §)(j) = Z(j) —
x(;) including all associated relative position vectors that can be explicitly listed as
(xy—2@)), (@) —2@), (@) —2@), - (Xm) —2@)) with respect to particle labelled
by x¢;y. On the other hand, relative displacement vector in deformed state of body,

Y(j) — Y) defines deformed state of a bond between each pair of particle.

The micro-potential function can be also presented as a term of relative deforma-
tions since total deformation can be written as y;) = x¢)+u) and y;) = () +ug),

[22]. To this end, expression (4.2) and (4.3) can be alternatively written as follows.

W) = W) Yy Y2)s Y3)s ) (4.4)
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and
Wi a) = W66 (Y): Y@) Y3)s ) (4.5)

Alternatively relative position vectors can be expressed as{ = 2’ —x andn =3y —y

in undeformed and deformed configurations respectively.

Due to prescribed body forces on particle (i) caused by a potential e.g. gravita-
tional field and restoring forces on bond connecting particle pairs, total potential

energy upon particle (i) can be written as a sum of both and expressed as follows.

U=> WaVo— Y iunbo Vi (4.6)
=1 =1

in which strain energy density, W(; accumulated on particle (i) is given by a
summation of micro-potentials arising from interactions of neighbour particles

denoted by (j) with subjected particle (7).

Moreover, strain energy density on pair of particles with subscripts both (¢) and (j)
is considered as half of that micro-potential energy on the bond, [33]. Therefore,
strain energy density of particle labelled by (i) and having neighbouring particles

with volume V(;) is given by

[\D»—k

—Z W) (W) Uy, Usys - - -) + Wiy (G Ty, Uy, - ) Vi) (4.7)

in which micro-potential strain energy terms, w, are expressed as a function of
relative displacement vector 7)) = (u(]-) — u(i)) only instead since relative po-
sition vector in reference configuration that is &) = (93(]-) - x(i)) is already an

argument inside u.

Consequently, total potential energy for all particles is obtained by substituting

relation (4.7) in relation (4.6) and expressed as follows.

o 1 o0 ~ - . = o - .
U=>). (5 > (won (@, @), )+ weo (@), @), ) V(j)) Vio = D ilwba Viy
i=1 X

(4.8)
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4.1.1 Hamilton’s Principle

One of the fundamental prescription in classical mechanics is known as principle
of least action or Hamilton’s principle which dictates best possible path a particle

has to follow in its motion from one point to another in space.

Relations determining transitions between accelerations, velocities and co-ordinates
of a system are called equations of motion [6]. Acceleration of a free particle can
be determined if its positions and velocities at each instant of time are known.
Therefore, fundamental functions leading to equations of motion have to be func-
tion of position, velocity and time, in other words, Lagrangian of system that
is expressed as L(q,q,t) in which ¢ and ¢ indicate generalized co-ordinates and
generalized velocities respectively while ¢t symbolizes time. Specifically, notion of
generalized co-ordinates of a particle is considered as the minimum number of

co-ordinates by which position of a particle is sufficiently identifiable.

The other consequential parameter that controls motion of a particle in space
is degrees of freedom. For example, if a single mass pendulum problem in two-
dimensional space is taken into account, constrain equation for oscillating mass
would be a path defined by associated circle on which mass moves on. For this
specific problem of motion, one may intuitively expect that system should have
only one degree of freedom. Formally degrees of freedom any arbitrary system has

is determined by a generalized formula as given below.
s=DN-C (4.9)

in which D, N and C indicate number of dimension, particles and constrain equa-
tions respectively. Consequently, Lagrangian of a system becomes L(q, ..., ¢s, g1, ---,

Gs, ---, 1) in case of defining s degrees of freedom for co-ordinates.

Assuming a particle moves through space from co-ordinate ¢! to ¢? in an infinites-
imal time interval, dt, then this action is defined by area under co-ordinate-time
curve and denoted by S. The path of this curve can be any that ties these two
co-ordinates. One of these path can be deviate from one another by dq with in-
finitesimal variation dq(t) at same instant of time, ¢. As a result, infinitesimal

difference in action, .5, can be given by terminating area between these curves.
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As a result of that the best possible least action is achieved as follows.

55 = / £) + 8g(8), d(t) + dd(t), ¢) dt — /tzL(q(t),q'(t),t)dt (4.10)

t1

As a conclusion, the right side of equation (4.10) yields to its following form.

5S = / "1 (q(t), 4(t), 1) dt. (4.11)

t1

According to Taylor expansion for one variable function, e.g. f(x), an expression
for total differential of f(x) that is f(z + dx) — f(x) = (0f(x)/0z) dx or df (z)
are obtained. By means of this definition and expanding total differential inside

integral in relation (4.11), we write

5S = / (8—qu + a_qu) dt. (4.12)
. \0 B

Manipulation of the second term in right-hand side of relation (4.12) is needed to

be able to minimize variation in action term, 6S. Therefore, we write
d oL oL (d d (0L
(aqa) - (dt5)+dt(a)dq (4.13)

oL d (0L d (0L
— 4.14
(aq)5q dt(a 5q) dt(@ )dq 414

and substituting relation (4.14) for the second term in expression (4.12) and rear-

ranging terms in an appropriate way variation, 05 is obtained as follows.

NS 2/ d (L d (0L
o= [ (ggta)ars [ (G (Gron) - 3 (o) )
oL oL d (0L
—/t1 (8—dq) dt+/t1 d <a—q5q) /t1 7 (Gq) dqdt
oL oL \|" =4 /oL
- ——dq | dt+ [ =6 —/ — (—) dqdt
/tl <3q q> (361 q) n At \ 9q 1

(4.15)

t1

Since all possible paths between two position end up with the same co-ordinates,
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namely d¢(t1) = dq(t2), middle integral in relation (4.15) yields to zero. Moreover,
the second proposal that we have at the beginning was to determine the shortest
path that a particle follows by minimizing its action, namely, 6S = 0, therefore
the last line of relation (4.15) leads to

2 /70L d (0L
= 4.1
/ (5 -5 (5c) ) oate=o0 (416)

4.1.2 Equations of Motion in Non-Local Theory

The only way of satisfying condition given by relation (4.16) is to equal the terms

inside brackets in relation (4.16) to zero.

To this end, Lagrange-Euler equations of motion being a set of differential equa-

tions is obtained as expressed as follows.

d ( oL ) _ 9L (4.17)
t \ 944 9q()

where ¢ = 1,2, 3, ..., s, indicates number of degrees of freedom the particle has.

Displacement of a particle labelled by position vector, Z(; in undeformed config-

uration can be denoted by dZ(; or in short hand notation by ;.

Accordmgly, time derivative of displacement vector field, (), becomes dZ(;)/dt

which is u(l-) in short hand notation.

Additionally, kinetic energy of a particle in motion is given as a scalar product of
forces applied on particle and distance it travels, namely, F. d¥ ;). To this end,

kinetic energy for each particle is expressed as follows.

o d _) d Z . .
T =3 mp = d Zm i 20 Z% Mt G (4.18)

i=1 i1

Lagrangian of a system, including all particles in a body is defined as a difference

of kinetic and potential energies, L =T — U.
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Furthermore, Lagrangian is written by substituting latest statements of kinetic

and potential energy terms in relation (4.8) as follows.

i=1 j=1
> b Vm) (4.19)
=1

Lagrange-Euler equations of motion might be modified by making a substitution

in generalized co-ordinates such a way that cf(i) and ;) vectors are substituted by

;) and ;) respectively.

Thus, Lagrange-Euler equation is expressed as follows.

Gy L4 Ol 4 (4.20)

Before substituting relation (4.19) in Lagrange-Euler equation of motion given

by expression (4.20), let us introduce a set of differentials that are needed while

performing differentiation of Lagrangian seen in expression (4.20).

QW) (?7(1),17(2), ) —0 Ow ;) iy (ﬁ(l)vﬁ(% ) -0 (4.21)
O ;) ’ iy

5 <1 S ) - 0 (b(z’)ﬁ(z‘)v(z‘)> 0 (4.22)

= SPHOUE) UV | = PHunVe >, — = = :

dirc 2P() (@) " @) V(@) Pyt (i) V(i) diiy)
and
o /1 - 9 <b<z’>ﬁ(i>V(i>> .

s z Vz — 0 , —_— = b’L V’L 423
Bt ( Py U(s) u( (i) ) Diico (&) V(@) (4.23)

After performing partial differentials and using results along relations (4.21), (4.22)
and (4.23), relation (4.20) becomes

_ E L Vo E = § : Voo R
t (7;:1 pOme V(w)) ( 244 < au(z (9u o) v ; Vi) =0

=1

(4.24)
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or

> - s Ow z)( 811) )(Z
Zp(i)“(i) (1) :—§Z< ’ Vi + Guj) o | Vi +Zb
i=1 j (@

(4.25)
Since all terms under summation of (i) index, relation (4.25) can be simplified as
follows.
3 ”V 20y ) g\ v —g
> | Poto + E: +5 Figy 0| b0 ) Vo =
i=1 j=1 j=1

(4.26)
As it can be immediately realized that the bracket inside relation (4.26) has to be
zero in order to be able to satisfy itself so that relation (4.26) can be alternatively

expressed as follows.

-1 Qwe) (5 9wee >
MWU+2Qﬂ dig )O3\ 2w, ) T (4.27)

1 (= dwiya -
) _ = A OION I VR 42
" ( B ) v 2(“ gy ) o 42

j=1

or

D, B

Unit analysis that is ([kg/m3] [m/s?] = (M) [m?] = (M) [m3]) ac-
aU(i) au(i)

quaints us with the right-hand side of relation (4.28) that appears in a unit of

force per unit volume, [N/m3].

Additionally, micro-potential strain energy wj;), has a unit of [J/mSf], whose
integration over a defined volume including associated material points yields to
strain energy density, W(;, in a unit of energy per unit volume, [J/m?], for corre-
sponding particle (¢). From this point of view, the terms having unit of in force

per unit volume are referred as force density in peridynamic theory.

As it can be intuitively realized that effective force applied on an arbitrary particle
is affected by how much interacting particles are far away from subjected particle.
To this end, force density should be a function of relative position vector in both

initial and deformed states of a body.
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Relative deformation vectors that are considered as deviations with respect to
initial state of relative position vector can be expressed in a way around and they

can be collected for each pair of particles in an array form as follows.

4 ) 4 3\
U1y — U yay — vy — (Ta) — @)
U2) — U Y) — Yo — (@) — zm)
Uj) = UG) = = (4.29)
U(3) — U Ye) — v — (e —2m)
\ : J \ ’ J

/

- y)v n
deformed state with respect to relative position vector, &, in reference configuration

Since strain energy on a bond arises from relative position vector, (y

satisfying relation ¢ —y = (v —u)+¢, we can conclude that micro-potential energy
is expressed as a function of either relative position vector, (y' — y), in deformed
configuration or relative displacement vector, (v’ — u). Therefore, the statements
that are we) ;) = W) () —Ye) and weyg) = we ) (UG —um) become equivalent,
[22] and [25].

In the scope of bond-based peridynamic, force density between interacting parti-
cles obeys Newton’s third law of motion establishing a balance equation that is

expressed as follows.

— —

£y (ugy — uey, @) — 2@y, t) + e (v — ugy, e — 2G),t) =0 (4.30)

or

-

— L)) (ug) — u@s 2G) — 2@, t) = fG)6) (ue — ug): T — @) t) (4.31)

Moreover, the terms
WG and () (@)

4.32

Qugy Quqy 432
force per unit volume can be interpreted as force density being a function of ¢ and
n, f(n,€). To this end, equivalence of terms that are given along relations (4.30)

and (4.32) are expressed as follows.

B 00U ~ U, 26 = 20, 1) (4.33)
and 5
woo _ 7
= = L)) (ue —ug), 6 —26) 1) (4.34)
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which constitute fundamental statement of bond-based peridynamic theory.

In this perspective, force densities have been associated with traction forces of

classical continuum mechanics in [32].

Accordingly, equations of motion in peridynamic theory are obtained for an ar-
bitrary particle, (i), after substituting relations (4.33) and (4.34) in Lagrangian

based expression given by (4.28) as follows.

S
Pty =5 D, (Eo) (ue) — v, 26) = 26, 1) = foo (ua) — 1), 76) — 7),1))
j=1
Vi + ba) (4.35)

By means of a conversion set that is
2 OV~ / ()av’ (4.36)

Jj=1 v

ryy =z , ryH=2 , uy=ulr,t)=u , uy =u,t)=1u (4.37)

pa) = p(x,t) , be =b(z,1) (4.38)

peridynamic equation of motion can be explicitly expressed in the following form.

p(z,t)i(z,t) = % / (f(v' —u, 2’ —x,t) — f(u — ',z — 2/, ¢)) dV' + b (z,t) (4.39)

Within the realm of particle interactions, the simplest form of equations of mo-
tion given by relation (4.35) applies to each particle labelled by (i) and deter-
mines whole displacement field for entire material domain. Regarding infinite-
dimensional arrays, state notion has been developed in [34] and represented by
bold and underlined capital letters, namely Y. One of the state notion is the
deformation state that can be interpreted as a function relating relative position

vectors in undeformed deformed configurations.

Moreover, force states can be defined in a similar way to definition of deformation
state given by expression (4.29) and collection of pair-wise forces are symbolized

by another underlined capital letters, namely F. All associated pair-wise forces of
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interacting particles can be collected inside an infinite dimensional array consti-

tuting force state as follows

1
E (i), t) = 5 4 fou(um — v 26) = 26):1) (4.40)

and
F(z(),t) = 3 —f5)0) (U — ug), T — 23y, t) (4.41)

or in short-hand notation their equivalent representation is written as
. :
E(w.t) =5 { {0 — w2’ —2,1) (4.42)

and

) :
E(xly t) =3 —f(u -,z — 2 t) (4.43)

Applying force states to corresponding relative position vectors in undeformed
configuration yields to force densities. This operation can be seen as decomposition
of force densities into force states and its associated relative position vector in

undeformed configuration. Namely,

1
E (2, 0)(x) = 20) = 5f00) (16 — v, 26 = 26,1) (4.44)

and
1
E(zg), t){ze —24) = —stwe (u@y = ugy, Ty — 2(), 1) (4.45)

By substituting relations (4.44) and (4.44) in equations of motion given by ex-
pression (4.39). To this end, peridynamic equations of motion is expressed as

follows.

Wi = Y (B (zg),t) (6 — 2¢)) = E (26),) (wa) — 7)) Vi) + by (4.46)

J=1
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or in integral form,

p((E, t)il(l’, t) =

1
3 / (f(u' —u, 2" —x,t) — f(u — v,z — 2, 8)) dV' + b (x,t) (4.47)
v

Force densities can be replaced with associated states and expressed as follows.

p(z, t)i(x,t) = / (F (z,t) (2’ —x) —F (2, t) (x — ")) dV' + b (x, 1) (4.48)
v

4.1.3 Balance Equations

As other conserved quantities in nature, e.g. energy, momentum of a system in
both linear and rotational point of view has to be in balance. This part consists
of derivation of balance linear and angular momentum equations to establish a
set of constraint relation. Linear momentum of a free-particle in space considered
as particle moves in a linear path while angular momentum designates rotational

momentum of particle around a specified origin of non-linear trajectory.

4.1.3.1 Global Balance of Linear Momentum

Let us start with conservation of linear momentum for a free-particle. Linear
momentum of a particle in space being a well-known notion is defined by scalar
product of velocity vector with mass of the particle, namely, p;)dV ;). In that
sense,integrating result over a volumetric domain, total momentum for a group of

particle can be evaluated as follows.

L=> roieWo (4.49)
i=1
or in integral form
L= /p(x, tyu(x, t)dV (4.50)
%

Because of particle interactions and prescribed body forces the left-hand side of
relations (4.46) and (4.47) results in a net force on the particle labelled by (i).
Moreover, this net force by which the particle is accelerated is obtained with time
derivative of linear momentum as well. In other words, F = 9L/dt = L, in which

F is a force due to alternation in momentum with respect to change in time. Thus,
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the force on a group of particle is written by means of relation (4.49) as follows.

o0

OL .
F=-r= > P Vi (4.51)
i=1
or in integral form
L=F= /p(aj, t)i(x,t)dV (4.52)

1%
As one may realize that the same force term can be obtained by integrating either

left or right-hand side of relation (4.48) over a volumetric domain V' leading to

/p(x,t)ii(x,t)dv = // (F(z,t) (' —z) — F(2',t) (x — 2')) dV'dV + /b(x, t)dv

1%
(4.53)

or in more compact form

/(p(:v,t)ii(:v,t) —b(x,t))dV = //(E(J:, t) (' —z)y — F(2',t) (x — 2")) dV'dV
v Vv
(4.54)

which constitutes a condition for conservation of linear momentum.

Global balance equation of linear momentum for entire domain is satisfied if pre-
scription, x < 2/, is applied on term E(x, t) <:U’ — x> and substituted in expression

(4.48), leading to termination of force states of interacting particles.
F(z,t) (' —z) =F(t) (x — 2') (4.55)

Expressing that the second integration appearing in relation (4.53) is performed
on infinitesimal volume, dV', so that linear momentum is conserved and entire
body behaves under effect of prescribed body forces only. As a result, global

conservation of linear momentum is obtained as follows.

/(p (x,t) i (x,t) —b(z,t))dV = 0. (4.56)

|4
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4.1.3.2 Global Balance of Angular Momentum

Beside satisfying balance of linear momentum, another constrain equation being
balance of angular momentum has to be conserved. If rotation of a group of
particles around a co-ordinate origin whose distance vector to subjected particle
labelled by ;) is y(2(;),t), then angular momentum over a volumetric domain V/

is expressed as follows.

H, Z Py (), t) X g Vi (4.57)

or in integral form
H, - / o, )yl t) x iz, t)dV (4.58)
v
in which subscript o under H represents origin of co-ordinate system for rotation.
As similar to time derivative of linear momentum, change in angular momentum
with respect to time yields to a net torque on rotating group of particle around

co-ordinate origin.

Z Py ) X iy Viay (4.59)

equivalently

i, = / o, )y(x, £)  ii(z, t)dV (4.60)

in which Oy(z(;,t)/0t = 0. By applying vector product to both side of relation

(4.48) with y(x(;, t), balance equation for angular momentum is written as follows.

/?/(33775) X (p(z,t)i(z,t) — bz, t))dV =

|4

// (2.1) x (B(z,1) (' — 2 — F(&, 1) (w — ') dV'dV
(4.61)

The same prescription used on conservation equation for linear momentum that is
x < 2’ for each particle is applied on terms E(az, t) <:c’ - :1:> and y(z,t) < y(2',t),

as follows.

y(z,t) x F(a',t) (x — 2') dV'dV = y(2',t) x F(x,t) (' — z) dVdV’ (4.62)
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Thus, global conservation of angular momentum equation is obtained as

/y(%t) x (p(x, t)ii(x, t) — b(x, t))dV =

\%

y(z,t) x F(x,t) (' —z) dV'dV —

y(2',t) x E(z,t) («' —x) dVdV’

Se— T—

[ e
[

(4.63)

or in more compact form

/ y(x,t) x (p(a, t)ii(x,t) — b(z,1))dV =

|4

_//(y(x’j) — y(a,t)) x B, 1) (¢ — z) dVdV’
(4.64)

in which deformation state relating relative position vectors in deformed configura-
tion with undeformed relative position vectors such that y' —y = y(a’, t) —y(x,t) =
Y (x,t) (' — ) can be substituted in conservation of angular momentum equation

and it becomes

/y(x,t) X (p(z,t)i(z,t) — b(x,t))dV = —//X(ZL’,t) (' — )y x F(x,t) (' —x)dV'dV
v Vo
(4.65)

4.2 Alignments and magnitudes of pair-wise forces

in peridynamic theory

The pair-wise forces are taken into account with formulations based on different
configurations in terms of alignments and magnitudes of pair-wise forces. In this
manner, one of which collocates pair-wise forces in same alignment with equal
magnitudes and opposite directions which is named as bond-based peridynamics
while alignments of pair-wise forces in deformed state become same with different

magnitudes in ordinary state-based peridynamics. On the other hand, formulation
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structured with coupling forces of different magnitudes and alignments is named

as non-ordinary state-based peridynamic, [34].

These three formulations of peridynamic theory are introduced in equations of
motion by associated auxiliary parameters in front of unitary direction vectors of
deformed bonds, [22], [25].

4.2.1 Formulation of bond-based peridynamic

From conservation of linear momentum for all particles over entire domain it is

concluded that following condition has to be satisfied.

/X(x, t)(z' —z) x F(x,t) (2’ —x)dV' =0 (4.66)
v

The only way of satisfying condition given by relation (4.66) is that all relative
position vectors in deformed configuration, (3 — y), and their corresponding force

density vectors have to be in same alignment.

By now, force densities of interacting particles are assumed to be in same alignment
and have magnitudes provided by relations (4.31), (4.33) and (4.34) therefore this

concept of the theory is referred as bond-based peridynamics.

In the scope of bond-based peridynamics, and according to magnitude and align-
ment configurations of force densities as explained above, firstly, following assign-

ments are going to be valid.

1
F(x,t) (' —x) = §f(u’ —u,x’ — x,t) (4.67)
and )
Fa' t) (x —2') = —§f(u’ —u, 2’ —x,t) (4.68)

The pair-wise force function indicated by f(u' —u, 2’ —z, t) including force densities
that are f(v' —u,2’—z,t) and f(u—u',x—2' t), has been defined as a vector-valued
function by S.A Silling in [32].

Furthermore, inherent formulation of bond-based peridynamics has a restriction
for modelling of materials whose Poisson’s ratio, v, different than 1/4 [34]. In

the framework of bond-based peridynamics, pair-wise forces are recast as multiple
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of unitary vector in deformed state with bond constant, C?, defining direction

dependent stiffness properties.

As definition of bond-based peridynamics implies, force densities given by relations

(4.67) and (4.68) are alternatively formulated as follows.

F(l’(] <.T(k - I( )> = —OPM (469)
‘y(k )
and
t) (xg) — 20 ) = —Cp—y ZCI ——Cp—y V) (4.70)
|y — v ly) — Y|

Invoking relations (4.67) and (4.68) in expression (4.48) provides us with equations

of motion for bond-based peridynamics proposed in [32].

p(z, t)i(x,t) = /f(u' —u,z’ —x, t)dV' + b(x, 1) (4.71)

which can be alternatively expressed by means of substitutions, ¢ = 2’ — x and

n = —u in relation (4.71) as follows.

px, t)i(x,t) = /f(n,&,t)dV’%—b(m,t) (4.72)

|4

4.2.2 Formulation of ordinary state-based peridynamic

Improvements on formulation of bond-based peridynamics resulted in ordinary
state-based peridynamic approach that avoids material type restriction for those

having Poisson’s ratio different than 1/4, [34].

In this sense, force states in ordinary state-based approach are formulated as

follows.
F(zg, 1) (20— 70y = 5 AT T, (4.73)
‘y (k) y(])‘
and
1) (20 — ) = oo Y6 ~ Y (4.74)

27 WOy — g
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4.2.3 Stretch Notion in Peridynamic Theory

As opposed to definition of classical stretch which is given by (dx/dX) in classical
theory, peridynamic equivalent of stretch notion is defined by change in magnitude

of relative position vector from reference to deformed configuration. Namely,

S — ’y(j) - y(k)} — ’x(j) - x(k)‘
(k) () ‘x(j) — x(m

(4.75)

or it is also possible to write relation (4.75) in short hand notation as follows.

N B
o~ a €

(4.76)

Consequently, it can be concluded that stretch in peridynamic theory can be more
likely associated with definition of engineering strain in classical theory of elasticity
which is given by ratio of change in a length element with respect to its initial

magnitude.

4.2.4 Peridynamic pair-wise force interaction

As mentioned at the beginning of Chapter (4), strain energy density which arises
from interactions of associated particles has been defined by summation of micro-
potentials that are functions of both difference in relative displacement vector
n = u(z',t) — u(x,t) = v’ — u in deformed configuration and relative position
vector £ = 2/ — z in undeformed configuration. The summation representing
strain energy of particle shown by z(; inside its horizon .7, can be evaluated by

an indefinite integral as follows, [33].

W= [ wln&)dv (477)

in which dV is infinitesimal volume of neighbouring particles, positioned by vector

2’ around particle having position vector .

Regarding relation between pair-wise forces and micro-potential energy, pair-wise
force function between interacting particles is given by (0, £) in equilibrium or ref-
erence configuration of body when force densities are in balance or no deformation

occurs in body.
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Since all relative position vectors in undeformed configuration are fixed, first-order
Taylor expansion around 7 = 0 for pair-wise force function inside integral given in

relation (4.72) is written as follows.

of of of
f(n,&) = 8_77(075)(77 —0)+£(0,¢) where 8_77(075) — (8777;5)

(4.78)

n=0

Writing Taylor expansion for pair-wise force function around n = 0 enables us
to approximates f(n,&) when deformation defined by |n| << 1 occur between

particles.

The first term in relation (4.78) is added to pair-wise force function f(0,€) in refer-

ence configuration hence f(n, £) for deformed configuration of particles is obtained.

Since micro-potential is related with the change in bond length with respect to
reference relative position vector, &, pair-wise force function at any state including
reference is defined by gradient of scalar-valued potential field, w(n, {) with respect
to n only.

f(n, &) = Quln. ) (4.79)

In
As stated above, if the condition given by expression (4.79) is satisfied, then ma-
terials is referred as micro-elastic [32]. In this manner, pair-wise force function for

undeformed configuration of body is expressed as follows.

dw(n, ) ow

n=0

Moreover, pair-wise force function between interacting particles loses its effective-
ness beyond horizon. Accordingly, interaction constraint is mathematically given
by

If |¢] >0, then f(n,§)=0 , Vn (4.81)

Equivalent notation for Newton’s third law of motion given by relation (4.31) has

been named as linear admissibility condition, [32].

After substituting assignments given by expressions (4.67) and (4.68) into relation

(4.31) linear admissibility condition is automatically satisfied. Namely,

f' —u ' —x)+ flu—uz—2")=0 , V(' —u), (@ —z) (4.82)
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leading to

in which ¢ can be hidden in the argument of f. It is also possible to present
conservation of angular momentum given by expression (4.66) in same notation

used in relation (4.82).

(¥ —y) xfn,6) =0 or (n+&) xf(n,§) =0 , Vn¢ (4.84)

The micro-potential energy, w(n, £), between a pair of particles can be expressed as
a function of magnitude in relative position vectors in deformed and undeformed

configurations as proposed in relation (4.4). Namely,

w(n, &) = w(ly —yl,§) (4.85)

Accordingly, pair-wise function can be defined by substituting relation (4.85) in
fundamental definition of pair-wise force function given in expression (4.79) as

follows.

fmfwzgﬁmy—yua (4.86)

in which assigning magnitude of relative position vector to y, relation (4.86) can

be alternatively expressed as follows.

f(n, &) = (%@(yvé“)- (4.87)

Magnitude of relative position vector y in deformed configuration is presented as
a function of relative displacement vector that is y = y(n). Accordingly, apply-
ing a simple chain rule in differentiation, pair-wise force density function can be

expressed as follows.

16) 0 15)
fmaz%wmazgwm@% (4.88)

In detail, one might expand second power of of relative position vector’s magnitude
in deformed configuration to be able to obtain gradient term for pair-wise force

function, |n+£|/(n + &).
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For this purpose, magnitude of vector addition | + 7| can be expanded over its

second power first as follows.

(JE+n)?=¢-E+n-n+28-n (4.89)

Derivative of both hand side of expression (4.89) with respect to n can be written
explicitly as
(€ +nl) _ ¢

9¢
2|§+U|a—n—a—n'f+f'a—n+

0 0 0
77-77+17-—77—|—2—£-77+2£

- 4.
on on  On (4.90)

L9
on

Since £ is not a function of 7, partial derivative of £ with respect to 7 yields to

zero. Consequently, relation (4.90) is simplified to

€ +ml) _ &+
on 1€+l

(4.91)

Substitution of unit vector instead of term 0(|€ +n|)/0n in relation (4.88) leads
to pair-wise force function that has been introduced in [33].
9 £+m

) 0
f@£%=—4M%05%=5;@Wiﬁg;m

7 (4.92)

The deformation gradient of scalar-potential field that was offered by Silling and
Askari in [33] can be invoked in relation (4.92) and the pair-wise force function

including thermal effects is expressed as follows.

§+m

f(n,&) = c(s — aAT) € S

(4.93)

in which ¢ and « are called as bond constant and coefficient of thermal expansion

respectively while s defines stretch between a pair of material points, introduced
by relation (4.76).

One may establish two different analogies between linearly elastic spring and peri-
dynamic bond. In this manner, energy accumulation on a spring can be described
by area under force-displacement curve defined by dW (z¢, Az) = F' - dx while
spring constant, k, is evaluated through k = dF'/dzx.

First analogy corresponds to statement given by expression (4.87) while relation

(4.93) can be explained by the second analogy.
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Moreover, total change in bond length under the effect of pair-wise forces can be
expressed along n = s&, hence final length of the bond measures | + &| = (1+5) |¢]
in deformed state of body.

In Appendix (A) it has been shown that stress terms are derivable from derivatives
of corresponding strain energies with respect to deformation parameters. More-
over, comparison of equations of motion obtained in classical and peridynamic

theories allows us to couple stiffness related terms.

f(n, & )n

f(Meritican, E) """ .

dw !

S
ds Scritical
slope: c

1

FIGURE 4.3: Evaluation of micro-potential energy

According to Figure (4.3) based on relation (4.79), strain energy on a bond can

be explicitly evaluated by using s = /¢ and n = s in relation. Namely,

U
w(n, &) = /csdn = c/ zdn = 02776 % (4.94)
0
Moreover, micro-potential strain energy that is calculated by means of relation
(4.94) can be used to be able to calculate strain energy density for entire material
domain. Alternatively, strain energy density can be evaluated according to relation
(4.77). Namely,

Wiy =

6
% / - 4re2de = cs*mot /4 (4.95)
0

in which a relation between volume and surface area of a spherical geometry, being

dVy = d (47€3/3) = 4w&?d€ has been utilized.
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In case of volumetric expansion of a linear isotropic material, classical theory of

elasticity reads strain energy density function given by relation (3.5) as follows.

(Fniemn + o22€ge + ogssegs)  (4.96)

DO | —

3
1
WIsoExp = § Z O (5)ymm€(j)mm —
m=1

in which shearing components are excluded since only isotropic expansion case is

under consideration.

(Classically, isotropic expansion of material domain can also be expressed along
bulk modulus being volumetric stiffness coefficient of a body. Therefore, a con-
stitutive relation for this specific type of behaviour can be expressed based on
relation (B.10) as follows.

b = ke (4.97)

in which ¢ and e are respectively mean stress and dilatation which are defined as

follows.
o= (0'11 + 099 + 0'33) /3 (498)
== 0'”/3
and
€= AV(R\/E)/V(),(PWE)
= (1 +e11) (14 €22) (1 + €33) — €11€02€33 (4.99)

= €11 + €22 + €33 = €

Thus relation (4.97) can be alternatively expressed for isotropic expansion of a

bulk which is under stress, ¢ as follows.
30 = 3k (4.100)

The Hooke’s law expressed in terms of A and p in relation (C.53) has been in-
verted to obtain expression (B.14), representing strain terms as a function of cor-
responding stress components. It is also convenient to express same equation in its

equivalent form with addition of thermal effects for material point (j) as follows.
1 1 20
‘Wi = 3, (%’)ij ~ (“ - §> O(j)ij€(yii + SKQAT(j)(S(j)ij> (4.101)

in which by substituting equivalent terms for A and ¢;; given by relations (B.11)
and (B.13) respectively, expression (B.14) can be verified. Alternatively, dilatation

can be proven by means of strain equality given by relation (4.101). To this end,
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trace of dilatation, €(;;;, is written as

trace (€yi) = €y

(4.102)
= (00 — 3Ke(gyi + 2pe (i + IRalT(y)) [ (24)
By leaving o;); on the left hand side, we write
Oy = 2H€(Gyi + 3K€(Gyu — 2p€ (g — Ina Ty (4.103)
= 35 (€ — 3aATy)
or dilatation is obtained as follows.

Classically, strain energy density given by relation (4.96) in case of isotropic ex-
pansion is obtained as follows based on relation (4.98).

Wisorzp = =0ii€ii = SRE;
"2 2 (4.105)

Specifically, isotropic expansion of a body can be expressed along €17 = €99 = €33 =
€. After substitution of them into classical strain energy density function, relation

(4.105) becomes
3 9
WIsoEzp = 5’1 (6%1 + 6%2 + 633) = 5:‘162 (4106)

As noted at the beginning of Chapter (4), strain term, €, seen in relation (4.106)
can be replaced by peridynamic stretch, s, since they are equivalent statements.
Furthermore, equating peridynamic strain energy density result from to classical
one, leads to determination of peridynamic bond constant, ¢, being a function of

material volumetric stiffness. Namely,

18
c= W—; (4.107)

in which, x stands for bulk modulus of body as introduced before. The bond con-
stant derived in relation (4.107) can be invoked in pair-wise force density function

given in (4.93) and by using the explicit form of stretch given by relation (4.76),
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peridynamic response function is obtained as follows.

18k |y/ - y| |1" x| y/ -y
f = — aATy; 4.1
(7, ) (7?54) ( |z’ — x| 2 Iy — vl (4.108)

The force states given by relations (4.44) and (4.45) can be related with relation
(4.108) as follows.

1
E(m(z)u t><CU(]) - ‘r(z)> = §f(u/ - u, l’/ — T, t)

!/ _ !/ _ !/
_ <9“) (|y yl — |2 — = —OéAT(j)> y—-y (4.109)

w0t |z’ — x|

and

1
F(zy), t)(ze —z@) = §f(u —u,x—a't) =

I\ (1 =yl — |2’ — x| Y —y
_ (2K QAT (4.110)
(754> ( |2/ — x| Ll Yy

Thus, pairwise force functions for material points x and 2’ are obtained as follows.

Torw (umy = ugy, wwy — 2y, t) =

=— Qi)ﬂi ol (lvw = v | = e — 2| = a|wgy — 2| AT() %
(4.111)
and
ooy (ug) = ugm, 2G) — Ty t) =
= |;(fi5x ol (lve) = v | = |zg) = 2w| — alzg) — 20| ATy) %
(4.112)

in which influence functions related with material points (7) and (k) are defined

respectively as 5 5
wWii)w (T = 2()) = o —vo] € (4.113)
j
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and

) 4]
Wi (TG — Tw) = 7= (4.114)

|z —zwy| €
In case of any perturbation caused by external forces on material domain distorts
equilibrium condition that is given by f(;);) + f(;)3) = 0 between material points
hence peridynamic equations of motion is expressed as a function of net resultant

pair-wise forces as follows.

p(x, t)i(x,t) = /Vf(u' —u, 2’ —x,t)dV’ + b (z,t) (4.115)

which includes integration of pair-wise forces between material points instead of

spatial derivatives of stress components.



Chapter 5

Formulations of Peridynamic

Modelling for Deformation Fields

5.1 Strain energy and dilatation

Within the frame of bond-based peridynamics, configuring pair-wise forces in equal
magnitude with same alignment and opposite direction in any force state, com-
ponents of equations of motion given along relations (3.56 - 3.58) can be ex-
pressed in a more compact form with the assistance of an appropriate index
notation fysVik) = 0(jas/280, fiisVie) = 0was/280a and —fijp)sVip) =
o(jyas/ 200, —f))8Vip) = Owas/20a for a, f = x1, 22,23, by which each term
given inside brackets along relations (3.56 - 3.58) can be transformed into force

densities and restated in accordance with relation (4.115).

As summation convention applies, surrounding particles are summed over indices,
kandp, as k= (j+10),(j+m),(j+n) and p= (j — 1), (j — m), (j — n) respec-

tively according to index notation stated above.

In conjunction with relation (B.12), isotropic expansion or dilatation of associated
material point labelled by (j) with addition of thermal effects can be restated as
follows.

€yii = (O(G)arar + O()aars + O(asas) /3K + 3T (5.1)

The stress vectors belonging only to material point remarked by (j) are given as

Iras = Fiyws - (s — () Viw and oy = —fiyms - (Tsm) — T8)) Vip- To

60
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this end, these stress components appearing in relations (3.53 - 3.55) for a« = =

x1, X9, 3 are expressed respectively as follows.

For the first line of relation (3.56) in the right hand side, we perform following
matchings.
TG = Fo)+va - (2164 = T16)) Vign
OG-tmm = —fG-n@e + (#16) = T1G-0) Vi
OGimar = firnma * (T16) = T1g+n) Vi (5.2)
TG = —fiG-nan - (F1G-0 = 216)) Vig-

For the second line of relation (3.56) in the right hand side, we perform following
matchings.
OGyzras = JG)gmas * (T24m) = T2(5)) Vijrm)
Ojmmzas = —f(i=m)i)ez * (T20) = Ta-m)) Vijmm)
T(jpmyzrzs = fG+m)Gyes * (T26) = Tagiem)) Vijrm) (5.3)
OGaes = ~JG)G-myes * (T2G-m) = T2(5)) Vij-m)

For the third line of relation (3.56) in the right hand side, we perform following
matchings.
TGyeras = i) mas * (Z3G+n) — T30)) Vigan)
Oj—marzs = —fG-mGyea * (T3G) — T(G-m)) Vij-n)
Oamares = fi+mes * (T3() — Tag+m)) Vin) (54)
TGyeras = — S @) G-mas * (T3G-n) = T303)) Vij—n)

For the first line of relation (3.57) in the right hand side, we perform following
matchings.
TGpasnr = fiyG+va * (FrG+) — 210)) Vi
O=tasmr = —fi-nGyer * (T10) = T16-0) Vi
Oz = fornma * (T16) = T1g+n) Vi (5.5)
TGpasnr = —Ji)G-var * (Trg-n = 2103)) Vij-o)
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For the second line of relation (3.57) in the right hand side, we perform following
matchings.
OGyasas = JG)gmyes * (T24m) = T2(5)) Vijrm)
OG-myrszs = ~fG-m)G)es * (T20) = T2(-m)) Vik-m)
O rmpases = fgmyGas * (T20) = T2i4m)) Vijem) (5.6)
= = f(i)G-myes  (T2G-m) = T2(5)) Vijom)

O(j)zowa

For the third line of relation (3.57) in the right hand side, we perform following
matchings.
O(yezws = F§)Gmes * (T3G+n) = T305)) Vign)
O (jnyrazs = ~ fg—mGyea * (T30) = TaG-m)) Vik-n)
O(jmaszs = fGam s * (F30) — Tagrm) Viam) (5.7)
O(iyes = —F(§)G-mws * (T3G-n) = T3(5)) Vij-n)

For the first line of relation (3.58) in the right hand side, we perform following
matchings.
Tyasar = o) +na - (@164 — 216)) Vi
OG-tsm = — S0+ (#16) = T1G-0) Vi)
(i iyasar = FGna - (T10) = T1+0) Vi (5.8)
Oyasa = —fiyG-ner -+ (T1G-n = 10)) Vig-)

For the second line of relation (3.58) in the right hand side, we perform following
matchings.
O(i)eses = (i) (+myza * (T2G4m) = T2(3)) Vigem)
Oj—msazs = —f(G—m)Gyea * (T20) = T2(i—m)) Vik—m)
Ojrmyaszs = SGm)Gyes + (T26) = Ta+m)) Vijrm) (5.9)
O(jyaszs = —fG)G—myea * (T2G-m) — T2)) Vijom)
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For the third line of relation (3.58) in the right hand side, we perform following
matchings.
OGyzsas = J)Gamyes  (T34m) = T3() Vigem)
O(jmmyrsas = —F—mres * (T36) = Tai-m) Viemn)
Ompases = femGyes  (T36) = Tagem) Vign) (5.10)
OGases = ~SG)G-mes * (Z3G-n) = T3)) Vij-n)

Three stress components inside the brackets in relation (5.1) can be obtained with
the combinations of first and fourth lines from above 36 components of stress state.

Therefore, summation (0 (2,2, + O(j)aszs + O(j)eszs) can be expressed as follows.

0.5 (0(yarar + T(yarer + T(Gasza + TGyaws T T(i)agzs + O(yaaas) =

= 0.5 (fi+0er * (T1640) = 215)) Vi = FiyG-ver - (2160 — 210)) Vig-n)
+0.5 (fg)(Gmyes  (T2i4m) — 225)) Vigtm) = Fi)G-myza = (TaG-m) — T20)) Vij-m))
+0.5 (f)Gnyzs * (T3+n) = T3)) Vigam) — Fo)G-mzs = (Z3G-n) — 23)) Vij-m))

=0.5 Z ( Z fayms * (@am) — =50)) V(i))

f=z1,w2,23 \k=j+l,j+m,j+n,j—l,j—m,j—n

(5.11)
Accordingly, the stress components in relation (5.1) can be replaced with the last

line of relation (5.11). As a conclusion, dilation term can be obtained as follows.

1
€yt = (37{) > 0.5/t + (2w = 2)) Vi) + 30AT)

k:j+laj+m7j+n7j_lvj_mzj_n
(5.12)

The pairwise force function appearing as f(;)x)s in relation (5.12) can be substi-
tuted for its equivalent form given by relation (4.111). To this end, a discrete

definition for peridynamic dilatation is obtained as follows.

o = <W> 3 (’ 0 =yl —lrw —2e] AT(j)) " = Yi)
k

) — 27| oy — v | (5.13)
(2w — @) Vig) + 30ATy,)
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or
N o Yw) —Y6)
Gy (WL) (v = vl = 2o = 2| = |2y = 25)| ATy >\y<k—y3>|
(‘z(k i ‘)‘/(J +306AT(]
(5.14)

Based on array representation of strain components given by relation (3.2), strain
energy density of corresponding material point is written by means of combinations

of relations (4.101) and (3.5) as follows.

=0.5 (%)acm €Garar F T(i)aawa€(iares + T(G)srs€(i)eses)

( Ne2w1 €(j)eazy T O (f)oaza€(f)azs T 0(3)12136(]')3;2333)

2
— 05 U( i < . 2_”) I@G)arz €G)ii 30(j)$1x1KO‘AT(j)
21 3 21 (5.15)

2
105 (0< Jwavs ( 2p ) O (j)asaa€()ii 30(j>m2x2K04ATu>>

+

20 20
o2
105 ( zzzs 2:“ O(j)zzz3€ 30-(j)$3273K04AT(j)
21 3 20
2 2
+ (f)waws + J(J)l“lwf, I (a1
2u 20 2u

or

1 2 1 2 2 2
W(j) = @ ( O (w121 + U(J)Zsz + U(])$313) + ﬂ (U(j)xll“z + I (j)z123 + U(j)12303)

2,u 6( j)id 3I€04AT( i)
— ((:‘i - ?) 4Jlu + 4/jj J 3K (6(])” — 3CYAT(J))

(5.16)
in which right hand side of relation (4.103) has been substituted for stress terms,

0(jyii, therefore strain energy density for material point labelled as (j) is obtained

as follows.
W-—i(2 S )+i(2 + 00 ares + O )anes)
G = O(arer T 9(G)zaze T 9(j)asas O(arzz T 9(G)zrzs T 9(j)zans
4 20
3K2e2
K 2 ()ii
+ 5 (i = 30AT()" = —1 55

(5.17)
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The first line of relation (5.17) can be modified in a way that all components of

Cauchy’s stress tensor are explicitly expressed instead. Namely,

1 2 2 2 2 2
W(j) 8,u (0 JESE + 0(3)951902 + 9(j)z123 + 9(j)z121 + T (j)z122 + U(J’)x1$3>
1 2 2 2 2 2 2
+ 8 (0Ceser T Tanes T Tlpans T Olipaser + OGiysas + Oiyaas)
5.18)
1 2 2 2 2 2 2 (
+ @ ( T (j)asar + T (j)ases + 9 (j)eses + T (j)asws + T (j)ases + U(j)xsws)
K 3K26?J)M’
+ — 2 (6(] 30[AT])> T

The second-powers of stress components can be replaced with their equivalent
forms of pair-wise force functions given through a set of relations (5.2 - 5.10) in
which stress states are matched with pair-wise forces based on o ;)05 = f(j)(k)sAVik)
and a0 = — [y sAaViy with k= (1), (+m), (i +n) and p = (j — 1),

(j —m),(j —n) or each stress component are explicitly written in behalf of the

second line in relation (5.18) as follows.

O(aa = fo)g+ver (1G4 — 210)) Vi

O(G)eres = (@) +myea (T2+m) — T2(3)) Vigrm)

O(Gyeras = J(i) () ($3(j+n) - I3(j)) Vii+n)

O(arer = —So)G-ver (T1G-0 — 2107)) Vi) (5.19)
O()eres = —f(§)(i-m)za (T2i-m) — T2(3)) Vij-m)

O()arzs = —J(G)G—n)ws ($3(j—n) - 503(3’)) Vij—n)

for the third line in (5.18) as

T(yeam = JG)Gne (T1G40) — T1)) Vi)

O(jyazss = SG)G+myes (T2g+m) — T2()) Vigam)

Oyzazs = SG)Gnyes (T3(4m) — T3)) Vign)

O(jyazer = —So)G-ver (T1G-0 — 2107)) Vi) (5.20)
O()eas = —F(§)(i-mza (T2-m) — T2(3)) Vij-m)

O(yesws = —F () G—nyes (T3(—n) — T30)) Vijn)
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for the fourth line in (5.18) as

O(jaser = fo)+ver (T1G+0) — T105)) Vi)
O(yzazs = fG)G+myzs (Tag+m) — T2(3)) Vigem)
Oyeass = i) (+mas (Tagn) — Tag)) Vijn) (5.21)
O(aser = —fo)G-ver (T1G-0 — 2107)) Vi)

O(yesrs = —f(§)G—myes (T2i-m) = T2(3)) Vij—m)

OGyasas = —SG)G-nyes (T3G—n) — T3)) Vij-n)

To this end, strain energy density function given by relation (5.18) leads to

K 2 3K%,
Wiy = 5 (e = 308T)" = ey
) 2 (5.22)
2
e X (S Bl -oal )
K B=z1,x2,23 \k=j+l,j+m,j+n,j—l,j—m,j—n

Expanding second power of the terms in the first line of relation (5.22) and as-
signing coefficients in front of terms that are €(;);;, € AT, and ATé) to ay, as

and ag respectively allow us to write strain energy density function as follows.

Wiy = ar€(yyis — a2€(5i AT() + as AT

! i 2 ( 2 Shws e - %(j)lQV(%) o
f=w1,z2,03 \k=j+Lj+m,j+n,j—lj—m,j—n
in which coefficients a1, as and as are assigned as
a = (g - i—f) (5.24)
as = 3ak (5.25)
gy = 20K (5.26)

2
Lastly, the terms that are summed over k index in relation (5.23) can be decom-

posed into its components along O'(Qj)xlﬁ = f(2j)(k)ﬂ |za) — CCg(j)‘Q Vé) for a = x4,
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B=x1,x9,z3and k= (j+1),(j +m),(j +n) as

2 2 21,2
Ofarar = JG)G+)as (ZarG+1) = T () Vi

2 2 21,2
Olnaree = SOy +myes (TzaGiam) = L) Viiam)

(5.27)

_ 42 21,2
O()wrws — f(j)(j+n):rg (ng(j—i-n) L3 (j )) V(jJrn)

2 .
with JO 2 = fé)(k)ﬁ |xg(k) — $5(j)‘ Vé) for a« = zy, B = 21,79, 23 and k = (j —
l>7<j_ )?(j_n) as

2 2 25,2
Tyarar = JG)G-nas (TarG-) = T21(5)) Vii-n
2 2 21,2
T anzs = () G-mws (TzaGimm) = Tas(s)” Viimm)
) , (5.28)

2 2
(erzs = J@Fn)zs (Zza(i—n) — Tas(s)) Vii-n)

. 2 .
with O'(Qj)mﬁ = f(gj)(k)ﬁ ‘xg(k) — xﬁ(j)‘ V(%) for « = x9, f = 21, 29,23 and k = (j +
),(j+m),(j+n)as

2 2 25,2
O (j)zaz1 — f(j)(j-i-l)fvl (xxl(jH) = Ty ( ')) Vv(j'i‘l)
2 2
9 wzws = f(j)(jer)sz (ng(j+m) Lo (j ) V(J+m

) 2 (5.29)
O (j)wows — f(j)(j+n):c3 (xms(j-irm) - xﬂ?s(j)) V(jJrn)

2 .
with a(j w2 = f(j |xﬁ(k) — l’g(j)‘ Vé) for « = x9, f = x1,29, 23 and k = (j —
l)a(j_ )?(j_n) as

2 2 21,2
T(fyasar = Sy G-nar (Za1 (- = Tar(3) Vii-n

2 2 21,2
O agzs = f(j)(j—m)acz (fxz(jfm) - xzz(j)) V(j—m)

(5.30)

2 2 2
T(fases = J(5)(G—n)zs (Tas(-n) = Tas()) Vii—n)
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. 2 .
with O'(Qj)mﬁ = f(gj)(k)ﬁ ’xﬁ(k) — xﬁ(j)‘ V(%) for « = x3, f = x1, 29,23 and k = (j +
1),(G+m),(j+n)as

2 2 21,2
Tlnasar = JGyG+nan (TarG+) = Tar()” Vi

2 2 21,2
Olaaze = SOy amyes (TzaGiam) = Taa)” Viiam)

: 2 (5.31)
T(jyases = J(5)Gm)as (Tas(G4n) = Tas()) Vi)

2 25,2
9(j)zsz1 f( Y-z (xx?:(j ) xm(])) V(J'*l)

2 2 21,2
Oiyesas = JG)G-myzs (TzaG-m) — Taa() Vi-m)

: ; (5.32)
O(i)eszs = J(5)(-n)s (%25(-n) = Tas(5)) Vii-n)

Consequently, relation (5.23) can be expressed in component base explicit notation
as the terms in third, fourth and fifth lines are expanded according to those that
are listed through sets of relations along (5.27 - 5.32). Therefore strain energy

density for material point labelled by (j) is written as follows.

W) = ae

i — €A + (IgATQj)

+ I en @00 = aa)” Vi /81 + [y mya (Taam) = Teai)” Vi 8
+ £y nyrs (Tasen) — Tag(i) Vi) /81

+f(] )G~z (Zay () — Tan (5 )QV] l/8u+f(] )(j—m)as (Tay (jom) — xm(j))zv(?._m)/gu
+ [y Gmmas (Tas(G—n) = Taa(y ) VE /8

e @) = Toam) Vi /814 Il imyes (Teatism) = Taa)” Vim) /81
+ f(] )(j+n)zs (Tag(4m) = Tas(s )2 Vj+n)/8ﬂ

+f(a )= (%21 (G-1) = Tars ))2‘/( l/8ﬂ+f(J )(j—m)as (Tay(jom) — xm2(j))21/(§_m)/8u
)" V2 /8u

T f(] )(G+Da (Tar(4+1) = Tar(s) )2 VJ+Z /8 + f(] )(j+m)zs (Zaa(+m) — xmz(j))Q V(?’er)/SM
1) Gmyes (Tastiim) — Tas(i)) Vim /S

+ fGyG-var (Taa-) — Tas(s ) VG /81 + fy—myes (Tas(—m) — %3(]'))2 V(?_m)/&ﬁ
S myes (Tasi=n) = Tas() VEuy/BH

+ f(g )(G—n)xs (IL‘x3 (j—n) — La3(j

(5.33)
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Furthermore, discrete equivalents of pair-wise forces given by relation (4.111) can
be invoked in expression (5.23) and strain energy density for material point labelled

by (7) is obtained in its general form for its explicit evaluation.

2
1 18k
W(j) = Q1€(5);; — A2€(; ZZAT + a3AT(j) T @ Z Z (71'55 >
B k

|Ts0) — T805)]

2
(‘Z/B(k) - yﬂ(j)| - ‘xﬁ(k) - :Cg(j)| -« |x5(k) - xﬁ(j)‘ AT(J‘))2 (M)
Vs — Ys(5)|

[wow — 20| Vi
(5.34)
in which k£ and § stand for (j +1),(j —{),(j + m),(j —m),(j +n),(j —n) and
X1, Ta, T3 respectively. By writing the relative position vector in denominator under
summation sign, strain energy density for the material point (j) becomes

W(j = ale?

3)ii

2
1 (18 Ysk) ~ Y86)| ~ |Tek) ~ TG
(M’Z) ZZ (\ 509 — Y80)| — | ﬁ(k)| 50| —aAT(j)> ‘xﬂ(k)_xﬁ(j)‘2wi)

|25 — Za(j)
(5.35)

— agE(j ”ATU + agAT(QJ)

or
Wi = ale%

3)ii

18K
<7T54) Z Z s = AT()” |zaw — a0 | Vi

— (IgE(j ”AT(] + CL3AT(2J)
(5.36)

For the sake of simplicity, terms appearing in front of summation signs in relation

(5.36) can be assigned to a coefficient, b.

ho L (“3—“)2 (5.37)

8u \ wdt

in which V' represents the volume of surrounding material points as a constant

parameter thus it can be taken out of the summation. As a conclusion, strain
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energy density function, W;), becomes

Wiy = ale%j)ii — az€ (AT + G3AT(2J')
+0 3> (wsw — vsw)| = [ms00 — 2oy | — o 2809 — 2500 AT()
B k

2
|5L'B(k) - xﬁ(j)’
2 Viw)
|5L'B(k) - Z‘B(j)’
= ale?j)ii — age(yu AT () + a3AT(2j)

+b Z Z (Jyswy = ws| = |2806) — 80| — @ |28y — 2807 | AT;)* Vi

3 k
(5.38)
or
W(]) = a1€%j)2-2- — CLQE(]')“'AT(]') + agATé)
2
+0> > (lusw — vsi)| — |80 — z80)| — @ |28y — 286y | AT))” Vi
8k
(5.39)

with & and ﬁ are for (] +l)7 (.] - l)? <.7+m)7 (.] —TTL>, (] +n)7 (] _n) and T1,T2,T3

respectively.

5.1.1 Relating deformation constants with peridynamic

parameters

Deformation parameters in peridynamic theory are determined through equat-
ing definitions of dilatation and strain energy terms in classical and peridynamic

theories since it is supposed that both have to yield same values, [22], [25]

Notation in classical theory to define infinitesimal differential distance between
two material points, dx corresponds to (x(k) — x(j)) in peridynamics before. On
the other hand, differential distance between these two particles is given classically

by dy and with its peridynamic equivalent, (y(k) — y(j)) after deformation.

In this manner, distance between two particles in deformed configuration can be
expressed through summation of initial distance and deformation amount between

interacting particles. Namely,

dy = dz + du + aATdx = (1 + Z—u + aAT) de =1+ e+ aAT)dz  (5.40)
X
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or mechanical strain with thermal effect can be expressed as

d
Y 14 etaAT (5.41)
dx

leading to

dy —
€ii = W _ 1= dv _ €+ aAT (5.42)
dz dz

On the other hand, relative position vector in deformed state of body in peridy-

namic notation with the addition of thermal effect can be expressed as follows.
Yo — Yo = (Te) — 2@) + (uw —up) + o lrw — 2] ATy
1+ + aAT|; k) — T(j (5.43)
( ’x(k_x)} )(() »)

(1 + C + OéAT ) (ZL‘(k) — I(j)) = (1 + C % OéATQ-)) f

or mechanical stretch with thermal effect is expressed as follows.

IO 90 1 4 ¢+ aATy, (5.44)
T(k) — L(j)
leading to
ey = YD TYG g _ Y T Y6 (2w —70) _ . | oAT,  (5.45)
L(k) — L(j) L(k) — L(j)

The parameters that are associating strain energy and dilatation in classical ap-
proach with their peridynamic equivalents can be determined in a way that strain
energy density function expressed by relation (4.106) is equated to the result given
by relation (5.23).

Well know deformation cases that are isotropic expansion and pure shearing dis-
turbance of an infinitesimal RVE are applied to be able to obtain peridynamic

deformation parameters.

5.2 Peridynamic parameters for three-dimensional

structures

Based on deformation case for pure isotropic expansion in which normal and shear-

ing strain components can be summarized through €3ju,0; = €()rows = €(G)asws =
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¢+ aATy) and Yiieize = VG)eizs = V(j)zews = 0 in classical continuum mechanics,

Based on this summary, strain energy density function and dilatation term in case

of isotropic expansion are evaluated as follows.

3 3 Oziz1 Ozize  Ozqz3 €xiz1 Crize  Cxyzs

WISOEJJP = 05 § : § :U(j)mne(j)mn = 0$2$1 UI2$2 U$2$3 6962151 6502962 6762903
m=1 n=1

ngxl 0'1‘312 U:):g:pg 6933:)31 61312 €x3:p3

== 05 (Ullexlxl + ngzg Exgxg + Uzgzgemgazg) + Ux1x2€x1x2 + Ux1x3€x1x3 + ngxgelgmg

(5.46)

Because of stiffness matrix for an isotropic material and strain conditions summa-

) €rsx3€aiaz
) €xszx3€xoay
) €xzaz€azas

(5.47)

rized above for isotropic expansion, relation (5.46) leads to

4 2
WlsoExp = (FJ + %) €x121 €210y T (K o ?’UI) €ooasCoray T <l€ -
2 4
+ (Ii — %) C . -5 (F& + %) S (/i —
20 21
+ |k — ? €21 €xzzs T | K — ? €xomoCazas T | K+

T UEayms€aoms T HEx as€aizs T UEz 2y €aiao

w[f | ol

or

— 2 2 2
WISOEﬁp - K (exlxl + GIQIQ + 6:53;33) + 2/1 (€x1I1€$2$2 + €x111€x313 + 612m2613x3)

4p 7
+ ? (Eilxl + 63}2:02 + 63}3:{:3) - ? (63«“11‘16332562 + 656111 6563903 + 69629026903903)
9
— 5,{
(5.48)
and for isotropic expansion case, dilatation becomes
€t = EGarar T EGazza + EGhaas = 3 (¢ + @ATY;)) (5.49)

Exact computation of dilatation and strain energy function can be performed based
on their discrete formulations given by relations (5.14) and (5.39) with addition

of dimensionless influence function, w;)x), that takes the importance of distance
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effect of interacting particles into account, [22]. Namely,

€ d/ wom (Twm — @) ([vw —vo)| = 2w —26)| — alzw — 24| ATy)
1%

YO 00 T gy sy
lvw —vi| e — 2] 550

d = (%) (5.51)

and strain energy density function, W(;y becomes

in which d is defined as follows.

W(j) = ale?j) — Q2€( )“AT s agAT(] + b/ 7)(k) <J}(k) —x ])>
v (5.52)

(Jvw — vl = |z — 20y — o Jow) — 2] AT)* AV

in which b and w;)x) that is assigned according to dimensional analysis in strain

energy density are given by respectively as follows.

vV (18:)°
:@(W_;) (5.53)

and
0 0

S 5.54
|z — 2| [ (5:54)

Wik (Tw) — T()) =

(Classical equivalence of elongation or shrinkage can be evaluated as multiple of
unitary change by total initial length of directional span and change in temperature

can be added to this change as well.

To this end, deformation amount to which thermal effects are added can be ex-
pressed by means of relation (5.45), in terms of classical stretch parameter ¢ as
follows.
v = vo| = [z — 2| = (C+ @ATY)) |20 — 27
= (C+aATy) [¢]

in which « is defined as coefficient of thermal expansion while AT{;) stands for

(5.55)

temperature change on material point labelled by (7).
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X3 dV = &2 sin ¢ dédpdo
£ sin ¢ do—] £do

do

Esinfh — d§ X3
P/ %
d¢ X1
A~ X1
6 de

X1
FIGURE 5.1: Three-dimensional integration domain for volume of a material

point

Substitutions of relations (5.43), (5.54) and (5.55) in both (5.50) and (5.52) respec-
tively enables calculating dilatation and strain energy density functions in case of

isotropic expansion of a body through following integrations respectively.

1)
€iii =d /— C+ aAT) €] — aAT € - =2dV
() 3DV i (( ) €] Gy 1€1) (L+¢+alTy) e J™®
+3CUAT(]-) )
(5.56
whose evaluation leads to
2r ™ §
) % cos (0 .
ity =i [ [ [ (¢ +adTy) ~adTyy) e %fsm (6) dedodo
0 0 0
2r ™ 9§ 4 d 54
:d3D<5///SiH (¢) §2dfd¢d0+3OéAT(j) = T ;D <+306AT(j)
0 0 0
(5.57)

Equating results for dilatation in classical approach and peridynamics that are
given by relations (5.49) and (5.57) leads to determination of coefficient dsp which
is .

3¢ + 3aAT;) = 4ﬂd§D5 ¢+ 3aATy,,

9
dyp — ——
3P ot

(5.58)
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and exact evaluation of strain energy density function based on relation (5.52) by

using definition of dilatation given by relation (5.49) leads to

W(j):ISOEQUP ale(g) - a2€(] zzAT + agAT
27w 4§

+ bgD/// 5| C—l— OéAT(j)) — OzAT(j))zgz sin (¢) dfd¢d0

0 0

2w

é
=162y, — ase(y AT () + asATE) + bypd / / / (263 sin (¢) dedodo
0O 0 O

=1 (3( + 304AT(j))2 — as (3C + 3CYAT(j)) AT(]) + agAT(j) + b3D71('<2(55>
5.59

Furthermore, following connections can be generated by means of energy coupling

of classical and peridynamic definitions for isotropic expansion of a body.

2 9
a1 (3¢ 4 3aAT;))" — ag (3¢ + 3aATy)) AT + asAT() + bspm(*6° = 5[((2
(5.60)

By means of relation (5.60), three lines of equation can be obtained as follows.

(9a1 + b3pmd®) ¢* = gm§2

. by’ (5.61)
a) = — —
2 9
18@10&<AT(]‘) — 3CL2<AT(]) =0
(18a1a¢ — 3a2(¢) ATy =0 (5.62)

as = a1 (6c)

Consequently, parameter az can be expressed in terms of other parameter a; by

substituting result obtained from relation (5.62) as follows.

9@10&2AT(%) — 3CLQOCAT(§) + agAT(Qj) = O
(9a10® — 18araa + ag) AT7) =0 (5.63)

as = a1 (9042)

The other fundamental type of deformation is pure in-plane shearing effect on
infinitesimal cubic material element for which strain conditions can be abstracted
through V()w1ao =G YGzrzs = V(@)wexs = €(Garzr = €()zeze = €(j)zszs = 0 and
ATy = 0. According to classical shear strain energy density function and specific

strain condition for an isotropic body in under the effect pure shearing is appraised
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as follows.

DO

%
€x1x1 EJ:1501 + (K' - ? €x2z2€x1z1 _I' R —

Ap
€x121€xoza + K+ €xoxoCromy W

0.5 - -
o[+ ;
21
+ 05 KR — Ezlmlemgxg + K — ? 6332$26$3x3 + K +

+ H€aowsCaoas T H€xias€aizy T HEp 2o €aimy

= 0.5u¢?

) 630350361‘1&:1)
) €x3x3€x2x2>
> 6903:):36903:):3)

(5.64)

in which p stands for shear modulus of medium experiencing pure shear defor-

Wshear = 0.5 (</ﬁj +

@ vl el
~——
| | |

mation whereas zero dilatation is observed since no volume change occurs during
pure shearing deformation which is proven through appropriate modification of in-
tegration given by expression (5.50) after exclusion of thermoelastic effect during

shearing deformation. Namely,

) — Y| |2y — x5y | cos ()

)
€(jyi =dsp / = (v —vo | = 2w —20)) dVir)
J €] v — vl 2w — 2)]
(5.65)
in which in-plane shearing deformation, the angle v,,.,, = ( between relative

position vectors in reference and deformed states that are already defined as
(m(k) — m(j)) and (y(k) — y(j)) respectively causes displacement amounts ., sin (Vz,z,)

and &,.,¢ along xy direction.

By means of polar coordinate representation for position vector between two mate-
rial points in undeformed configuration, coordinate components are written instead

as follows.

&y = Esin (¢) cos (0)
£,, = Esin (¢) sin () (5.66)
éacg = é.COS (¢)

To this end, vertical displacement and change in bond length can be determined

for infinitesimal deformation angle ¢ through following relations below.

(&ay = § cos (@) sin ()
= (& cos ()

(5.67)

with small angle approximation that is sin (¢) ~ . This deformation length along

shearing forces can be converted to deformation amount of relative positions by
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multiplying term (€., with (sin (¢)sin (6)). Therefore final length of a bond after

deformation of body is expressed as follows.

Y — Y = (Tw) — x()) + € cos (¢) sin (¢) sin () (5.68)
Yky) — Yy = (1 + Ccos (@) sin (¢) sin (6)) & (5.69)

By substituting of final length for a bond given by relation (5.69) into relation

(5.65), dilatation term with small degree approximation that is cos ({) ~ 1 can be

3

€(5)ii,Shear — dsp

expressed as follows.
/ o
[ i€ el € cos (@)sin () sin (6)) cos (€) € sin (0) dgdods
0

[ /8

T 21

/COS sin? dgb/sin (0)dd =0
0

0

||
oo|°’

(5.70)
As performed while connecting strain energies in classical with peridynamic results,
evaluation of strain energy density in case of pure in-plane shearing deformation is
calculated by inserting deformed bond length given by relation (5.69) into relation
(5.52).

W pDShear = b3 / / / % £C cos () sin (¢) sin (0))? €2 sin (@) dEdpdh

0 0
5 K
= b3D5TC /Sin2 (9) d@/sin3 (¢) cos® (¢) do
0 0
55 2 1 1
= bsD7r 4( <% cos® (7) (3cos (27) — 7) — 30 cos® (0) (3 cos (0) — 7))
- b3D7755C2
15

(5.71)
in which temperature change terms that are associated with these volumetric al-
ternations are disregarded since neither volumetric expansion nor contraction of

material points are observed during shearing deformation.

By equating results of energy density function from classical and peridynamic

formulations that are given by relations (5.64) and (5.71), the coefficient, by is
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obtained as follows.

b3D7T55C2
0.5u(% = —————
e 15 (5.72)
15p
bsp = 2md°

Previously established relations between aq, ay, ag and by along relations (5.61 -

5.63) enable us to determine remaining peridynamic coefficients as follows.

a = (g - %") (5.73)

az = a (3x — 5p) (5.74)

Consequently, a relation between a; and ag is established by means of result ob-

tained from relation (5.62).

1
az = o’ (97“ ~ %) (5.75)

Substitution of peridynamic parameters, ai, as, az, by and ds in discrete forms
of dilatation and strain energy density based on relations (5.50) and (5.52) re-
spectively let us rewrite them in a general from for evaluation of differentiation
given by relation (4.92). To this end, direction dependent material constants C?
in bond-based and AP, BP in ordinary state-based peridynamic formulations are

determined as follows.

9
e = 151 2 @om (2w — 7)) ([iw = vo)| = [ow = 2)| = o ew — 2)| ATg)
k

Yk) —YG) Tk — L)
ym — | |zw — )]

V7(]<) + 301AT(]-)
(5.76)
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and

1 D 9  1dp
W) = 3 (/{ - ?) 6(2]) o (3K — 5p) €y AT () (? - ) AT(])

15
+ T(’; Zw(j)(k) Ty — () ({y - y(j)‘ - ’x(k) - I(j)‘ — }I(k) _ x(j)| AT(j))Q Vi
k

15
+ ooz D Wi (2w — 26 ([ = v = 2w — 26)| = alzw — 26| ATE)* Vi
k

+ 217?;3 > wim (2o —20) (v — vl = [ew — 26| = alew — w6 ATE) Vig
8 (5.77)
Additionally, strain energy density term inside relation (4.92) can also be expressed
in its non-normalized form therefore pairwise force density vector for material point
(7) and surrounding particles (k) are expressed as in the frame of state-based

peridynamics as follows.

dw ((yw —v») » (T —2())) Yo — v6)

foy) (Uuwy — ugy, 2wy — 2y t) =

0 (|lyw) — vi|) vy — v
_ 1w ((yu«) —y) > (Ew — 7)) Yw —v6)
Vi) 3 (lyw — v |) vy — v
1 Yk — Y0)
A
V) ©lywy — v
(5.78)
and
ow ((yy) —yw) (2 —= Yo) — Y
o (01— — ) =2 () B Zx)) o~
J
1 W (v —vw) - (£6) — 2w)) v — Yo
Vi) 0 (|ve) — v |) |y — Y|
L ow  Y6) — Y
=——B} b
Vi Ny — v
(5.79)

in which partial differentiations given by relations (5.78) and (5.79) are assigned

to bond constants A (k) and B(k . respectively. By this way, bond constant are
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determined by performing associated differentiations as follows.

w 1 ( by 0 (G(j)n' - 3CYAT(J‘))
A = 2 (’f 3 ) 2 (q] 3QAT])) 0 (|y<k> - y(j)\)

(%55)2%)@ (209 —2)) O vy = v ‘gk) Wl —alzw

(lvo = v )

— ;)| AT()

Vik)

2 (lyw — vo| — 2wy — 2y | — @ |z — 25| AT))

(5.80)

or

Op O€(jyii
ASI') :< _—) ”—3 ATy J
Do = | r =3 ) (€ = 30ATy) - (o — 90D
30p

& (27T55> Zwa)(k (xwy —z6)) (lyw) — v = |zw — 2| — a|ow — 26| ATy)
(5.81)

and

8 (e(k)ii — 304AT(k))

o 1 S

By = B ("”v - g) 2 (eryis — 3aAT(w)) 3 (v —v)])
15 > 9 (lyg) —yw| = |z4) — 2w — a|zg) — 2w | ATw)
+ WD Ty — T Vi
(ngs Ek: w6) (F6) —2w) 2 (o — vD @
2 (|l — v | = |z — 2| — |z — 20| ATw)
(5.82)

or

s 5,le 86 i
B(;S)(j) = (li — ?> (ﬁ(k)ii - 304AT(k)) ) (}y(k)(k_) Yei) D

300
(2#65> Zw (k)(5) <x G) — Tk > (}y(j) - y(k)‘ - }x(j) - x(k)| -« ‘x(j) - x(k)‘ AT(l'ﬂ))
(5.83)
in which dilatations €;y; and €(); are different and their partial differentials with

respect to magnitudes of relative position vectors |y; — yx| and |yx — y;| respec-

tively are needed in terms of determination of explicit forms of bond constants.
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In that sense, associated differentials are expressed as follows.

0 (}y(k) —yu‘)D
O(|yw) — Y| — 12w — G| — @ |zw) — 2| ATy
Zw (k) <$(k) — x(j)> (} (k) (J)‘ } a(k’()|y( : (]_) |y(k)‘)‘ (k) (])‘ (J))
J

- 47t
YK —YG) T — v
v —va| [z —ﬂfy>| 7

yielding to

0 (6(])22 — 3CKAT
9 (|yor — i) D

47T(54Zw(3 ) () — >< k) ~Y6) . Tk (])‘)Vu)

v —vn| |z — 2

and

8 (e — 3aAT )
9 (lug) — yw|)
9 (v — veol — lecr — 20| — arleer — 20| AT,
> wwe) (T6) — Tw) s = veo| }a@z\y(,)(k_)ly(k”)‘ 0 = 2| ATow)
J

- 47t
( Vo) =Yk TG) — T > Vi
v — v |z — = k>|

yielding to

(5.86)

0 (E(k)” 3OCAT(k
9 (|ve) — vy )

) — Yk L) — T(k)
47?54 Zw(’f x(i k‘)> ( T ‘) Vik)

vo) —vw| oo —
(5.87)
Substitutions of results obtained from partial differentiations of associated dilata-
tions in relations (5.86) and (5.87) into relations (5.81) and (5.83) respectively
enable us to write the change in strain energy densities of subjected particle with

respect to deformed bond length as follows.
Asl? =
o
3
(27T55 > wim (T — 26) (lvw — vl = lew —2p)| = alew — 26| ATe) Vo)
k
(5.88)

9 Yk — YG) T(k) — T(j)
7 —3aAT ) — W(j z LG . Yo
€(j)i ") 151 Xk: o {20 = 26) (}y(m =yl [z —C%‘)‘) g
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and

sb
By =

5 9 Yo) —Ywk) TG — Tk
= <"d - g) (e = 30ATw) = > @y (26) — Ta) ( AC
J

|?J(j) — Yx) \ |~"U 7~ Tk

(27”;5) Zw w6 (T6) = 2w (Vo) —vw| = [26) — 2w| — aleg) — 2| ATw) Vi
(5.89)
Bond constants, Afjb and B(k)( for a single bond of interacting particles are

determined by terminatlng summation sign in relations (5.88) and (5.89). In this

way,

(v (9 , oo Ve Y T — TG) A
= <;<; 3 ) (4#54> (G(g — 3aAT|; )w(y)(k:) <$(k) I(J)> <|y(k) — y(j)‘ |£U(k) — x(j)‘> Vi)
304
+ (—> woyw (T — 26) ([yw —y0)| — 2w — ()| — afzw — 26| ATy) Vi)
(5.90)

5#) ( 9 ) — Yk TG) T Tk
—(r=2H — 30T, : Vi
(’i 3 ) g ) (s = 30T v (26 = 70)) |y )y —vwl oo —ewl) "

304
+ (%55) wi ) (z6) = 2w) ([vo) —vw| = [26) —2w| = aleg) — 2w ATw) Vi
(5.91)

Bond-based formulation of peridynamic theory is obtained as a special case of

state-based approach by means of a prescription is that direction dependent mate-
rial coefficients have to be equal, namely, A??)(k) = B(k) Since dilatation terms
that are €(;); and €(;); vary, the condition dictating equivalence of bond constants

is only satisfied through following mathematical constraint.
K= ou (5.92)

from which a relation between material constants, A and p can be deduced by

means of relation (B.11) leading to

A=p (5.93)
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A well-known prescription given by relation (B.17) can be used so as to express
the restriction in bond-based formulation of peridynamics in terms of Poisson’s

ratio which is v = 1/4.

Direction dependent material parameters or bond constants in bond-based ap-
proach between each couple of particle can be determined through substitution of
relation (5.92) in both (5.90) and (5.91). The influence function given by relation
(5.54) can be utilized for the explicit definition of bond constants. As a conclusion,
bond constants for bond-based approach of peridynamic modelling become equal

and expressed as follows.

1 /30

M =5 (2) & U+ €1 - ke - alel ATy )
L 30p [In+&l— ¢ L (18 (In+¢&l =[] |
—5(@4)( g ‘“AT‘”) 5(w54>< € ““AT“))

(5.94)

and

Bt =5 (g ) g (n+ €~ 16l - a kg1 ATw)
_ 1 /30p (In+¢& — ¢ 1 (18 (In+¢& — ¢
‘5<m54)< €] ‘“AT@> 5<w64)( €] O‘@Tg%)

Even though difference in dilatations, €(;); and €, associated with material

points z(;) and z () respectively appear in strain energy and bond constant terms
they have no effect on these because of material constrain provided by x = 5u/3
orv=1/4.

As a conclusion, pair-wise forces are obtained by inserting related bond constants
in relations (4.69) and (4.70) as follows.

1 (18kY [|n+¢&| — €] Y — Y4
F(z),t) (xp — z( :—( )( —alATy) | ——= (5.96)
@) (xw —20) =5 | — €] D ) Toeo — v

and

L/18kY (In+& - 1€ ) Y6) — Y
m TG — T AT = - (597
1) (26) = 29) = <7r54) ( €] [y — Y| (597

or in short hand notation, both are represented as follows.

F(z,t) (o' — ) = %C’p (s — aAT) —— (5.98)
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and . ¢
n-+
F(z' t)(x —2') = —=C? (s — aAT|; 5.99
in which bond constant, C?, is defined as follows.
18k
CP = (W) (s — aAT(y) (5.100)

5.3 Peridynamic parameters for two-dimensional

structures

Three dimensional structures can be replaced with their two-dimensional represen-
tatives since they provide computational efficiency as long as they give conceivable
result compared to their three-dimensional masks. In that sense, peridynamic pa-

rameters for two-dimensional spaces are derived accordingly.

(Classically, it is possible to describe stress-strain relations for planar structures by

means of a constitutive equation that is expressed in a matrix form as

Ozi21 Ra2D =1 K Rep — W 0 €x111
ngxg = . '%QD + ,u O Ezgxg (510]‘)
Ozy2o . . W] €z

in which the term associated with bulk modulus differs from its three-dimensional

peer while shear modulus stays as same and they are defined respectively as follows,

[16].

K —L 5.102

and
—L 5.103
h=oa+v) (5.103)

As similar to determination of peridynamic parameters for three-dimensional struc-
tures, two fundamental loading cases are considered for a planar body as well.
Plane deformation of a plate in case of pure isotropic expansion results in strain
components that are €z, = €(j)oze = ¢+ AT ;) and €(j)z,2, = 0 with dilatation
term that is
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Classically, strain energy density based on relation (3.5) can be expressed in
conjunction with constitutive equation given relation (5.101) for two-dimensional

structures as follows.

Wap 1s0E2p = 0.5 (a Yorzr €G)arzs + Twaza €05 )mm) F O (j)armr €)erms
= 0.5 (€)1 (F2D + 1) + €(i)aams (F2D — 1)) €Gyrrm
+0.5 (E(J yerar (K2D — 1) + €y (Kop + u)) €(j)zaas T /’LE(])IQIQ
=0.5 (6 Nrrz k2D + €)oo b+ € asasK2D — (J)zszU) €(j)aras
+ 0.5 (e(])mxllfw €()erzi i T €(G)oazsKaD + emmm,u) €()aars + ME( 12
= 2¢ %J)zm Kap + “E(g)xlzz 2¢kap
(5.105)

The area associated with material domain expands

il
L

&sind

écos@ &(cosd

FIGURE 5.2: Deformation of a plate in case of pure isotropic expansion

Defining deformed bond length of relative position vector is required to invoke it in
dilatation and strain energy density calculations for determination of peridynamic

parameters in two-dimensional analysis as well.

The vector indicating relative position in deformed configuration of the body is
defined according to Figure (5.2) which is the representative deformation of the
medium in case of pure isotropic expansion case. To this end, deformed bond
length is given by

Yy — Yo = (1+C+alAT;) € (5.106)
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X2

do

dA = £dEde

FIGURE 5.3: Two-dimensional integration domain for volume of a material
point

Consequently, dilatation of the particle from peridynamic point of view for isotropic
expansion is evaluated according to relation (5.50) with a slight modification on

it as follows.

0 2m
6 (L4+¢+aATy) €
€2D,IsoExp(j)ii d?D// ’ ‘Cf v) ) f hfd@df + QOéAT
0
2T

(1+C+aATy) ¢ €]

= dophdC / / £dOde + 20Ty,
0

= mdaphd®¢ + 20 ATy
(5.107)
in which infinitesimal volume element inside integration is calculated through
h&dOdé. Moreover, comparison of results provided by relations (5.104) and (5.107)

leads to determination of peridynamic parameter, by op that is

2¢ + 204AT(j) = deDh(53< + QOéAT(j)
5 (5.108)

Moreover, peridynamic strain energy density for isotropic expansion is calculated
through an appropriate modification on relation (5.52) and expressed for two-

dimensional medium with different peridynamic parameters, a; 2p, as2p and as2p
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as follows.

5 2r
WQD,Shear(j) = a’l,QDegD(j)n' - a2,2D€2D(j)iiAT(j) + G3,2DAT(2J-) + bap / / % (C§)2 h§d9d§
0 0
(5.109)
Dilatation term given by relation (5.104) is invoked in relation (5.104) for exact
evaluation of strain energy density function for isotropic expansion of planar body.
Therefore, comparison of strain energy densities from classical and peridynamic

results results in

2
Q12D (QC + 2@AT)2 — Q22D (QC + 2CYAT) AT(J) + ag’QDATé) -+ _b2Dh‘54C2 = 2<2/‘€2D

3

(5.110)

leads to following a set of equations.

2 4,2
4(11’2D -+ gbgDh(s C = 2H2D (5111)
22D = 40&@1,21) (5112)
and

a32p = 4a2a172D (5113)

The area associated with material domain remains same

XG0 Y | xq !

.

Egsi; o

-
L

écos

FIGURE 5.4: Pure shearing deformation of a plate
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The other fundamental distortion case is pure shear deformation of a two-dimensional
body. Accordingly, strain components of associated deformation are summarized
along Yijjeize = ¢ €Gloizr = €(G)woze = 0 and AT(; = 0 for which dilatation of
body becomes zero according to representative deformation of a planar body that

is illustrated in Figure (5.4).

Therefore, dilatation and strain energy terms are written respectively within the

frame of classical continuum mechanics as follows.

€2D,Shear(j)ii = U (5.114)

and

2 2
Oz 0" = €xiz €r1x
WZD,SheaT(j) = 05 Z ZU(J)mnE(J)mn F [ ‘4 1 2] [ - 1 2] (5 115)

m=1n=1 Oxoz1 Oxozp €rox1  Cxozo

= 0.5 (02121 €2101 T Tass€aaza) + Oy 22€ar0

By means of stiffness matrix for two-dimensional isotropic structures, classical

strain energy density in case of in-plane shearing deformation is obtained as follows.

Wap shear(j) = 0.5 (K2 + 1) €20, + (K2D — 1L) €xprs€arar )
+0.5 ((F&zD — 1) €10y €ymy T (Kap + 1) efm@) + 0.5/%:26”2 (5.116)
= 0.5u¢?

According to the distortion case that is illustrated in Figure (5.4), relative position
vector in deformed configuration of material domain is obtained with small degree

approximation that is sin (¢) ~ ¢ as follows.

Yoy — Y = & + &sin (0) sin () cos (0)
=&+ &Csin (0) cos (6) = (1 + (sin (#) cos (6)) € (5.117)

As a consequence, dilatation for a two-dimensional body in case of pure sharing

distortion based on relation (5.50) is obtained with substitution of deformed bond
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length given by relation (5.117) as follows.

§ 27
€2D Shear(j)ii = dap / / igg sin (6) cos (6) ‘y(k) - y(]’)‘ |£U(k) - ﬂf(j)‘ cos (€) hedOde
/Il vy — v | 2w — 2]

é 2T
= dophdC | &£dE | sin(0)cos(0)dh =0
[«

(5.118)
Accordingly, peridynamic strain energy density in case of shearing deformation of
a planar body is evaluated with appropriate modifications on relation (5.52) in

which relative position vector defined by relation (5.117) is substituted. Thus,
Wab, Shear(j) = al,QDG?j)ii — a2,2p€(j) AT () + CL3,2DAT(2J-)

6 27
e :
+b2DO/O/|§| (C&sin (0) cos (0))” h&EdOdE

5 o (5.119)
= bopC?hd | €2d€ | sin® (0) cos® (0) db
[<]

_ Thd*¢?
= b2p B

Accordingly, comparison of results obtained from classical and peridynamic ap-

proaches leads to determination of byp and express it in terms of shear modulus

4 that is
h54 2
bap ™S 52
12 61 (5.120)
b p—
2P Thot

By means of relations along (5.111 - 5.113) remaining peridynamic parameters for

two-dimensional material domain are determined as follows.

K
a12p = <%D — M) (5.121)
a272D = (2I€QD — 4/,L> (5122)

and

azap = o (2Kap — 4p0) (5.123)
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Generalized and discrete forms of dilatation and strain energy density for a two-
dimensional structure are expressed by means of substitution of associated peri-

dynamic parameters in relation (5.50) as follows.

9
Gt = =3 > wiow Ew —26) (Jvw — vl = [z — 20| — o |zw — 2| AT)
k

Yo ~Yo) T TG g 30AT,
Yy — y(j)] }m(k) - %)’

(5.124)

and
RapD 2 2
W) = (— — u) €Gyii — (2r2p — 4p) €y AT () + o (2k2p — 4p0) AT(j)

2
15
= Zw o (2w — 2)) ([ — vl = l2e) — 26| = o |2w — 26| AT)” Vi

Kaop
~ (T - ﬂ) (€¢jyis — dae(uAT(y) + 40> ATE)

15
oo Zw 0 (209 = 26) ([ =y = lew — 2| = alew —2m] ATy) Vi

1
= (kap — 24) (egiyis — 20AT(y)*

- 2
Zwmk (zwy = 26)) ([yw — v)| = |20 — )| — & |2y — 20| AT))* Vi
(5.125)

Differentiation that is with respect to magnitudes of relative position vectors which

7rh54

are |y; — y;| and |y; — yx| in relation (5.125) leads to determination of bond con-

stants for two-dimensional structures in peridynamic modelling. Namely,

ow ((yw) — viy) s (T — ) v — V)

£y ) (“(k) — U, T(k) — f(j)at) = P) (’y(k) — )D |y(k) — y(-)]
J J
LW ((yw —¥6) » (P = 26))) yw) — ¥0)
V(j) 9 (|lyw — vi»|) v — v
Asb2D Yk) — Yi)
"V Wy — )|

(5.126)
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and

foyo) (ug) —

ow ((yi) —yw) » (T6) — 2w)) v — Y

) ) T at =
w2 = ) 3 (lyg) — ) v — Y|
LI ((yy) —yw) » (z6) — 2w)) y6) — v
Viky 9 (Jvg) — v ) G) — Y|
1 YG) — Yk
_ Bsb 2D
Vin P9 |y — v

(5.127)

in which associated partial differentiations are accordingly expressed as bond con-

stants for two-dimensional structures, [1].

Asb,2D

(k) —

or

sb 2D
A Dy =

and

sb,2D
By =

or

sb,2D
By =

2

jer

2 (lyw

(F&QD

mhot

9 (e(yu — 2aATyy)

—20) 2 (€¢jyis — 20ATy)) 2 (v —vo))
0y myol — e — 2| — olrw —2p)| ATy)
) ZW(J x(k z J)> 9 (‘y(k) — y(j)|)
= y(j)i — |z — x| — o |zw — 25| ATy)
(5.128)
= (Kap — 2p1) (6( i — 20T -)) Oeiyi
! 70 (lyw — yi)))

(s

2

+ (o

2 (Jyc

(HzD -

u

12p
who*

1
(ligD — 2/J) 2 ( ( Yii ZOéAT(k))

mho

12p
who*

3) ~ Y

)Z% (xw — xiy) ([vw — v | = 2w — 26| = @z — 2p)| ATy)

(5.129)

8 (6(@11 — QCXAT(k))
9 (v — v |)

9 (|yG) — Y| — |2() — Tw | — a|z@) — T | AT
; )Z%)(m (TG) — 7)) (lyo) = ywl = lz6) = 2w = a2 — 20| ATw)
k

9 (Jyi) — v )

| = |2y — 2| — o lzg) — 20| ATw)
(5.130)

ae(k)ii
9 (lyg) — yw))

> D woim (T6) — 2w (96 — vw | = [e6) — 2o | — a ey — 2o | ATw)
k

(5.131)

211) (€yii — 20T (k)
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in which dilatation terms being €;y; and €y are different. Furthermore, differ-

entiations in the first lines of relations (5.129) and (5.131) are performed as

0 (e — 20ATy))
9 (lyw — i)
(v ol — e — 2| - alrw — 26| ATw)
Zw k <I(k) x(])> 8(’y(k) —y(j)})

- mhd3
YK —YG) T — Vi
v —va| [z —$J>|

yielding to

O€(j)ii 2 Yw —YG) Tk — L) )
= E w(j (k) — Vi
O (lyw —yip|) Tho® 4 B (w >(\y<k o) Jew —z@]) Y
(5.133)

(5.132)

and

8 (e — 20AT )
3 (|lvw — yo»l)
D 9 Iy — v — lwer — 20| — o |20y — 2| AT
= ﬂ_hégz(x}(k)(j) <x(j)—x(k)> <‘ ) (k)| ‘ ) (k)} | () (k)‘ (k))
i

9 (|yg) — yw))
( Yo — Yk TG ) Vio
vo) — w20 —xml

(5.134)
leading to
O€ (ki 2 ) Yk TG~ TR )
= w N . V
O (v —ywl)  ho? ZJ: ©w {#6 ~7w) <|y —ywl| |2 —zw|) "
(5.135)

Bond constants are obtained by means of substitutions of corresponding differ-
entiations given by relations (5.133) and (5.135) in relations (5.128) and (5.130)

respectively.

sb2D
AGiw =

2 Y —Y6) | Tk — TG)
— (Kap — 20) (egyis — 20AT) —= 3wy — : Vi
(r2p = 2p1) (€ — 20ATY)) ——s3 00 {29 = 2(7)) (» v — o] Tew = x(j),) W)

12
th;; Z%) w (Tw = 26)) ([yw = v | = lrw — 26| = a|vw) — 26)| AT)

(5.136)
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and

sb,2D
B(k )

2 Yo) ~Yw) | TG ~ Tw)
= (2> = 210) (< = 208Tiw) 55 > i (219 — ) < ; T ) Voo
J

v —yw | o) — 2w
12,u
7rh54

Zw ) (o) = 2w) (Vo) — v | — |26) — 2| — a|2g) — 20| ATw))

(5.137)
Consequently, C*2P ASb)%,? and BS 1) ) are defined by excluding summation sign
to be able to write an appropriate expression for only a couple of interacting

particle as follows.

b2D _ _ - N2 Yo —Y6) | Tk —TG) ,
Ay = (F2p = 201) (e — 208T15)) Wi (Tw) — 2(6)) (!y yo| e - x(j)\) "
12,u
+ —s1w6w (T =) ([vw —vol = lew —2¢] = alew —2¢] ATy)
(5.138)
and

2 Yo) — Yk TG — Tk
Bty = (kap = 21) (it — 28T ) —=wma) (26) = 2w) | 1. e "
k (ki () (MG) \TG) ~ L) (k)
(*)() who? AT }y(j) - y(k)\ |$(j) - x(k)’

12p
who*

wim (T — 2m) ([ — vw| = [z6) — 2w | — o |2 — 20| ATiw)
(5.139)
To be able to provide the condition Al(’jb.ﬁD Bb,g)( for bond based approach of

peridynamic modelling, the following material constraint has to be satisfied.
Kop = 21 (5.140)
Let us to modify relation (B.10) for a two-dimensional body in the following way.

Oii = 2Nepp + 264

5.141
=2(A+p) ey ( )

for which hydrostatic stress state is expressed as follows.

O — 2"12D€ii (5142)
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As aresult, a relation including terms that are A\, u and kop is obtained by equating
relation (5.141) and (5.142) to each others.

Kap = A+ g (5.143)

Relation (C.53) can also be modified to be able to establish a correlation between
stress and strain terms for two-dimensional case. In this manner, associated strain

components can be expressed as follows.

)\51 Uij
—_— 6 —
20 H 20

in which dilatation term can be replaced by its equivalent term based on relation

(5.142), therefore strain components are expressed as follows.

A0y + 24 (5.145)
€j =~ —~0ii + 5 :
T Ap (Mt p) 20
Considering a plate that is subjected to uni-axial stress state, stress components,

€11 and €99, can be expressed based on relation (5.145) as follows.

Ad11 o11 20+ A
A ou_ _AHEA 14
T O™ T e -110)
and N \
22 022
_ _ e 14
PO 2 e (5:147)
in which trace[o] = 04 = 011 + 099 = 011. Based on relation (5.146), elastic

modulus can be obtained for two-dimensional case as given below.

p oAt (5.148)

A+ 2p

Moreover, Poisson’s ratio is determined by using relations (5.146) and (5.147) for

two-dimensional case as follows.

A

—7 011
€22 4pp (N + ) A
- _ - _ = 5.149
Y €11 A 2p A+2p ( )

O+t
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accordingly, Lame constant, A\, and shear modulus, p, can be obtained based on

relation (5.149) as follows.

o 2u
A= a1 (5.150)
and
[L::éj%i;lﬁ- (5.151)

Substitution of Lame constant, A allows us to express shear modulus, u, as a

function of Poisson’s ratio, v and elastic modulus, £.Namely,

(2,uy N )4
[ ) 4p
E— 15‘” _ Cpy + ) Ap (5.152)
1%
H +2u 21
1—v
or
dy - (5.153)
=50+ '

Equating results obtained in (5.151) and (5.153) to each others leads to write Lame

constant in terms of elastic modulus and Poisson’s ratio as follows.

AMl-v)  FE
v 2(1+4v) (5.154)

or By
A:(l—yﬂ1+y) (5.155)

The material constraint provided by relation (5.140) satisfying condition A??s%kD) =
Bé’z)z(]D) for bond based approach can be substituted in relation (5.143) and it leads

to a relation between Lame constant, A and shear modulus, pu, that is
A=p (5.156)

On the other hand, relation (5.143) can be utilized to obtain bulk modulus of a
two-dimensional body as a function of elastic modulus, £ and Poisson’s ratio, v
based on relations (5.153) and (5.155). Namely,

2Ev+ E — Ev E(1l+v) E

P = A= S T () 20— (1) 2(1—7) (5.157)

By means of relation (5.156), Poisson’s ratio given by relation (5.149) is determined
as v = 1/3 in the frame of bond-based approach of peridynamic modelling for a

two-dimensional structure. As a conclusion, bond constants provided by relations
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(5.138) and (5.139) become

1/ 24
Ai’?iﬁ—g( hgﬁ) g (46— Iel = ale| ATy
L[ 24p n+ &l —[¢] I (12kK2p In+ &l — €]
) (7rh53> < €] _aAT(j)) 2 ( 7Th53) ( H _O‘AT(J‘))
(5.158)
and
1/ 24\ o
Bt = 3 (2] & (n-+6l - 16l - alel ATy
L 24p\ (In+&l—¢] 1 (12650 (11 +€ — €]
= () (e o) =5 () (P o)
(5.159)

Accordingly, force states are expressed as follows.

1 (1260 (In+&l— ¢ Yk — Y0)
x(] <I — Z(j) > — ( Tho3 ) ( |€| — CYAT(J') ’

‘y(k) —?J(j>|
(5.160)
and
L (12650 (In+&l— 1€ Y6) — Yw)
F(zu),t)(zy —xn :—( )( alATyy |
) (26 —2w) = 5 —= €] oo — ¥
(5.161)
or in short hand notation
1 n+¢§
F(z,t) (2 —2) = =C%, (s — aAT|; 5.162
_( )( > D) QD( (J))’n_{_a ( )
and ) ¢
+
F(2' t){(x —2') = —=C%, (s — a AT}, TS 5.163
_( )< > 92D ( (J)) |77+£| ( )

in which bond constant, C?, is defined as follows.

12K
Ct, = (ﬁ) (s — aAT}) (5.164)



Chapter 6

Results and Discussion

6.1 Numerical Implementation

For many cases, it can be practical to solve the equations of a system in point-
wise manner however it becomes inappropriate to apply governing equations and
obtain free-body diagram to each element in the system. In this sense, numerical
approaches play important roles to be able to obtain required outputs since they

drastically reduce time and effort that should have been normally spent on.

The integration operator in peridynamic equation of motion given by (4.115) can
be replaced with the summation sign to express that it is going to be be solved
for a finite number of neighbouring particles inside the horizon of each material

point throughout whole material domain.

Under the consideration of finite number of material points within horizon of
subjected particle which has position vector z(;) in initial state, the peridynamic

equation of motion for these materials is written as follows.
N

Py, )iy, 1) = > By — gy, Ty — 26y, AV + b (2, 1) (6.1)

i=1
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6.2 Definition of test case

In this study, displacement-control tensile stretching of square plate whose geo-
metric properties with number of elements and particles that are used in numeri-
cal implementations are introduced in Table ( 6.1) while Young’s modulus, shear

modulus, Poisson’s ratio and material density values for the plate are respectively
192 x 10%[Pa], 72 x 10%, 7800[kg/m?] and 1/3.

As given in Table (6.1), number of finite elements in ABAQUS and number of

particles in peridynamic model are set to 500. Monitorization of the displacement

TABLE 6.1: External dimensions of the test material

Body Width Number of | Number of

[m]

Length
[m]

Depth
[m]

elements| particles

Thin plate 5.0 x 1072 [5.0 x107°2| 1.0 107%¢|  250000| 250000

field pertaining to isotropic plate under the effect of applied boundary conditions
in ;1 and xy directions is performed by means of both bond-based peridynamic
model and ABAQUS, being a FEM solver and accordingly outputs of these two
method are compared based on displacements through mid-line surfaces along

longitudinal and vertical directions.

FIGURE 6.1: Representation of externally applied loads causing uni-axial
stretching of a thin plate

The simulation test is performed under the effect of externally applied forces that

are illustrated in Figure (6.1) in displacement control mode for both peridynamic
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code and FEM solver. Additionally, test speed and number of iterations are set

TABLE 6.2: Test parameters

Deformation | Discrete time | Iteration | Test speed Elongation | Half elongation Strain
[s] No [m/s] [m] [m] | [mm/mm]
Plastic | 1.3667 « 107°%| 1050 40[1.1228 1073 | 5.6141 %104  0.0225

to 40 [m/s] and 1050 respectively to be able to reach total displacement amount
1.1228 % 107%[m] causing elastic deformation of the test material with ultimate

strain 0.0225[mm/mm).

6.3 Test parameters

The equation of motion of peridynamic modelling expressed in a discrete form for

numerical solution of any particular problem is given as

N
Py, Vi), t) = > fugy — ugy, 2 — ), DAV’ +b (2),t) (6.2)

k=1
in which N number of interacting material points around the subjected particles la-
belled by (j) are located in a circular region encapsulated by the radius of horizon,

0=4x |.T(j) —x(k)‘.

In the numerical implementation of the peridynamic equation of motion, a stability
condition is required to be able to obtain convergent results. Thus, the numeri-
cal stability condition in the implementation scheme of peridynamic equation of

motion that has been introduced in [33] is given as follows.

0.5

At < 20 (2) (6.3)

The smallest time increment is determined as 1.3367x 10~ 8[s] according to stability

stability condition given by relation (6.3).

In the n-th cycle of time integration, peridynamic equation of motion including

pair-wise forces of interacting material points with the horizon of particle (j) can
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be implemented as follows.

(), " (@), ) = 156400 Voo HGy e Vi + GG Vw07 (26),1)
(6.4)
in which pair-wise force function and stretch are expressed in compliance with the

numerical method respectively as follows.

w1 M0 n
o = L CE st (6.5)
S + 10 k)‘
and
1 n—1
" k)‘ L (k)
S(i) ) = ST (6.6)
T —f’fuc)‘

in which &) and 1)) are relative position vector in undeformed and relative
deformation vectors of material points (j) in deformed states respectively and can

be expressed as {)k) = () — Tw) and NGy = Ug) — Uk)-

Applying displacement amount to the top and bottom edges of the plate illustrated
in Figure (6.1) simultaneously initiates stretches between interacting particles as
a function of relative position and deformation vectors at initial and deformed
configuration according to relation (4.75). Since pair-wise forces are the func-
tion of stretches occurring between interacting particles, change in SCh (k) leads to

determination of £}, for each material point.

By invoking associated accelerations ™ (x(;)) as a result of solution of peridynamic
equation of motion given by (6.4) in previous time step of numerical implementa-

tion leads to the determination of velocities that are calculated through

W ), t) = 0" (2 ), AL+ @ (3), 1) (6.7)
and displacements which is calculated by means of

U (2 ), t) = (), )AL+ U (), t) (6.8)

for each material point in the body. The displacement vectors obtained from
relation (6.8) for each material point are used to calculate the stretches for the
following time step, (n + 1), until specified number of iteration is reached in peri-

dynamic code.
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In ABAQUS, the same displacement amount which is 5.6141 * 107 has been
applied to the top and bottom edges of the plate as illustrated in Figure (6.1).
Furthermore, the both longitudinal and horizontal mid-line nodes for correspond-

ing plots such as position-displacement has been determined in path manager tab
as (250501 : 251001 : 1) and (251 : 501251 : 1002) in ABAQUS.

6.4 Numerical results and validation

The numerical data obtained from ABAQUS are used for comparison of peri-
dynamic modelling results. The deformation fields in u,, and wu,, throughout
horizontal and vertical mid-lines are selected for validation of peridynamic code

in comparison with ABAQUS outputs.

Abagus Peridynamic

FI1GURE 6.2: Colour diagrams for displacement field, u,,

The colour diagrams in Figure (6.3) of deformation field along z; direction pertain-
ing to peridynamic and Abaqus outputs can be compared based on displacement
values along transverse line. To this end, associated plots from both method are

compared in Figure (6.3).
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-4
o5 x10 ‘
L Peridynamic
2 — — ABAQUS | ]|
15[

Transverse displacement [m]
o

_2'5 Il Il Il Il Il Il Il Il Il
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05

Transverse position [m]

FIGURE 6.3: Displacement comparison through horizontal mid-line as a func-
tion of 1

Abaqus Peridynamic

FIGURE 6.4: Colour diagrams for displacement field, u,

As similar to comparison of deformation field for u,,, plots that are used in com-
parison of displacement field in x5 direction along a vertical mid-line is given in

Figure (6.5) based on peridynamics and Abaqus outputs.
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x10

Peridynamic
— — ABAQUS -

Longitudinal displacement [m]

0 0.005 0.01 0.015 0.02 0.025 0.03 0.085 0.04 0.045 0.05
Longitudinal position [m]

FIGURE 6.5: Displacement comparison through vertical mid-line as a function
of zo

Total displacement field under uni-axial stretching can also be compared based on

colour diagrams of both method that are given in Figure (6.6).

Abaqus Peridynamic

FI1GURE 6.6: Colour diagrams for resultant displacement field, u
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Based on colour diagrams of resultant displacement field introduced in Figure

(6.6), displacement values along horizontal and vertical mid-lines are compared in

Figures (6.6) and (6.6) respectively.

-4
o5 x10 ‘

Resultant displacement [m]

0.5

0 1

1

1 1 1

Peridynamic
ABAQUS

1

1

0 0.005 0.01

FIGURE 6.7: Resultant displacement comparison through horizontal mid-line

0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05

Longitudinal position [m]

as a function of x

Resultant displacement [m]
w

1

— — ABAQUS

Peridynamic

1

1

0 1

0 0.005 0.01

FIGURE 6.8: Resultant displacement comparison through vertical mid-line as

0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05

Longitudinal position [m]

a function of x



Chapter 7

Conclusion

Even though peridynamic theory fundamentally has been introduced for modelling
of initiations, propagations of discontinuities, its formulations can be utilized to

simulate deformation fields without any discontinuity formation.

In this study, fundamental equations in classical solid mechanics are aimed to be
derived in a comprehensive way. Classical and peridynamic definitions of kinetic
and kinematic relations are compared to be able to establish a bridge between

these two approach.

In Chapter (6), deformation field of an isotropic medium is modelled by means of
a this relatively new approach, peridynamic theory. Results pertaining to peridy-

namic model are compared with outputs of FEA method. Deviations with respect

TABLE 7.1: Comparisons of results

Points/Deviations | Deviation[%)] | Deviation [%] | Deviation [%] | Deviation [%)]
Uy, along x| ug, along xo u along xq u along xo

Point 01 2.67 2.77 2.19 0.32

Point 02 5.21 0.46 3.27 0.46

Point 03 3.36 2.99 5.35 2.99

Point 04 2.23 0.16 2.72 0.16

Average | 3.37| 1.59 | 3.38| 0.98

to outputs of FEA analysis are used to validate peridynamic results in Table (7.1).
Peridynamic outputs for u,, deviates in average by 3.37% based on displacement
values along horizontal mid-line while deviation in u,, field reaches up to 1.59% in

average along vertical mid-line. On the other hand, resultant displacement fields

105
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along horizontal and vertical mid-lines respectively are obtained as 3.38% and
0.98%. To this end, developed code in this study for simulation of displacement

field shows consisting results compared to outputs of FEA analysis.

As a future work, analytical and numerical solution of anisotropic macro-structures
including discontinuities can also be developed for other specific type of topologies
by means of peridynamic theory based on accumulated knowledge throughout this

study.



Appendix A

Background

A.1 Introduction

Linear algebra is highly utilized to be able to solve a system of linear equations
of n number of equations with n number of unknowns. Within the frame of solid
mechanics, rotations of vectors and transformations of matrices can be considered
as practical and efficient mapping operations for vector fields and material prop-
erties between initial and rotated states of material domain and they enable us to

express constitutive relations in compact forms.

Furthermore, a fourth-order isotropic tensor is inherently required to be able to
establish a constitutive relation between stress and strain fields of any arbitrary
states of a three-dimensional material domain. After introducing fundamental
transformation rules for vectors and higher order tensors in index notation, deriva-

tion scheme for fourth-order tensor are presented as well.

A.1.1 Fundamentals of Tensor Transformations

In linear elasticity theory, material response such as deformation against applied
loads are defined by constitutive equations. From the classical point of view, the
responsive behaviour of body is characterized by internal constitution of material

disregarding atomistic structure instead considering it as continuous medium, [23].

From the classical continuum perspective, the constitutive equation that relates

stress and strain is known as Hooke’s law and its generalized state for a linear
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FIGURE A.1: Equivalent representations of a vector rotation

elastic solid body is given as

055 = Uijki€rl (A-l)

in which Cjji; is named as stiffness matrix including information regarding me-

chanical resistance of material against applied forces in specified directions.

A.1.2 Tensor Transformation

Before studying concept of isotropy, let us introduce tensor transformation which
is a fundamental tool for rotations of associated co-ordinates. By considering an
arbitrary vector a = aze; + aye;, defining a point in zy plane, and infinitesimal
rotation of xy plane by 06, about co-ordinate axis z. Then, the same point can

also be defined by using basis vectors of rotated co-ordinates as follows.

al, = (az cos 00, + a, sin 66,)e; (A.2)
a, = (ay cos 60, — a, sin 60, )e; (A.3)

Moreover, relations (A.2) and (A.3), stating components in rotated co-ordinate

system, can also presented in a matrix form as follows.

a, | | cosf sinf|| a; | cos 6 cos(90 — 0) | | a, (AA)
a, ~ |—sinf cosh ay B cos(90 + 0) cos 0 ay '
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or in index notation we can write it as
/ — .. .
a; = Bjja; (A.5)

in which the first matrix in the right-hand side of relation (A.4) is called as trans-
formation matrix whose inverse is always equal to its transpose, in other words,
BT = B7!. Beside that it is also expressed is a way that components of the trans-
formation matrix are directional cosines of angles between reference and rotated

co-ordinate axes.

For infinitesimal angles, the condition that is sin 06, ~ 66y, is always valid, there-
fore the second term in the right-hand side of rellation (A.2) can be approximated
as €;j5a;00; which can be defined as cross product of an arbitrary position vector
a with rotation vector 66, namely, a x §6. By expressing that in the right-hand
of relation (A.2) sub-index of the first term has the same argument with the sub-
index in the left-hand side, one may write the components of the same vector a in

the basis of rotated co-ordinate system in short-hand notation as
a=a+axdl (A.6)

or in index notion

CL; =a; + eijkajéﬁk (A?)

In the most general case of transformation around each co-ordinate axes for a
vector, a, can be considered as well. In the reference co-ordinate configuration

which is ordinarily called material co-ordinates, a is presented as
a = a1e] + ases + ases (A.8)

while in rotated co-ordinate configuration, which is called spatial co-ordinates

representing current state, we express the same vector as
!/ !/ ! ! ! !
a' = aje] + asey + ases (A.9)

Moreover, a matrix transformation can be defined to be able to rotate zy plane

to 2'y’ plane around co-ordinate axis, z around origin and algebraically a sets of
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equations can be expressed as follows,

a; Ay A A Qg
a; = [Ay Ay A Qy <A~ 10)
afz Asp Asy Asg Qz

whose compact form can be expressed as follows with the help of index notation.
0,2 = Aija]’ (All)

in which A;; = cos(e;, €}). As similar to statement of a vector in rotated co-
ordinate system, basis vectors of reference co-ordinate system can also be expressed

by using same transformation matrix that is
6; = Aijej (A].Z)

Furthermore, same vector a can be expressed by primed and un-primed co-ordinate
symbols respectively as

a = ae] (A.13)
a=aje; (A.14)

By invoking relation (A.12) into relation (A.13) we write
a = CL;Aijﬁj <A15)

By inspecting relations (A.14) and (A.15), it is realized that inverted form of
relation (A.11) is obtained as follows.

a; = Aya; (A.16)
By invoking relation (A.11) into (A.16) and changing dummy index j by k, vector

a; is expressed as
a; = Al-inkak (Al?)

To be able to satisfy the condition given by relation (A.17), tensor multiplication
has to yield into ;5. Namely,
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or in matrix notation

I=ATA (A.19)

in which Kronecker-Delta operator, d;; is defined as

1, ifi=j
5, = (A.20)

0, otherwise

or in matrix form

(A.21)

~
Il

S & ~

S ~ O

_~ S D

By means of relation (A.19), it is also concluded that inverse of matrix A has
to equal to transpose of itself, in other words, A= = A" which is known as

orthogonality or ortho-normality condition for transformation of matrix A.

Another important operator is needed for easiness of vector multiplications of
vector entities. To this end, cross product of vectors in the right-hand side of
relation (A.7) can be stated equivalently as —ey;;00,a; based on Levi-Civita symbol
which is given as permutation of natural numbers yielding to either plus, minus

or zero depending on sequence of successive numbers, in other words

+Z? /Lf (Z,j,k) iS (1;273); (27371)7 (37172)
€ijk =\ -1, if (i4.k) is (3,2,1), (1,3,2), (2,1,3) (A.22)

0, if i=j or j=k or k=i

a; = a; — €g;;00ka;
= (51‘]‘&]' — ekij59kaj (A23)
= (% — €]m'j50k)aj

= Rija;

in which R obeys the fact that is R~! = R” since R is an orthogonal matrix. By
multiplying both side inverse of R, we obtain ¢/ R~ = RaR™! or d R™! = a and
since R~! = RT is always valid, equations given by relation (A.23) are inverted
and takes the form of

a; = Rja) (A.24)
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Direct generalization of equation (A.23) for transformations second and third-order

tensors can be easily made as follows.

(Z/~~ = R,-kleakl (A25)

)

i, = Rix Rji Ry i (A.26)

Similarly, generalization of relation (A.24) is written by the same analogy that is

established when writing expressions (A.25) and (A.26). Accordingly,
Q5 = Rkilea;l <A27)

aijk = RiiRij Rk, (A.28)

Specifically, it can also be shown that relation (A.18) is satisfied for R matrix. Let
us consider R;; and R;; and change the dummy indices & to m and [ respectively
in each.

Rz‘jRik = (5¢j r 59m€mij)<5ik — 59161ik)

= 0;j0ik — 0i;001€1ik, — 03100, Emij + 00,,001€mi5€1ik

(A.29)

Since multiplication of infinitesimal angles, 66,, and 06, can be approximated as
00,,00; ~ 0. By applying Kronecker-Delta operators on corresponding Levi-Civita

operators and changing dummy index [ by m, relation (A.29) is simplified as
R”Rzk = 5]‘19 — 5‘9m€kmj — 60mejmk (A30)

Because of the fact that is €, = —€g;m according to relation (A.22), expression

(A.30) can be further simplified to
RijRi = dji (A.31)

Similar procedure can be applied on R;;Ry; to be able to show that it yields to
d;k. Namely,

RjiRki = (5]'2' - 59m€mji)(5ki - 591€lki)
= 00k — 0;:001€1ki — 00,,€mji0ki + 00, €m5i 00 €11 (A.32)

= Ojk — 9m(€mkj - Emjk) = Ojk
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In further, tensor transformation that is €;, [ [2r; Rk = €1mn can be proven by

substituting d;; — d0xe€;; for each R having different dummy indices as follows.

€ijkR1i Rj Rk = €ij1(01i — 604€a1i) (Omj — 6Ob€bm; ) (Onk — I0c€cni)
= €lmn — Eijkéea(élidmjgcnk + 6li6nk€bmj + 5mj5nk€ali)

= €lmn — 56’a(6lmk€cnk + €ljn€bmj + Eimneali)

= €lmn — (elmkeank + El]neamj + €zmn€alz)

= €lmn — (emmeml + €inl€jam + Eklmekan)

= €lmn — (5ma5nl mléna —+ 6na5lm — 5nm5la -+ 5la5mn — 5ln5ma)
= €lmn

(A.33)
in which assumptions that are 06, = 060, = 06, and 06,60, = §6,60. = 660,00, = 0
have been made and contracted epsilon identity €;;x€imn = 0jmOkn — 0jnOkm, iS
applied to the fifth line of relation (A.33) as well.

Furthermore, scalar product of two arbitrary vectors in rotated frame of reference

that is given by relation (A.23) can be calculated by means of relation (A.31).

a;b; = Ry Rimaibm,
= 5lmalbm <A34)
= ambm = Clel

For a given statement a;b;r = c;;i, recasting relations (A.23) and (A.25), a similar

relation with (A.26) or inverted version of (A.28) can also be obtained.

a,; jk - Rle]mRknalbmn
= RilemRknclmn

(A.35)

Cijk

For arbitrary tensors a;;, and aji, according to relation (A.18) apparently operation
a;1bjr = c;; which is usually known as outer product of two tensors can be written

in general.

Let us consider following outer product of two tensors in rotated frame of reference
and prove it in an appropriate way, utilizing from the rules that have been obtained
so far.

. = a;kb;k (A.36)

1]
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By means of relation (A.25) and invoking ayyby, in ¢y we write

/
Cij = RikRjkckl = Rikleakpblp
/
= Ry Rjiagp Rini Rpbiyy,
/
= RikRnp(Sjmakﬁpbmn

/ /
= RikRnpéjmakpbmn = Rz’kRnpakpbjn

(A.37)

Combining relations (A.36) and (A.37) leads to

CI,{ b/ = RikRnpakpb

/
nin n

(A.38)
O = (a;n - RikRnpakp)b;n

Finally, it can be concluded that the condition a}, = Ry, R,,ax, has to be satisfied.

This result complies with relation (A.25).

Additionally, relation (A.25) can be generalized for Kronecker-Delta operator and

by means of R;j = d;; — €x;;00; we write

0;; = RixRjiom = Rix Ry,
= (5zk - Emik(sgm)(ajk > enjkégn) (A39)
- 5zk5jk - 5ik€njk(59n - 5jk6mik59m + Emikéemenjkéen

= 5ij - 5(9m(€mjz‘ - sz‘j) = 5ij

Lastly, transformation of Levi-Civita operator from reference to rotated co-ordinate

system is introduced as follows.

!
€ijk

= Ry Rjm Rin€imn

= (0 — 004€4i1) (0 jm — 00p€njm) (Okn — 0Oc€ckn)€imn

= (5iz5jm5kn - 5iz5jm59c€c1m - 5¢z59b€bjm5kn - 5‘9a€ail5jm5kn)€lmn

= €iji — 00 (0 jmeakn€imn + 0itdkn€ajm€imn + OjmOkn€ait€imn) (A.40)
= €k — 000 (€nak€nij + €maj€mki + €lai€ijk)

= €k — 000(00i0k; — 0ajOki + dakdji — 6aibjk + 0aj0ik — Oaklij

= €ijk
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A.2 Isotropic Tensors

Being rotationally invariant of any n-th order tensor leads to an isotropic kind
whose all components are not affected from rotation of co-ordinate system and
stay constant as being in reference frame. Let us present two obvious example for
isotropic tensors to be able to clarify definition of isotropy. As shown in relations
(A.39) and (A.40) respectively, the second-order Kronecker-Delta and third-order
Levi-Civita tensors remain same after their transformation from one to an another

frame of reference.

In this manner, isotropy condition stipulates that the condition a;; = a;; has to be
satisfied. By means of relation (A.25) and combining it with a tensor in rotated

frame of reference we can show that

a;j = Ry Rjqapq = aij
= (0ip = 00meEmip)(05q — 00mEmiq) apg
= ((5@52‘1) - 5ip68m€qu - 5jq6m€mip)apq

(A1)

= ij — 60m(aigemjq + pj€mip) = aij

Following condition might be directly concluded from the last line of relation
(A.41).

ig€mijq + Apj€mip = 0 (A.42)
By multiplying both sides of relation (A.42) by €,,;x and applying contracted ep-

silon identity we write

Emik€mjqQiq + Emik€mipQp; = 0
(04i0kp — 0ipOki)apj + (0ij0kg — digOkj)aiq = 0
0ii@k; — @ij0k; + 0ijan; — a0 = 0

OiiQkj — iy + aj — A0k = 0

(A.43)
ik = Okj
A = )\(Skj
aij = )\5”

in which A can be considered as a constant value which implies mean value of

orthogonal component of a;;. In other words we can express it as trace(a;;)/3 =
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Let us now consider a third-order isotropic tensor a;;; and show that it is also
invariant under rotation of co-ordinate system. Then, transformation relation to

(2

be considered becomes a};; = RiRjqRyrap,. To this end, by applying explicit

form of rotation tensor which is in general (0;; — d0;€x;;) we write

a;jk = Rip Rjq Rirapgr
= (0ip — 08aaip)(0jq — 08a€ajq) (Orr — 00a€arr)apgr
= (0ip — 00a€aip) (05qOkrapgr — 0jq00a€akr@pgr — Okr08a€ajqlpgr) (A.44)
= (Sip(qu(;]ﬂ.Cqur — 5Z-p5jq§9aeakr — (5,-p(5kr59aeajqapqr — 5jq5kr5‘9a€aipapqr

- aijk’ - 59a<5ip6jq€akr + 5ip6kr€ajq + 5jq5kr€aip)apqr

To be able to satisfy isotropy condition for a third-order tensor a;;i, the coefficient

in front of §6, has to be equal to zero. As a consequence , we write

5@' 5'6(17.4-(5@'5716&' +(5'5r€ai 4 T:O
(pJq k pUkrtajq JjqYk p) Dq (A.45)

Multiplying relation (A.45) by €, and using contracted epsilon identity first set

of equations are obtained as follows.

(0ip0iq€ait€akr + OipOkr€ait€ajq T+ 0iq0kr€ait€aip)Apgr = 0

(0ip0q(0ikOtr — 0irOtr) + 0ipOkr (0450t — SigOts) + 0q0kr(8ii01p — dipdti)) Apgr = 0
(0ip0g0ikOtr — 0ipdiq0irOuk + 0ipOrr0ijOtg — OipOrrGiqOti + 0q0kr0iibtp — 0qOkrOipOti)apgr =0
(0kp0gOtr — OrpOigOtk + OjpOkrOty — SgpOrrOti + 3040k Oty — 0q0krOtp) Apgr = 0

(A.46)

Rearranging the terms in last line of relation (A.46)

(2040kr-0tp + Okp0jgOtr + 0pOrrOtg) Apgr = (OrpGiqOtr + OgpOrrOts ) pgr (A.47)

2aj5, + Qrjt + Atk = QrjrOi + AppOt;

Since t is an arbitrary index, it can be replaced by 7, namely, t = ¢
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Multiplying both side of relation (A.48) with term that is §;; and rearranging

terms we obtain
205505k + akjiOjk + ajik0k = Qrjr0ikOj + Apprdijojn (A.49)

or
2aijj -+ Ciji -+ am = Qypir -+ Qppi <A50)
and since ¢, r and j are dummy indices in the right and left-hand sides respectively,

they can be replaced by the index s, thus relation (A.50) yields to

2aiss + Qssi + Qgsis = Qgis T gsi (A51)

To be able to obtain the second and third set of equations, both side of relation
(A.45) are multiplied by entities €,;; and €4, respectively. To this end, by applying

contracted epsilon identity to both one may write them down as follows.

(0ip0gOkjOrt — 0ip0jgOntOrj + OipOkr0jjOqt — OipOkr0jtdqs + 0jq0krijOpt — 0jqOkrOitOpj)Apgr = 0

(A.52)

and

(5ip5jq6kk5rt - §ip5jq5kt5rt + 5ip5kr5jk5qt - 6ip5kr6jt5qk + 5jq6kr5ik5pt - 5jq5kr§it6pk>apqr =0

(A.53)
They can be reduced to
21 + ikt + Qi = Qirr Okt + Apprdit (A.54)
and
205t + Qitj + Qrji = QirpOjp + QpjrOi (A.55)

respectively. Since t is an any arbitrary index in relations (A.54) and (A.55), they
can be replaced by j and k respectively. As a result,

2aijk + aikj + ajik = airr(skj + appkéij <A56)

205 + Qikj + Qrji = QirrOjg + QrjrOig (A.57)
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Moreover, multiplying both sides of relations (A.56) and (A.57) by &; and J;;

respectively leads to
2a10: + QikjOik + Ajirdik = QirrOkjOik + Appr0ijOik (A.58)

and

2a410ij + Qikj0ij + kjilij = QirrOjk0ij + ArjrOindi (A.59)

Accordingly, relations (A.58) and (A.59) are reduced to

201k + Qjkk + Qkkj = gk + ppj (A.60)

and

2ajj5 + ajrj + Qkjj = Qgrr + Qrr (A.61)

For the sake of completeness of final results, relations (A.60) and (A.61) can be
presented by using same alphabetic indices appearing in relation (A.51). All in

all, three sets of equations are obtained as

2aiss + Qssi + Asis = Qgis T Assi
2asis + Qjss + Qssi = Qiss T Assi

(A.62)

2assi + Qg5 + Qiss = Qiss T Qsis

It is concluded that these three sets of equations have to satisfy the condition that
is

Uiss = Qgis = Qgg; = 0 (AGS)
Since the right hand side of relations (A.48), (A.56) and (A.57) yield to zero as
deduced from (A.63), it is concluded that

2aijk + akﬁ + Clﬂk =0
2aij5 + aikg + ajik =0

’ T (A.64)
QCLZ-jk + aikj + akj,- =0
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By combining first set of relation (A.64) with second and third sets respectively,

following condition is obtained.
Ukji = Qikj = Ajik (A-65)
Invoking ;i for ag;; into the first line of relation (A.64) leads to
Qijk = —Qkj; = —QAikj; = —Ajik (A-66)

Due to same cyclic permutation rule defined by Levi-Civita operator given by
relation (A.22), the third-order isotropic tensor can be expressed as a multiple of

€5 through a constant value assigned as p. Accordingly, we have
QAijk = HE€ijk (A.67)

While constructing isotropic fourth-order tensor, an extra orthogonal term Ry is
needed to add it in relation (A.44) and transformation is expressed as aj;, =
Rip RjqRiy Risapgrs. Moreover, isotropy condition requires that fourth-order tensor
has to yield to itself in reference configuration. In this manner, transformation

relation can be proven through

a;jkl = RipRjq Rir Rispgrs
- (5117 - 50a€aip) (5jq - 50a€ajq)(6kr - 50a€akr>(5l5 - 59a€als)apqrs
= (6ip5jq - (Sipéeaeajq - (quéea‘gaip)((skréls - 5kr59a6als - 5l356a€akr)apqrs

= (5ip5jq5kr5ls - 5ip5jq5kr59a€als - 5ip5jq5ls59aeakr - 5kr5l55ip59aeajq - 5kr5136jq59a6aip)apqrs
= 5ip5jq6kr6lsapqrs - 50a(5ip6jq5kr6als + 5ip6jq5136akr + 5kr5l56ip€ajq + 6kr6l85jq€aip>apqrs

= §ip6jq5kr§lsapqrs - 59a<5ip6jq5kr€als + 5ip6jqéls€akr + 5kr5ls(5ip€ajq + 6kr6ls§jq€aip)apqrs

(A.68)

If isotropy condition, a;;; = a;ju holds, it is concluded that
(5ip5jq5k‘r€als + 5ip5jq6ls€akr + 5kr5l55ip€ajq + 5k7“5l55jq€aip)apqrs =0 (A69)

Through a similar procedure when deriving isotropic third-order tensor, all terms
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of relation (A.69) are multiplied by €41, €q4jt, €akt and eq respectively and sub-

indices are rearranged in an appropriate way as follows.

0 =Qjjks€als + Qijrl€akr + Qiqki€ajq + Qpjkl€aip
0 =0ijks€als€ait + Qijri€akr€ait + Qigkl€ajqCait + Qpiki€aip€ait
0 =@ijks (0105t — Ot0si) + Qijri(OkiOrt — OktOri) + ighi(65i0qt — 0j10gi) + Apjki (0ii0pt — 0itp;)
0 =@kt — QijriOn + Qrjrt — QijitOkt + Atk — QiiriOje + 3Qtjkr — Qijkilit
(A.70)
0 =0ijks€als + Qijri€akr + Qiqkl€ajq + Apjkl€aip
0 =0ijks€als€ajt + Qijr1€akr€ajt + Qigkl€ajqCajt + Qpjki€aip€ajt
0 =ajs (0105t — 014055) + Qijri(Ok0rt — OgtOrs) + Qighi(050gt — 0j4045) + Apji (9ij0pt — 0itdp;)
0 =ap — aijkjfslt + Qi — aijjldkt + 3tk — aijklfsjt + Qpirt — ajjklait
(A71)
0 =Qijks€als + Qijrl€akr + Qiqki€ajq + Qpjkl€aip
0 =0ijks€als€akt + Qijri€akr€akt + Qigkl€ajqCakt 3 Qpiki€aip€akt
0 =ajs (0105t — Ot0sk) + Qijri(OkkOrt — OtOrk) + Qight (0jx0gt — 0j+0qk) + Apikt (OikOpt — OitOpi)
0 =ayi — Qi + 3Qiju — Qiju + Qitji — Qikkr0jt + Qejir — kOt
(A.72)
0 =0ijks€als + Qijri€akr + Qiqkl€asjq + Apjkl€aip
0 =Qijks€alsCalt + Qij5r1€akr€alt + Qigkl€ajqCalt + Qpjki€aip€alt

0 =ajks (0005t — 01051) + Qijri(Ok10rt — Ot6r1) + Qigri(910q1 — 95e0q1) + pikt (8i10pr — 0itOpi)

0 =3aijkt — Qijit + Qijtk — Qiju0kt + Qitkj — ikt + Qtjki — Qrjk104t
(A.73)

The last lines of relations (A.70), (A.71), (A.72) and (A.73) can be simplified as

follows.

3tk — Qejki + ke + Qe + Qe = QijriOn + Qiikr0jt + QijitOge

2045 + Qujke + Qg+ Gtk = QijriOie + QiikiOj¢ 4 QijiOge (A.74)

Qitt + Qiktr + ikt — Qitgl + Qeikt = QijkjO1 + Qij 10kt + Qg0

2040 + Qiget + ikt + Qrikt = QijrOn + ijji0k + jjx10t (A.75)
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Qijir + 3 + —Qiju + Qi + Gjit = GijkkOn + Qigki0j + QkjkiOie

2a;54 + Qi + Qitjr + Qjit = QijkkOn + QigriOjt + rjriOie (A.76)

3ijkt — Qijkt + Qijek + itk + Qrjki = Qijulrt + Q105 + Qrjr10it

205t + Qijer + Qi + Qpjki = QiuiOke + Qitki0je + Qrjri0it (A.T7)

Since t, appearing in the left-hand side is an arbitrary index, we can invoke 7, j, k
and [ respectively to the last lines of above four sets of equations and the tensors
having repeating sub-indices e.g. ik, aiji and a;;r; yield to second-order tensors
and can presented as Ady;, pd;; and vd;, respectively. As a result, following four

sets of equations are obtained as follows.

20561 + aijki + Qi + Qi = V001 + A0k0ji + 110510k
205k + Qg + Qakj + Qi = POk01; + V0i0kj + Akdyj (A78)
2a45k + ik + Qikjr + akji = A0ijOik + v0idjk + (10510;k

2056 + Qijir + Qikj + @ik = A0ij0rt + p0ikji + V0104

Possible three combinations of above four sets of equations can be obtained from

pairs of first and second lines and pairs of third and fourth lines. Namely,

20551 + Qjki + Qi + Qjigg + 20550 + Qg + Qagg + Qi =
= 2(AJ;j0k + 01 + v101)
— 20481 — Qijik — Qikjl — Qkjil — 25k — Qijik — Qitk; — Qijki = (A.79)
= —2(N0;j0 + 1001 + VOjk01;)
Qkjit = Qilkj
from pair of first and third lines and pair of second and fourth lines
20551 + ki + Qrji + Gjing + 20550 + i + Qg + Gk =
= 2(A0ij0rt + 001 + vj101)
— 204581 — Qikji — Qatkj — Qjikl — 205k — Qijik — Qitk; — Qijki = (A.80)
= —2(N0;j0 + 10051 + VOjk01;)

Aljki = Qikjl
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from pair of first and fourth lines and pair of second and third lines
20551 + Qjki + Qi+ Qjikl + 20550 + Qi + Qakg + Qg =
= 2(X0;j0m + péikdj1 + v9;101)
— 2k — Qikjl — Qitkj — Qjikl — 20581 — Qijik — Qikjl — Akjil = (A.81)
= —2(X6ij0m + i1 + vd301)
Ajikl = Qijlk
Last three lines of relations (A.79), (A.80) and (A.81) provide us with alternative

forms of the terms appearing in the left-hand side of relation (A.78). Therefore,
the first line of (A.78) can be expressed as

20551 + Qigjr + Qi + Qijie = N0ijOr; + 10051 + V010, (A.82)

Moreover, remaining two sets of equations which are required to be able to write
isotropic fourth-order tensor can be generated through permutation of indices 7,

k and [ while keeping the index i fixed.
20515 + Qijik + Qi + Qi = N0igdj1 + 10705 + 1050k (A.83)

2aqj + iy + @ik + Qigji = AN0udjk + (10i50k + V03051 (A.84)

As a consequence, summing up (A.82), (A.83) and (A.84) side by side leads to

2(@ijk + iy + aige) + 3(ainjs + kg + aijie) = (A4 0+ ) (6t + 0adjk + 0450k1)
(A.85)

If a symmetry condition which requires a;ju = aijik, @iri; = ar; and aijr = g

holds, then from relation (A.85), following statement is concluded.
1
ikl + Qg + Qijie = g()\ + 4+ v) (661 + 60k + 0ij0k1) (A.86)
Substitution of the part (a;x;i + @ik; + aiju) into the right hand side of (A.82) gives

1
2aij0 + 5()\ + 1+ v) (it + 6udji + 6ij0xi) = N0ijOp + p0idj + voudjn A.87)
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Rearranging terms in an appropriate way simplifies relation (A.87) as

1 1 1 1 1 1
20551 = 0450 (N — AT EH g’/) + 0irdj(p — AT Eh g’/)
1 1 1

or in more compact form, relation (A.88) can be written as follows.
Qijii = 00k + Bir0j1 + ¥0:0, (A.89)

in which «,  and 7 are respectively equal to (4\ — p — v)/10, (4u — X —v)/10
and (4v — A — u)/10.



Appendix B

Deformation Constants

B.1 General review on deformation

For the sake of simplicity, let us consider two-dimensional deformation of RVE
introduced in Figure (B.1) and assume that infinitesimal side lengths dz; and dxy
are same, dr; = dxs in un-deformed state. As shown in Figure (B.1), shearing

angle v is measured by how much top side of RVE is slid by distorting its shape.

- .:L' @ . 2

FicUure B.1: Exaggerated shearing deformation in plane stress condition

Tangent of angle (7/4 — Ymaz/2) can be expressed in two different ways. One way
is to use its geometric definition which is given by the ratio of orthogonal edges

while the other way is to utilize from trigonometric identity for tangent function.
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Namely,
8uQ
dxty — <—,) dxt,
1-— dx! 1—
o (/4 — Yy 2) = Ory) U emdny U-va) gy
, aul , (1 +€11)d$1 (1 +611)
dzy + | == | dz}
ox'
or equivalently,
m P}/maa:
tan (—) — tan ( )
4 2 1-— /Ymaac/Q
tan (7/4 — Ymax/2) = ~ (B.2)
1+ tan <Z> tan <M> 1+ Yimaa /2
4 2
By combining relations (B.1) and (B.2), we write
(1 — 1/611> _ 1— mea:r/Q
(1 +€11> 1 +7max/2 (B.S)
and by further simplification on relation (B.3), we write
Ymaz = (1 + V) €11 (B4)

in which v is known as Poisson’s ratio which defines the rate of normalized change

in length along transverse directions with respect to normalized length change

along axial direction, v = —de;;/de;; in which i # j.

B.2 Decomposition of deformation

According to Figure (B.2.b) presenting exaggerated simple shear and uni-axial ten-

sile deformations, body’s mechanical resistance against shear and tensile stresses

can be expressed based on Hooke’s law given by relation (A.1), and assuming

(0p2 = 02 = 0) we write
Op1
2
€11 =
E

(B.5)
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Undeformed state ————

Deformed state =~ -——-—--—--

\»,

FIGUuReE B.2: Exaggerated pure shear (a) and exaggerated pure tensile (b)
loading of RVE

According to relation (2.21), maximum shear stress, 71, is expressed as follows.
T = — (B.6)
in which £ and G are respectively elastic and shear Modulus values.
1
maxr — -~ B.7
ot e (B.7)

By substituting relation (B.6) in expression (B.7) we obtain

_ 9p

’Yma:p - 2G (B.8)

Invoking relations (B.5) and (B.8) into relation (B.4), shear modulus, G is obtained
as follows. 5
G=——— B.
2(L+v) (B.9)
Moreover, as illustrated in Figure (B.2.b), cubical dilatation (relative variation
of volume) occurs apparently in case of hydrostatic stresses applied on the body.

Namely, setting i = j in relation (C.53) leads to

Oii = NOji€kr + 2[1€i;
K (B.10)

in which bulk expansion of RVE allows us to assign 3A+2u to a three-dimensional

expansion coefficient, £ which is known as bulk modulus of the isotropic medium
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within the scope of homogeneous isotropic linear elasticity. Therefore, bulk mod-
ulus is defined as follows.

3N+2 2
R TR 7 B.11)

Based on relation (B.11), it can be realized that relation (B.10) can be stated in
its equivalent form as follows.
O = 3/16,‘,‘ (B12)

with the addition of thermal effects, €;; reads

e = 0T 7 95 4 30AT (B.13)
K

in which €;; defines a volumetric stretch or dilatation of representative volume

element while « is defined as coefficient of thermal expansion for body.

Relation (C.53) which gives stress state of an isotropic elastic material body can
be inverted to one that provides strain components. By applying basic algebraic
manipulations on relation (C.53) and using definition of bulk modulus given by
relation (B.10), we obtain
0ij — AOjj€ i Oij
€ij = ——5—— e T T e L (B.14)
20 20 (3N + 2p) 241
Under consideration of one-dimensional stress state of an isotropic elastic body,
the only non-zero component in stress tensor becomes ¢y; with remaining stress
components that are zero, namely 0;; = trace[o] = o11+092+033 = 011. Therefore,

€11, €20 and €33 are respectively obtained as follows.

YT 011 A
_ on_ _ATH B.1
‘u 20 (BN + 2p) ot 2u (3N +2u) oun (B.15)
Adag A
S . B — B.1
€22 = 6 200 (3N +2p) on 2p (3N 4 2p) on (B.16)

Thus, Poison’s ratio for isotropic elastic materials can be recast by using strain

values given by relations (B.15) and (B.16) as follows.
vV=—— === (B.17)

In relation (B.15), the coefficient that relates stress component oy with strain
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component €17 is known as modulus of elasticity or Young’ s modulus and denoted

as E. Thus, we conclude that E can also be expressed in terms of A and p as well.

(BA+2p) p
E=-21"0F B.18
s (B.18)

By invoking A = (2uv) / (1 — 2v) derived in relation (B.17) into (B.18), u can be

expressed in a form that confirms the result obtained in relation (B.9). Namely,

w
12 2w + 2
E=-~" SR o4 (B.19)
[ i iz
1—2v  F
or
_ _4& (B.20)
=50+ '

Invoking p = (A (1 — 2v)) / (2v) obtained from relation (B.17) in (B.20) and rear-
ranging terms in an appropriate way lead to determination of A\ as a function of
modulus of elasticity and Poisson’s ratio.

A(1—2v) E

2v T2 (1+v) (B-21)

or By
A= (1+v)(1—2v) (B.22)

Lastly, bulk modulus of an isotropic medium defined by relation (B.11) can be

expressed by substituting the terms A and u given by relations (B.9) and (B.20)

respectively in expression (B.11) as follows.

= (B.23)



Appendix C

Constitutive Relation for Particle

Interaction in Local Theory

C.1 Reduction of fourth-order isotropic tensor

Directional properties of a body that shows mechanically isotropic behaviour can
be defined through a fourth-order tensor given by relation (A.89) whose derivation
has been introduced in Appendix (A.2). The Hooke’s law given by expression
(A.1) constitutes a relation between stress and strain states of a material under
consideration. Moreover, nine components of both stress and strain tensors result
in 92 = 81 components if and only if symmetry condition is applied to both
tensors, accordingly, stiffness matrix is obtained with its 62 = 36 components in

the following way.

o1 Cllll C'1122 C'1133 01123 Clll3 C'1112 €11

022 C12211 C12222 C12233 C12223 C12213 C'2212 €22

033 _ C’3311 C13322 C13333 03323 03313 C(3312 €33 (C 1)
023 C12311 02322 02333 CV2323 C(2313 C(2312 €23 .
013 01311 C'1322 C'1333 01323 C'1313 C'1312 €13

012 C11211 C11222 C11233 C11223 C11213 C'1212 €12

in which each component of stiffness matrix relates each stress term with associated
strains in directions prescribed by sub-indices. For instance, component C5 relates

strain in the direction of x5 with stress along x; direction.
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For the sake of simplicity in sub-index notation, according to relation (C.1),

Hooke’s law can also be expressed as follows.
g; = Cijej (CQ)

Inspection of partial derivative of strain energy of RVE given by relation (3.5) with
respect to strain tensor €; leads to further reduction in stiffness tensor. Restating
strain energy given by expression (3.5) and combining it with constitutive relation

introduced by relation (C.2), the following expression is obtained.
8W = Cijejaej (C3)
and by performing integration in both side, relation (C.3) becomes

W = Cije e /2
]]]/ (C4)

= 0ij€;/2
Let us evaluate second-order partial derivative of strain energy that will lead to
further simplification on stiffness tensor in the sense that first-order differentia-

tion defines stress state and second-order differential enables us to come up with

reduced stiflness tensor as follows.

0 10 8€j Oe;
Derde, (Cijeje/2) = 20 <Czy e, C%ﬁja )
10
" 20e,

= (Cij0;10k; + Cij0idn;) /2
= (Cr+Ci) /2

(Cii0i€; + Cijbue;) (C.5)

C.2 Symmetry for anisotropic materials

In the way of deriving a constitutive relation for isotropic materials, expression
(C.5) leads to Cjyj, if and only if Cy or Cj is a symmetric tensor, C' = C7.
Symmetry condition for Cj; implies that 36 material constants is reduced to 21

independent elastic coefficients and as a result of that constitutive relation for
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anisotropic materials is expressed as follows.

01 Cn Cn Ciz Cy Ciz Ci €1

02 . Coy Caz Oy Cos Cog €2

03 _ . . Csz3 O34 Cs5 Oy €3 (C.6)
04 . . . Oy Cp Cugl| e

o5 .osym . . Css Csg| |65

06 | - . . . . 066_ €6

in which [C] is known as stiffness matrix for general anisotropic or triclinic struc-
tures. As introduced before, transformation of any first-order tensor given by
relation (A.5) from reference to a rotated co-ordinate system can be directly gen-
eralized for a fourth-order stiffness tensor, [C]. Accordingly, it is expressed as
follows.

Cijkl — lipqulkrllscpqrs (C7)

in which [ terms are called transformation matrices, determining rotational or
directional invariance of mechanical structure with respect to symmetry planes.
By means of defining symmetry planes, number of elastic coefficient can be reduced
for the purpose of obtaining more simpler structure in stiffness matrix, [C], which
includes information regarding directional stiffness properties of material. The
transformation matrix, satisfying orthogonality condition (Lfl = LT), also allows
us to determine stress and strain components through any specific directions of

rotated co-ordinate system as explained in [29]. Namely,
o =L"¢L (C.8)

and
¢ =LTeL (C.9)

or in index notation, they are respectively

/

0ij = lipljqpq (C.10)

and

I f— . .
€5 = Lipljq€pq

(C.11)
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C.3 Symmetry for monoclinic materials

Let us consider a transformation condition which leads to stiffness matrix for
monoclinic structures whose symmetry plane is on z axis. In this sense, orthogonal

transformation matrix becomes

0

1 0 (C.12)
0

By applying transformation matrix given by relation (C.12) onto relations (C.8)
and (C.9), an expression can be obtained between associated stress and strain

components in rotated co-ordinates respectively as follows.

o1 Ol Ol 011 012 —013
09 On3| = | - 02 —0mn (C.13)
0'33_ |- o 033
and similarly, ) )
€1 €p €3 €11 €12 —€13
€ €| = | - €2 —e€ (C.14)
Eé3_ |- . €33

From relations (C.13) and (C.14), it can be directly concluded that o} = —oy3,
0hy = —093 and €)5 = —€13, €53 = —€g3. Writing the first stress-strain equation by
means of constitutive relation given by expression (C.6) leads to further reduction
in stiffness tensor by symmetry condition defined by a transformation matrix, L.

Explicit form of the first stress-strain relation is

11 = Crini€11 + Criaz€ar + Chigsess + Crizzeas + Criisers + Chinn€nn (C.15)

Stress and strain tensors in reference configuration of a co-ordinate system can
be replaced by corresponding stress and strain components in rotated frame of
reference according to relations (C.13) and (C.14) while stiffness matrix, being
rotational invariant, does not alter. Thus, we write first stress-strain equation

based on constitutive relation for rotated co-ordinate system as follows.

! / ! ! / ! !
o011 = Chinieqy + Crioaeyy + Crizsess + Crizseos + Crizes + Chinnery (C.16)

= Chii€11 + Chiga€an + Chissess — Criaz€as — Criizers + Clriiz€re
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in which we substituted €}; = —€13 and €53 = —€z3 in equation (C.16). In further,
since we can write 017 = 0}, according to relations (C.13) and (C.14), it allows us
to combine relations (C.15) and (C.16). Therefore,

01123623 + 01113613 = —01123623 - 01113613 (0-17)

or

2C1123€23 + 2C1113€13 = 0 (C.18)

As a result, it is concluded that Ci103 = C1113 = 0. Accordingly, this result allows
us make further reduction on Cjj;. The second stress-strain relation from consti-
tutive equation in reference and rotated co-ordinates respectively are expressed as

follows.

092 = Coor1€11 + Cogaz€ar + Caossegs + Cooageag + Caizers + Cazia€nn (C.19)

and

/ / ! / / ! /
099 = Cog11€7; + Ca922€55 + Caazz€sg + Conazeog + Cooi3€qs + Cao1a€),y

(C.20)
= Ogpr1€11 + Cagaaear + Coazzess — Canazeaz — Cazizers + Cooio€ro
Combining relations (C.19) and (C.20) leads to
Cagaz€as + Cazizers = —Cagaz€az — Cooizeis (0-21)
or
2C993€93 + 2C5213€13 = 0 (C.22)

concluding that condition Cyg93 = Cso13 = 0 is always valid since all coefficients of
stiffness tensor have to be positive in any case. The fourth relation which defines

a stress-strain pair for remaining normal direction.
033 = Cszr1€11 + Csgaaean + Csszzess + Cszazeaz + Cszizers + Cs310€12 (C.23)
and
Uég = Csgp1€11 + Uz + Cszzzezs — Cszazeaz — Cszizers + Csgiacrn (0-24)

By considering directionality condition on stress and strain components in the

way that symmetry condition implies o33 = 043, €23 = —€5; and €;3 = —€}5 based



Constitutive Relation for Particle Interaction in Local Theory 134

on transformation matrix, L. Accordingly, relations (C.23) and (C.24) can be

combined as follows.

03323623 + 03313613 = —03323623 - C'3313613 (0-25)

or

203323€93 + 2C3313€13 = 0 (C.26)

Therefore, condition (3393 = 0 and C3393 = 0 has to be valid. On the other hand,
shear stress components, o93 and o3, do not lead to any further simplification on

elastic coefficients in stiffness matrix. Namely,
093 = Cogr1€11 + Cazanean + Cagszess + Cazazeas + Cogizers + Csziacin (C.27)

/
095 = Casi1€11 + Cagan€an + Cozszess — Cagaz€az — Cazizers + Cs12€12 (C.28)

or

Casageas + Cazizers = Cogaz€as + Cagiz€rs (0-29)

As similar to the fourth stress-strain relation, the fifth one also does not provide

any reduction in number of coefficient in stiffness tensor, because of

Cisa3€as + Chsizers = Clsazeas + Cizizens (0-30)

Lastly, by proceeding on writing stress-strain relations for o5 and o},, following
relation is obtained.
2C1293€23 + 2C 1213613 = 0 (C.31)

which leads to conditions C993 = 0 and Cj913 = 0 that are valid. Invoking asso-
ciated zero coefficients into the stiffness matrix given for an anisotropic material
reduces 21 independent component to 13 that define directional properties for

monoclinic structures as follows.

011 Ci1 Cha 013 0 0 016 €11

022 . Cor Cy 0 0 O €22
033 _ . . Cs3 0 0 Cs €33 (C.32)
023 . . . Cu Cug 0 €23
013 .osym . . O 0 €13

012 . . . . . 066 €192
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C.4 Symmetry for transversely isotropic

materials

For the case of an orthotropic structure, there are three planes of symmetry defined

by three transformation matrices that are

1 0 -1 0 0 0
=10 1 ol,L%=]0 1 of,L]®=|0 -1 0| (C33)
0 0 —1 0O O 1 0

in which superscripts indicate the planes of symmetry for orthotropic structures.
In addition to the symmetry condition of monoclinic structure, applying trans-
formation matrices, [L]'> and [L]*®, to elements of constitutive equation given
in (C.32) reduces it further and results in constitutive stress-strain relation for

orthotropic structures.

Specifically, stress component in rotated frame of reference by the second symme-

3

try plane defined by transformation matrix, [L]l , can be calculated as follows. By

using (C.10), the relations for first three stress components respectively are

/713713
011 = Llleqapq

(C.34)
= (—01p) (—01p) Opg = o011
Ohy = L%ﬁL%Z’%q (C.35)
= (02p) (02p) Opg = 022
‘7;,3 = L§2L§20pq (C.36)

= (03p) (03p) Opg = 33

Beside these, remaining three shear stress components can be expressed as follows.

‘753 = L%?)L?l)gapq (C.37)

= (52p> (5310) Opg = 023

‘713 = L%}O);Lé:qiapq (C.38)

= <_51p> (5310) Opg = —013
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Ol = LﬁL%g%q (C.39)
= (—01p) (02p) Opg = —012

Other than stress tensor, same transformation procedure can be applied to second-

order strain tensor, ¢;; as similar to (13) plane symmetry condition between stress

components. Accordingly, symmetry condition by means of (13) plane leading to

€11 = €11, €9y = €22, €43 = €33, €y = €93, €13 = —€13 and €}, = —eo is utilized as

well.

In the way of obtaining stiffness tensor for an orthotropic material, number of
elastic coefficients in (C.32) can be further reduced through following transforma-

tions.
_ 713713713713
Cii2 = LllelepL2pCpq7'5

= (_51;0) (_51;0) (_5113) (5219) Cpqrs = —Cinz
The only condition that makes relation (C.40) valid is Cj112+C1112 = 0. Therefore,

(C.40)

it is concluded that elastic coefficient defined by Cii12 is zero, namely, C}115 = 0.
Accordingly, transformation of coefficient Csg15 is the following.
Coz12 = L%;?;L%;ELL%L%?’CWS

! (C.41)
= (02p) (02p) (—01p) (02p) Cpgrs = —Ca212

Similar to former calculations, Cy915 = 0 is obtained. Transformation of coefficients
that are (3315 and Cssi3 lead to zero, Csz1o = 0 and Chys13 = 0, as well because of
C13312 = L%,zLé;L%?)L%SCpqrs

! (C.42)
= (03p) (03p) (—61p) (62p) Cpgrs = —Cs312

and
13713713713
s = P (.43
- (621’) (5317) (_5117) (5317) Cpqrs = _02313

Transformations of remaining elastic coefficients, Ci111, Co299, Cs333, Casos, Ci313,
Ci912, Ch122, Cri133 and Caags with respect to (13) symmetry plane result in them-
selves. Also, applying transformation matrix [L]23 to stiffness tensor does not
provide further reduction in terms of elastic coefficients. As a result above cal-

culations, following constitutive relation is obtained for an orthotropic structure
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with its symmetric stiffness tensor, having nine non-zero components as follows.

011 Cn Cn Ci 0 0 €11
099 . Oy Oy 0 0 €22
o3| | - ) Cs3 0 0 €33 (C.A4)
093 . . . Cu 0 0 €93
013 .osym . . Cs O €13
012 | - . . . . 066_ €12

Transversely isotropic materials, having a structure similar to one illustrated in
Figure (C.1) requires application of an additional transformation matrix, which
defines rotational symmetry around one of the axis in Cartesian co-ordinate sys-

tem, to the stiffness tensor given by relation (C.44) and stress-strain tensors.
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FiGurE C.1: Representation of a transversely isotropic structure
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The additional rotation tensor to those given by relation (C.33) is

cosf@ sinf 0
(L)’ = | —sinf cosf 0 (C.45)
0 0 1

in which the superscript 3 indicates rotational symmetry around z axis.

Moreover, by applying transformation matrix given by relation (C.45), stress and
strain states of deformed configuration is obtained for transversely isotropic struc-
tures accordingly. Then, expressing invariance of strain energy density function in
case of elastic deformation inside a continuum medium (W’ = W) and equalizing
the coefficients of corresponding strain terms, e.g. (¢;;,)° = €11, in undeformed and

deformed states result in constitutive relation for a transversely isotropic structure.

To this end, whole process of derivation of Hooke’s law for a transversely isotropic

structures leads to

011 Cnn Cia O3 0 0 €11
0922 4 Ci1 Cis 0 0 €99
o3| | - . (33 0 0 €33 (C.46)
093 . . . Cy O 0 €23
013 .osymo . . Cu 0 €13
012 - . : . . (Cp —Cho) /2_ €12

whose stiffness matrix has five independent elastic coefficients as shown in [20].

C.5 Symmetry for isotropic materials

In addition to the symmetry condition for a transversely isotropic material, ap-
plying rotation matrix, [L]l , around the co-ordinate axis x provides us with con-

stitutive equation for an isotropic structure. As a result, Hooke’s law for isotropic
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structures is obtained as follows.

011 Cy1 Cia Cyo 0 0 0 €11
092 . O Cp 0 0 0 €22
on| | . . Cn 0 0 0 -
o | . . . (Ci—Ch) /2 0 0 €23
o13 . osym . . (Cyp — Cha) /2 0 €13
| 012 | - : : - : (C11 — Ch2) /2_ €12 ]
(C.47)

whose number of independent elastic coefficients is only two, being C; and Cis.
As concluded in Appendix (A.2), relation (A.89) defines the general form of a
fourth-order isotropic tensor. Based on this, the stiffness tensor, Cjjz;, for an
isotropic structure can be obtained by modifying the right-hand side of relation

(A.89) in an appropriate way.
Cijki = A0ijOr + 103,051 + KO0, (C.48)

in which A\, ; and k are known as Lame constants which are different from the
coefficients defined at the end of Chapter (A.2). Because of the symmetry con-
dition, Cjjii = Cyjik, proposed when reducing the number of independent elastic

coefficient from 81 to 36, enables us to write

Cijii = A0ijOr + 10051 + KO0, (C.49)
Cijik = N0ijOm, + 1005 + KOik015

Multiplying both sides of two lines in (C.49) with ¢;; and subtracting the former

line from the later leads to
Cijji — Cijij = (1t — K) (6udij — 6uij) (C.50)
and owing to the symmetry condition that is Cj;;; = Cjy;, it is concluded that

(= k) (0a61; — 0ubpx) =0 (C.51)
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has to be satisfied. Accordingly, u = k becomes valid. So that the forth-order

isotropic stiffness tensor, Cjx, is obtained as
Cijii = NijOr + 1 (Oirdji + 6djn) (C.52)

and invoking the result, found in (C.52), into (A.1), we obtain the generalized

Hooke’s law for an isotropic medium as

045 = Uijki€rl
= NijOki€pt + 1 (Oi0j1€r + 0it0jk) €xa
(e + 1 Gudes + Bad) o5,
= N0ijOki€kt + 10i051€k1 + 10410k €R
= Adijexk + 2165
or constitutive relation (C.53) can be expressed in matrix form as follows.
ou|l [A+2u » A 00 0f [en
0992 o A + 2/L A 0 0 O €929
o ) . A4+2u 0 0 0] |e
33| _ H 33 (C.54)
0923 . . . 1% 0 0 €923
013 ) sym w0 [es
_U 12 | i M_ _612_

in which p corresponds to shear modulus whose details are explained in Appendix
(B), thus we write p = G. By using relations (B.23), (B.20) and (B.22), it can
be shown that terms, A + 2u and A, are equivalently expressed as k + (4p/3) and
Kk — (2p/3) respectively. Therefore, the constitutive relation (C.54) for isotropic

mediums can be alternatively expressed as follows.

o1 K+ (4p/3) k—2p/3) k—2u/3) 0 0 0| |en

022 : K+ (4p/3) k—(21/3) 0 0 0| |ex

o3| _ : : K+ (4p/3) 0 0 0f |ess (C.55)
023 p 00 €23

013 : sym o0 |es

| 012 | i K| €12




Appendix D

Deformation and Finite Strain

Tensors

D.1 Deformation and Finite Strain Tensors

As a result of applied forces on a solid body, local theory uses infinitesimal elements
for measuring deformation and strain between material particles. By means of

vector addition, deformation vector, u can be equivalently expressed as,
u=b+x'—x (D.1)

or in component form
w =b;+ 1, —x; (D.2)

in which x expresses position of a material particle in reference configuration while
position vector in deformed state is expressed by x’. Under superimposition of co-
ordinate systems for reference and deformed configurations, vector b is neglected

thus equivalent deformation vector addition is simplified as
up =T — (D.3)

whose differentiation with respect to co-ordinates, dx’, of deformed configuration

leads to
aui_axg_axi_d'_% D4
oxi,  oxf  ox, Y Ox (D-4)

J J J
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which is named as deformation gradient in co-ordinates of deformed configuration
or shortly in spatial co-ordinates. It is also possible to express differentiation
of deformation vector with respect to co-ordinates of reference configuration or

shortly, material co-ordinates, dz.

According to vector transformation rule given in expression (A.11) which relates
position vector of an arbitrary material point in reference configuration with its
position in deformed configuration, relations (D.4) and (D.5) can be rewritten

respectively as follows.

ou; 0 ox’;
&Ej Gasj 979 J axj J
and . h y
U; Z;
T, By, Vi) = i = Ny <3—x]> — 0i = Nij — 0y (D.7)
J J J

By comparing relations (D.4) and (D.5) with expressions (D.2) and (2.23) re-
spectively, it can be noted that the second-order tensors are equivalent terms of
material and spatial deformation gradients. Accordingly, they can be represented

in component form as follows.

(911 /02, Ow1/0x, O11/0,]

8[[’,‘
M;; = e O0x9/0x) O0xe/0xly Oxe/0x} (D-8)
/ Ox3/0x) Oxs3/0xl, Oxz/dxy
and _ -
o 0xy/0xy Oxy/0xy Oz /Oxs
x

N;; L= |9al/0x, Ox/0xy Oxly)Oxs (D.9)

Oz /0xy 0xly/0xe Oxhy/0xs3

The small deformations in classical theory are given by difference in magnitudes
of position vectors in reference and deformed configurations. Because square of
any arbitrary vector can be considered to give its magnitude, taking square of
infinitesimal length elements in both material and spatial co-ordinates, differenc-
ing them from each others leads to infinitesimal strain tensors which constitute

fundamental of small deformation theory in classical continuum mechanics.
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Accordingly, square of infinitesimal length elements in material and spatial co-

ordinates are given respectively in component form as
(dx)? = (dx - dx) = (dzse; - drje;) = daiduje; - e; = dida;0,; (D.10)
and
(dx')? = (dx' - dx') = (daje; - dalie) = daldalie] - € = daida’b; (D.11)

Since material co-ordinates can be expressed as a function of spatial co-ordinates

') and z} = @} (x;) respectively, total

or other way around, namely, x; = x; (x]

differentials of infinitesimal length elements in material and spatial co-ordinates

are

al’i ’
dx; = (81’;) dx; (D.12)
and y
I T g
dx (&r;j) dx; (D.13)

Substituting equivalent total differentials given by relations (D.12) and (D.13)

respectively in square of infinitesimal length elements leads to

(= oty = (5 ) o (57 ) o, = (G 3 ) i
o, Iz Or; Oz (D.14)

)

and

2 A o, ox, Oz}, 0x)
(dx')" = dxdxoi; = ((9&:’:) dx; <8x];> dr; = <8x]z (9&:];) dx;dz; (D.15)

As it can be intuitively understood, amount of deformation can be measured by
difference between magnitudes of infinitesimal length elements in final and refer-

ence states of a body under consideration.

In other words, by means of relations (D.10) and (D.15), th,s difference can be

expressed as follows.

c%’ aZL’/ 81,/ ax/
"2 2 _ k Yk Ay — 8 dydy s — [l o
(dx")* — (dx)” = <8xz~ &'L‘j) dx;dxj — 0;;dx;dx; = (3% o, 52]> dz;dx;
(D.16)
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or by using a pair of relations that are (D.11) and (D.14), same difference in

expression (D.16) can be equivalently expressed as

(dx’)2 — (dx)2 = 5z’jd$;d$; — (a—xlfag;f) dx;dx;
0 01, (D.17)
= (5~ - _8a:k axk) dz’dx’
S\ owjoxy)
i O

The terms inside the brackets in relations (D.16) and (D.17) define respectively
Lagrangian (or Green’s) and Eulerian (or Almansi’s) finite strain tensors, [24],

that are expressed in a way that is

1 [0z}, Ox,
l;; = - il S D.18
J 2 (al’l 893]- ]> ( )
nd I Oy, 0
L OT}
s
€ij 9 ( 1] ax; 837;) (D]_g)
Accordingly, difference in square of an infinitesimal length element takes a from
either as
(dx')? — (dx)* = 2l;;da;dx; (D.20)
or
(dx')” — (dx)* = 2¢;;dx}d, (D.21)

The relations given by expressions (D.5) and (D.4) can be rearranged in an appro-
priate way and then substituted in Lagrangian and Eulerian descriptions of finite
strain tensors. Moreover, they can be appropriately manipulated and written in

terms of deformation vector between material particles.

8uk 8uk
(G o) (5 o) —2)

ouy, Ou,,  Ouy Ouy, )
A — 5y

x;  Ox; Ox;

(51']' N du; N du; N Oug Juy, 51“)

(D.22)

8xj 8% 8ZEZ 8xj
Ou;  Ouj  Ouy Ouy,
8mj + 8ZEZ + 8[@ al'j>
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and ) p p
Uk U
£ (0= (3= 55+) (- 33))
=3 (5” OOk + Oki g+ Ok G Gl ax;> b
1 5“_5+8ui+8u]~_8uk8uk (D-23)
2\ Y o, ox) O O
1
9

)

Ou;  Ouj  Ouy Ouy,
+ —
or, ~ Oz  Ox; Ox;

)

If deformation gradients are small enough, namely du;/0z; < 1 and Ju; /07 < 1,

products of differential terms in the last lines of relations (D.22) and (D.23) can be

neglected, thus infinitesimal Lagrangian and Eulerian strain tensors respectively

become L /8 5
Y - U; Uj
s 5 (8xj + 89@) (D.24)
and L/ 5
Y - U; Uj
&5 5 <8x; + 8x;) (D.25)

Under consideration of both infinitesimal deformation gradients constituting tiny

strains, no difference between Lagrangian and Eulerian infinitesimal strain tensors

appear. By arbitrary selection, Eulerian infinitesimal strain tensor in explicit

component form reads

1 8u1 i 8u1 1 8%1

2\0r) 0x)) 2\0z)
- 8u2 811,1 1 8uz

i = (83:’1 N 83:’2) > (axg *

3u3 i 8u1 1 8u3 i
12\ 0z}, 0zf) 2 \0d,

—_

(\V]

DN | —

8%2 1 8u1 8U3 T
" > 2 (a i axa)
8%2
oxl,

a'LLQ
ozl

ox)

1 (‘9u2 8U3
5 <8 + 8%’2) (D.26)

1 8u3 8u3
2 (a + axg)_

D.2 Geometric Interpretation of Deformation

As partially stated above, strain is a measure of deformation representing displace-

ment between material points relative to reference length.
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Uy (xq, x5 + dxy)

T dx,
Uy (X, %2)

X2

Txq | dxq uq (g + dxyg,x3)
| |

1
uy (x4, %2)

FIGURE D.1: General case of deformation in a two dimensional body

Instead of using three-dimensional strain tensor, interpretation of strain analysis
for two-dimensional geometry can be performed for the sake of simplicity in which

each term can be match with their dimensional equivalents.

Since displacement vectors can be presented as a function of spatial co-ordinates

such a way that are ui(z),x}) and uy (2], x5), their total differentials respectively

become 5 5
Ui U1l
and 5 5
U U
duy (2, 1) = (8_12) dz’ + (8_90’2) das, (D.28)

From a classical point of view for strain, let us consider uni-axial elongation of a
bar, basic definition of normal strain is given by change in length of the bar which

is normalized with respect to its initial length. Namely,
lfinal - linitial
€normal = I (D29>
initial

By this interpretation of normal strain, edge length of square element in un-

deformed configuration, a — b, illustrated in Figure (D.1) extends to its final length
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, ' — b, definition of normal strain given by relation (D.29) becomes
8u1 2 8u2 2 1
= (- (2 ) o (22 ) )
= (dah)? + Ouy 2 (dz})* + 2 Ous (dz})” + Ouz) " (dz})* — da! !
! ox ! o)) ! oz ! U ax)
dup \’ ou 1
2 1 2 1 2
= \/(dx’l) + <8_:E’1) (dxf)” + 2 (81"1) (dxh)” — dx} e

1 9 ouy 2 dzr  Ouy
= —_— d / ]_ _— =
dxg\/( ) ( * axg) i, or,
(D.30)

in which square of partial derivative has been neglected, (Qus/ 8:6’1)2 ~ 0, because

displacement gradients of deformations are small enough, (Juy/0x}) < 1.

By generalizing the result obtained in expression (D.30) for other directions, all

normal strain components in index notation are expressed as follows.

0u,~
%:(m) (D.31)

On the other hand, shearing strain of two-dimensional rectangular plate is mea-

sured by how much edges of a rectangle element illustrated in Figure (D.1) deviates

from their initial alignments with respect to co-ordinate axes.

Accordingly, total shear deformity is stated by sum of angles a and 3, namely

T2 =a+ 8 (D.32)

For the purpose of deriving shear components in strain tensor, let us consider
tangent of these angles. Small angle approximation for tangent function allow us
to write the identities that are tana =~ a and tan g ~ [, and based on Figure

(D.1). To this end, shearing strain given by relation (D.32) can be extended as

()
ot (D.33)

, 8u1 ,
d(El + (8_.%/1) d:L’l

follows.

tana =
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and

(9u1 ’
(ax)
tan f = 2 (D.34)

, ou
dxy + (8mz> dxl

By approximation of small deformation gradients, (Qu;/0z}) < 1 and (Quy/0xh) <
1, relation (D.32) is reduced to

Y12 = tan o + tan 3

~a+f (D.35)
. 8u2 8U1
- (M) " (ax;)

By generalizing the result obtained from relation (D.35) for other directions, all

shearing components becomes

= (2m) 4 (Qu D.36
7=\, ) " \ o (D-36)

By substituting relations (D.31) and (D.36) into relation (D.26) and rearranging

all terms, infinitesimal strain tensor ¢;; becomes

[ 8u1 1 8%1 i GuQ 1 8u1 1 8’&3 T
ox) 2\ 0z, O0x)) 2\0xy Ox)
. 1 (?uQ 8u1 6u2 1 E)uQ 8U3
“ = |3 (a * 8x’2) o, > <a * 890’2)
1 Ous L ouq 1 Ous n Ous Ous (D.37)
|2\ 02} 0zf) 2\0z, Oxf oxl, i

e M2/2 ms/2
= ’)/21/2 €22 723/2
| V31 /2 v32/2  ess

In implicit form, the infinitesimal strain tensor can be expressed as follows.

€11 €12 €13

€j — [€21 €22 €23 (D'38)

€31 €32 €33
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in which €;; = 7,;/2.

Moreover, from the explicit form of infinitesimal Eulerian strain tensor given by
relation (D.37), it can be seen that symmetry condition appears because of terms
other than in diagonal. Accordingly, symmetry condition can be expressed as
follows.

e=c¢el (D.39)

or based on component notation

€ij = €ji- (D40)

Moreover, spatial-partial differential terms appearing in relations (D.27) and (D.28)

constitute deformation tensor which is given as

= (O D.41
el] - ax; ( . )

The strain tensor based on deformation illustrated in Figure (B.1), can be decom-

posed into symmetric and anti-symmetric parts. Namely,

e;j = sym (e;;) + anti.sym (e;;)

1 1
= 5 (e +eji) + 5 (e — ;i)

€11 €12 €13 0 Wiz W13 (])42)
= | € €20 €23 |+ | —wa 0 w3

€31 €32 €33 —ws3; —wsz 0
= €5 + Wiy

in which w;; corresponds to pure rotational motion of RVE while ¢;; is associated

with pure shear deformation given by relation (D.38).
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