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Abstract

The scientific community has realised that non-determinism is a major issue that affects
structural and material performance and reliability. Because experimental characterisation
alone cannot reliably sample the tails of distributions, virtual stochastic testing has thus be-
come a research field of growing interest. Since the uncertainties at the structural level also
result from the variability of the micro-structure, there is a need to develop computationally
efficient stochastic multi-scale methods. The purpose of this work is to provide a summary
of the different methods that have been developed in the context of micro-structure charac-
terisation and reconstruction, of stochastic homogenisation and of uncertainties up-scaling.
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1. Introduction and motivations

The last decades have seen the emergence of more and more accurate and detailed nu-
merical models for predicting material behaviours and structural responses, including when
considering several scales, see the reviews by Kanouté et al. (2009); Matous et al. (2017);
Yvonnet (2019). However, most of the research considers deterministic models whilst the sci-
entific community has realised that non-determinism is a major issue that affects structural
and material performance and reliability. This has motivated the introduction of uncertainty
quantification in model developments.

Uncertainties are generally classified in two categories (Rosi and Matthies, 2008; Pivo-
varov et al., 2018a, e.g.). On the one hand, aleatory uncertainties are associated with the
inherent randomness of nature, and their effect on the structural responses for a given ma-
terial system and environment cannot be reduced. Material structure randomness, loading
variability, geometrical imperfections are part of the aleatory uncertainties. On the other
hand epistemic uncertainties result from a lack of knowledge of the system under considera-
tion due to insufficient measurements, (lack of) accuracy in the experimental measurements,
or from model errors. Their effects can be reduced by obtaining more information, e.g. by
collecting more data, improving the model accuracy etc. It is common to handle aleatory
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uncertainties using statistical approaches, whilst epistemic uncertainties can be handled by
non-probabilistic uncertainty treatment like Interval and Fuzzy analyses (Moens and Van-
depitte, 2005). Models considering both sources of uncertainties are called polymorphic
(Pivovarov et al., 2018a). However, following Soize (2017), when considering probability
theory and mathematical statistics of uncertainty quantification, the same tools can be used
with these two types of uncertainties.

Uncertainties, and probabilistic approaches can also be classified in parametric and non-
parametric ones. Following Soize (2017), parametric uncertainties are associated with the
parameters of computational models, and non-parametric uncertainties are induced by mod-
elling errors. Parametric probabilistic approaches can handle model-parameter uncertainties
for predictive computational models but not the modelling errors. Soize (2017) gave the fol-
lowing example. Assuming one wants to represent the uncertainties in the matrix of a
structural model, and that the matrix b depends on a parameter x, in the parametric ap-
proach the uncertainties in the parameter are described by a distribution. As a result, if
when spanning the support of this distribution, the region spanned by the matrix b does not
include the experimental observations, the model has a deficiency which cannot be addressed
by this parametric approach. The non parametric approach pioneered by Soize (2000) con-
sists in directly building prior probability distribution of a random matrix, e.g. using the
maximum entropy principle. The non-parametric probabilistic approach can thus handle
both the model-parameter uncertainties and the model uncertainties.

In this work we mainly consider the uncertainties which originate from the material
itself, whilst remaining at the continuum mechanics scale, and that affect structural re-
sponses. This is particularly true in the context of strongly non-linear behaviours and/or
fracture (Graham-Brady et al., 2006; McDowell, 2010; Mariani et al., 2011b), in which case
the strength of a structure strongly depends on the micro-structure realisation observed in
stress concentration parts. For various applications, it is important, not only to be able to
estimate the nominal behaviour of a structure and possibly its standard deviation, but it is
also important to be able to estimate the probability of rare realisations. However, experi-
mental characterisation alone cannot reliably sample the tails of the distributions, since this
would require an excessive number of tests. This has motivated the development of virtual
stochastic testing, in which the stochastic description relies on a mathematics model or on
database, which are characterised by a quantification of the material uncertainties. Although
the stochastic model of macro-scale properties can be built directly from macro-scale mea-
surements as achieved in the context of composite materials by, e.g. Mehrez et al. (2012b,a),
because of the different involved length scales (Charmpis et al., 2007), there is a growing
interest in developing a combined experimental /numerical framework to up-scale the uncer-
tainties by formulating a computationally efficient stochastic scale transition between the
material scale and the structural scale. In this context, the uncertainty due to the material
heterogeneities has to be described as the spatial variability of the material properties at
the micro-structure level and the generated virtual specimens serve as Stochastic Volume
Elements (SVEs) in a stochastic multiscale analysis, see the review by Ostoja-Starzewski
et al. (2016).

The development of stochastic scale-transition methods is a subject of research which
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has seen a growing interest in the last decade, but which has still numerous challenges to
overcome, even for linear systems, before becoming commonly used in scientific or industrial
practices. In particular one can cite, as a non-exhaustive list, the following difficulties

e Characterising the micro-scale uncertainties, both in the micro-structure geometrical
description and material behaviours;

e Generating virtual specimens under the form of Stochastic Volume Elements (SVEs)
which respect the statistical content of real micro-structures, both in the micro-
structure geometrical description and material behaviours, in particular for 3D micro-
structure;

e Conducting stochastic analyses in an efficient and accurate way;

e Coupling stochastic micro-scale behaviour to stochastic macro-scale response, which
is not achievable by classical multi-scale methods because of the overwhelming cost;
Although the evaluation of the stochastic apparent properties of the Stochastic Volume
Elements can be decoupled to macro-scale stochastic finite elements analyses in the
linear range, the question remains open in the non-linear range.

One can find in the literature extensive reviews on micro-structures generation (Fullwood
et al., 2010; Bostanabad et al., 2018, e.g.), at least with respect to the geometrical features,
on the formulation of stochastic problems (Sudret and Der Kiureghian, 2000; Grimmett and
Stirzaker, 2001; Nouy, 1999; Soize, 2017), on stochastic homogenisation (Ostoja-Starzewski
et al., 2016), and on conducting stochastic finite element analyses (Stefanou, 2009). It is,
however, not always an easy task for a researcher to make the link between the different fields.
In particular, the notations are not always uniform, some choices made at one scale constrain
the methods that can be used at another scale, the size of the generated virtual micro-
structure affects the statistical content of the homogenised properties etc. The purpose of
this work is to provide a summary of different methods, without pretending to be exhaustive,
that have been developed at the different scales and to attempt to make the link between
micro-structure generation, stochastic homogenisation and up-scaling of uncertainties. The
manuscript is organised as follows. The definitions related to the main concepts of stochastic
analyses are provided in Section 2. The problem of virtual micro-structures generation is
reviewed in Section 3. Section 4 presents the different stochastic homogenisation methods
that have been developed, in both linear and non-linear ranges, in order to predict the
stochastic apparent properties of the virtual micro-structures. The representation of these
apparent properties, the need of generating pseudo-samples in order to conduct stochastic
structural analyses, and accounting for the size of the virtual micro-structures are discussed
in Section 5. Finally, details on stochastic and multi-scale algorithms are provided in the
appendices. Although these details can be found elsewhere, they are not provided in the
same context and the author hopes that it could be useful for the reader to have a self-content
review with a unique set of notations and conventions.



2. Definitions and notations

In this section we introduce the notations of some statistics and probability concepts that
will be used throughout the work. This section is not a summary of probabilistic theories,
for which we refer to the books by Grimmett and Stirzaker (2001); Soize (2017) for a more
complete presentation.

2.1. Probability space

Definitions. The probability space (Q, F, P) is defined from the sample space Q, which is
the set of all possible outcomes, a collection F of subsets of Q, which is assumed to be a
o-field!, and the probability measure P on (Q, F).

Probability measure. Following Grimmett and Stirzaker (2001), the probability measure P
on (2, %) is a function P : F — [0, 1] satisfying (i) P(0) = 0 and P(Q) = 1; (ii) for
AW i=1,2, .00 a collection of disjoint members of F, P (U, A1) = 3% P(AD).

Conditional probability. Considering two events A and @B, the conditional probability that
A occurs knowing than B occurs reads

P
(A NB) . (1)
P(B)
We also have for two events A and B, with 0 < P(B) < 1 and B¢ the complementary subset
of B, that

P(A|B) =

P(A) =P(A|B)P(B) + P(A|B)P(B°). (2)
Independence. Two events A and B are called independent if
P(AN®B)=PA)PB). (3)

2.2. Random variables and vectors

2.2.1. Random variable with values in R

Definition. The random variable is a function @) : Q — R with the property that {¢ € Q :
Q(q) < ¢} € F for each g € R; such a function is said to be F-measurable (Grimmett and
Stirzaker, 2001). We note that the random variable @ is not in R but is a mapping; however
a realisation Q(q) of a fixed ¢ € Q is in R.

Cumulative distribution function. The cumulative distribution function Fg : £ — [0, 1] is
given as the probability to have the random variable ) lower or equal to a value ¢, i.e.
Folq) = P(Q < q)?.

The support 8¢ of the probability distribution of the random variable () is the smallest
closed set 8o C R such that P(Q € Sg) = 1 (Anderson et al., 2017).

LA collection F of subsets of Q is called a o-field if (i) the empty set () € F; (ii) for subsets A € F, i =
1,..00 then U, A € T; and (iii) for a subset A € F, the complementary subset ¢ € F (Grimmett and
Stirzaker, 2001). As examples, ¥ = {0, Q} and F = {0, A, A°, Q} for any subset A C Q are both o-fields.

2Following Grimmett and Stirzaker (2001), this last expression is an abbreviation of the more rigorous
notation Fg(q) = P(A(q)), where A(q) = {g € 2 : Q(q) < ¢q}. We will use this abuse of notations all along
this work for conciseness.
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Discrete random variables. In the case of a discrete random variable () that can only take
values in some countable subset {g", ¢?, ...} of R, the probability mass function o N —
0, 1] is defined as

mo(q”) =P(Q =4q"). (4)
The expectation operator E [Q] € R of the random variable ) is then defined as
i=E[Q= Y  4mld"), (5)

qD;mq(g")>0

where the summation is over all the possible ¢®.
The definition of the support &g allows defining the support indicator function xs, :
®— {0, 1} as

, 1 if¢® € 8g; and
(i)Y _ @> 6

The probability mass function mg(¢"”) can then be expressed as mq(¢™) = x.s,(¢™) fo(¢"”),
with no sum on 7 intended, where, fo(q¥) : Sg — [0, 1] with

> fold?)=1. (7)
qMesqg

Continuous random variables. A random variable @) is called continuous if its cumulative
distribution function can be expressed in terms of an integrable function mg : R — [0, oo,
called probability density function, following

/ " ro(u)du = Fo(q) = P(Q < q). ®)

The expectation operator E [Q)] € R of the random variable () is then defined as

q=E[Q] = /m qmq(q)dyq, (9)

whenever it exists.
The definition of the support 8¢ allows defining a similar expression than Eq. (6) for
the support indicator xs, : % — {0, 1} with

1 ifgedy; and
: = 10

The probability density function 74(q) can then be expressed as mo(q) = Xs,(¢) fo(q) where
folq) : Sg — [0, oo with

fola)dg=1. (11)
So
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Moments. For k € N3, the k*"-moment my, and the kth-central moment Ok, of a random
variable () are defined using the expectation operator

my, = E[Q*] and oy, = E[(Q — my,)"]. (12)

In particular, for & = 1, my,, is the expectation operator, and for k = 2, oy, = ma, — m%Q

corresponds to the variance, whilst og = | /03, is called standard deviation.

sample

Considering n*®mPle observations ¢* = Q(q*), i = 1..n , of the random vector (), with

q" € Q, the expectation operator can be approximated by

sample

I ;
ElQ~ — Z g (13)
The variance follows from
sample
1 " i 2
09~ —e—7 2 (¢ —EQ)" (14)

=1

FEvent indicator function. Let A C Q be an event, and A€ its complement, the indicator
function x 7 : @ — {0, 1} is defined as

1 ifge A; and
= 15
xalq) {o itge.ae. (15)

The probabilities for the (Bernoulli) random variable y 7 to take the values 1 and 0 are,
respectively, P(A) and P(A°).

Some distributions. The notation () ~ mg means that a random variable ) follows the
mass/probability density function 7 (q). Here we present some particular cases of mass/-
probability density function mg(q).

We first consider the case of a discrete random variable ). A Poisson distribution &,
with a support Ny is defined by

, PULIRS SN0 :
Pa(q¥) = wore HaTER: (16)
0 if not

where A €]0, ool is the expectation E[Q] and variance 07, is \.
We now consider a continuous random variable ). A Gaussian or Normal distribution
N, »» with a support | — 0o, o[ is defined by

Mo (4) = — 7= ex [—% (q;“ﬂ , (17

3N is the set {1, 2, 3, ...} whilst N is the set {0, 1, 2, 3, ...}
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where 1 and o are respectively the expectation and standard deviation. A uniform distri-
bution U, , with a support [a, b] is defined by

= ifgela b;
ua,b(q> - {0 if q g [CL, b] ‘ (18)

A Beta distribution f, 4,4, of support [a, b] is defined by

(g—a)*~ 1 (b—gq)P~1 . .
Ba,8,a,6(q) = {“’—a)”‘“’lB(a,ﬂ) if g € [a, b]; 1)

0 if ¢ & la, 0],

where B(«, () is the normalisation constant, and «, $ > 0 are the shape parameters. The

% and the standard deviation o¢ is %. A Gamma

distribution I'y, g 4, . of support [a, oo[ is defined by

expectation E[Q)] is a +

q—a

(1z2)" e (%)

C

Fa,ﬁ,a,c(Q) = cI'(a) if q € [CL, OO[, (20)
0 if q E] — 00, CL[,

where I'(«) is the normalisation constant, o > 0 is the shape parameter, 5 > 0 is the rate
parameter, and c allows defining the distribution independently of the possible unit of Q).
The expectation E[Q)] is a + % and the standard deviation o¢ is %&

2.2.2. Random vector with values in R"

Definition. The n-dimension random vector @ = [Q; Q2 ... Q,]7 is defined as a function
Q : Q2 — RN where Q is a high dimension space. We note that Q is not a vector in
R"™ but a mapping; however a realisation Q(q) for a fixed ¢ € Q is a vector in R". The
components (); are also random variables. Each random variable @); is associated to a
cumulative distribution function Fg, : ® — [0, 1], with Fg,(¢;) = P(Q; < ¢;) the probability
for the random variable (); to be lower than ¢;. The cumulative distribution function F, :
R — [0, 1] is in this context also called marginal cumulative distribution function.

Joint cumulative distribution function. The joint probability P(Q < q) is defined on the
probability space (2, F, P) as the probability P(Q1 < ¢1, ..., @n < ¢n).

The joint cumulative distribution function Fg : R" — [0, 1], of a random vector Q on
the probability space (2, F, P) is thus given by

Fo(g) =P(Q<q) VgeR". (21)

Discrete random vectors. In the case of discrete random vectors @ that can only take values
in some countable subset {q(l), q?, ...} of ™, the probability mass function mg : " —
0, 1] is defined using the previous notations as

mo(q") =P(Q =q"). (22)
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Similarly to Eq. (5), the expectation operator ¢ = E[Q] € R" of the random vector @ is
then defined for its component s as

G=EQ]= Y  q'm(¢") Vs=1mn, (23)

0 mq, (657)>0

where the summation is over all the possible g, and where no sum on s is intended.

Continuous random vectors. In the case of continuous random vectors @, the probability
density function m¢g : R™ — [0, oo, assuming it exists, is defined using the previous notations
such that

/ ra(w)du = Fola) = P(Q < q), 21
J—00, q1]X...x] =00, gn]
and, if the joint cumulative distribution function Fg(q) is differentiable, it comes
(@)= 5 Fola )
7r = —F .

Similarly to Eq. (9), the expectation operator ¢ = E[Q] € R" of the random vector @ is
then defined for its component s as

gs = E[Qs] = / 4s7q.(45)dq (26)
R
whenever it exists and where no sum on s is intended.

Second-order random vector & m™-order random vector. Q is a second order random vector

if E[QTQ] < oc.

Q is a m™-order random vector of joint probability density 7g(q) if
EllQ1") = | lal" mla)dq < +oo.Yim € N (27)
§Rn

where ||q|| = v/q"q.

Support and support indicator function. The support Sq of the probability distribution of
the random vector @ is the smallest closed set S C R™ such that P(Q € Sg) = 1.
As for a random variable, with a similar expression than Eq. (6), the support indicator
Xsg @ B — {0, 1} is defined as

1 ifqe Sg; and
o = 28
Xsq(q) {0 ifq ¢ So. (28)

The probability mass/density function 7q(q) can then be expressed as mq(q) = Xs4(q) fo(q)
where

> fala) =1 o [ folada=1, (20)
qesq sQ
for discrete and continuous random vectors, respectively.
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Moments. We note that the moments of a random vector can also be defined for k =
{k1, ..., kn} € N as

Mg = E [QF x ... x Q] . (30)

FEvent indicator functions. Finally, the event indicator function (15) x7 : Q@ — {0, 1} is
readily generalised for an event A C Q and A€ its complement.

2.2.8. Joint distributions of random vectors with values in R"

Let us consider the n-dimension random vector Q@ = [Q; Q3 ... Q,]T : Q — R" and the
m-dimension random vector Y = [V; Y5 ... Y,,]T : Q — R™.

The joint cumulative distribution function of a pair of random vectors (Q, Y') is the
function Fg y : R" x R™ — [0, 1] such that

Fov(q,y)=P(@Q@<qgandY <y). (31)

Pair of discrete random vectors. The joint probability mass function mg y : " x ™ —
0, 1] of a pair of discrete random vectors (Q, Y') reads

TO.y (q(i)’ y(j)) —pP (Q =g and Y = y(j)) ) (32)

The marginal probability mass function mg : R™ — [0, 1] is defined as

ma (@) =P (@ =) =Y rav (a, y) (33)

y(J)

for all possible ¢y
The conditional cumulative distribution function of ¥ knowing @ = ¢, with P (Q = ¢V) >
0 is defined as

Fyig (y?]q") =P (Y <yP|Q = ¢7) , (34)

and the conditional probability mass function of ¥ knowing @ = ¢, with P (Q = ¢V)) > 0
is defined as

myig (yV1g") =P (Y =yV|1Q = ¢) . (35)
The conditional expectation of Y knowing Q = g¢® reads
U (¢g")=E[Y|Q=q"] = Z yD7yi0 (y]g?) | (36)

)

for all possible ¥, and can be seen as a vector dependent on the value ¢t taken by Q.
W (Q) is thus another m-dimension random vector called the conditional expectation of Y
knowing @ and denoted E [Y'|Q] (Grimmett and Stirzaker, 2001).



Pair of continuous random wvectors. The random vectors @ and Y are jointly continuous
with the joint probability density function mg y : " x R™ — [0, ool if

Fov(a,y) = / / Qv (u, v)dudv . (37)
]—00, y1]X...]—00, ym] J]—00, q1]X...]—00, qn]

We define the marginal cumulative distribution Fg : " — [0, 1] such that

re@=p@<a=[ ([ soveyay)u @

and the marginal probability density function mg : R™ — [0, oo[ follows as

7qQ (q) Z/ TQ.v (¢, y)dy. (39)
Finally, the conditional cumulative distribution function of Y knowing Q = q, with

7g (@) > 0 is defined as

1
TqQ (q)

Fyio (ylq) = / Ty (4, v)dv, (40)
]—00, y1] X...X]—00, Ym]

and the conditional probability density function of ¥ knowing Q = g, with mg (g) > 0 is
defined as

mQ.v (4, )
rvia (ylq) = 72X 19 Y). 1)
violy mq (q) (
The conditional expectation of Y knowing @ reads
¥(g) =E[Y|Q=q]= / ymyiq (ylg) dy, (42)
§Rm

which can be seen as a vector dependent on the value taken by Q. W (Q) is another m-
dimension random vector called the conditional expectation of Y knowing @ and denoted

ElY|Q].

2.3. Random vector fields

In order to further characterise the properties distribution over a body, we introduce the
notion of random (vector) field.

2.3.1. Discrete and continuous random vector fields

Discrete random vector field. Considering Q = {x©®, () ..} a countable set of material
points with Q C R¢, with d € N, a discrete random vector field Q(f2) is a countable family
{Q(z) : £ € Q} of random vectors which map the sample space Q in a set Sg. For
all fixed ¥ € Q, Q(z") is a random vector of support Sq. We note that for d = 1 the
random field is called random process.
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Continuous random vector field. Considering 2 C R¢, d € N, a space of material points, a
continuous random vector field Q(£2) is an uncountable family {Q(x) : € Q} of random
vectors which map the sample space Q in a set Sg. For all fixed € €2, Q(x) is a random
vector of support 8g.

Remarks. The set Sg can be either countable or uncountable in both cases.

We also use the notations {Q(z@; ¢@) : 2@ € Q, ¢ € 9}, {Q(x; q): 2 €Q, g €
9}, {Q(z; ¢W) : z € O, ¢ € Q} and {Q(x; q) : = € Q, g € Q} to denote the random
field for the cases of discrete/continuous fields and countable / uncontable supports.

2.3.2. Properties
Realisation path. For a fixed @, the evaluation of Q(x) at a given ¢ € Q yields a point of
8q, defining the mapping Q(x; q) : Q@ — Sq.

For a fixed ¢ € Q, the collection {Q(x; q) : « € Q} is known as the trajectory or sample
path.

Stationary and homogeneous random vector fields. The random field Q(Q) ={Q(x): x €

Q} is said to be (strongly) stationary if for any set x = (), ..., ™) of m members of
Q, and for any translation vector 7 € R?¢ such that & + 7, ..., 2™ + 7 € Q, the two
families {Q (az(l)) . Q (a:(m))} and {Q (33(1) + 7') - ( (m) —|— T)} have the same joint

cumulative distribution. We refer to (Grimmett and Stirzaker, 2001) for the definition of
the joint cumulative distribution function in this context.

The random field Q(2) = {Q(x) : x € Q} is said to be Weak stationary, or second-order
stationary, or again homogeneous if for any pair (¥, £?)) of 2, and for any translation
vector 7 € R? such that £V + 7, ® + 7 € Q, one has

E[Qx")] =E[Qx™ +7)]; and
E[(Q@®) - EQ(=")]) Q" + 1) — ElQ +7))) '] =
E[(Q@?) - EQ@®))) (Q@® + 1) ~ EQ@® + 7)) | . (43)

The random field is said to be isotropic and homogeneous, if only the norm 7 of 7 and
not the direction has importance in the last equation, i.e.

E[Qx")] =E[Q@®)]; and
E Q") - EQ@™M))) (Q® + o) ~ EIQ(z) + rn)])"| =
(

Q(z®) — E[Q(w@))]) (Q(:I:(Z) +mm?) —E[Q(x® + TTL(Q))])T} :
(44)

for any unit vectors n(!) and n® € R
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Ergodicity. Finally, if the random field Q(Q) = {Q(x) : = € Q} is stationary and ergodic?,
with E [Q(«V)] finite, one has

1 1
o / Q(z; q)dz — E [Q(zV)] | (45)

where w is a subset of 2 and V(w) is the volume of w, and where the — means converges
almost surely with the size of w. This means that analysing one realisation of appropriate
size allows extracting the statistical behaviour of the random field. Besides, the expectation
obtained from many small samples yields the same value as the expectation of a large one.

2.4. Correlation € covariance matrices

On top of the moments, which characterise some statistical properties of the random
vector, the correlation, either between the vector components or between different random
vectors, is of particular interest and should be respected when generating stochastic proper-
ties. In the case of a random field this correlation evolution in terms of a translation vector
in 2 is also bringing more information on the stochastic process.

2.4.1. Random vectors

Let us consider the n-dimension random vector Q@ = [Q; Qs ... Q,]T : Q — R" and the
m-dimension random vector Y = [V; Y5 ... Y,,]T : Q — R™.

The covariance matrix Rq € M{ (R), where M (R) refers to all symmetric semi-positive-
definite real matrices of size n x n, is defined by its entries r s

Rg,. =E[(Q, —E[Q.])(Qs —E[Q])] , r, s =1.n. (46)

Assuming the standard deviations og, of the random variables @), are all strictly positive,
then Rg € Mf(R), where M () refers to all symmetric positive-definite real matrices of
size n X n, and the correlation matrix Rg € M} (R) is defined by its entries r s as

RQ,.S _ RQrs _ E [(Qr - E[Qr])(@s - E[Qs])] cros=1.n. (47)

9Q.9Qs 9Q:9Qs

We note that the diagonal terms correspond to the unity.

We note that in the case for which the random variables ) follow a Gaussian distribution,
the correlation also brings information on their statistical dependence, an entry Rg, , close
to zero meaning statistical independence of random variables () and @),.. However, if the
random variables do not follow such a Gaussian distribution, the statistical dependence of
the random variables (), cannot be assessed by the correlation. An alternative is to consider
their distance correlations matrix denoted by dRg: each entry of dRq,, is the distance
covariance divided by the product of their distance standard deviations, whose detailed
expressions are given by Székely et al. (2007).

4We refer to (Chiu et al., 2013) for the definition of ergodicity and here give the consequence.
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The cross-covariance matrix RQY € R is defined by its entries r s as
Rovy, =E[(Q —E[Q])(Y: —E[YJ])], r=1.n,s=1.m. (48)

Assuming the standard deviations of the random variables (), and Y} are all strictly positive,
the cross-correlation matrix Rq y € 3", is defined by its entries r s as

Roy, = Rav.. _ ElQ- —E[QD (¥, = E[¥]) ,r=1.n,s=1.m. (49)

0Y,0Y, 0Y,0Y,
2.4.2. Random vector fields
Let us consider the random field Q(f2) as the collection {Q(x) : x € Q} of random
vectors Q(x), and the translation vector T such that x + 7 € Q.
The covariance matrix Rg(z; 7) @  x Q@ — R™*", is defined by its entries r s as

Rq,.(®; 7) = E[(Q/(x)—E[Q.(@))(Qs(@ + 1) — E[Qs(z +T)])] , 7, s = L.n. (50)

Assuming the standard deviations g, (z) of the random variables Q,(z) are all strictly
positive, the correlation matrix Rg(x; 7) :  x Q — R"*", is defined by its entries 7 s as

Rq,. (z; T)
0q,(x)oq.(x + T)
E[(Q.(z) — E[Q.()])(Qs(x + T) — E[Qs(z + T)])]

— =1..n. (b1
o0, (@)00, (@ + 7) s =L (51)

Rq,, (z;T) =

~ In case of a homogeneous random field, one has Rq (z; 7) = Rq (7) and Ro (x; ) =
Rg (7). Finally, if the random field is homogeneous and isotropic, one has Rq (x; ) =
Rg (1) and Rg (x; 7) = Rg (7), where 7 is the norm of 7.

3. Virtual micro-structures

The concept of virtual stochastic testing strongly relies on the ability to generate virtual
micro-structure samples that contain the statistical information of real materials. In this
context, the stochastic descriptions, relying on a mathematics model or on database, are
characterised by a quantification of the material uncertainties. A generator of virtual micro-
structure should then be built from these stochastic descriptions.

Different methods of characterisation and of reconstruction, the latter being strongly
linked to the former, exist. However, none of them is universal as pointed out by Bostanabad
et al. (2018) and the method should be carefully selected/developed for the studied micro-
structure. The different methods however follow a similar methodology as illustrated in Fig.
1

e First data need to be obtained, either from experimental means, e.g. Scanning Elec-
tron Microscopy (SEM) images from unidirectional (UD) composites, or possibly by
simulating the manufacturing process;
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Figure 1: Geometrical characterisation and reconstruction of the microstructure of a unidirectional com-
posite material by Wu et al. (2018a); SEM images are analysed in order to extract (distance) correlated
statistical descriptors which are in turn used to generate virtual micro-geometries respecting those statistical
descriptors, including their distance correlation.

e A statistical characterisation has then to be performed from the available data, e.g.
physical descriptors such as neighbouring distances for UD;

e A reconstruction method is developed using the statistical characterisation in order to
generate virtual micro-structures;

e The statistical properties of the virtual micro-structures are validated with the ones
of the initial data, e.g. for UD the copula of two physical descriptors, see further
explanations.

We note that the characterisation and reconstruction are not only related to the geomet-
rical properties of the micro-structure, but the material response of the different constituents
also ought to be considered in order to generate virtual micro-structures that can be used
to predict meso-scale, or homogenised, stochastic material responses. Besides, defects also
strongly affect the apparent material behaviours and should thus be characterised as well.

3.1. Statistical geometrical characterisation & Reconstruction

A recent comprehensive review of the statistical geometrical characterisation & recon-
struction has been provided by Bostanabad et al. (2018). In this section we will review the
existing methodologies with a particular emphasis for the different common micro-structures
illustrated in Fig. 2. But before we define the stochastic micro-structure.

3.1.1. Definitions related to the stochastic micro-structure

Description of a local state by a random variable/vector. Considering the probability space
(W, F, P) and a fixed material point of a micro-structure, the local state of the material
point can be represented by a random vector H : ¥ — R", with Sy the support of the
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Figure 2: Schematics of different micro-structures w: (a) Cross-section of a unidirectional (UD) fibre rein-
forced matrix; (b) Single-phase poly-crystal; (c) 2D schematics of short fibre reinforced matrix; (d) 2/2 twill
woven textile; and (e) Metallic open foam.

probability distribution function. Some examples are now given for the micro-structures
illustrated in 2D in Fig. 2.

Figure 2(a) represents the cross-section of a Unidirectional (UD) fibre reinforced matrix.
The matrix phase is represented by the set of material points wy C w and the fibre phase
by the set of material points w; C w. In that case, the sample space of one material
point Wihase = {0, I} lists the two possible phases, 0 for the matrix phase and I for the
inclusion phase, of the composite material. For «w € 1],pase, let us define the random variable
H : Wihase = N as

Y —0 ifw=0: and
H ase — phase ) 59
phase () {4i%:1 if w=1. (52)

This defines a discrete random variable Hpyase With the support set Sy,

={0,1} C R If
the problem is statistically homogeneous, the probability mass function 7z, . (hgn)ase> = 1y,

with v the volume fraction of fibres in the micro-structure w and the probability mass
ey)

function 7y, . (hphase

) = vy with vg = 1 — vy the volume fraction of matrix in the micro-
structure w.

Figure 2(b) illustrates a single-phase poly-crystal in which each grain has a different ori-
entation. Defining the 3D local state by the Euler angles (¢, 6, 1), the sample space of one
material point is defined by Wryer = {(, 0, ¥) : 0< @ <27,0<60 < 7,0 <19 < 2r}. The
random vector Hgyer : Weaer — R is defined as the collection {[p(w) 0(w) ¥(w)]T : w €
Weuer } and the support space of its distribution function reads Sgr,,.. = [0, 27[x[0, 7] X
[0, 27[. We however note that these bounds in the support space do not account for the pos-
sible crystal symmetries and are thus only valid for triclinic crystals; Fullwood et al. (2010)
have provided the sample space for different crystallographic structures. The probability
density function mgr,, (REwe) characterises the distribution of the grains orientations.

Finally, Fig. 2(c) illustrates the case of a matrix wy reinforced by short fibres wy. As for
the first example, each material point belongs to a given phase, and is characterised by an
anisotropy direction of the material behaviour. Most of the time the matrix is considered
as isotropic, but is here assumed to be characterised by Euler angles too. In the general
case, an anisotropic fibre is characterised by the three Euler angles, but in the case of the
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existence of a revolution axis, the spin angle v is undefined; the revolution body direction
is also fully characterised by its direction vector p. As a consequence, the FEuler sample
space can be different for the two phases, and the resulting sample space of one material
point reads W = {(07 1) 97 w> : (907 97 w) € WEulerO} U{<I7 ¥, 97 7/}) : (907 97 w) S WEulerI}v or
under the abbreviation W = W, .0 U W, For w € W, let us define the random vector
H(w): W — R* as

hase hase! *

H(w) = {[1 efyP"  ifwetW, ; and (53)

0p 0]t ifwe Wohaseo -
We note that 7, 1y (REwe| H1 = 0) : R* — [0, oo], respectively mrry,,..1my (REwe|H1 = 1) :
3 — [0, oo[, corresponds to the probability density function of the Euler angles distribution

TH, o (Rg o) in the matrix phase, respectively the Euler angles distribution TH,

(hgyo) in the fibre phase. Finally, le(h?)) : R — [0, 1] is the probability mass function
of phase, which corresponds to the volume fraction vy = 1 — v; of the matrix phase and vy
of the fibre phase for respectively ¢ = 0 and ¢ = 1.

Description of the micro-structure through a random field. Let us consider micro-structures
defined on a set w € N3 of material points x. It is thus possible to represent the local states
of the microstructure by a random field H (w) = {H(x) : € w}, which is an uncountable
family {H (x) : « € w} of random vectors H valued in £ which maps the sample space
Y in a set &y. The sample space W is defined as all the possible outcomes at the different
material points; it represents all the possible combinations of micro-structure states, at the
different material points, like the phase in the case of a multi-phase heterogeneous material
(the random variables are then discrete and can be assigned to an integer in order to have
values in ), the micro-structure orientation in the case of a single-phase poly-crystals (the
random variable is then continuous), or their combination in the case of multi-phase poly-
crystals etc., see the examples reported in the previous paragraph. We thus work in all
generalities in the probability space (W, F, P).

For a fixed point © € w, the evaluation H (x) for a given realisation w € ¥ yields a
point in the support S C R" for which the probability of the outcomes is positive, thus
defining the mapping H (x; w) : w — Sg.

For example, going back to the UD case studied in the previous paragraph, one can define
the random field Hppase(w) as the family {Hppase(x) : @ € w} of discrete random variables
Hohase valued in R and of support {0, 1}, whilst for the single-phase poly-crystal micro-
structure w, one can define the random vector field Hgye(w) as the family { Heye(x) : @ €
w} of continuous random vectors Hpye, valued in R* and of support Sg,,,., -

A micro-structure realisation for a given w € #/ is thus defined by the collection
{H(x; w) : € w}, also called realisation path. In this work, we use w to represent the
set of material points, but also, with an abuse of notation, to refer to the micro-structure
in itself, and w(w) to denote a micro-structure realisation. We assume ergodicity so that if
the micro-structure is large enough it is statistically representative: the statistical content
of one realisation w € f is enough to extract the statistical content. This is not restrictive
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since, because of ergodicity, one can alternatively consider several realisations w € f/ if the
micro-structure w is not large enough.

3.1.2. Micro-structure representation using micro-structure functions

Micro-structure functions have been defined by Fullwood et al. (2010) and their main
concepts are summarised here below.

Local state distribution. The local state distribution function f(h) was defined by Fullwood
et al. (2010) as the volume density of material points in the micro-structure w associated to
the local state h, i.e.

V (w|H € [h, h+dh|)
V(w)

_ 1)
and f (h(i)) = v (w|H —h ) ; (54)

F(h)dh = )

for respectively the continuous and discrete random vector cases, where w|H € [h, h + dh|
is the part of w in a local state belonging to [hy, hy + dhi[X... X [hpn, hyp + dhy,[, w|H = h®)
is the part of w in the local state A, and where V() is the volume operator. Since we are
considering a single micro-structure, i.e. a realisation w € ¥ we are actually considering
the collection {H (x; w) : « € w} in Eq. (54).

Assuming the micro-structure w is large enough to be statistically representative and
ergodicity, the local state distribution function (54) actually corresponds to the probability
density function f = 7y : R" — R in the case of a continuous random vector and
probability mass function f = 7y : " — [0, 1] in the case of a discrete random vector
with, respectively,

/ rr(h)dh =1 and > au(h) =1, (55)

R g (R(1)>0

where the sum stands for all possible h(®.

Some components H; of the local state can represent a continuous random variable
whilst other components H; a discrete random variable, in which case one should combine
the integral and sum operators.

Micro-structure functions definition. Adams et al. (2005) have introduced the micro-structure
function m(x, h) : w x R" — R to represent the micro-structure in a infinitesimal region
Aw(x) around the material point @ of the micro-structure w.

In the case of a discrete random vector, one has

V (Aw(z)|H = h™) o 1 m (. h®) do —
P M v X me )

“ R, mr (h(1))>0

m (:c, h(i)) =

(56)
where Aw(zx)|H = h" is the part of Aw(z) in a local state h(®), with the following properties
g m (:1:7 h(l)) =1 Vrecw, and m/m (;1;, h(z)) dr = g (h,(z)) ) (57)
w
() w
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One has in the case of a continuous random vector

V (Aw(z)|H € [h, h + dh)

m (z, h)dh = T Reta] :

1
and —/ m (x, h)dhdx =1,
V §Rn

(58)
where Aw(x) is the infinitesimal spatial neighbourhood of the material point & € w, and
Aw(x)|H € [h, h+dh] is the part of Aw(x) in a local state belonging to [hy, hy +dhq[X... X
[y by + dhy,[. Therefore the following properties arise

m(z, h)dh =1 Vo cw, and L/m(:p, h)de = mu (h) . (59)
R V(w) w
3.1.3. Vozelisation

Since the micro-structures are practically analysed using data from images, either exper-
imentally or synthetically obtained, it is convenient to frame the function in a voxel-based
formalism.

The micro-structure w is spatially discretized into N® voxels dw) of uniform volume
V(6w™), with the spatial indicator function

1 ifx e dw):
() = ’ 60
Xw@) (m) {0 lf not ’ ( )

with m fw Xsw) () Xsutm () dT = 0.
Considering first a discrete random vector, the assumed bounded support &g is the set

of NP possible values that can be taken by the random vector. The indicator function (28)

is then particularised as

1 if h® =hO;

Xn® (h(p)) = {O

with Z;\Z Xh(0) (h(p)) Xh0) (h(p)) = 0;;, in which case the micro-structure function (56) can
be approximated by

61
if not ; (61)

N= Nh
(, AP) =~ "> "m? SR s (@) Xno (BP)) (62)
7j=1 =1
where mo" p — (MJ) p 1 f ( x, h(p)) Xswl) () Xpo (h(p)) dxz. We also note that
Nh 1
Sw h® () A (p) _
S v (W) 2 s [ (B s (@) (63)

i=1

represents the local probability density function of realisation hA® in the voxel dw)
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In the case of a continuous random vector, the assumed bounded support space Sy
is divided into N® independent and uniform bins 581(;), allowing redefining the indicator
functions (61) as

1 ifhedsy;
i (h) = H 64
Xasgy (R) {O if not ; (64)
. h .
with 755 [ Xasw (h) X5 (R)dh = 6, [i o dh = d(Sg)/N", and with d(Su) =
fSH dh.
The micro-structure function (58) can then be approximated as
N® Nk o
w58t
m(x, h) ~ Z z:m‘S 0%H Xswo) (T) Xss( (h), (65)
j=1 i=1
(@) (4) h
where m5 V.88, = m -[SH fwm (m, h/) X6w) (CL') X&S,I(L;') (h) dxdh. The local prOba-
bility function in voxel dw) thus reads
Nk 1
W@ 55
Zm5 1), 681 X&S)g) (h) ~ W / m (33, h) X5w@ (33) dx . (66)
i=1 w
Besides, since hfé,H m (z, (h),) dh = 1Vx € w, one has Zfihl D085 — d(@;) in all cell sw®),
N® N w58t @ Nh
and 30 D00, mo 08y — %

3.1.4. n-point statistical functions

Whilst the local state distributions defined in Section 3.1.2 provides statistical informa-
tion for the whole micro-structure, information on the spatial distribution also needs to be
provided. To this end, several n-point statistical functions have been developed.

n-point correlation function. Corson (1974a,b) has developed the concept of the n-point
correlation function, see also the reviews by Fullwood et al. (2010); Bostanabad et al. (2018).

Let us consider N* independent micro-structure realisations w’. Considering a spatial
vector T, Fullwood et al. (2010) have defined the independent spatial regions w’|72, ..., 7"
as the set of material points

Wit ={z:ze andz+ 1 €W Vk=2.n}. (67)

For discrete random vectors H taking values in ™, the n-point correlation function
fn (h(l), o b 2 T") is defined as the joint probability mass function of occurrence of
h®) at the end extremity of the spatial vector 7% and of h(!) at the start extremity of 7%,
for k = 2..n, or in the mathematical notation:

1
1)
g LR
m(x + 77, h(2)) X ...xm(z+7" h(")) dzc] , (68)
19

fn (h(l), . h™; 72 ...,T”) =




where the expectation operator E [#7] is here used as the spatial expectation on the different

. . o 1 Nw . 2 . .
micro-structures, i.e. E[e/] = ST () D V(W3 ") @7 Assuming ergod-

icity allows considering a single, large-enough, micro-structure realisation w that contains
all the relevant statistical information and which is usually called Representative Volume
Element (RVE). In that case, Eq. (68) reads

1
(1) (n). ;2 n) (1)
In (h e RS LT ) T V(T2 ., /ww’mﬂm(:c, h ) X

m (x + 77, h(2)) X ...xm(x+ 7" h(”)) dr. (69)

In case of continuous random vectors, the n-point correlation function is defined as the
joint probability density function and reads

1 n. 2 n _ 1 / 1
fn (h s R T LT ) = V) w|7-2,...,7-nm (a:, h ) X

m (x+ 7% h*) x .. xm(x+ 7", h")dx. (70)

Although the evaluation of high-order correlation functions is not straightforward, the
two-point correlation function, here given for a discrete random vector,

fo (RO, R®; 1) = v;)/ m (. hY) xm (2 + 7, h®)dzw,  (71)
w|T

(wlT

is widely used to characterise the spatial distribution of micro-structures, see (Torquato,
2002; Huang, 2005; Gao et al., 2006; Niezgoda et al., 2008) among others.

The case of a poly-crystal illustrated in Fig. 2(b) was exemplified by Huang (2005):
in that case, the two-point correlation function fo (Rguer, Piye; T) represents the joint
probability density function of having an orientation hf,. at the end extremity of the
spatial vector 7 and of hgue at the start extremity of 7. Combining this formalism with
the digitisation (65), opens the way to a representation in the Fourier space as detailed by
Adams et al. (2005) in the context of a poly-crystal.

n-point probability function. We consider the definition of the n-point probability function
given by Torquato (2002); MacSleyne et al. (2008); Fullwood et al. (2010); however some
authors use the terminology n-point correlation function for this concept.

Let us again consider N* independent micro-structure realisations w’. Assuming a dis-
crete random vector H valued in *™, the indicator function of n-material points z’ is defined
as
1 ifh® =h®atxbcw k=1.n;

72
0 if not. (72)

Xoi nio (2, ...y @, h(p)) — {

Considering N* independent realisations of the micro-structure w’, we define the n-point
probability function as

Sy (h(i); xz', .., :13") =E [ijyh@ (azl, ey h(p))] , (73)
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where the expectation operator stands for the expectation on the different micro-structures,
i.e. E[o/] = ﬁ Zﬁl o/. The n-point probability S, (h(i); s :c”) is interpreted as the
probability to have the local state h(®) at points x', ..., z".

One particular case is the 1-point probability function S; (h(i); cc) that represents the
probability to be in a local state R at position x. If the micro-structure is statis-
tically homogeneous, S (h(i)) is independent on the material point and corresponds to
the volume fraction v; of local state h(Y of the micro-structure. Another particular case
arises when assuming statistically homogeneous micro-structures, in which case the de-

pendency on (z!, ..., ") reduces to a dependency on (72 = z* — !, .., 7" = " —
x'), yielding S, (RW; 72, ..., 7). In that case, S, (R"; 72, ..., 7") corresponds to a par-
ticular case of the m-point correlation function (69) for () = ... = k(W = RO je.

fn (h(i), N AR T"), which is called auto-correlation function.

One of the most commonly used function is the two-point probability function Ss (h(i); T) ,
which can be particularised in the case of an isotropic material, for which the direction of
the vector T does not affect the function, as S (h(i); 7'), where 7 is the norm of 7.

Examples and other path functions. Taking as example the case of the UD two- phase com-
p081te of Fig. 2(a), the discrete random variable hY  can take only two values Y =0

phase phase
=1, see Sectlon 3.1.1. Clearly Si(h} ) ) = v is the volume fraction of the matrix

or h phase

phase —

phase, and Sl( = v = 1 —vg is the volume fraction of the fibre phase. However, addi-

(2)

phase )

phase )

tional information is brought on the micro-structure by S, (h T) as the probability to

have two material points separated by the vector 7 to be in the fibre phase, as illustrated
in Fig. 2(a).

Nevertheless, for non-periodic micro-structure, see the discussion by Bostanabad et al.
(2018), S (h”

phases T > does not fully characterise a micro-structure since different statistical
configurations can possibly yield the same function. Additional information related to the
clustering are needed. Lu and Torquato (1992) have introduced the concept of lineal path
function L<h’1g})1ase; 7), which gives the probability for a linear segment supported by the
vector T to lie entirely within the same phase, see Fig. 2(a). A more general representation

of the clusteredness that has been introduced by Torquato (2002); Jiao et al. (2009) is the
two-point cluster correlation function Cy(h égabe, 7) that quantifies the probability for two
material points separated by the vector 7 to lie within the same cluster, see Fig. 2(a).
Finally Torquato (2002); Jiao et al. (2009) have also considered F.,(h("); T) the equivalent
of Sy (hY; 7) but for points @' and z?, with 7 = x* — x', belonging to the “dilated”
interface at the two phases. Fi,(h(; 7) is thus interpreted as the probability of finding two
points separated by 7 at the two-phase inter-phase.

3.1.5. Data acquisition

The two main features to be characterised are, on the one hand, the grain size and
grain shape distributions, and on the other hand the crystallographic texture defined by the
orientation distribution functions, as it will be explained in more details in Section 3.2.4. We
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refer to the review by Segurado et al. (2018) for a review of the data acquisition related to
these two aspects. Because of the convenience of using voxelisation to represent the micro-
structure as illustrated by Eq. (65), imaging techniques are a popular way to extract the
information.

Optical microscopy of polished sections allows extracting grain size and shape distri-
butions after chemical etching has revealed the grain boundary structures.Transformation
from 2D surfaces to 3D information then requires particular treatment. Automated serial-
sectioning by means of a micro-tome combined with reconstruction algorithm yield 3D im-
ages of the micro-structures. A non-destructive alternative is the use X-ray micro-focus
Computed Tomography (u-CT) (Segurado et al., 2018).

Grain orientation has been extracted for single-phase poly-crystals by Gao et al. (2006)
using orientation imaging microscopy (OIM), which images the microstructure using the
electron back-scattered diffraction probe (EBSD); 3D information was recovered by consid-
ering different cut orientations, see also the work by Saylor et al. (2004); high resolution
segmented back-scatter electron micro-graphs were used by Salem et al. (2014) to extract
the bi-modal microstructure statistical information of o — f titanium alloy with primary
and secondary « phases, as a non-exhaustive list.
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Figure 3: Statistical study of a Al-Ag-Cu ternary eutectic alloy microstructure obtained via phase-field
simulations by Yabansu et al. (2017): (a) Micro-structure obtained by phase-field simulation; (b) two-
point auto-correlation fo(h("), h(D); 7) of the red phase; and (c) two-point cross-correlation fo(h("), h®); 7)
between the red and blue phases; Reprinted from Acta Materialia, 124, Yabansu, Y.C., Steinmetz, P.,
Hoétzer, J., Kalidindi, S.R., Nestler, B., Extraction of reduced-order process-structure linkages from phase-
field simulations, 182-194, Copyright (2017), with permission from Elsevier.

The “images” can also result from numerical simulations. MacSleyne et al. (2008) have
extracted “y’” precipitates in nickel-base alloys from textures predicted by several 2D phase-
field simulations. Yabansu et al. (2017) have used the phase-field approach, see also the work
by Krill IIT and Chen (2002), in order to simulate the solidification of ternary eutectic alloys,
before extracting the two-point spatial correlation. The resulting statistical analysis using
the two-point correlation function (71) is illustrated in Fig. 3 for two points separated by a
vector 7.
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3.1.6. Reconstruction

Practically the micro-structures are constructed under the form of voxels dw’ associated
to a local state h() (or centred on §8 I(rf,) depending on the sample space). The voxels are
then optimised in order to minimise a cost function built using the statistical functions
g ({77*}, {RD}) of the generated micro-structure for the set of vectors {T7*}, whose num-
ber depends on the statistical function considered, separating the voxels dw’ and dw*, and for
the set of local states {h(V}, whose number depends on the statistical function considered.
The cost function can be built as

Ng NT N=

C=Y"5"Swn @ ({74 {hOY) — g ({75, {(ROD] (74)

=1 j=1 k=1

where g ({77*}, {h™}) is the target function, N, is the number of functions considered
and w; their associated weight and N® is the number of voxels. The current techniques used
to optimise the micro-structure using this cost function have been reviewed by Bostanabad
et al. (2018).

Jiao et al. (2009) have used the so-called Yeong and Torquato (1998) stochastic optimisa-
tion with different two-point functions in Eq. (74) to reconstruct a concrete micro-structure,
see Fig. 4. Clearly the two-point probability function Sy(h®); r) is not enough to charac-
terise the micro-structure and another function related to the clusteredness is required to
get closer to the targeted micro-structure features.

3.1.7. Wang tiles

Because it can be time consuming to generate large structures of arbitrary sizes when
several realisations are required, the concept of Wang tiles to generate aperiodic micro-
structures was developed by Novék et al. (2012); Doskar et al. (2014). In this approach,
domains of reduced sizes are assumed to be fast to be generate and constraints are put on
the edges patterns so that an assembly can be readily achieved. A number of n, possible
vertical edge patterns and a number of n, possible horizontal edge patterns are defined.
It is thus possible to generate maximum of nini tiles of different edges combinations. In
practice one can chose to limit the number of tiles by assigning a number n = 2..n,n, with
the same top-left combination. In this case the total number of tiles is nn,n,. Figure 5(a)
represents the case of n, = 2 possible vertical edges of key either “blue” or “orange” and
n, = 2 possible horizontal edges of key either “red” or “green”. The value n is selected
to be 2, meaning that we have two different tiles of the top-left keys “red-blue”, 2 tiles for
the top-left keys “green-blue”, 2 tiles for the top-left keys “red-oranges” and 2 tiles for the
top-left keys “green-oranges”. Under these conditions, a random assembly can proceed by
respecting vis-a-vis edge keys, as depicted in Fig. 5(b), whilst aperiodicity is guaranteed
(Novék et al., 2012).

Assuming known target statistical functions g, ({T7*}, {h(i)}), see Section 3.1.6 for the
notations, it is possible to generate the micro-structure distribution of the nn,n, tiles. To
this end the difference between the statistical functions g, ({r7*}, {h(}) of a generated
large enough tiles-assembly (and not by considering single tiles) with the target statistical
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(a) Micro-structure (b) Using Sa(h?; 7) (c) Using So(h®;r) &
Fos(h®; 7)
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Figure 4: Stochastic reconstruction of a concrete micro-structure by Jiao et al. (2009): (a) Digitalised target
micro-structure; and reconstructions (b) Using the two-point probability function So(h(?); r); (c) Using
the two-point probability function So(h(?); r) and the surface-surface correlation function Fy,(h(®; r); (d)

)

Using the two-point probability function Sy(h(?); r) and the cluster correlation function Cy(h(); 7); and (e)
Comparison of the reconstructed micro-structures in terms of the lineal path function L(h(z); r); Reprinted
from Proceedings of the National Academy of Sciences, 106, Jiao, Y., Stillinger, F.H., Torquato, S., A
superior descriptor of random textures and its predictive capacity, 17634-17639, 2009, with permission from
PNAS.

functions g ({r*}, {h™}) is minimised, see Section 3.1.6. An additional constraint is
to avoid the existence of inclusions at the corners. The two-point probability function
Sy(h?); r) was considered by Novak et al. (2012) and it was found that the method reduces
long-range artefacts in the Sy(h(?); ) as compared to a periodic micro-structures. Besides,
the long-range artefacts were found to be mainly due to the tile interiors and it was concluded
that the discrete nature of Wang tiling can be almost eliminated by a proper morphology
optimisation.

Doskar et al. (2014) have extended the method using image fusion techniques in order
to define the tiles directly from micro-structure images. In this approach, diamond shapes
are cut out from the aggregate of four overlapping square reference samples extracted from
a micro-structure image, see Fig. 6(a), and placed according to the edge keys of the tiles.
These four samples are merged within their overlapping regions using a quilting algorithm,
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(a) Tiles with edge keys (b) Tiles assembly

Figure 5: Concept of Wang tiles following the presentation by Novék et al. (2012); Doskar et al. (2014): (a)
Definition of nngn, = 8 tiles with a combination of n, = 2 different horizontal edge keys (red or green) and
n, = 2 different vertical edge keys (orange or blue) ; and (b) An aperiodic assembly realisation of the tiles.

see Fig. 6(b). It was noted that weakly packed dispersion brings less complexity to perform
this automatic tile design. This quilting method also induces short-range artefacts which
) ) . . . G) . o
were investigated by the two-point cluster correlation function Cg(hphase, 7) by Doskar et al.
(2014).
A review of the method has been conducted by Budarapu et al. (2019).

3.2. Physical descriptors

Another methodology to construct virtual micro-structures is to generate geometries that
respect, in a statistical way, some a priori selected features of experimental observations.
Clearly, the physical descriptors and the reconstruction algorithms are strongly linked to the
material system under investigation. In the following we summarise methodologies developed
for commonly studied materials.

3.2.1. Unidirectional composites

The spatial arrangement of fibres, see Fig. 2(a), in a Unidirectional (UD) composite
micro-structure is normally not periodic, which affects significantly the failure/damage ini-
tiation and evolution under certain loading conditions as discussed by Maligno et al. (2009);
Hobbiebrunken et al. (2008); Hojo et al. (2009); Bhuiyan et al. (2020).

Besides, because of coefficients mismatch affecting the manufacturing process, fibres ex-
hibit a waviness along their principal orientation, as reviewed by Kugler and Moon (2002),
which largely affects the compression failure behaviour by micro-buckling (Jelf and Fleck,
1992). However the wavelength is above the mm size, and is thus several orders of magni-
tude larger than the distribution scatter of the fibres organisation in the cross-section; this
stochastic effect can thus be studied at the level of the ply as done by Sepahvand (2016). We
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(a) Reference squares (b) Merge by quilting

Figure 6: Construction of Wang tiles following the presentation by Cohen et al. (2003); Doskaf et al. (2014):
(a) Extraction of 4 reference square samples from a micro-structure; and (b) Assembly of the reference
samples in a diamond shape with quilting performed in the overlapping regions and the final definition of
the tile edges.

note that Huang et al. (2021) have conducted a stochastic analysis by considering the corre-
lated volume fraction distribution on a 10-ply laminate cross-section and the fibre waviness
along the laminate length.

2pm’ = ignal A= e 17 Sej y Do ”
- B S e e BN (b) Processed
(a) Original SEM

Figure 7: Experimental characterisation of a UD composite material: (a) Original SEM image of a polished
cross-section sample with an amplification ratio of 2000x obtained by Wu et al. (2018a), the squares represent
zero-distance fibres; and (b) Processed image by Wu et al. (2018a) with the detected fibres, the dashed
squares represent the over/under-estimated fibre circles; Reprinted from Composite Structures 189, Wu, L.,
Chung, C.N., Major, Z., Adam, L., Noels, L., From SEM images to elastic responses: A stochastic multiscale
analysis of UD fiber reinforced composites, 206-227, Copyright (2018), with permission from Elsevier.

Data acquisition. The spatial characterisation of UD cross-sections is achieved from two-
dimensional images acquired via the Scanning Electron Microscope (SEM) technique in
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scales ranging from a few to hundreds of micrometers (Vaughan and McCarthy, 2010; Hojo
et al., 2009). An example of an image treated by Wu et al. (2018a) is illustrated in Fig.
7(a). Since a single image does not include enough fibres in order to conduct a statistical
characterisation, assuming ergodicity, Wu et al. (2018a) have processed 103 SEM images of
amplification ratios 3000x and 2000x in order to identify the fibres with a circles detec-
tion tool as illustrated in Fig. 7(b). Considering round fibres was justified by Wu et al.
(2018a) by evaluating the roundness, from the perimeter p and the cross-section area A
with roundness = 2, of a few hundreds of fibres, yielding an average value of 1.045 with a
standard deviation of 0.011.

Fibre waviness can by characterised by optical microscopy, see the review by Kugler
and Moon (2002). Huang et al. (2021) have characterised the weaviness from binary image
segments followed by a linear texture regression.

Features. In this work we focus on the fibres distribution within the cross-section, which
can be statistically analysed using the circles identified in Fig. 7(b).
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Figure 8: Comparison of histograms extracted by Wu et al. (2018a) from probability density functions of the
statistical descriptors evaluated from the experimental data and from the reconstructed micro-structures:
(a) Mlustration of the statistical descriptors; (b) Fibre radius Ry distributions; (c) Nearest-neighbour net
distance D14 distributions; (b) Nearest-neighbour orientation 014 distributions; (c¢) Difference between the
net distances to the second and to the first nearest-neighbours AD distributions; and (d) Difference between
nearest-neighbour orientations A© distributions; Reprinted from Composite Structures 189, Wu, L., Chung,
C.N., Major, Z., Adam, L., Noels, L., From SEM images to elastic responses: A stochastic multiscale analysis
of UD fiber reinforced composites, 206-227, Copyright (2018), with permission from Elsevier.
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Statistical functions of the fibre radius r¢, 1st and 2nd closest neighbours distance, d;s
and doyq ete. were extracted from SEM images by Vaughan and McCarthy (2010). Wu et al.
(2018a) have considered the features illustrated in Fig. 8(a) and have extracted

e The probability density function of fibre radius mz, (ry);

e The nearest-neighbour net distance probability density function mp,, (dis); By using
the net distance, the effect of fibre’s radius on the nearest-neighbour distance can be
excluded;

e The probability density function 7g,_, (?1) of the orientation of the un-directed line
connecting the centre points of a fibre and of its nearest neighbour, with support
] -, 7T]7

e The probability density function map(Ad) of the difference between the net distances
to the second and to the first nearest-neighbours with Ad = dsnq — dis; Since Ad > 0
it is easier to generate random variables satisfying donq > dig;

e The probability density function mag(Ad) on |0, 27] of the difference AV = g9 —
Y15 of the orientations ¥s,q4 and v of the second and the first nearest-neighbours;
This allows localising the second nearest-neighbour with respect to the first nearest-
neighbour.

The distributions obtained by Wu et al. (2018a) from the experimental images are illustrated
in Fig. 8.
The correlation matrix of the four random variables Dy, O, AD, and AO, reads

D1 O« AD AO
D 1.0 0.014 0.205 0.022
R Oy 1.0 0.002 0.020
[D1st ©150 AD AGIT = A D | gymmetric 1.0 —0.005
AO 1.0

(75)

However, since Fig. 8 shows that the distributions of the four spatial parameters dig,
e, Ad, and A all exhibit non-Gaussianity, the statistical dependence of these random
variables is assessed by their distance correlations matrix, whose detailed expressions are
given by Székely et al. (2007), which reads in this case

Dy Ot AD AO
D 1.0 0.040 0.273 0.075

Oy 1.0 0.048 0.046
dR(p... €1 ap a0 = AD | symmetric 1.0 0.064 (76)
AO 1.0

There clearly exists a dependency between the first and second nearest neighbour distances.
The other random variables were assumed to be independent.
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Reconstruction. Starting from the statistically characterised physical features, Vaughan and
McCarthy (2010); Melro et al. (2008); Wu et al. (2018a); Bhuiyan et al. (2020) have developed
virtual specimen generators for UD composites and Gupta et al. (2015) for particle reinforced

composites.

(b) Generator step #2

(¢) Virtual micro-structure (d) SEM image

Figure 9: Generation of virtual UD micro-structures by Wu et al. (2018a): (a) The two nearest neighbours of
seed k are generated with their two closest distances; (b) After having generated the two nearest neighbours
of all the seeds, the previously generated neighbours become the new central fibres; (¢) A generated micro-
structure; and (d) An SEM image; Reprinted from Composite Structures 189, Wu, L., Chung, C.N., Major,
Z., Adam, L., Noels, L., From SEM images to elastic responses: A stochastic multiscale analysis of UD fiber
reinforced composites, 206-227, Copyright (2018), with permission from Elsevier.

There basically exist two main kinds of random fibres generator:

e The compact process, as developed by Melro et al. (2008), stirs and compacts the ex-
isting fibres iteratively in order to reach a target fibre volume fraction; The generated
distributions were found to have statistical indicators close to a Poisson distribution;
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However for a given micro-structure realisation of limited size, the fibre volume frac-
tions of a real material is not deterministic (Savvas et al., 2016); Moreover, the Poisson
distribution is not always representative of the spatial point pattern of fibres;

The additive process, as developed by Vaughan and McCarthy (2010), positions fibres
successively using the statistical spatial descriptors; Wu et al. (2018a) have considered
the dependency among these descriptors in order to, on the one hand, allow reaching
a high volume fraction and, on the other hand, improve the statistical fidelity.

In the following, we summarise the method developed by Wu et al. (2018a). First, the
following method was used to generate realisations of the random (dependent) variables:

Pseudo-random samples of the independent random variables X, here X stands for
either Ry, ©14 or AO, are generated using the inverse transform sampling method,
see Appendix A.2.1, from their cumulative distribution function Fx(x), which are
evaluated by Eq. (8) from their probability density functions illustrated in Fig. §;

The pseudo-random samples of the two dependent random variables, here dqy and Ad,
are generated by using their copula constructed from their cumulative distributions
Fp,  (dis) and Fap(Ad) following the approach summarised in Appendix A.2.2.

The packing can then proceed as follows:

Random seeds are located in a window;

Each seed is considered as a central fibre; a radius r¢, and the net distance functions
dyst, Ad, are generated;

For each central fibre, the first neighbour is generated along with its four random
variables, the fibre radius 7, the orientation ¥4 and the net distances dig and dong
to be used for locating the upcoming fibres; If the fibre violates some penetration
constraints the step is repeated;

For each central fibre, generate the second neighbour along with its four random vari-
ables, the fibre radius r¢, the orientation AvY and the net distances dis and danq to
be used for locating the upcoming fibres, see Fig. 9(a); If the fibre violates some
penetration constraints the step is repeated;

The process is repeated with as new central fibres the created ones, see Fig. 9(b).

A virtually generated micro-structure is illustrated in Fig. 9(c) and can be compared with
an SEM image in Fig. 9(d). Their statistical spatial descriptors are compared in Fig. 8.

The elliptical nature of the fibre cross-section for some material systems was recently
taken into account by Bhuiyan et al. (2020).
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Figure 10: Characterisation of woven composites based on physical descriptors: (a) Volume representation
of the sample scanned using micro-Computed Tomography (u-CT); (b) Image slice in weft direction showing
the warp tows in cross-section, with the upper slice showing the warp tows and the fitting ellipses of the tow
shapes; and (c) Correlation directions shown on the zero-mean deviations trends of two adjacent tow paths
(Vanaerschot et al., 2017); Figure (a) and (b) reprinted from Composite Structures 173, Vanaerschot, A.,
Panerai, F., Cassell, A., Lomov, S.V., Vandepitte, D., Mansour, N.N Stochastic characterisation methodol-
ogy for 3-d textiles based on micro-tomography, 44 - 52, Copyright (2017), with permission from Elsevier;
and (c) resketched from (Vanaerschot et al., 2017).

3.2.2. Textile composites

Most of the uncertainty quantification work has been conducted on woven composite
materials. A volume representation by Vanaerschot et al. (2017) is illustrated in Fig. 10(a).
Several length scales are involved in such a material system:

e The torons, weft and warp tows, are usually made of UD composite materials, whose
characteristic length is of a few um, see Section 3.2.1;

e Three-Dimensional (3D) spatial geometrical variability of fibre tows are studied at
a scale of a few millimetres (Vanaerschot et al., 2013a; Blacklock et al., 2012) of
comparable order to the unit-cell length; A unit cell is defined as the repeated textile
pattern and one representation is given in Fig. 2(d) for a 2/2 till woven composite
material;

e Finally, tow loci also exhibit deviation at a larger length scale exceeding the unit cell
as studied by Rossol et al. (2015), i.e. at the order of several cm.

Most of the characterisation efforts of the literature are related to the scale of the unit-
cell. Vanaerschot et al. (2017) noted the importance of the categorisation in tow genuses for a
complete and correct statistical description of any textile composite. “Tows belonging to the
same genus must share the same trend for all tow characteristics with similar amplitude and
period (Vanaerschot et al., 2017)”. The six-layer weave depicted in Fig. 10 was represented
by 8 warp genuses and 7 weft genuses by Vanaerschot et al. (2017), whilst the 2/2 twill
weave depicted in Fig. 2(d) and studied by Vanaerschot et al. (2013a) was represented by 1
warp genus and 1 weft genus.

Data acquisition. In the context of composite materials, X-ray micro-focus Computed To-
mography (u-CT) was used by Vanaerschot et al. (2013a); Blacklock et al. (2012) to charac-
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terise the spatial geometrical variability of fibre tows and by Tal and Fish (2016) to charac-
terise the defects at the scale of a few millimetres, see Fig. 10(b). Whereas tow orientations
and their variations cannot be clearly identified at the level of one unit-cell, they can be at
the level of several ones, requiring p-CT scanning of the entire sample to be performed by
tiling several individual scans as achieved by Vanaerschot et al. (2017), yielding the volume
representation of Fig. 10(a). The tow reinforcement was then characterised by extracting
two-dimensional slices in the warp and weft directions, as shown in 10(b).

3D Digital Image Correlation (DIC), as a complementary technique, can be used to
characterise long-range weave defects in textile composites as achieved by Rossol et al.
(2015).

Features. At the level of one meso-scale volume element, the tow reinforcement architecture
is essentially characterised by the tow centroid coordinates and its cross-section shape and
size.

One dimensional tow loci were expressed by Blacklock et al. (2012) in terms of the sum
of non-stochastic and periodic variations in the coordinates of the tow centroid, and of
stochastic and non-periodic deviations calibrated from the p-CT images.

Vanaerschot et al. (2013a,b, 2017) have developed a stochastic modelling framework for
fabrics, in which tows are represented as a sequence of elliptical cross-sections as identified
on Fig. 10(b) from the p-CT images. The fitted ellipses fully describe the tow path with
only a few degrees of freedom: the centroid coordinates (z, y, z), the tow cross-sectional
area a, the tow cross-sectional aspect ratio a,, and the tow cross-section orientation ¢ within
the slice (i).

(a) Translation vector T (b) Systematic location

Figure 11: Reference period collation method proposed by Bale et al. (2012): (a) A vector 7 translates tow
parts of the same genus warp —here all the warp belong the same genus— to the repeated weave of length
Az; and (b) Definition of the systematic out-of-plane location 2("'P)(¢) of the genus warp.

Data are collected for several tows j = 1..IN tow(®) belonging to the same genus ¢, with
different possible genuses t = 1..N#"%_ In order to account for the weave periodicity,
the reference period collation method proposed by Bale et al. (2012), which is illustrated
in Fig. 11 for the 2/2 till composite material, is used to define the translation vector T
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in order to bring each tow to a reference point of the repeated weaves, see Fig. 11(a).
This allows defining the coordinate along a genus as £ standing for either x — 7, or y — 7,
for respectively a genus t corresponding to a warp or a weft. Similarly, the cross-section
locus of a genus is defined by the coordinate ¢ as either y — 7, or  — 7, for respectively
a genus t corresponding to a warp or a weft and by the coordinate z. The tow cross-
section is thus characterised by the vector e, .0 = [¢ # a, a 8]", defining the random vector
E, o0 =27 A, AO)" : W — R for the tow j = 1.N**" of the genus ¢ = 1.. N8,
The definitions can be completed by a ply index for layered composite materials as done by
Vanaerschot et al. (2013a).

Since these random variables are evaluated along the tow direction &, one can define
the random field E(Z) = {E; 0.0 (§) : £ € E C R} as the collection of random vectors
Eiwin (§): W — Sg, where Sp={e €eR°: (€N, 2€R, a, e R, a € R, 0 €0, 7[}.
The systematic field €® (€) of genus ¢ is defined as the average on the number of points
N from the different tows j=1.N tow(®) having the same reduced location &, i.e.

Ntow<t) Ncell(J)

W (¢ NNﬂ > }: eV (€4 kXe) , (77)
j=1 k=1

where N1 is the number of sampled weaves along tow j, and )¢ stands for either A, or
Ay for respectively a genus ¢ corresponding to a warp or a weft. Application of Eq. (77) on
the random field ZU»(weP)) (Z) is illustrated in Fig. 11(b). The evaluation of £® (¢) has to
be performed for each genus t. Finally, the deviation is defined by

&0 (€ 4+ kAe) = €9V (€ + k) — W (¢) (78)

defining the deviation random field E|_ . (2) = {E[_ .»(§) : £ € E} as the collection
of random vector E{__,(§) : W — Sw, with the support Sg = {e' €e R : ' e R, 2’ €
R, a. € R, d € R, 0 €] —m, 7]}, and which is a zero-mean random field when considering
all the tows 7 used to define the systematic field.

The micro-structure variability is then characterised by the different correlations, see
Section 2.4, assuming homogeneous random fields:

e The standard deviation on a genus ¢

o0 = SNTCT N@—l > Z 0 (€0 + kAg)]”, (79)

i j,k=1

)

where N is the number of sampled data (considering all the tows j = 1..tow® and

cells k =1..N Cdl(j)) at a same reduced location £

e The correlation for pairs of data separated by a distance d along the tows of the same

genus t

Ry  (Me=8)=—— E[EOI (OB (€+0)] (30)

tow(®) p g O-E’gt) O‘E,gt)
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since the random field E{__ (. (Z) has a zero-mean and Where the expectatlon operator
E[.gm (5) (5+5)] here stands for =& =5 Zm L ® (5 SRS\ ) (g @+ kX +0)

for N* sampled data, considering all the tows j = 1..tow(t) and cells k = 1. N1 at
a same reduced location £€®; This case in illustrated as the auto-correlation on Fig.
10(c);

e The correlation for pairs of data taken at the same reduced location £ but on different
tows j and j+1 of two genuses ¢ and ¢’ (with possibly t = ¢’) having the same direction

1 ; e
Ry w . (Aj=1)=——E|EVY@©EY" (¢, (81)

tow(t)’ tow(t/)rs 0E1£t)gE/gt/>

where the expectation operator E[ogj’ Dg) ol HhY) (€)] here stands for = =3 Z%k 1

oY) (€D + EXe) o{i ) (€D + Ek)X¢) for N' sampled data, considering all the tows
j = 1.tow® and cells k = 1.N<1” at a same reduced location €0@): This case in
illustrated as the cross-correlation on Fig. 10(c);

e The correlation between tows of genuses t and ' having different directions evaluated
at crossover reduced locations (2 — 7,, y@) — 1)

1 . gl
Ry : = —E BV (@ —7) BV (y - Ty)] ; (82)

tow(t)’ Etow(t/> rs (t) UE/(Z’
where the expectation operator E[-$ ’ )(I) 'gjl’tl) (y)] here stands for Z(iyi,:N(i’i/) Z(i,i’)

Zf;i’;’)k,zl ot (2@ — 7, 4+ kXy) ol/"t) (y©) — 7, + k'A,) for the N) sampled data
at cross-over locations, considering all the tows j = 1..tow®, j/ = 1..tow®) and cells
k=1, Nl g/ —q el

Reconstruction. Vanaerschot et al. (2013a,b, 2017) have developed a stochastic modelling
framework for fabrics, in which tows are represented as a sequence of elliptical cross-sections.

A deterministic micro-structure is first generated using WiseTex software (Verpoest and
Lomov, 2005), from which the systematic function ® (5 (i)) is sampled at different coordi-
nates €. When the systematic functions appear to be on good agreement with the ones
obtained from the experimental measurements, the WiseTex functions are used, whilst when
it is not the case, as observed for cross-sectional parameters by Vanaerschot et al. (2013a),
the experimental ones are used.

Then, as a second step the deviation random field E{__; + (Z) has to be generated from
the correlations and standard deviations evaluated by Eqgs. (80-82). To this end, assuming
the deviations can be represented by normal distributions, Vanaerschot et al. (2014) have
used the Karhunen-Loeve expansion to simulate correlated random fields, see Appendix
A.3.3 and Vanaerschot et al. (2013b) have used the Markov chain Monte Carlo (MCMC)
algorithm to simulate independent random fields, see Appendix A.5.1. The final random
field E, 0.0 (§) is then obtained by Eq. (78) and sent back to WiseTex to generate a
micro-structure.
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3.2.3. Short fibres composites

Short fibre reinforced composite matrix materials, see Fig. 2(c), are usually characterised
by fibres of different lengths and having different orientations. Slender fibres can also exhibit
a curvature. The difference in the length can result from the chopping process of the fibre,
whilst the fibres orientation result mainly from the composite material process, e.g. during
injection moulding the fibres take orientations whose randomness depends on the flow. Be-
cause of this dependency to the flow, the fibre orientation randomness is not the same at
the different locations of the injected sample. As a result, properties distributions are not
spatially uniform, affecting the material response.
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Figure 12: u-CT analysis of PA06 reinforced by 40% of weight short E-glass fibres (GF) or PA06-GF40:
(a) u-CT sample; Evolution along the sample thickness of (b) The fibre volume fraction; and of (c) The
second-order orientation tensor. Data were obtained by Wu et al. (2020Db).

Data acquisition. Fibres are detected using micro-focus Computed Tomography (u-CT) on
mm-long samples, as discussed by Clarke and Eberhardt (2002); Vincent et al. (2005). An
example of u-CT image obtained on a 3.2 mm-thick PA06 reinforced by 40% of weight
short E-glass fibres (GF) sample is illustrated in Fig. 12(a). It can be seen that, for such
a sample cut from a plate manufactured by injection moulding, the distribution of fibres
is not uniform along the cross-section of the plate: whilst at the lower and upper skin the
fibres tend to orient themselves with the injection direction, at the core the fibres orientation
exhibits more randomness.

Breuer et al. (2021) have extracted the aspect-ratio distribution of the fibres, or more
exactly the fibre length distribution and fibre diameter by incinerating a sample of SFRP
and measuring the fibres exposed with an optical microscope. The correlation, if any, with
the orientation distribution function (ODF) 7p(p) is however lost by the process.

Assuming isotropicity of the micro-structure and ellipsoidal shape of the inclusions, Xu
et al. (2014) have developed a 2D to 3D characterisation method allowing using 2D SEM
images.

The spatial distribution of fibre orientation and volume fraction can also be predicted
by simulating the manufacturing process as achieved by Gupta and Wang (1993); Vincent
et al. (2005).
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Figure 13: Conditional distributions 74, |p obtained by injection by Mohamedou et al. (2019) of the fibre
aspect ratio a, of a PA06-GF40 plate for different facet orientations in terms of spherical polar angle 6
and azimuthal angle ¢; Reprinted from Composite Structures 220, Mohamedou, M., Zulueta, K., Chung,
C.N., Rappel, H., Beex, L., Adam, L., Arriaga, A., Major, Z., Wu, L., Noels, L., Bayesian identification
of mean-field homogenization model parameters and uncertain matrix behavior in non-aligned short fiber
composites 64-84, Copyright (2019), with permission from Elsevier.
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Figure 14: Thickness averaged fibre aspect ratio distributions for different plate locations and different man-
ufactured PA06-GF40 samples as obtained by Mohamedou et al. (2019): (a) Fibre aspect ratio distribution
74, in terms of fibres count; and (b) Distribution of volume fraction v(*)7 4 of inclusions of aspect ratio a,;
Reprinted from Composite Structures 220, Mohamedou, M., Zulueta, K., Chung, C.N., Rappel, H., Beex, L.,
Adam, L., Arriaga, A., Major, Z., Wu, L., Noels, L., Bayesian identification of mean-field homogenization
model parameters and uncertain matrix behavior in non-aligned short fiber composites 64-84, Copyright
(2019), with permission from Elsevier.

Features. The main features characterising the short fibres reinforced matrix are:

e The spatial distribution of the fibre volume fraction vr; Fibre volume fraction changes
with the studied location, including across the sample thickness, see Fig. 12(b) for
PA06 reinforced by 40% of weight short E-glass fibres (GF) or PA06-GF40;

e The fibre orientation distribution, with one fibre orientation characterised by a unit
vector p along the fibre axis; The statistical description of orientations P is obtained
through a probability density function mp(p), also called Orientation Distribution
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Function (ODF), with ¢7p(p) dp=1; For practically reasons, this expression is usually
written within the spherical coordlnates system, yielding

/0 07{_ b (p(6, 8))sin(0) A0 dé = 1, (83)

where 6 is the polar angle and ¢ is the azimuthal angle; In practice, the ODF 7p(p) is
not always directly available, e.g. as when considering the process simulation, and it is
more common to have access to the ODF-weighted average of p ® p, where the symbol
® designates a tensor or dyadic product, which is called the second-order orientation
tensor

= 7{ p®prp(p)dp; (84)

The ODF 7p(p) can be retrieved from a by considering some assumptions as in the
interpolation method developed in Doghri and Tinel (2005, 2006); The ODF usually
spatially varies including with respect to the thickness, see Fig. 12(c);

The statistical distribution of the aspect ratio a, = d, with assuming each fibre of di-
ameters d considered to be straight and of length [; The aspect ratio distribution can
spatially vary including with respect to the thickness and the distribution of the aspect
ratio also varies with the direction p as illustrated in Fig. 13 for PA06 reinforced by
40% of weight short E-glass fibres (PA06-GF40) plates obtained by Mohamedou et al.
(2019); Since the ODF does not differentiate fibres of different aspect ratio values and
since the aspect ratio distributions are different along the different directions p, Mo-
hamedou et al. (2019) have considered the volume fraction of the fibres of aspect ratio
a, along a direction p as being more representative than the fibres count; Considering
the variables v, a,, p as the volume of one fibre vy, its aspect ratio a, and its direction
p whose probability function reads 7y, a,, p, the volume fraction v P, p(a,, p)
of fibres having an aspect ratio between a, and a, +da, and oriented along a direction
between p and p + dp is defined as

Jr+ vimvy14,. P (Vflar, p) duy
f fR+ fR+ VTV, Ar, P (Uf, Qy, p) dvf da, dp 7

/U(amp) —

(85)
with § [, v P)wy p(a., p)da, dp=1; This distribution obtained for PA06-GF40
plates by Mohamedou et al. (2019) is illustrated in Fig. 14;

The cumulative distribution function of the nearest aggregate/fibre as considered by
Xu et al. (2014);

In some cases, the fibres curvature, in which case the local orientation vector of each
fibre should be characterised, see the discussion by Eberhardt and Clarke (2002); The
fibres are usually assumed as being ellipsoidal.
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Reconstruction. Based on the evaluation of the local orientation vector of the fibres directly
from the p-CT images, Eberhardt and Clarke (2002) have reconstructed a micro-structure,
which is however unique for one analysed sample.

Packing algorithms were also developed for different inclusion shapes by Jia and Williams
(2001), for sphero-cylinder by Bohm et al. (2002); Williams and Philipse (2003); Tu et al.
(2005) and for convex shapes by Stafford and Jackson (2010). An efficient algorithm pre-
sented for periodic random packing of ellipsoids based on molecular dynamics (MD) has
been extensively described by Budarapu et al. (2019). However the link with the statistical
descriptors was not provided. These latter have been considered by Xu et al. (2014) and
by Li et al. (2016). In particular, Li et al. (2016) have developed the following packing
algorithm:

e The fibres are represented by cylinders with the same diameter, length, and thus by a
unique aspect ratio a,;

e The fibre orientations are sampled from the ODF 7p(p) retrieved from the second-
order orientation tensor a;

e Newly generated fibres are located with respect to the existing fibres and the fibre
predefined diameter to control the volume fraction, with rejection until no overlap.

In contrast, Breuer et al. (2021) have also used the aspect ratio distribution 74, (a,) and the
ODF 7p(p) (in a uncorrelated way) when generating the micro-structure.

3.2.4. Poly-crystal
Data acquisition. We refer to Section 3.1.5 for a short discussion on data acquisition related
to poly-crystalline structures.

Features. The main features considered in the literature are:

e The cell or volume size distribution 7y (v); As discussed by Xu and Li (2009), in
crystallography, the grain sizes are often shown to follow log-normal distribution, but
bi-modal and multi-modal distributions, i.e. with more than one local maximum in
the probability density function, are also found; When limited information is available,
Sankaran and Zabaras (2007) used the Maximum Entropy framework, see Appendix
B, with as input the four first statistical moments evaluated from a limited number of
phase-field simulations, in order to identify the distribution 7y (v), see Fig. 15(a);

e Grains aspect ratio; Saylor et al. (2004) have identified the grains as ellipsoids of semi-
axes (a, b, ¢) aligned with the sample direction in order to extract the probability
density function 74 g o (a, b, ) related to the probability to find an ellipsoid of semi-
axes between (a, b, ¢) and (a + da, b+ db, ¢ + dc) at a given spatial position, which
allows deducing the distribution of the aspect ratio and of the grain size;
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Figure 15: Reconstruction of poly-crystal by Sankaran and Zabaras (2007): (a) Probability mass function
of the grain size constructed using the maximum entropy framework from phase-field simulation results
and comparison with the distribution obtained for one poly-crystal realisation (KL is the Kullback-Leibler
divergence measure of the two entropies); (b) One Voronoi realisation; (¢) Orientation Distribution Function
(ODF) illustrated in the Frank-Rodrigues space and constructed using the maximum entropy framework
from phase-field simulation results; and (d) Orientation Distribution Function (ODF) of one poly-crystal
realisation; Reprinted from Acta Materialia 55, Sankaran, S., Zabaras, N, Computing property variabil-
ity of polycrystals induced by grain size and orientation uncertainties, 2279-2290, Copyright (2007), with
permission from Elsevier.

e Orientation distribution; Saylor et al. (2004) have characterised the orientation, here
assumed to be represented by hgye, following Section 3.1.2, by the probability density
function, here denoted, 7p, ... (PEuer), related to the probability to find an orientation
between hgyer and hgyer + dhguer at a fixed spatial position; They have also charac-
terised the mis-orientation Ahg,er between two neighbouring grains, by evaluating its
probability density function, here denoted, mamy,,., (AREue); As done for the grain
size distribution, Sankaran and Zabaras (2007) used the Maximum Entropy frame-
work, see Appendix B, in order to obtain the distribution of orientation from a limited
number of phase-field simulations; The constraints are then defined as sharp textures
corresponding to localisation of intensities, see Fig. 15(c); We note that the possible
orientations are not necessary continuous; X-Ray Diffraction (XRD) measurements
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Figure 16: X-Ray Diffraction (XRD) measurements by Lucas et al. (2017) for columnar poly-silicon obtained
by Low Pressure Chemical Vapour Deposition (LPCVD) at different temperatures of the fabrication process;
The intensity of each peak, associated to one orientation, is given in counts per seconds; Reprinted from
International Journal for Numerical Methods in Engineering 111, Lucas, V., Golinval, J.C., Voicu, R.C.,
Danila, M., Gavrila, R., Miiller, R., Dinescu, A., Noels, L., Wu, L, Propagation of material and surface
profile uncertainties on mems micro-resonators using a stochastic second-order computational multi-scale
approach, 26-68. Copyright (2017), with permission from John Wiley and Souns.

were obtained by Wu et al. (2016); Lucas et al. (2017) on columnar poly-silicon thin
sheets obtained by Low Pressure Chemical Vapour Deposition process (LPCVD); As
shown by the peaks in Fig. 16, only some orientations are present in the poly-crystal,
and the relative intensity of the peaks provides the relative weight fraction for the
different orientations.

Reconstruction. The grains geometry are commonly generated from Voronoi tessellation as
achieved by Barbe et al. (2001); Saylor et al. (2004); Sankaran and Zabaras (2007); Xu and
Li (2009). Among the Voronoi tessellation methods, Poisson-Voronol uses points as seeds to
generate polyhedral shapes from the planes bisecting the bonds connecting each seed and its
nearest neighbours. As discussed by Xu and Li (2009), discrepancies with real poly-crystals
are found in terms of statistical properties such as average face numbers of cells, grain
volume variances etc. A first remedy is the Laguerre tessellation method, which replaces the
point seeds by finite size spheres. Another solution is to consider a physically-based growing
process such as the Johnson-Mehl-Avrami-Kolmogorov (JMAK) kinetics method developed
by Mahin et al. (1980); Ito and Fuller (1993).

In order to recover observed statistical features, such as the grain volume distributions
v (v), including bi-modal ones, Xu and Li (2009, 2010) have added constraints to the
Poisson-Voronol process, leading to an optimisation problem of the seed locations solved
using an inverse Monte Carlo process, see Appendix A.5. Saylor et al. (2004) have packed
ellipsoids sampled from 74 g ¢(a, b, ¢), the probability density function of their semi-axes,
and whose centres became the nucleation site of grains growth simulated using Johnson-
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Figure 17: Domain definitions using the level-set functions, dashed lines denote inclusion boundaries whilst
bold lines denote ®g: (a) Arbitrary-shaped inclusions resketched from the work by Sonon et al. (2015); and
(b) Spherical inclusions resketched from the work by Kilingar et al. (2019).

Mehl-Avrami-Kolmogorov (JMAK) kinetics (Ito and Fuller, 1993). Sankaran and Zabaras
(2007) have associated to randomly distributed seeds the sizes sampled from 7y (v) and
developed an iterative process using repulsive forces between overlapping spheres.

Once grains are generated, grain orientation and mis-orientation are then assigned using
a Monte Carlo procedure, see Appendix A.5, to recover the probability density function
THypuer (PEuler) a0d Tamr, .. (ARpyer). Saylor et al. (2004) have assigned to each grain an
orientation following an iteration process in order to recover the probability density function
THpyer (PEuer) a0d TaH,,.. (ARgue). Such an orientation assignment was achieved using a
Gibbs sampling, see Appendix A.5.4, by Sankaran and Zabaras (2007). We note that these
methods do not consider the correlation between the different distributions, of grain sizes
and orientation e.g..

Generation using a level-set approach. Although Voronoi tessellation methods (Barbe et al.,
2001; Saylor et al., 2004; Sankaran and Zabaras, 2007; Xu and Li, 2009) can be very effective
in generating grains assemblies based on a random distribution of points, reaching more
complex distribution such as bi-modal distributions of grain sizes leads to complex iterative
procedures. Therefore Sonon et al. (2012, 2015) have developed a level-set based approach
allowing generating complex micro-structures. In this approach, the level set functions are
used as distance indicators. Given a domain w, see Fig. 17, in which an inclusion ¢ has to
be introduced as member of the set J of all inclusions, w; and w;" represent respectively the
domains inside and outside the boundary ®; of the inclusion. Different definitions are then
introduced

e The signed distance field DS;(x) of inclusion i, is the distance from ®;, with negative
values in w; and positive in w;", see Fig. 17;

e The k-th neighbour distance field, DNy (x), denoted as DN finder, gives the position
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from the k-th nearest ®; in the packing and thus, all inclusions in the packing can be
represented by using DN;(x) as a level set;

e The k-th neighbour identity map N Ng(x), as an integer discontinuous function, gives
for each point x, the k-th nearest inclusion from @ in the set J;

e The “Inner” domain O, of inclusion i is the set of points z closer to inclusion i than
to any other inclusion, i.e. NN;(x) =i,Vx € 10;;

e The “Outer” domain ?0; is the set of points closer to another inclusion than inclusion
i, i.e. NNy(x) # 1;

o g, is the boundary of /0, and ®g is the union of all ®e;.

The interest of the distance fields is two-fold. On the one hand it improves the efficiency
of the packing algorithm, and on the other hand it can be used to define more complex
micro-structures.

When considering a Random Sequential Addition (RSA) algorithm, the rejection rate of
a new inclusion ¢ of centre ¢ in the micro-structure w is reduced with an a prior: knowledge
of sub domains where the inclusion will respect all the criteria of the test. The use of the
neighbouring distance function fields helps in identifying these regions. For example, for
arbitrary shaped inclusions, the smallest enclosing sphere of radius r determines the non-
overlap criteria on any inclusion of centre x¢ in the micro-structure w already mapped in
DN (x) when meeting the condition

DNy(z.) > 7. (36)

In the case of spherical inclusions packing, r is sampled from the radius distribution 7g(r)
and the regions of w where (86) is satisfied are readily identified. Besides, closer or more
realistic spheres packing can be achieved by a control on the distances from the first, second
and third nearest neighbours, denoted by nnl;, nnly and nnls. This can also help producing
closer packings, thus enabling higher packing densities. In that case, the possible regions to
introduce a new inclusion are identified where meeting the conditions

DNy (x.) < nnly +r with k=1..3. (87)

Thus, the distance field-based RSA algorithm developed by Sonon et al. (2012) reads

1. Construction of the micro-structure domain w made of a (un)regular grid of points @,
and initialisation of DNg(x,) to +oo;

2. Generate trial inclusion i from prescribed size distribution function 7y (v);

3. Extract satisfactory locations x. by applying Eq. (86) to avoid inter-penetration and
Eq. (87) to meet neighbour distance criteria; If this set is empty, the RVE is full,
terminating the process, if not add the new inclusion ;

4. Update DN (x,) to allow the calculation of DS;(x,) of new inclusion ;

5. Follow step 2 until termination criteria is reached or the RVE is full.
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(a) Spheres packing following  (b) Voronoi tessellation (¢) Extracted open-foam micro-structure
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Figure 18: Level set-based micro-structure by Kilingar et al. (2019): (a) Spheres packing obtained using the
level set-based-RSA following 7y (v); (b) Voronol tesselation obtained using Eq. (88), the image displays
a plateau of thickness t resulting from Eq. (89); and (¢) Open foam micro-structure with strut-cross
section curvature and variation. Reproduced from Kilingar, N.G., Ehab Moustafa Kamel, K., Sonon, B.,
Massart, T.J., Noels, L., 2019. Computational generation of open-foam representative volume elements
with morphological control using distance fields, European Journal of Mechanics - A/Solids 78, 103847.
Copyright (c¢) 2019 Elsevier Masson SAS. All rights reserved.

For a given inclusions packing generated by the level set based-RSA, see Fig. 18(a), a
Voronoi tessellation can then be implicitly constructed as the assembly of all /6; by using
the first and the second neighbour distance fields to define the “Voronoi” level set function

Oy (x) = DNy(x) — DNy () . (88)

The value of this function is exactly zero at loci equidistant from two nearest inclusions, see
the continuous bold lines in Fig. 17 that correspond to the faces of the tessellations, and is
positive everywhere else. Besides, with a view to the generation of more complex structures,
a quasi-constant thickness ¢ can be used in combination with Oy to extract a closed cell
geometry through the level sets following

Ov(z)—t=0. (89)

Figure 18(b) illustrates the tessellation with boundaries of thickness ¢ obtained from the
packing of Fig. 18(a).

3.2.5. Foamed materials

In this section we restrict ourselves to the open-cell foam case, which forms a class
of light-weight cellular materials, see Fig. 2(e). In particular, metallic open-cell foams
are usually manufactured either from moulds left after thermal treatment of reticulated
polymer foams using investment casting, or by electro-deposition onto a polymeric foam
with open cells, which is later removed resulting in hollow struts. The resulting foam
morphological characteristics are largely influenced by that of the polymeric foam they are
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Figure 19: Open-foam morphology distribution obtained with the LS-based approach by Kilingar et al.
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more Gaussian-like; and; (¢) Comparison of strut cross-section area with experimental data, dotted lines are
resketched from Jung and Diebels (2017) for 20 ppi foams and the bold line depicts the variation of a single
strut extracted from the micro-structure generated using the LS-based reconstruction procedure, see Fig.
18(c). Modified from Kilingar, N.G., Ehab Moustafa Kamel, K., Sonon, B., Massart, T.J., Noels, L., 2019.
Computational generation of open-foam representative volume elements with morphological control using
distance fields, European Journal of Mechanics - A /Solids 78, 103847. Copyright (¢) 2019 Elsevier Masson
SAS. All rights reserved.

derived from, yielding complex micro-structures consisting of an interconnected network of
ligaments forming along the edges of randomly packed cells that evolve during the foaming
process of the polymer (Jang et al., 2008).

Data acquisition. Statistical information is usually extracted from 3D reconstruction from
micro-Computed Tomography (u-CT) images. As an example, Liebscher et al. (2012, 2013)
have extracted the mean and standard deviation of cell properties such as diameters d,
surface area s, volume v, number of facets per cell ng.

Features. Foamed materials can be characterised at several levels:

e Foams are mainly referred to in terms of their number of pores per (square) inch
(ppi), which is strongly related to their porosity: the porosity usually decreases with
an increase of the pores per (square) inch (ppi);

e The statistical information that is usually extracted is related to the cells of the foam,
and can be found under the form of probability density functions 7p(d) of the diameters

d, ms(s) of the surface area s, my(v) of the volume v, see Fig. 19(a), 7y, (ngﬁ)) of the

)

number of facets per cells ngﬁ , WNE(R%)) of the number of edges per faces ng) ;

e Finally some information are also extracted related to the struts morphology: some
works (Vecchio et al., 2016, e.g.) consider the probability density functions (1) of
the struts length [, see Fig. 19(b), whilst for other features, such as struts cross-section
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concavity, and struts cross-section area A({) evolution along the non-dimensional ab-
scissa of the struts &, see Fig. 19(c), only a limited amount of measurements, as the
ones provided by Jung and Diebels (2017), are available.

Reconstruction. Laguerre tessellation was used by Liebscher et al. (2013) to reconstruct
an open-foam micro-structure, in which the initial spheres are obtained by force-biased
packing algorithm with radii sampled from a log-normal or gamma distribution 7(r). This
distribution 7g(r) is parametrised as suggested by Redenbach (2009) in order to recover
some statistical foam features (mean and standard deviation of diameters d, surface area s,
volume v, number of facets per cells ngﬁ)) Since this last method only ensures a good fit for
a limited set of statistical properties and since it tends to predict struts length distributions
with too many short edges, see QHull results in Fig. 19(b), Liebscher (2015) have iterated
on the seeds location used in the Laguerre tessellation in order to recover more accurately
the observed statistical features.

Another approach used by Kraynik et al. (2003); Vecchio et al. (2016) is to model foam
structures based on the computation of the equilibrium micro-structure of soap froth. To this
end, the Surface Evolver software developed by Brakke (1992) is initialised with a random
packing of spheres and uses the principle of minimisation of surface energy that shapes
the “liquid” into Plateau borders. The resulting micro-structure exhibits a Gaussian-like
strut length distribution as experimentally observed. However, such a process requires an
important computational effort, and the extraction of a finite-element model from the micro-
structure remains cumbersome.

Generation using a level-set approach. A practical way to define the morphology of the
open-foam, which also allows extracting a finite-element model, is to rely on the level-set
method introduced in Section 3.2.4. To this end, Sonon et al. (2015); Kilingar et al. (2019)
have considered additional distance fields in order to extract, from the Voronoi tessellation
illustrated in Fig. 18(b), the open foam micro-structure illustrated in Fig. 18(c).

Indeed, the open foam micro-structures are defined by the struts morphology, which can
in turn be represented by ad-hoc level set functions. The first three neighbour distance
functions, define the “Plateau” level set function

(DN3(x) + DNy(x))
2

which vanishes at the locus where the distance from the three nearest inclusions is the same,
and is positive everywhere else. Therefore, the level set of this function consists of triangles
with vertex lying on the tessellation cell boundaries, and a plateau border-like geometry of
thickness t is represented by

Op(z) = — DNy(z), (90)

The struts cross-section area A is also observed to vary along its length following a
function A(§), where £ is the non-dimensional abscissa. The variation of the strut cross-
section area in the generated morphology is controlled by rewriting Eq. (91) as

Op(x) —t x Og(x) =0, (92)
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where the function Og(&) was expressed in terms of level-set functions and of A(¢) by Kilingar
et al. (2019). Figure 18(c) illustrates the morphology of the struts, and a cross-section area
evolution is reported in Fig. 19(c).

Beside their area, struts cross-sections are also characterised by their shape, 7.e. the
cross-section curvature. Polyurethane (PU) ligaments usually have a 3-cusp hypocycloid
cross-section, whilst most of the metallic foams have a triangular cross-section that tends
towards circular with increasing ppi value. To obtain such morphological variations, a non-
constant C? continuous function is subtracted from the function (92), leading to

Op(z) — t x Og(z) — ke x Ox () = 0, (93)

where 0 < k., < 1 controls the concavity. Such a C? continuous function O (x) can be
defined based on the maintained distance fields as

((—DN“””)QDNQ‘””’)Z — (t x Os(a:))Q)
2t x Og(x)

Ok (x) =min | 0, (94)

Finally, similar operations were defined by Sonon et al. (2015) to introduce coating or
again hollow struts.

3.8. Dimension reduction

Like for all stochastic approaches, the number of information can become overwhelming
to be treated when the number of random variables characterising the micro-structures
increases. This is called the “curse of dimensionality”. Therefore dimension reduction is
usually performed in stochastic approaches.

We refer to the work by Bostanabad et al. (2018) for a recent review in the context of
micro-structures characterisation and reconstruction, and we here give a short explanation
on what is intended by the concept.

3.3.1. Features selection

Since several features are considered simultaneously, one simple approach to conduct
dimension reduction is to identify the ones which affect the apparent properties or the ones
which are strongly correlated. This approach is naturally applied when describing a micro-
stricture using Physical descriptors as done in Section 3.2.

3.3.2. Features extraction

Once the micro-structures have been represented by, e.g., a random vector H valued in
R™, it is possible to apply an order reduction and to represent the statistical information by
another random vector H valued in ™ with m < n, e.g. using the Principal Component
Analysis (PCA) described in Appendix A.3.1, the polynomial chaos expansion (PCE) sum-
marised in Appendix A.4.2, the data-driven probability sampling approach summarised in
Appendix A.7, etc..
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Similar approaches are also developed for random fields H (w), such as the Karhunen-
Loeve (KL) series expansion summarised in Appendix A.3.2, the PCE of a random field
summarised in Appendix A.4.4, etc..

The feature extraction can also be combined with the statistical geometrical character-
isation described in Section 3.1. As an example, Yabansu et al. (2017) have extracted the
two-point spatial correlation of ternary eutectic alloys before applying a PCA.

3.4. Micro-scale constituents behaviours

When generating micro-structures, beside the geometrical features, material models
ought to be associated to the different micro-structure phases and the model parameters
also have to be provided. Besides, the existence of spatial variability, defects etc. also
affects the homogenised material response.

3.4.1. In-situ properties

There are several difficulties related to the definition of the micro-constituent material
models and on their identification.

First, the material behaviour of a bulk material within a heterogeneous material phase
is not always the same as the one that can be observed in homogeneous macro-samples.
Chevalier et al. (2019) have shown that in fibre reinforced epoxy resin, the non-linear matrix
behaviour does not follow the model identified from epoxy macro-scale coupons. Although
the origin of the discrepancy is not fully identified in this case, Nguyen et al. (2019) have
developed a material model for polymers accounting for length-scale effects that allow re-
covering for a unique set of parameters the response of both composite material and bulk
material samples. Another identified source of discrepancy between the material response
of heterogeneous material constituents and of a macro-sample of the same material comes
from the difference in the manufacturing process. As an example, when considering open
metallic foam materials, the standard bulk material properties of the metallic alloy are in
general much higher than those identified by reverse engineering from experimental tests
performed on foamed materials because of the differences in the grains structure and tex-
ture. Heinze et al. (2018) have used an inverse identification of the struts material properties
from a compression test performed on a single pore extracted from a foam sample and whose
geometry was reproduced using pu-CT. Besides, heterogeneous materials can exhibit residual
stresses within the constituents. As an example, the residual stress can originate from the
existence of thermal gradient existing during the curing of thermoset-based composite mate-
rials. Brauner (2013) has predicted these residual stresses by simulating the manufacturing
process with a chained thermal-chemical-mechanical finite element analysis, in which the
resin curing kinetics has to be modelled (Karkanas and Partridge, 2000).

A second difficulty results from the possible variations, either between batches or as a
spatial variation, of the constituent material properties. This effect of such variations on the
homogenised properties was numerically studied by Xu and Graham-Brady (2005) who gen-
erated a random (micro-structure) medium of stochastic Young’s modulus, by Kaminski and
Kleiber (1996); Tootkaboni and Graham-Brady (2010); Kamiski (2012), who generated unit
cell of reinforced composites with stochastic Young’s modulii for both phases —a variation
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with a stochastic fibre embedded in a periodic cell being proposed by Omairey et al. (2019),
by Ma et al. (2015) who generated particle refinfored composites with varying hyperelas-
tic properties of both phases following normal distribution, by Savvas and Stefanou (2017)
who considered a normal distribution of the matrix Young’s modulus in particle reinforced
composites. Mehrez et al. (2018) have developed a hierarchical stochastic homogenisation
in the context of non-crimp fabric laminates: considering uncertainties in the resin and
carbon-fibre properties, they have predicted stochastic apparent properties of a tow and,
by considering observations of tow spacing distribution, a new stochastic homogenisation
could predict the stochastic apparent properties of the non-crimp fabric. The resin and
carbon-fibre properties were assumed to be independent and to have uniform distributions
(18) whose supports were defined from mean values and some bounds extrapolated from
manufacturer data-sheets. In these works, the properties uncertainties were however not
based on a systematic experimental uncertainty quantification.

Relying on the Stochastic Asymptotic Homogenisation-based multi-scale method devel-
oped by Fish and Wu (2011) and developed in see Section 4.2.2, Hu et al. (2017) have inferred
the probability distribution of material constitutive model parameters, ¢.e. the fibre and ma-
trix strength of their damage model, at the microscale from experimental observations of
macroscale quantities of interest by solving a stochastic inverse multi-scale problem. In
the same context, Bogdanor et al. (2013, 2015) have inferred rate-dependent damage model
parameters of composite material constituents from experimental data using a Bayesian In-
ference process, see Section 3.4.2. Using the distribution of the constituents damage model
parameters, a Gaussian process (GP) was used as a surrogate model for costly finite element
analyses.

When it comes to defining material properties as random fields, inverse stochastic iden-
tification of single scale constitutive behaviour was considered by Yun and Shang (2016) in
the context of elasto-plasticity, by Mehrez et al. (2012b,a) in the context of the homogenised
response of composites from vibration tests, as a non-exhaustive list. Using a Bayesian In-
ference process, see Section 3.4.2, spatially varying elasticity constants, under the form of
embedded inclusions, were identified by Koutsourelakis (2012), and Vigliotti et al. (2018)
have captured the spatial distribution of material properties from experimental measure-
ments. Nevertheless, identifying material properties as random fields at the micro-structure
level with a view to stochastic multi-scale model remains challenging.

3.4.2. Bayesian inference

When building virtual micro-structures, some micro-structural properties can be statis-
tically characterised either from experimental measurements or from the process simulation,
e.g. following Section 3.1 or Section 3.2. Nevertheless, some micro-structural parameters
cannot always be directly (statistically) identified, e.g. for the reasons previously recalled.
For a multi-scale model to be built, e.g following the coming Section 4, in order to conduct
virtual (stochastic) testing, these missing properties should be inferred.

One possibility is to evaluate these missing parameters from inverse identification using
experimental tests performed on coupons made of the heterogeneous material. However,
this identification requires several loading conditions to be performed, and a unique set
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Figure 20: Bayesian inference of multi-scale model parameters: Considering a multi-scale model, some
micro-structural properties are statistically characterised and the other ones are inferred under the form of
a distribution using different experimental coupon tests performed on the heterogeneous material.

of parameters cannot usually reproduce all the experimental tests because of the model
limitations and errors, in particular when considering non-linear responses. Besides, the
data are inevitably entailed by experimental errors. These difficulties can be circumvented by
considering a Bayesian Inference (BI) (Isenberg, 1979; Beck and Katafygiotis, 1998). In this
framework, the uncertainties in the inferred parameters arise from the identification process
itself under the form of a so-called posterior probability density function, as illustrated in
Fig. 20.

Bayesian inference is structured around Bayes’ theorem aiming at evaluating a so-called
posterior distribution function mqy (qly), also denoted 705 (q|y), of a random parameters
vector @ with values in ", corresponding to the parameters to be inferred, for given ob-
servations of another random vector Y with values in R™, corresponding to the, e.g. exper-
imental, observations. Bayes’ theorem states that the posterior distribution is proportional
to the prior probability 70 (g) multiplied by the likelihood of Y for given observations of
Q:

Toost(aY) X Ty1(Y1@) Torcr (@) (95)

since 7y (y) is a constant for given observations. In this equation

e The prior distribution 7o (q) reflects the initial belief or knowledge one has on the
parameters to be inferred Q; In particular physical bounds or previously inferred
distributions from other observations can be used to define it;

e The likelihood function is defined by a conditional probability density function my|q(y|q),
which is constructed from the different observation data of Y';
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e The conditional probability density function mps(g|y) is the posterior distribution of
the random vector @) that accounts for the observation data of the random vector Y.

Many works inferred material model parameters using the Bayesian framework: elasto-
perfectly plastic model and cohesive zone parameters were inferred by Most (2010), elasto-
plastic material model parameters by Rappel et al. (2019b,a), visco-elasticity constants by
Hernandez et al. (2015); Rappel et al. (2018) and a hyperelastic model and its parameters
by Madireddy et al. (2015), the list being non-exhaustive. Homogenised elastic constants
of composites were also inferred by Lai and Ip (1996); Daghia et al. (2007); Gogu et al.
(2013). However in the latter works, the material is considered as homogeneous, which is
not appropriate for stochastic virtual testing, motivating the use of Bayes’ theorem to infer
the parameters of multi-scale models.

Let the multi-scale model ®uiscale (Q; €) be able to predict observations Ymultiscale =
D uttiscale (@5 &), such as the macro-scale stress tensor, for a given realisation of the pa-
rameters @, and for given conditions &, such as macro-scale loading conditions (macro-scale
strain, loading direction etc.). Bayesian inference can be stated by assuming different sources
for the errors, such as in the (e.g. experimental) observations vy, the conditions & or even
the model ®yitiscate, S€€ the summary by Rappel et al. (2019b). Assuming the main error
is in the observations y, the relation between the experimental measurements y and the
multi-scale model predictions is written as

Y = CI)multiscale(CQ; E) + QY ) (96)

where Qy is the noise. A Gaussian noise is commonly assumed, as in the work of Kout-
sourelakis (2012); Most (2010); Gogu et al. (2013); Madireddy et al. (2015); Hernandez

et al. (2015); Rappel et al. (2018, 2019b), with Qy ~ 1, ,2(Y"). Therefore, the conditional
distribution or likelihood reads
WY‘Q?f(y’q; £) = n0,0'2 (y - q)multiscale<q; €)> . (97)

The evaluation of the posterior distribution in Eq. (95) using this likelihood function can
be achieved using a random walking, such as in a Metropolis-Hasting Markov Chain Monte-
Carlo algorithm, see Appendix A.5.4 and the details provided by Rappel et al. (2019a).

Mohamedou et al. (2019) have developed a Bayesian inference framework to identify the
matrix Young’s modulus and the aspect ratio of short fibre reinforced polymer following Eq.
(95), in which the multi-scale model is a two-step Mean-Field Homogenization (Camacho
et al., 1990; Doghri and Tinel, 2006) model, see also Section 4.2.4.

However, in the context of non-linear multi-scale models, the evaluation of the likelihood
function (97) can be costly and has to be repeated several thousands of times because
of the Metropolis-Hasting Markov Chain Monte-Carlo algorithm. In the context of the
Stochastic Asymptotic Homogenisation-based multi-scale method developed by Fish and Wu
(2011) and summarised in see Section 4.2.2; the Bayesian inference was used by Bogdanor
et al. (2013, 2015) to calibrate rate-dependent damage models of the composite material
constituents from experimental data. Using the distribution of the constituents damage
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Figure 21:  Application of Bayesian inference accelerated by a Neural Network surrogate model by Wu
et al. (2020b): (a) Locations and geometries (in mm) of tested short fibre reinforced polymer coupons
along 0°, 45° and 90° Directions; (b) The comparison of the experimental stress-strain curves to the NNW
numerical model ®xnw (g¥; &%) prediction; and (c) The comparison of the experimental stress-strain curves
to the two-step homogenization multi-scale model @multiscale(qk ; &) for the three parameters observations
q" extracted from Fig. 22; Reprinted from Computer Methods in Applied Mechanics and Engineering 360,
Wu, L., Zulueta, K., Major, Z., Arriaga, A., Noels, L., Bayesian inference of non-linear multiscale model
parameters accelerated by a deep neural network, 112693. Copyright (2020), with permission from Elsevier.

Figure 22: Distributions of the multi-scale model ®pyitiscale(Q; &) material properties inferred by Wu
et al. (2020b) for short fibre reinforced polymer coupons: E; corresponds to the matrix Young’s mod-
ulus, oy, to the matrix initial yield stress, hg, mi, and ms, to the matrix hardening law Ro(py) =
hopg“" (1 —exp(—mz,po)) parameters, and A, to the equivalent inclusion aspect ratio; Three marked points
are extracted and correspond to observations of g* of the Highest, Moderate and Lowest (among the 18000
samples) probabilities; Reprinted from Computer Methods in Applied Mechanics and Engineering 360, Wu,
L., Zulueta, K., Major, Z., Arriaga, A., Noels, L., Bayesian inference of non-linear multiscale model param-
eters accelerated by a deep neural network, 112693. Copyright (2020), with permission from Elsevier.
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model parameters, a Gaussian process (GP) is used as a surrogate model for costly finite
element analyses. Wu et al. (2020b) have trained an artificial Neural Network (NNW) as
a surrogate of a non-linear multi-scale model of short fibre reinforced polymer in order
to infer, through a Bayesian process, the polymer non-linear model parameters. Georgios
et al. (2021) have developed a PCE model of the homogenised response of a UD unit cell
in order to serve as a surrogate model of the composite material stiffness and strength in
the Metropolis-Hasting Markov Chain Monte-Carlo algorithm. They have then conducted
a Bayesian inference of the fibre volume fraction and matrix damage law from experimental
coupon tests. Balokas et al. (2021) have trained neural networks as surrogates of the stiffness
and strength of high fibre density UD composites using as data numerical elastic damage
simulations of unit cells. These surrogates were further used at the yarn level of braided
composites in order to develop a multi-fidelity surrogate of the braided composite failure.
To this end numerical damage elastic simulations of a braided unit cell were simulated
with fine time steps (high fidelity) and coarse time step (low fidelity). As a result a low
fidelity data base and a high fidelity data base were created and were further used to build
a multi-fidelity Gaussian Process regression of the braided unit cell strength. In this case
the multi-fidelity surrogate was not used to infer the model parameters but to conduct a
sensitivity analysis. Paranjape et al. (2021) have trained surrogates of quantities of interest
from finite element simulations samples made of superelastic Nickel-Titanium (NiTi) shape
memory alloys. The quantities of interest were the global load and local deformation pattern
of a loaded diamond-shaped sample, in which case the experimental observations resulted
from a digital image correlation analysis. The surrogates (one per quantity of interest) were
obtained by training a kernel support vector machine model. They have then conducted a
Bayesian inference of the NiTi constitutive model parameters.

In the following, we detail the methodology developed by Wu et al. (2020b) who have
trained an artificial Neural Network (NNW) model ®xyw (Q; €), using the multi-scale model
D uttiscale(@; €) for different material parameters g and different loading conditions & with
the aim of conducting a Bayesian inference of the multi-scale model parameters. The multi-
scale model was a 2-step homogenisation accounting for the measured fibre ODF, including
the skin core effect, of short fibre reinforced polymer materials obtained using an injection
moulding process. Uni-axial tension tests were performed on coupons cut along different
directions, see Fig. 21(a). The output Y corresponds to the set of macro-scale stress af\}[j at
different strain levels and loading directions &¢, and for different experimental observations 7,
see Fig. 21. Using the theory of conditional independence (Bishop, 2006), see the discussion
by Wu et al. (2020b), the likelihood (97) thus becomes

7TY|Q<y‘Q) = Hno,,a;. (Uf\’/[j - ‘I’NNW((]; 52)) ) (98)
ij M

which is used in Bayes’ theorem (95), with o2, being the variance determined on the stress
M

for loading conditions &’. The inferred multi-scale model @, yiscale(@; &) parameters Q, here
the matrix material behaviour and an equivalent unique fibre aspect ratio, are represented
in Fig. 22, in which three realisations g* of different probabilities are highlighted. The com-
posite material responses obtained for these realisations with the NNW model ®xnw(qF; &F)
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and with the multi-scale model @ iscale(@*; €°) are reported in Fig. 21(b) and Fig. 21(c),
respectively. It can be seen that, on the one hand, several combinations of parameters yield
similar model responses and that, on the other hand, the NNW and multi-scale models pre-
dict similar results (because the loading is proportional and because the NNW was trained
for these loading conditions &°).

As it can be seen on Fig. 22, Bayesian inference does not provide a unique set of param-
eters but a joint distribution of the inferred parameters Q. Nevertheless, the method cannot
represent existing heterogeneities in these parameters because the distributions become nar-
rower when increasing the number of observations, in which case the observation data do
not necessarily lie in the predicted values range, as in can be seen in Fig. 21(b) and Fig.
21(c), in which low probability parameters and high probability parameters predict almost
similar curves. It is however possible to capture a dispersion in the parameters: properties
spatial distributions can be inferred as done by Vigliotti et al. (2018), or Bayesian inference
can be adapted in order to infer the parameters of an assumed distribution of the material
properties instead of the material properties themselves as suggested by Rappel and Beex
(2019); Mohamedou et al. (2019).

3.4.3. Defects

Beside the uncertainties in the micro-structure geometrical and material properties, de-
fects can also be present in heterogeneous materials, as a consequence of the manufacturing
process. Kaminski and Kleiber (1996); Kamiski (2012) have studied the effect of defects
at the contact interface between fibres and matrix in unidirectional composites, Goldsmith
et al. (2015) have introduced porosity voids of non-uniform void size, void shape and void lo-
cation in the micro-structure of woven ceramic matrix composite. More recently Sokotowski
and Kamiiski (2020) have considered spherical elastic inclusions embedded in a hyper-elastic
matrix, with as inter-phase a thin layer containing all the particle-matrix interface defects.
However a quantitative defect characterisation is still not commonly performed. This quan-
tification could be done either experimentally, or by simulation of the manufacturing process.
Bauereif et al. (2014) have developed a numerical model to illustrate the formation of defects
during powder bed based additive manufacturing; the defects result from the combination
of a stochastic powder bed with wetting and capillary forces, which induces significant fluid
motion and leads to geometric deviations of the solidified layer.

Tal and Fish (2016) have introduced geometric defects to the micro-scale model of wo-
ven composite materials. The defects take the form of discontinuities such as pores, cracks,
micro-cracks, voids and micro-voids which are statistically equivalent to the random defects
found in real material samples. Equivalent ellipsoids were extracted from 2D cross-sectional
micro-graphs as illustrated in Fig. 23(a). Location, radii and orientation of the identified
ellipses are statistically studied, including their correlation. Probability density function of
the parameters were estimated using a kernel distribution, and a bi-variate normal distri-
bution was used to approximate the joint distribution of the minor and major axes. 3D
characteristics of the defects were obtained by assuming that there is a symmetry between
the longitudinal and transverse directions. The defects were then introduced in the micro-
structure by Monte-Carlo simulations so that the statistical content is recovered, see Fig.
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(a) Identification (b) Generation

Figure 23: Generation of defects in woven composite micro-structure by Tal and Fish (2016): (a) Iden-
tification of ellipsoidal defect form two-dimensional micro-graphs; and (b) Generated defects in tows and
matrix; Reprinted from Composite Structures 153, Tal, D., Fish, J., Generating a statistically equivalent
representative volume element with discrete defects, 791 - 803. Copyright (2016), with permission from
Elsevier.
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Figure 24: Homogenisation-based multi-scale method: (a) Schematics of homogenisation principle; and (b)
Definition of the asymptotic homogenisation formalism.

We have detailed in the previous chapters how to generate virtual random micro-structure
realisations w(w), with w € . These micro-structure realisations can be exploited to
extract the stochastic material response at a higher scale, the so-called meso-scale response.
In the context of a homogenisation-based multi-scale method, the homogenised meso-scale
material response is estimated from the resolution of a meso-scale boundary value problem
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(BVP), see Fig. 24(a). The micro-scale problem is defined on the meso-scale volume element
w of boundary dw, see Fig. 24(a), defined from a virtual micro-structure following Section 3.
The meso-scale volume element w(X; w) is centred on X € Q, where € is the macro-scale
space of interest.

In this section, we first introduce the concepts of Representative and Stochastic Vol-
ume Elements, respectively RVEs and SVEs. For the latter, the concept of meso-scale
random field of apparent properties is introduced. We then present the most common de-
terministic homogenisation methods which are developed in the literature, and which can
be applied on both RVEs and SVEs. We however restrict our-self to continuum mechanics
and homogenisation-based multi-scale approaches. A review detailing multi-scale methods
in other contexts such as discrete models was provided by Budarapu et al. (2019). Finally
we summarised different intrusive and non-intrusive methods based on the homogenisation
theories that can be used to extract the meso-scale random field of apparent properties.

4.1. Statistically representative and stochastic volume elements

When conducting homogenisation, like in Fig. 24(a), the separation of length scales is
usually assumed, with
I >> vy >> ln, (99)

in which [y represents a characteristic macro-scale length on which the loading conditions
are defined and that is assumed to be much larger than the size lyg of the volume element.
This condition is required in order to ensure the accuracy of the homogenisation so that the
macro-scale strain can be assumed to be constant over the volume element w. Beside, the
size lyg of the volume element should be large enough as compared to the size of the micro-
structure constituents [, in order to be statistically representative of the heterogeneous
material behaviour, but also for the response to be independent on the applied admissible
boundary condition at the lower scale as it will be discussed in Section 5.3.1.

4.1.1. Statistically Representative Volume Element (RVE)

If this latter condition lyg >> [, is fulfilled, the volume element w is said to be statisti-
cally representative and is called Representative Volume Element (RVE).

Assuming the case of statistical representativity of w, the homogenised material response
is deterministic and Huet (1990) has defined, in the context of linear elasticity and under the
small displacement assumption, the effective modulus tensor ¢ and the effective compliance
tensor s through the relationship between the homogenised Cauchy stress tensor oy and
the homogenised small deformation strain tensor ey as

on =c ey, and (100)
ex =S oy, (101)

with the homogenised stress and strain tensors resulting from the volume average operation
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applied on the volume element

1

on = V—w)/am(a:)da:, and (102)
v — ﬁ / en(@)dz, (103)

where o, and €, are respectively the local or micro-scale Cauchy stress and strain fields.
Since the homogenised material response is deterministic, one has ¢ = seff ™!

At the local or micro-scale level, one has in linear elasticity o, (z) = ¢ (x) : en(x) and
em(x) = 5% (x) : o) V& € w, and the relations (100-101) are rewritten

oM = ﬁ / c(x): em(x)dx = cM:ey, and (104)
en = ﬁ / ©l(z): on(@)de = 7o, (105)

with s¢ = CfIll_l. Let us define the fluctuation fields ’/(x) and &’(x) of zero volume average
on w such that
on(x)=oy+0o'(x), and ey (x) = ey + €' (x). (106)

As a result, Egs. (104) and (105) are rewritten as

1 1
ey = W/wci(ac)da: cem+ W/wci(m) : €'(x)dx, and (107)
1 1
Seff oM = W /wsfrll(m)dm oM+ W /wsf}l(m) . o-’(m)da:, (108)
or again, by defining the perturbation fourth order tensor fields ¢ ( ) ds'(x ) of zero volume
average on w such that ¢ (x w) [, ca(x)de+c'(x) and s& (x) = f x)dx+s' (),

off = lx)d L () : €'(x)dx , an

ciey = V(w)/wcm( )d 'EM—{—V(w)/wC( ) : €' (x)dx, and (109)
oy = L lx)de : o L () : o' (x)dx

s o V(w)/wsm( )Yd M+V(w)/ws( ): o' (x)de. (110)

These equations show that the Hill (1952)-Voigt (1889) tensor cVoist = ﬁ [, ca(x)de is

in general not the effective elasticity tensor ¢ unless the perturbation strain field vanishes
on w. The tensor cY°®' is actually an upper bound of whatever the micro-structure
of the deterministic RVE w may be. Similarly, the Hill (1965b)-Reuss (1929) compliance
tensor sReuss = m L, s¢l(z)dz is in general not the effective compliance tensor s° unless

Ceff

the perturbation stress field vanishes on w. The tensor gReuss ™ g actually a lower bound of
¢ whatever the micro-structure of the deterministic RVE w.
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A similar study can be conducted by considering the internal energy ¥(e) = 1e : ¢ :
1

€=;0: s : o. The deformation energy on the volume element w thus reads

1 1 1 1
— m(e)dr = m i EmdT = —oy " €eld
V(w)/w¢ (e)dx 2V(w)/wa Emdx 20M €M+2V(w)/wa e'dx

1 1

= —gy:cf: — " ed
2€M EM + 2V(w) /wa edx

= 1a s o +;/a"s’dm (111)
g oM FOoM 2V(w) J, '

The Hill-Mandel condition states that the strain energy should be the same at both scales,
i.e. ﬁ [, Um(e)de = %sM ey = %ch : s . oy, showing that energy consistency
implies

/a’:e'dm:O. (112)

4.1.2. Stochastic Volume Element (SVE)

When lyg 2 I, the volume element w(X; w) depends on the micro-structure realisation
w € W, and each realisation w(X; w) yields a different homogenised behaviour. We refer
to Section 3.1.1 for the notation w(w). Following Alzebdeh and Ostoja-Starzewski (1996);
Ostoja-Starzewski and Wang (1999), w(X; w) is called a Stochastic Volume Element (SVE),
see also the review by Ostoja-Starzewski et al. (2016).
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(a) 3D (b) UD (¢) Poly-crystal

Figure 25: Schematics of the window technique: (a) Extraction of a series of SVEs {w(X; w): X € Q, w €
W1} from a random micro-structure #; (b) Ilustration in 2D in the case of UD composites, the vector
T represents the separation between the centres of the SVEs w(X; w?) and w(X + 7; w?), with several
realisations w? € ¥ considered; and (c) In the case of poly-crystalline materials, two neighbouring SVEs
w(X; w') and w(X'; w?) of the same micro-structure realisation w? € 1 share common grains all along the
shared edge.

Moreover, beside the uncertainty in the homogenised behaviour, the dependency between
the homogenised response of two neighbouring macro-scale points X and X', each of them
belonging to the macro-scale domain €2 and being the centre of two possibly overlapping
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SVEs, respectively w(X; w) and w(X'; w) see Fig. 25(a), needs to be investigated. To this
end, we consider several micro-structure realisations w € #W, see a 2D illustration in Fig.
25(b), allowing to extract the series of SVEs {w(X; w) : w € W} centred on X as well as
the series {w(X + 7; w) : w € W} centred on X’ = X + 7, with the distance vector 7
spanning the different directions.

Still assuming linear elasticity, each SVE realisation w(X; w) defines apparent elastic
properties which are represented under the form of an elastic tensor realisation C$}(X; w),
also denoted under the matrix form C$j(X; w) € Mg (R), where M (R) refers to all sym-
metric positive-definite real matrices of size n x n, when using the Voigt notations, or under
the vector form of 21-components (in 3D) C51(X; w).

Clearly, the set {C5(X; w) : X € Q, w € W} of random vectors C§(X ) which map
W — R defines a random field also denoted by {C:H(X) : X € Q} or simply C:L(Q).
Assuming strictly positive variances, the spatial correlation can be represented by the cor-
relation matrix Rge @ € % N3 — N2 gee Section 2.4,

o ElG(X) —E[G, (X)) (G (X +7) —E[GRL(X +7)])]
Rog, (X5 7) = oy (X)ocy (X +7)

Vr, s=1,..21, (113)

where 7 is a spatial vector between the centres of two SVEs, see Fig. 25(a). In case
of a homogeneous random field Cfi(Q), one has Rga (X; 7) = R (7) @ R — R
Practically, Eq. (113) can be evaluated by assuming ergodicity and homogeneity, in which
case the number of micro-structure realisations w can be limited by considering different
initial SVE centres X on the same micro-structure realisation.

Anticipating on Section 5.1, Fig. 26(a) illustrates the component 13 of a random field
realisation path {C${(X; w) : X € Q} extracted from a poly-silicon micro-structure by
Wu et al. (2016) using the window technique sketched on Fig. 25(c). Instead of analysing
directly the random field {C$(X; w) : X € Q, w € W} of the apparent elasticity tensor, one
can take advantage of its semi-definite nature to define through a Cholesky decomposition
another random field {Qn(X; w): X € Q, w € W} easier to handle, see details in Section
5.3. Figs. 26(b) and 26(c) illustrate an auto-correlation and a cross-correlation entries of
the correlation matrix Rg,,(7) extracted from the random fields using Eq. (113). It can
be seen that, because of the comparable size of the SVE to the micro-structure size, the
auto/cross-correlation only vanishes at distances larger than twice the SVE length, showing
that the apparent properties should be considered as a random field Cy(2) and not as a
random tensors.

Wu et al. (2018a) have noted that in the case of UD composites, see Fig. 25(b), the
correlation can be neglected for two adjacent SVEs because the amount of shared fibres
remains marginal. In that case, if the distributions are close enough from Gaussianity, the
homogenised properties of two SVEs are independent and the apparent properties can be
considered as random tensors {C§i(w) : w € 1} also denoted C§.
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Figure 26: Extraction by Wu et al. (2016) from a columnar poly-silicon micro-structure of average grain size
of about lmicro ~ 200 nm and using an SVE size lsyg = 0.5um of (a) The component (1, 3) of a random
field realisation path {C{j(X; w) : X € Q} of the apparent properties; (b) The auto-correlation Rq,,, , (T);
and (c¢) The cross correlation of a random field {Qu(X; w) : X € Q, w € W} defined from the Cholesky
decomposition of the random field {C$;(X; w) : X € Q, w € W}, see Section 5.3.2 for details; Modified from
Computer Methods in Applied Mechanics and Engineering 310, Wu, L., Lucas, V., Nguyen, V.D., Golinval,
J.C., Paquay, S., Noels, L., A stochastic multi-scale approach for the modeling of thermo-elastic damping
in micro-resonators, 802-839. Copyright (2016)..

4.2. FEvaluation of homogenised behaviours

After having defined the effective and apparent properties, in the following we summarise
different approaches developed in order to solve the scale transition equations in the more
general context of non-linear mechanics. We refer to the reviews by Kanouté et al. (2009);
Geers et al. (2010); Noels et al. (2016); Matous et al. (2017); Yvonnet (2019) for more details

on multi-scale methods.

4.2.1. Computational homogenisation

One of the most common method used to solve the meso-scale BVP, see Fig. 24(a) is the
finite-element method. This method has been widely used in the context of random media in
the case of elasticity by Ostoja-Starzewski et al. (2007); Salmi et al. (2012), linear micro-polar
continua by Trovalusci et al. (2014, 2015); Reccia et al. (2018), elasto-plasticity by Ostoja-
Starzewski et al. (2007), thermo-elasticity by Kanit et al. (2003); Ostoja-Starzewski et al.
(2007) or again finite elasticity by Ostoja-Starzewski et al. (2007). In these latter references,
the homogenisation was mainly used to define the minimum SVE size allowing statistically
representative (and thus unique) homogenised properties to be extracted. We refer to the
review by Ostoja-Starzewski et al. (2016) for the details of the homogenisation process
for these different cited continua. However stochastic homogenisation was also applied to
capture the variation in the homogenised response with a view of up-scaling the resulting
uncertainties, in the context of elasticity by Mariani et al. (2011a); Geiendorfer et al. (2014);
Lucas et al. (2015); Stefanou et al. (2015); Savvas et al. (2016); Stefanou et al. (2017); Wu
et al. (2018a), of thermo-elasticity by Wu et al. (2016), strain-gradient elasticity by Lucas
et al. (2017), and non-local damage mechanics by Wu et al. (2019).
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In this section, we restrict our-selves to the case of finite-strain mechanics and we define
the different kinds of boundary conditions that can be applied on the meso-scale volume
element with a particular emphasis on the extraction of the homogenised material response
following the multiple-constraint projection method set up by Ainsworth (2001) and detailed
by Nguyen et al. (2017).

Definition of the meso-scale BVP. At the micro-scale, we consider the material points x €
w(X; w) with w € ¥ and we assume that the classical continuum mechanics equations hold.
Besides, we assume that the time for a stress wave to propagate in the meso-scale volume
element remains negligible. Therefore, in the absence of dynamical effects the equilibrium
equations read

P,(xz; w)-Vp=0 VzewlX;w), (114)
P (xz; w) ny, =T, (x; w) Vo e dw(X; w), (115)

where the subscript “m” refers to the local value at the micro-scale, Py, (x; w) is the first
Piola-Kirchhoff stress tensor, the gradient operator V is with respect to the micro-scale
reference configuration, and Ty, (x; w) is the surface traction, per unit reference surface, on
the boundary Ow of outward unit normal n,, in the reference configuration.

To complete the micro-scale problem, the local constitutive laws of the different materials
at a given time ¢ and material point & are written as

Pun(x, t; w) =Py (Fu (x, t; w); Zy (2, 7; w), 7 €0, 1], w) , (116)

where the micro-scale deformation gradient tensor Fp,(x; w) = Uy (x; w) ® Vo + 1 is eval-
uated in terms of the micro-scale displacement random field U,,(w), and where Z,,(w) is a
set of internal variables random field allowing history-dependent processes to be accounted
for. In all generality, the constitutive equation depends on the micro-structure realisation
w € U because of the geometrical and material uncertainties.

The volume-elements, SVEs or RVEs, are usually defined as parallelepiped (rectangular
in 2D) volumes, with planar boundary faces dw®, see Fig. 27. When considering SVEs,
the volume element should be as close as possible to a real micro-structure: e.g., Trovalusci
et al. (2015) have shown that in the case of particle reinforced matrix, the inclusions should
intersect the edges as illustrated in Fig. 27(a) in order to avoid considering artificial bands
of matrix, as it would be the case in Fig. 27(b). We note that extracting SVEs using the
window technique of Section 4.1.2 from virtual micro-structures naturally leads to the former
configuration. Sometimes, a periodic micro-structure is assumed and cell elements as in Fig.
27(c) are considered. In that case different stacking organisations can be considered such
as the regular grid with a square volume element or the hexagonal grid with an hexagonal
volume element. Circular volume elements were also used by Firooz et al. (2019) to extract
isotropic properties of higher volume fraction composites. Based on the cell element con-
taining only one inclusion as illustrated in Fig. 27(c), Pivovarov et al. (2018a) have defined
the concept of statistically similar RVE by providing a surrogate model, which possesses
some statistical properties of the original model, such as the relation between the inclusion’s
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Figure 27: Definition of the meso-scale volume element w for computational homogenisation: (a) SVE
w(X; w) extracted using the window technique of Section 4.1.2 on particle reinforced matrix, for which the
boundary Ow intersects some particles; (b) An SVE with a simplified generation of the particles; (c¢) Possible
shapes of cell elements of a periodic micro-structure; The divisions of the boundary of the parallelepiped
volume element into the faces dw(® and into positive and negative contours dw™ and dw™ are also illustrated;
and (d) Definition of the virtual Mean-Field Homogenisation (MFH) volume element w as an ellipsoidal
inclusion embedded in a matrix.

radius and the area around the inclusion. By doing so, assuming ergodicity, they defined an
equivalence between a deterministic model, the RVE, with randomly distributed inclusions
and a stochastic model, a cell element with statistical properties.

The macro-scale response. At the macro-scale, assuming no dynamical effects, the linear
momentum equation reads

Pu(X;w) - Vo+by=0 VXecQ wetW, (117)

where the subscript “M” refers to the values at the macro-scale and by is the load per unit
reference volume. The boundary conditions read

Uu(X; w)=up,, VX €0pf, and (118)

where t\; is the surface traction, per unit reference surface, on the Neumann boundary
On of outward unit normal ny in the reference configuration, and up,, is the constrained
displacement on the Dirichlet boundary dpf).

As for the micro-scale problem, the BVP should be completed by a constitutive law

Pu(X,t;w) =Py Fu (X, t; w); Zy (X, m;w), 7€]0,t], w), (120)

defining the relation in terms of the macro-scale deformation gradient Fy (X, t; w) =1+
Uy (X, t; w) ® Vg, through internal variables Zy (X, 7; w). However, in the context of
homogenisation theories, see Fig. 24(a), this relation is rewritten as a relation between
the averages of the respective micro-scale deformation gradient tensor F,(x; w) and stress
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tensor Py, (x; w) over the meso-scale volume element w(w), with

1

Fu (X: w) — W/W(X;W)Fm(m, w)dz, and (121)
1

Py (X: ©) = W/W(X;W)Pm(a:; w)da (122)

Since the micro-scale BVP (114-116) depends on the micro-structure realisation w € #; the
homogenised stress tensor (122) has also this dependency, and so does the corresponding
homogenised material response (120).

Beside the evaluation of the homogenised stress tensor Py for a given deformation gra-
dient Fy;, homogenisations also ought to evaluate the algorithmic material tensor

Cu(X; w)=—(X; : 123
(X w) = 52 (X ) (123)
The scale transition. Using the definitions (121-122), the energy consistency between the
different scales, which corresponds to the Hill-Mandel condition, is stated as

Py (X; w) : 6Fy (X w):%/(x P ) 0Fu (@5 ) e (120)

A perturbation field U’(x; w) is introduced in the micro-scale displacement field Uy, (x; w),
which is thus rewritten under the form

Un(x; w) =[Fy (X; w) =1 [z — X]+U'(z; w), (125)

where X is a reference point of w (X; w). Considering the definition (121), the perturbation
field should satisfy the condition

1 1
0:—/ U'(x; w ®Vd:c:—/ U'(z; w) ®npde, 126
V(M) w(X;w) ( ) ’ V(w> Ow(X; w) ( ) ( )

where n,, is the outward unit normal to Ow in the reference configuration. The Hill-Mandel
condition (124) can be rewritten using Eq. (125) as

Py (X; w): 0Fy (X; w) = ﬁ/(x )Pm(m; w) : 0F, (x; w)dx
= Pu(X;w): 6Fu(X; w)+
1

W/w(X;w) P, (z; w) : [0U' (x; w) @ Voldx, (127)

or again after integrating by parts and using the equilibrium Eqs. (114-115), as

0_/ (Pon (@ ) - 1omy) - 0T (: w)da:—/ T () - U (w: w)da. (128)
Ow(X;w) Ow(X; w)
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Definition of the constrained micro-scale finite element problem. For conciseness, in the
following, we drop the random micro-structure w, and consider the realisation u'(x) =
U’ (X; w), but it is understood that the homogenised response is micro-structure dependent.
With a view to the formulation of the weak form of the micro-scale problem (114-115),
Eq. (126) defines the minimum kinematic field U™ (w) of the test and trial functions as

U™ (w) = {u’ eH(w)| | v @nude= O} : (129)
Ow

where #(w) is the Hilbert space. Then, the weak form of the micro-scale Eqs. (114-115)
reads finding v’ € U(w) C U™ (w) such that

/pm(u’) C(0u @ Vo) de =0, Yéu' € U(w) C U™™(w), (130)

where du’ € U(w) is a test function belonging to an admissible kinematic vector field U (w)
subset of the minimum kinematic field U™™ and where p,, stands for a realisation P, (w).
The resolution of this weak form with du’ € U(w) C U™"(w) makes the second term of the
right hand side of Eq. (127) to vanish, so that the Hill-Mandel condition (124) is always
satisfied.

This variational statement (130) of the Hill-Mandel condition was introduced by Peric
et al. (2010); Schroder et al. (2016). Its implementation was detailed by Nguyen et al. (2017)
and is carried out by defining specific boundary conditions on the meso-scale volume element
whose constraint is to satisfy Eq. (126).

The commonly applied boundary conditions on the meso-scale volume elements w are:

e The Kinematic Uniform Boundary Conditions (KUBCs), for which the admissible
kinematic vector field U(w) is defined by

UKVBC(W) = {u' € #H(w)|u' =0 Vz € dw} C U™™(w), (131)
i.e. there is no fluctuation on the boundary Ow;

e The Periodic Boundary Conditions (PBCs), for which the admissible kinematic vector
field U is defined by

UPC(w) = {u € #H(w)|um(x") —un(z ) =[Fu—1 (" —z7),
Vo € dw' and corresponding @~ € dw™ } C U™ (w), (132)

where the parallelepiped SVE faces have been separated in opposite surfaces dw™ and
Ow™; In a kinematically-based finite-element formulation, the variational statement
does not require constraints on the symmetry of the surface traction in order to satisfy
the Hill-Mandel condition: this symmetry is a consequence of the micro-scale problem
resolution as shown by considering arbitrary du’ € UPBC(w) in Eq. (128);
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e The Zero Average Fluctuation Boundary Conditions (ZAFBCs) for which the admis-
sible kinematic vector field U is defined by

UPAFBC () — {u’ € H(w)| w'dr =0 V face 0wl € 3&1} ;o (133)
Ow

@

where the parallelepiped SVE boundary dw has been decomposed in opposite faces
Ow = US_ 0w in which case U*AFC(w) C U™ (w);

e The Static Uniform Boundary Conditions (SUBCs), which are formally written as t,, =
Py (X; w) - n, Ve € dw; This BC requires adding constraints in a kinematically-
based finite element formulation and is sometimes mimicked by considering ZAFBC.
Indeed, introducing Eq. (133) in Eq. (128) leads to an equation which is always
satisfied by considering arbitrary du’ € UZAFBC(w).

e The Orthogonal Uniform Mixed Boundary Conditions (OUMBCs), which is a combi-
nation of KUBCs along direction ¢ and ZAFBCs along the two other directions j # 1,
and which is defined by

UOUMBC () = {u e H(w)|u, =0 Vz € dw,i=1,2, or3and

/ wide =0V face dw € dw, j # z} : (134)
Aw®

This type of boundary condition is usually used when PBCs cannot be easily imple-
mented, like on non-periodic micro-structures.

We note that the Voigt assumption, i.e. U8 (w) = {u € H(w)|u' =0 Ve ecw} C
U™ (w) for which there is no fluctuation on the volume w, usually violates the balance of
linear momentum, leading to an unreachable upper-bound of the material operator (Firooz
et al., 2019). A similar observation can be drawn for the Reuss assumption.

The effect of the BC choice has been extensively studied in the literature. Recently
Firooz et al. (2019) have studied this effect on periodic and random 15% volume ratio
particle-reinforced matrix. For the random composite material, a single realisation of a
random micro-structure with a volume element w of increasing relative size, see Fig. 28, is
considered. For a periodic micro-structure, see Fig. 28(a), KUBCs and SUBCs respectively
overestimate and underestimate the effective response predicted by the PBCs. For a non-
periodic micro-structure, see Fig. 28(b), the same trend can be observed although some
oscillations appear. In particular one can see that the PBCs converge faster to the effective
properties, even for a few inclusions, and that this effective property is not the same as for
the periodic micro-structure.

Using the reconstruction technique described in Section 3.2.1 and illustrated in Fig. 9 to
generate virtual micro-structures, Wu et al. (2018a) have studied random 52% volume ratio
particle-reinforced matrix using the window technique for two SVE lengths: lgyg = 10um
and lsyg = 25um. The extracted apparent Young’s modulus distributions for different kinds
of boundary conditions are illustrated in Figs. 29(a) and 29(b), respectively. On average,
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Figure 28: Effect of the micro-structure periodicity, boundary conditions and volume element size on the
apparent properties as studied by Firooz et al. (2019); Images resketched from (Firooz et al., 2019); The
problem consists of a 15% volume fraction 10 times stiffer inclusion reinforced matrix and with (a) A periodic
micro-structure; and (b) A single realisation of a random micro-structure.

the apparent Young’s modulii are lower for the SUBCs than for the PBCs, and for the latter
than for the KUBCs. As noted by Wu et al. (2018a) when considering the response of an
SVE of reduced size, the in-situ apparent properties of the SVE will not be equal to those
obtained for any of the three boundary condition kinds. Instead,

e If the surrounding material is stiffer than that of the SVE, e.g. when the SVE has a
lower content of stiffer fibre, strong constraints are in situ applied on this SVE and its
response will be close to the results obtained under KUBCs;

e [f the surrounding material is more compliant than that of the SVE, e.g. when the
SVE has a higher content of stiffer fibre, weak constraints are in-situ applied on this
SVE and its response will be close to the results obtained under SUBCs;

e Finally, if the stiffness of the surrounding material is comparable to that of the SVE,
its response will be close to the results obtained under PBCs.

Nevertheless, the relevance of the PBCs in linear elasticity was asserted by Wu et al. (2018a)
by solving 100 so-called “Big SVEs” (BSVEs) of size 100 x 100 um? in two ways:

e By direct computation homogenisation using PBC as presented here above;

e By performing first a computational homogenisation on windows of size 25 x 25 ym?,
so called “Small SVEs” (SSVEs) using the different kinds of boundary condition, and
using those apparent properties during a second-step homogenisation .

Figure 29(c) shows that the use of PBCs on the SSVEs yields results in good agreement
with the direct computational homogenisation. For these reasons, PBCs are commonly used
during stochastic homogenisation. We also refer to the discussion by Pivovarov et al. (2019).

An alternative developed by Cottereau (2013) in the spirit of the Arlequin method is
to weakly couple a stochastic spatial region (SVE-like) within a deterministic homogenised
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Figure 29: Effect of the boundary conditions and volume element size on the apparent properties as studied
by Wu et al. (2018a); The problem consists of a 52% volume fraction inclusion reinforced matrix with
(a) 8100 realisations and an SVE size of lgyg = 10pm; and (b) 4900 realisations and an SVE size of
lsve = 25um; (c) The effect of the boundary condition is also studied by considering a 2-step computational
homogenisation performed on several Big SVE (BSVE) realisations; Reprinted from Composite Structures
189, Wu, L., Chung, C.N., Major, Z., Adam, L., Noels, L., From SEM images to elastic responses: A
stochastic multiscale analysis of UD fiber reinforced composites, 206-227, Copyright (2018), with permission
from Elsevier.

domain, whose elastic parameters are iteratively updated. It was shown that this method-
ology alleviates the biases introduced by applying SUBC or KUBC on the SVE since a
self-consistent homogenisation is actually performed, whilst the weak coupling ensures the
absence of stress/strain concentrations.

Resolution of the constrained micro-scale finite element problem. The numerical resolution
of the meso-scale BVP relies on the spatial Galerkin finite elements discretization of the
meso-scale volume element w = w (X; w) into finite elements w®. The micro-displacement
field u,, and the test function du’ are then written as

un = > ¢ @u® € 7 (w) and du' = Y 5w € F(w), (135)

where ¢ are the nodal shape functions and u(® are the nodal degrees of freedom. We
note that Eq. (125) allows relating the fluctuation w/(x) to the displacement w(x) and thus
to the degrees of freedom u(®, see Appendix C.1.1. Applying the constraints such as the
boundary conditions (131-134) on the finite element discretization of Eq. (130) leads to a
set of coupled equations

fint (d) — "X =0, and

136
cdm—sfll\}:O, (136)

where fiy is the vector of internal forces associated to the weak form (130) of the uncon-
strained meso-scale volume element, d,, is the vector gathering all the nodal displacements
u'® —as well as the degrees of freedom used to define periodic boundary conditions as ex-
plained below, A is the vector of the Lagrange multipliers enforcing the constraints, fy;
represents the macro-scale kinematic variable realisation fy; — I = Fy(w) — I = uy ® Vyy
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written under a vector form, and where ¢ and s are the so-called constraints matrix and
kinematic matrix, respectively, built from the different constraints. The explicit expression
of the vector of internal forces is given by

fu = N\ [ 0 puda, (137)

where b® is the elementary matrix of the shape functions gradient associated to the dis-
placement vector field, py, is the first Piola-Kirchhoff stress tensor realisation p,, = P, (w)
written in the vector form, and where /\ . is used to symbolise the assembly process. The
stiffness matrix k,, of the unconstrained meso-scale volume element reads

ko = [\ / (b%)" cpb®dz, (138)

where ¢, = g’% is the matrix notation of the micro-scale fourth-order material tensor
Cp = %‘C’Tm, with f,, the deformation gradient f,, written in the vector form.

Since we have shown that PBCs (132) are commonly used for non-periodic micro-
structures, we consider this particular case. Since the mesh is not periodic on the opposite
faces, the polynomial interpolation method suggested by Nguyen et al. (2012) is introduced
to enforce approximately the set of Eqgs. (132). Considering the pairs ¢ = 1, 2, 3 of opposite
faces (0w ™), Owl™)), the interpolation form of degree n is defined as

ot (x) = Z (pEQ) () aE% (no sum on ) , (139)

where gp%% with £ = 1,...,n + 1 are the interpolation shape functions, and agz)) with & =
1,...,n+1 are first-order tensors of new degrees of freedom corresponding to the interpolation
form (. These new degrees of freedom ag)) with 7 = 1,...,n41 govern the fluctuation field

on the boundary @ € dw) and are thus evaluated as to satisfy the PBCs (132) through

(@) (@) i —. @@ (4) i
u' (x7; ayy, .- Quuyy) = @ (z~; apyy, .- Gy Vot € 0w | and (140)
o (z=;a?,. .. a? =0 (z=:a? ... al? Vo~ € dwi) .
P () P () P (L) P ()

The functions @EQ) depend on the interpolation method: e.g. a bi-linear patch Coons formu-
lation was derived by Nguyen et al. (2012). Finally, the constraints and kinematic matrices
involved in the set of Egs. (136) were deduced from these functions by Nguyen et al. (2017),
see details in Appendix C.1.1 —we refer to the work by Nguyen et al. (2017) for other BC
cases.

The set of Egs. (136) is solved by the multiple-constraint projection method set up by
Ainsworth (2001) and summarised in Appendix C.1.2.
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Eztraction of the meso-scale response. During the resolution of the set of Egs. (136), for a
given fyr, two quantities are directly extracted:

e The homogenised first Piola-Kirchhoff stress tensor py; = ﬁ > ). e Pmda; and

e The fourth order macro-scale material tensor Cy; = ?)T;\f’ which is required during the
Newton-Raphson iterations of a multi-scale analysis, or which is the sought apparent

material tensor in the case of a linear behaviour.

The latter fourth order macro-scale material tensor is extracted in the matrix form cp; at
no additional cost since the matrix inverse which is required is the same as during the
finite-element resolution of the system (136), see the details in Appendix C.1.3.

We note that given stress states of the meso-scale volume element, e.g. plane stress
state, can easily be enforced by limiting the size of the constraints term sfy; of the set of
Egs. (136), and by performing Newton-Raphson iterations in order to reach the sought
components of the first Piola-Kirchhoff stress tensor p,; using the tensor cy;. FE.g., simple
uni-axial tension is obtained by limiting the constraints term sfy; of the set of Eqs. (136)
to sV, un,, and enforcing pyy,; = 0 for ¢ or j # .

Failure analysis. In the case of failure analyses, the extraction of the apparent stress-strain
curves holds up to strain softening onset only, since the stress-stain curve looses objectivity
beyond that point. However, the objectivity with the dimensions of the microscopic problems
can be recovered, e.g. in terms of a homogenised Traction Separation Law (TSL) Nguyen
et al. (2010); Verhoosel et al. (2010); Wu et al. (2013c).

In the context of micro-structures with geometrical uncertainties, Nguyen et al. (2019)
have studied carbon fibre reinforced high-cross-linked RTM6 epoxy resin in which the matrix
failure is modelled by a multi-mechanism damage model. They have then extracted objective
quantities such as the critical strength and energy release rates from SVE direct simulations.
Bhuiyan et al. (2020) have studied the statistical strength envelope of UD composites for
several loading conditions. A random field of apparent paper fibre network strength and
failure strain was extracted by Mansour et al. (2019). Mulay et al. (2015) have extracted
probabilistic meso-scale cohesive laws for poly-silicon thin film by considering random ori-
entation of the grains and inter-granular and intra-granular micro-scale cohesive laws, the
later being identified in terms of the crystal orientation. Shabir et al. (2019) has studied
the possibility to apply a scaling law, i.e. the application of simple linear elastic fracture
mechanics scaling relations to extract load-displacement curves for specimens with the same
microstructure and for various cohesive law parameters from a master load-displacement
curve, on the SVE failure response of poly-crystals.

4.2.2. Asymptotic homogenisation

The Asymptotic Homogenisation (AH) framework was initially developed assuming a
periodic micro-structure that can be represented by a cell volume element as illustrated in
Fig. 27(c). The formalism of AH is illustrated in Fig. 24(b), in which a magnification by a
ratio % of the macro-scale structure 2 yields a representation of the periodic micro-structure
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w(X; w). For conciseness, in the following volume integrals, we note the volume element
realization w = w(X; w), in which we omit the reference to w, but it is understood that the
homogenized response is micro-structure dependent.

We first present the AH formalism in finite strains as developed by Pruchnicki (1998)
so that it can be compared to the computational homogenisation case. Then the formalism
resolution is detailed for linear elasticity and for stochastic small strain elasto-plasticity
using a reduced order model as developed by Fish and Wu (2011).

The multi-scale problem. The multi-scale problem, assuming no dynamical effect, is framed
by the linear momentum equation expressed as

P.(X;w)-Vo+b(X)=0 VX e€Q wel, (141)

where the subscript “c” refers to the stochastic multi-scale problem, P.(X; w) is the first
Piola-Kirchhoff stress tensor, V refers to derivatives with respect to the material position
in the reference configuration of the volume {2 and b is the load per unit reference volume.
The boundary conditions read

U.(X; w)=up(X) VX €pQ, wetW, and (142)

PE(X; W) Ny = t(X) VX € Oy, we W, (143)

where U.(X; w) is the displacement field, ¢ is the surface traction, per unit reference surface,
on the Neumann boundary dy{2 of outward unit normal 7y in the reference configuration,

and up is the constrained displacement on the Dirichlet boundary dpf). The deformation
gradient field F.(Q) is computed from the displacement field U.(2) as

F.(X;w)=14+U.(X;w)®@V, VX e, wei. (144)
The multi-scale problem is completed by a constitutive relationship
P.(X,t; w)=P(F. (X, t; w);Z. (X, 7, w), 7€]0, 1], w), (145)

defining the relationship of the stress tensor P.(X; w) with the deformation gradient F.(X; w)
through internal variables Z.(X, 7; w). Assuming the existence of an energy potential 1) in
hyper-elasticity, Pruchnicki (1998) has considered the form

OV (F.; w)

P.(X; w) = OF. (X5 w) . (146)

Asymptotic expansion. The basis of AH is to develop the displacement field U.(X; w) into
contributions U; at different scales i = 0, 1, ... as’

U.(X; w) =Up(X; w)+ Y eUi(X, a5 0) (147)

i=1,2...

>One could consider Uy(X, x; w) in the development, but Fish et al. (1997) showed that when identifying
terms of different orders this would lead to V Uy (X, @; w) = 0, allowing to remove the dependency on .
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where U; for ¢« = 1, ... is expressed explicitly in terms of the fine grid & = % with ¢ —

0. Similarly, the material derivatives with respect to the reference configuration V are
expressed in terms of the partial derivatives with respect to X and to @ respectively at the
coarse and fine scales, with the operator (V) becoming

(Vo) = (VX + %Vm) : (148)

Using Eq. (148) to express the deformation gradient F. from the displacement series
(147) yields

F(X;w) = I+U(X; w)®Vx +UiI(X, z; w) ® Vg +

Fo({w;w)
elUi(X, z; w) @ Vx + Un(X, @; w) @ Vg +...
Fl()zrm;W)
g Ui(X, @; 0) @ Vx + Ui (X, @3 w) @ V| +... (149)
Fi(X, ;)

The Piola-Kirchhoff stress tensor (145) can be asymptotically expanded using Eq. (149)

into a series of contributions P; at different scales i = 0, 1, ... following
P.(X; w)=Py(X, x; w) + Z £Pi (X, z; w) (150)
i=1,2...
where
Py( X,z t; w)=P(Fo(X, x, t; w); Z(X,z,7; w), 7 €0, 1], w). (151)

In the particular case for which Eq. (146) holds, one has

oV (Fo;
Py (X, @ w) = 0 ) (x g ) (152)
0F,
The other terms P; at the different scales i = 1, ... represent the i*"-order terms of the

asymptotic expansion of w.

Finally, using the operator (148), the linear momentum balance equations (141) is ex-
panded as

1
0 = EPO(X’ x; w) Vi + [Po(X, xz; w) - Vx +P(X, x; w)- Vo + b+

eP(X,x; w) - Vx +Po(X, x; w) - V] + ...+
e'Py(X, x; w) - Vx + P (X, o w) - Vg ... (153)

Identifying the terms of same power in ¢ yields to the system of equations at the different
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scales

Order -1: 0= Py(X,x; w) -V, VX xxecQxwX;w),welW, (154)
Order 0: 0= Py(X, x; w) - Vx +P1(X, x; w) -V, +b(X)

VX xxeQxwX;w),welW, (155)
Orderi >1: 0= Py(X,x; w) - Vx +P; (X, x; w)-V,
VX xx e Qxw(X;w),weW. (156)

Meso-scale problem. For each fixed X € €2, the micro-scale deformation gradient
Fo (X, z; w) =14+Uy(X; w) @ Vx + Uy (X, x; w) ® V,, (157)

describes the evolution of the deformation gradient in w. When comparing this equation
with the gradient of the local displacement field (125) of the meso-scale problem in the
computational homogenisation framework, it can be seen that Uy(X; w)®V x plays the role
of Fyr and Uy (X, @; w) the role of the perturbation field U’ (x; w). As for the perturbation
field, and in order to avoid indetermination of the meso-scale problem, this field should have
a zero-average on w, with

1

The micro-scale stress tensor Py (X, x; w) follows from either Eq. (151) or Eq. (152).
Finally, the governing equation corresponds to Eq. (154). When comparing this set of equa-
tions with the meso-scale problem (114-116) in the computational homogenisation frame-
work, it can be seen that they are equivalent for a given X € €2, which plays the role of a
parameter into the meso-scale problem of the asymptotic homogenisation framework.

The resolution of the set of Egs. (154) for a given Uy(X; w) ® V x under the constraint
(158) yields the description of the fields Uy (X, x; w) and Po(X, «; w) in Qxw(X; w), w €
1), and is called the localisation step.

Macro-scale problem. The macro-scale problem is defined through the averaging over the
periodic micro-structure w of Eq. (155), yielding

1 1 .
W/WPO(X’ 5 w) - Vxdz + W/WPI(X’ x; w) - Vyde + —V(w) /wb(X)dw
L |
= V(w) /UJPO(Xa €I, W)da: VX +m/&dP1<X’ x; W) nmdw—i—b(X)
=0 VX eQ, (159)

where mn,, is the outward unit normal to w in the reference configuration. By analogy with
Eq. (122), we define

L
V(w)
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Besides, since w is periodic, so is P1(X, x; w) and one has P1(X, 7; w) - nyu(x™) =
—P1(X, zT; w)-ny(xh) for any pair (™, 1) of opposite points €~ € dw™ and T € Jw™,
see the notations of Fig. 27. Therefore, the system (159) reduces to

0 = Py(X;w) - Vx+bX) VXeQ wei. (161)
By analogy with Eq. (121) and using Eq. (157), we define

Fu(X; w) = ﬁ/FO(X, x; w)dx

1
= I+ Uy(X; w)®VX+m/wU1(X,:c;W)®dew

because of the periodicity of Uy (X, x; w).
Finally, the Hill-Mandel condition results from Eq. (152) written in the incremental form
integrated over w, with

1
mé/w\IJ(FO(X, x; w); w)dr =

PO(X x; w): 0Fy (X, ; w)dx =

V
%/ 0 (X, z; w)de : (Uy(X; w) @ Vx)+
1
m/ (X, @; w): (U(X, z; w) @ V) da . (163)

The last term on the right hand side vanishes since
/PO (X, 2 @) : (GUL(X, @ ©) @ V) da

U (X, x; w) - Py (X, x; w) - nypdiw —
ow

/ (Po (X, x; w) - V) - U (X, x; w)dx =0, (164)

where we have used Eq. (154) and the periodicity of w which implies Po(X, z7; w) -
nu(x™) = —Po(X, t; w) - ny(xt) and Uy(X, x7; w) = Uy(X, xt; w) for any pair
(x~, ™) of opposite points £~ € dw™ and ™ € dw™. Therefore, using Eq. (160) and
(162), Eq. (163) is rewritten

1

W(S/UJ\IJ (Fo(X, x; w); w)de =Py (X; w) : 6Fy (X) (165)
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which satisfies the Hill-Mandel condition. We also note that when the stress indeed derives
from the energy potential, this last equation implies that

1 0 U (Fy(X, z); w)de
V(w) OF\ '

Py (X w) = (166)

Finally, the problem should be completed by the constraints on the Dirichlet and Neu-
mann boundaries obtained by considering only the 0-order terms of the expansions and
performing a volume average, i.e

Up(X; w)=up(X) VX €9p, and (167)
Pu(X; w)-ny =t(X) VX €0yQ. (168)

We note that close to the boundary, the periodicity assumption of the global solution might
lead to unrealistic constraints. We refer to the discussion by Kanouté et al. (2009).

Resolution in the case of linear elasticity. In the case of linear elasticity, the multi-scale
problem (141-146) is rewritten by approximating the Piola-Kirchhoff stress tensor by the
Cauchy stress tensor ¥.(X; w), leading to the conservation of linear momentum

Y.(X;w)-Vog+b(X)=0 VX eQ wel, (169)

by considering the Cauchy strain tensor E.(X; w)

E.(UX;w)=-(U(X; w) @V + Vo U.(X; w) VX eQ well, (170)

N —

and by using the potential ¥ (E(X; w); w) =
constitutive law

E(X; w) : CX; w) : E(X; w) in the

1
2

O (Eg; w)

B (X ) = S (X ) = (X 0) B ) (71)

where C%(X; w) is the elastic material tensor of the multi-scale problem.

Considering the expansion (147) allows writing the strain tensor (170) as

E.(X;w) = ex(Uo(X; w)) + & (Ui(X, T; w)) +

7

~
EO(X7 x; W)

elex (Ui(X, @; w)) + &5 (Ua(X, ; w))] +... (172)

~

~~
El(Xvw; W)

with ex (0) = 3 (Vx ®e+e®@ Vx) and €, (o) = 5 (V, @ e+ ® V). Similarly to Eq.
(150), the Cauchy stress tensor is expended into a series of contributions ¥; at different
scales 1 = 0, 1, ... following

Yo(X;w) =3 (X, x; w) + Z £ (X, z; w) (173)
i=1,2...
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where we have
(X, @ w) =CHX, @ w) B (X, z;0), i=0,1.. (174)

the latter equation being obtained as a local rewriting of Eq. (171).
Finally, as done to derive Eqs. (154-156) by applying the operator (148) on Eq. (169),
one has

Order -1: 0= Xo(X,z;w) -V, VX XxxeQxwX;w),weW, (175)
Order 0: 0= %0(X, x; w) - Vx +3(X, x; w) -V, +b(X)

VX xx e Qxw(X;w),wel, (176)
Orderi>1: 0= X)X, xz;w) - Vx +3,1(X, z; w)- Vg
VX xx e QxwX;w),welW. (177)

Following the same argumentation as to derive Egs. (160-161), Eq. (176) results into
0 = Yu(X;w)-Vx+bX) VX e, (178)
with the homogenised stress tensor

S (X w) = %/EO(X, 2 w)dz. (179)

The apparent response Xy is obtained by multiplying Eq. (175) by a periodic test function
dv € UPBC(w) and integrating by part on w, yielding

/em (60) : CLUX, 2 ©) ¢ [ex (Us(X: ) + 2 (UL (X, @ )] dz = 0¥ov € UPBC(w)

(180)
where we have used Eqs. (172) and (174) and the periodicity of w which implies ¥o(X, £ 7; w)-
nu(x™) = —Xo(X, zT; w) - ny(xh) for any pair (=, ) of opposite points £~ € dw™

and T € Jw™, see the notations of Fig. 27. As discussed by Kanouté et al. (2009); Fish
et al. (1997), the problem (180) is solved by introducing a separation of variables through a

3
third-order tensor H (X, «; w) —periodic on w— such that

3
U(z, X; w) =H(X, z; w) : ex (Up(X; w)) € U (w), (181)
with the constraint (158). Defining the fourth-order tensor H (X, ; w) such that H;;i; =

3 3 3
%%Hikl + %%ijz, the problem (180) is stated as finding the periodic H (X, x; w) such

that
£z (00) : CH (X, x; w) : [l + H(X, z; w)]de =0 Vév € UTBC(w), (182)

w

where | is the fourth-order identity tensor with I;;n = %5%5;'1 + %51'15#;- We note that H
(and thus | + H) possesses minor symmetry properties, i.e. Hiju = Hjux = Hjy = Hijik,
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but not necessarily major symmetry properties. The tensor | + H is also called elastic strain
3
concentration tensor. Assuming the solution H (X, «; w) of the problem (182) is known,
Eq. (179) is rewritten as
Ty (X5 w) = CH(X; w):ex (Un(X; w)), (183)
with the apparent elastic properties

CSH(X; w) = ﬁ/ci(x, z; w): [l +H(X, x; w)]dz. (184)

3
Following Fish et al. (1994), multiplying (175) by the periodic H (X, @; w), integrating by
parts on w and making use of the periodicity on w, yields

/ HT (X, z; w) : C(X, x; w) : | + H(X, x; w)]dx =0, (185)

where (H?);j1 = Hyij. Therefore, the apparent elastic properties (184) can then also be
written

C(X, w) = %w)/ I+ HX, z; ©)]" :CYUX, x; w): [| + H(X, &; w)]de. (186)

Finally, the system (182) is usually solved using a finite-element discretisation of the cell
volume element as detailed in Appendix C.2.1.

FElasto-plasticity and damage. Fish et al. (1997) have extended the method in the case of
elasto-plasticity. In elasto-plasticity, the constitutive law (171) of the multi-scale problem

reads
2. (X w) = CH(X; w) ¢ [Eo(X; w) — Mo(X; w)] (187)

where M. (X; w) is the eigen-strain second-order tensor that characterises irreversible de-
formations, such as plastic strains. Therefore, a new expansion is considered
M.(X;w)= Y M(X, z; w), (188)
=0, 1...

where M, for ¢ = 0, ... is expressed explicitly in terms of the fine grid * = %
Therefore, the expansion (173) still holds, but the stress tensors (174) at the different

scales are rewritten
(X, x; 0) =CUX, xz; w): [E (X, z; w) — M; (X, z; w)], (189)

the latter equation being obtained as a local rewriting of Eq. (187), with E; (X, @; w) given
by Eq. (172).
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Following the details provided in Appendix C.2.2, the homogenised stress tensor (179)
then follows as

S (X5 @) = C(X, ) [ex (Tn(X: @) — My(X; )] (190)
where ex (Up(X; w)) = em(X; w), and where the overall eigen-strain My (X; w) reads

My(X; w) =
- 1
Cd T (X w) : m/ H'(X, @; w) +1] : CUX, ; w) : Mo(X, @; w)dw.  (191)
w w
In this case, the method involves a model order reduction which bears similarity with
the Transform Field Analysis: the eigen-strains My (X, @; w) are approximated using the
separation of variables

M, (X, x; w) Zh M® (X w), (192)

where {h*)(x)} is a set of C~! continuous functions. In practice, piece-wise continuous
functions on some elements or clusters of elements 6w in the cell volume element w can
be considered, in which case the functions h*) are the spatial indicators (60). For these
particular functions, as detailed in Appendix C.2.3, the macro-stress tensor reads

S (X w) = CL(X; w) :ex (Up(X; w) +Zs§w<’“ X;w) : M¥" (X w) . (193)

In this equation, the apparent elastic tensor C$;(X; w) results from Eq. (184), whilst the
inelastic influence tensors from

S (X w) = ﬁ/wCii(X, T; W) : [Déw(k)(X’ ;W) — léw"“)(w)] a@, (194)
with the eigen-strain influence functions
DX, @; w) = %C:j:))H(X7 x; w) : [CV(X; w) — CH(X; W)}_l :
W /W) HT(z; w) : C (X, 2; w)dz, (195)
and the indicator tensors ‘ .
o ={y 4ogim 03

In this formulation, both C&(X; w) and S (X; w) can be computed off-line, whilst
the tensors p%" (X) = 1Y R (X; w) are the average inelastic strains on the clusters dw®)
and are locally solved in-line at the micro-scale using the constitutive material law

o_fnw(k) _ Ufnw(k) (egw(k) (X), de( ) (X [O t]) ) (197)
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and the expression of average strain tensors e (X)) = Eg“<l) (X; w) on the clusters dw®,
which involves the different ,u,‘sw(l) (X)) following next equations, see Appendix C.2.3 for
details. The average strain on cluster éw® results from

EXY (X5 w) = A (X5 w0)ex (Un(X; w) + Y D% % (X ) M (X w)
k

(198)
with
1
W) = gy [, IR e md(19)
@ 5o 1 w®)
D 0 (X5 w) = m/é 0] D (X, @; w)dz . (200)

The formulation has been extended to finite strains by Fish and Shek (1999), Fish et al.
(1999) have then considered damage-enhanced elasticity, Oskay and Fish (2007) have also
included interface separation between the clusters, and Yuan and Fish (2009) have considered
a hierarchical formulation involving multiple scales.

Stochastic AH. Fish and Wu (2011) have used this formalism to account for uncertainties
(i) in the elastic constitutive parameters C¢ (X, x; w), (ii) in the inelastic parameters of the
constitutive law (197), or (iii) in the geometrical parameters, such as volume fraction, of the
unit cell w(X; w). On the one hand, when the elastic constitutive parameters C& (X, x; w)
or the geometrical description are considered as uncertain, the influence functions C$}(X; w),
S (X w), A" (X w), and D*" %™ (X: () have to be recomputed for each realisation
w. On the other hand, when only the inelastic properties of the constitutive law (197) change,
the influence functions are constant. Besides, two cases were considered by Fish and Wu
(2011): on the one hand, in the case of a random field, the properties can vary from one
unit cell w(X; w) to the other, and on the other hand, in the case of random variables, the
properties are uniform on ).

In this context of stochastic asymptotic homogenisation in which the fine-scale and coarse
scale resolutions are concurrent, Fish and Wu (2011) generated the random fields corre-
sponding to fine-scale constitutive inelastic parameters of the constitutive law (197) using
KL expansion, see Appendix A.3.2. Elastic and micro-structural properties were considered
as random variables.

4.2.3. Reduced order models (ROMs) & Neural Networks (NNWs) as surrogates

Because when considering computational homogenisation, the response of the SVEs have
to be obtained by full-field analyses, the computation cost can become high in the non-linear
range. This important computational cost is however alleviated when the SVE analyses can
be conducted pre-off-line in order to define the meso-scale random fields, as it will be seen
in Section 5.1, allowing for a highly scalable parallelisation of the process. Nevertheless, the
cost can remain too high for complex 3D micro-structures.

Therefore, research has been carried on in the context of model order reduction, data-
driven analyses and surrogate models.
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Reduced Order Models. A Reduced Order Model (ROM) aims at providing an efficient ho-
mogenisation process with a reduced version of the full-field analysis. This usually trades
space for time by relying on pre-off-line computations. The purpose of this section is to
provide a brief review of the existing methods, and is by no means exhaustive.

Reduced versions of models can be created by projection of the governing equations into
suitably selected sub-spaces based on the acquired information from pre-off-line computa-
tions performed on a finite-element discretisation of the meso-scale volume. In the case
of computational homogenisation, the reduced number of unknown variables is defined by
means of proper orthogonal decomposition (POD) of the displacement field (135) —or of
its fluctuation part— as suggested by Yvonnet and He (2007). In this context, the equilib-
rium equations (136) of the meso-scale volume are projected in a basis of reduced size, which
speeds up the resolution process of the meso-scale volume equilibrium. The basis can also be
defined from the discrete strain energy of the system by modifying the POD norm definition
as proposed by Goury et al. (2016). A further order reduction, see the work by Herndndez
et al. (2014); Soldner et al. (2017); Caicedo et al. (2019), is called hyper-reduction and aims
at reducing the computations of the internal forces (137) and tangent matrix (138) evalua-
tions. The idea behaind this hyper-reduction is to evaluate the constitutive laws at a reduced
set of points or elements within the meso-scale material domain. Soldner et al. (2017) have
compared the different projection-based ROMs in computational homogenisation.

In the context of POD-based ROM, a basis is defined from pre-off-line sampling of
the meso-scale volume element responses obtained for different paths of the macro-scale
kinematic variable fy;. This defines the so-called snapshots that are used to conduct the
POD. The difficulty is to select the loading paths so that the snapshots are varied enough
for the built reduced basis to represent with a controlled error a wide variety of solutions
corresponding to arbitrary loading conditions. Goury et al. (2016) have suggested to define
random walks as loading paths with a given norm of the strain increment. Snapshots can be
enriched by considering new loading paths, for which the evaluation of the direct solution
is required, if the error of the ROM on test data is not found to be low enough. In order
to increase the efficiency of the loading paths sampling, as an alternative to this “brute
force” method, Goury et al. (2016) have defined a sequence of random loading paths spaces
starting from monotonic loading of random direction (lower degree space) and subsequently
increasing the number of changes of direction in a loading path realisation (space of degree
1 has one change of direction per path etc.). This sequence of random loading spaces makes
it possible to infer which level of refinement is necessary in order to build a ROM with a
required accuracy; i.e. when a ROM constructed from snapshots of the space of degree
n can represent a solution in the space of degree n + 1. In order to select the snapshots,
for which the evaluation of the direct solution is required, in the space of a given degree n
that will be used to construct the ROM, a Gaussian process regression of an error indicator
is built, and used to infer the loading path which maximises the error indicator through
a Bayesian optimisation. This new loading path thus enriches the loading path sampling
space of degree n by a new snapshot located in a region of potential error of the model and
thus allows constructing a ROM of a given error from a limited number of evaluations of
the direct solution.
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ROMs can also be based on micro-mechanics models involving much less variables. The
computation of the influence function in the asymptotic homogenisation method presented
in Section 4.2.2 in combination to the reduction (192), which derives from the Uniform
Transform Field Analysis (TFA) developed by Dvorak (1992); Dvorak et al. (1994), belongs
to this category. Order reduction was achieved by Michel and Suquet (2009) in the nonuni-
form transformation field analysis (NTFA) by using the pre-defined internal variables modes
obtained from pre-off-line full-field analyses. Michel and Suquet (2016) have then applied
a tangent second-order (T'SO) expansion of the dissipation potential, which corresponds to
a reduction of the evolution equations related to the reduced internal variables. Fritzen
and Leuschner (2013) have developed an alternative to the TSO-expansion by extending the
NTFA in terms of a potential-based Reduced Basis Model Order Reduction (pRBMOR),
which provides the evolution law for the reduced degrees of freedom from a mixed incre-
mental variational principle. Fritzen and Hodapp (2016) have then combined this approach
with a GPU acceleration.

ROMs can also be obtained by dividing the volume element phases into clusters of
similar strains obtained through full-field analyses. Wulfinghoff et al. (2018); Cavaliere
et al. (2020) have used a Hashin-Shtrikman analysis of the clusters but the method is limited
to non-linear reversible behaviours and requires the definition of a homogeneous reference
stiffness. Liu et al. (2016, 2018) have defined the clusters from linear analyses and applied
a self-consistent homogenisation of the non-linear clusters response with constant internal
variables per cluster. In this so-called Self-Clustering Analysis (SCA), during the on-line
stage, the Lippmann-Schwinger equation is used as coupling equation between the clusters.
The interaction between the clusters is defined by influence functions expressed by the
Green’s function of a selected homogeneous material corresponding, either to a reference
material, or to the continuously updated self-consistent homogeneous and isotropic stiffness.
Huang et al. (2021) have used the SCA to study the impact of fibre volume fraction and
waviness variations on UD laminate compression response.

Data-driven methods and deep material networks. Liu et al. (2019); Liu and Wu (2019) have
developed the so-called deep material network (DMN) approach as a homogenisation method
based on analytical micro-mechanics models, such as laminate theory, defining mechanistic
building blocks, the latter being organised in a binary hierarchical topological structure.
During the training process defined from homogenised elasticity tensors of a fixed microstruc-
ture with different elastic properties, the DMN “learns” the weight ratio and interactions of
the building blocks. Once trained, the DMN is able to predict non-linear responses through
a forward homogenisation process and a backward de-homogenisation process of the lineari-
sation of the stress-strain behaviour. Accurate results were obtained in the non-linear range
although only linear elastic data were used during the offline training. The reason of this
good handling of extrapolation was theoretically explained by Gajek et al. (2020). Nguyen
and Noels (2022) have provided an efficient implementation of the forward homogenisation
process and a backward de-homogenisation process for arbitrary tree structures and Nguyen
and Noels (2021) have removed the laminate assumption in order to account for evolving
micro-structures like in porous materials. More complex micro-mechanical models such as
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mean-field homogenisation can also be used in the mechanistic building blocks as proposed
by Wu et al. (2021) for woven composite materials, which allowed reducing the needed
number of blocks to a few couples.

Data-driven methods and surrogate models. Recently, data-driven approaches have seen an
increasing popularity, in which the data are numerically obtained from the resolution of the
meso-scale volume elements.

Conducting off-line non-linear simulations in order to extract homogenised stress-strain
responses through computational homogenisation, see Section 4.2.1, is also a way of building
a synthetic data-base that can be used to construct surrogate models of the inelastic response
of the meso-scale volume elements. This synthetic data-base was used by Xu et al. (2020)
to conduct data-driven and model-free analyses (Kirchdoerfer and Ortiz, 2016; Eggersmann
et al., 2019).

This synthetic data-base can alternatively be used to build surrogate models, which
basically consist into mapping functions. Surrogate models can be of different natures.
Wirtz et al. (2015) have built such a surrogate using kernel methods, Perrin et al. (2012)
have used the polynomial chaos expansion etc. Omairey et al. (2019) have considered a
polynomial regression fit to represent the relationship between uncertainties and their effect
on apparent elastic properties of UD composites using data points obtained by computational
homogenisation. Recently the use of neural-networks as surrogates has seen a fast growing
interest. In that context, the synthetic data-base is used to train the NNWs, which serve as
surrogate either of the homogenised strain energy surface from which the stress-strain can
be derived as proposed by Le et al. (2015); Bessa et al. (2017), of directly the stress-strain
response as in the works by Fritzen et al. (2019); Yang et al. (2019), or of a function of
both the current stress and the plastic dissipation density as suggested by Zhang and Mohr
(2020).

In the context of reversible behaviours, i.e. linear elasticity or nonlinear elasticity, feed-
forward NNWs, for which the information moves only along the forward direction, are usually
used. However, in the case of history-dependent behaviours, e.g. plasticity, there is an extra-
difficulty with feed-forward NNW | in both the ANN architecture and offline training, since
the information moves only along one direction, which cannot account for complex loading
conditions, e.g. unloading, reloading. Although Huang et al. (2020) have enriched feed-
forward NNWs by variables corresponding to the strain paths, e.g. length of strain paths,
in order to introduce the history-dependency, the alternative of Recurrent Neural Network
(RNN) was shown by Mozaffar et al. (2019); Gorji et al. (2020); Ghavamian and Simone
(2019); Wu et al. (2020a); Logarzo et al. (2021) to be efficient and accurate in approximating
the history-dependent homogenised stress-strain relationships, because of their ability to
account, for the information about what has been computed so far. Indeed, RNNs make
use of sequential information: they are called recurrent because they perform the same
task on every step input of a sequence, with the output being dependent on the previous
evaluations. They thus exhibit a “memory”, which captures information about what has
been calculated so far. Nevertheless, their training requires a synthetic data-base which
covers enough possible loading history paths. The generation of this data-base thus requires
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to introduce some stochasticity in the loading paths, either under the form of Gaussian
process as suggested by Mozaffar et al. (2019), cubic-spline interpolations as conducted
by Gorji et al. (2020), or more generally under the form of a random walk as developed
by Wu et al. (2020a). We refer to the recent review by Rocha et al. (2020) for a critical
comparison in the context of composite materials. Wu and Noels (2022) have combined
recurrent neural networks with dimensionality reduction for high dimensional mechanical
problems. In this context, beside the macro-stressmacro-strain response of the meso-scale
boundary value problem, the state field distribution at the micro-structure level could also
be recovered for complex loading scenarios.

Stochastic surrogate models. ROM and NNW-based mappings offer the opportunity to build
stochastic surrogate models that can be used to propagate uncertainties. In the context of
stochastic finite elasticity, a ROM was built by Clément et al. (2012); Yvonnet et al. (2013)
from the resolution of SVESs, which are called composite material elementary cells, by defining
a meso-scale potential capturing the uncertainties related to the fibres geometry/distribution
in composites. Rao and Liu (2020) have trained a three-dimensional deep convolution neural
network (3D-CNN) using a data-set consisting of spherical inclusion micro-structure images
and of the predicted homogenised elasticity tensors obtained by computational homogeni-
sation. It was shown that the 3D-CNN is able to predict the anisotropic effective material
properties of micro-structures with random inclusions. In the context of non-linear electrical
conduction, Lu et al. (2021) have developed a hybrid neural-networkinterpolation. Assuming
deterministic effective properties at the microscopic scale with respect to the microstructure
for a given volume fraction, the hybrid neural-network-interpolation was build by interpo-
lating data-set obtained at given volume fractions. At the macro-scale, uncertainties related
to non-homogeneous distributions of volume fractions could then be accounted for in non-
linear analysis by using the hybrid neural-networkinterpolation as a stochastic meso-scale
surrogate.

Clearly, the use of NNW as surrogate is a promising way of achieving stochastic multi-
scale methods, providing they can be trained with a rich enough synthetic data-base. This
creation of a data base requires a large number of direct numerical simulations of the meso-
scale volume elements (or a large number of experiments), which can be overwhelming. One
solution is to rely on interpolation in the parameter range as with the hybrid neural-network-
interpolation method, or to use ROMs to construct the off-line simulation data-base needed
for data-driven macro-scale analyses Bessa et al. (2017).

4.2.4. Mean-Field Homogenisation (MFH)

The MFH approach is a computationally efficient semi-analytical framework for the
homogenisation of 2-phase composites developed using different extensions of the Eshelby
(1957) single inclusion solution to account for the multiple-inclusion interactions. The most
popular extensions are the Mori-Tanaka (Mori and Tanaka, 1973; Benveniste, 1987) and the
self-consistent (Kroner, 1958; Hill, 1965b) schemes.

By opposition to the computational homogenisation framework described in Section
4.2.1, the microstructure is not explicitly represented but defined from the phases material
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properties, the phases volume fractions and either from the inclusions geometrical shape,
see Fig. 27(d), or from their spatial correlation (Ponte Castaneda and Willis, 1995). The
homogenisation framework is then formulated by a series of equations, completed by the
knowledge of phases properties, that can be solved iteratively.

Although it can provide accurate prediction of the homogenised behaviour in some cases,
MFH relies on some assumptions and is thus not as general as computational homogenisa-
tion. Nevertheless, it provides a computationally affordable solution, which can also be seen
as a ROM, and that will be further used in a multi-fidelity approach in Section 5.4.

Generalities on the MFH for two-phase composites. Considering a realisation w € #f of the
micro-structure w(X; w) and a two-phase composite material with the respective volume
fractions Vy(w) 4+ Vi(w) = 1 (subscript 0 refers to the matrix and I to the inclusions), the
volume average over the volume element w(X; w) is explicitly expressed in terms of the
volume averages over the two phases wo(X; w) and wi(X; w), with

Ey(w) = V()(W)V(iuo)/ E,(x; w)dac—}—lfl(w)v(lwl)/ E.(x; w)dx, and (201)
Yp(w) = %(W)V(i)o)/ Yon(x; w)da:—i—‘/i(w)v(lwﬁ/ Yz w)de. (202)

For conciseness, in the following volume integrals, we note the volume element realization
w = w(X; w), in which we omit the reference to w, but it is understood that the homogenized
response is micro-structure dependent. The key-point of the MFH method is to define the
relation between the strain averages in the different phases, using a strain concentration
tensor B¢(w). For linear material systems, this implies

Ei(w) = B(I(w), C (w), Cf'(w)) : Eo(w), (203)

where I(w) represents the equivalent inclusion realisation in terms of geometry, C¢'(w) is
the elastic stiffness tensor in phase w;(w), and where we have used ®; to represent the
volume average over the phase w;(w), i.e. ﬁ fwi o, (x; w)dx, for conciseness. Note that e;
represents the first statistical value estimate of the field e. A popular approach to define the
strain concentration tensor B¢(w) is to extend the single inclusion solution of Eshelby (1957)
to multiple inclusions interacting in an average way. Common homogenisation schemes are

e The Voigt model assumes the same average strain in the two phases. This hypothesis
leads to the following strain concentration tensor:

B(w) = I; (204)

e The Reuss model considers that the average stress is the same in the two phases.
Consequently, the following expression arises:

B (w) = (C'(w)) ™ C(w); (205)
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e The Mori and Tanaka (1973) method (M-T), in which the average strain in the matrix
phase of the multiple-inclusion composite material corresponds to the strain at infinity
of the single inclusion problem, results in

B(I(w), Cg(w), Cf'(w)) = {1+ Y(w) : [(C) " (w) : C'(w) — 1]}, (206)

where the Eshelby (1957) tensor Y(I(w), C¢(w)) depends on the geometry of the in-
clusion I(w) and on the elastic tensor of the matrix phase Cg'(w).

Non-linear MFH. Being computationally efficient, MFH methods were extensively devel-
oped to account for non-linear material behaviours. In such cases, the linear equations are
applied on a so-called linear comparison composite (LCC) Talbot and Willis (1985, 1987);
Ponte Castaneda (1991, 1992); Talbot and Willis (1992); Doghri and Ouaar (2003); Moli-
nari et al. (2004); Doghri et al. (2010); Wu et al. (2013a). This LCC is defined as a virtual
composite material whose constituents linear behaviours behave similarly to the linearised
behaviours of the real constituents at given stress-strain states.
For non-linear material systems, Eqs. (201-202) are rewritten

AEy(w) = Vo(w)AEg(w) + Vi(w)AE;(w), and (207)
Su(w) = Vo(w)Bo(w) + Vi(w)Eir(w), (208)

and the strain concentration tensor is constructed using a linear comparison composite
(LCC), yet to be defined, which represents the linearized behaviour of the composite material
phases through their virtual elastic operators, i.e. CEC(w) for the matrix phase and CFC ()
for the inclusions phase. Equation (203) is thus rewritten

AE;(w) = B¢ <I(w), CLCC (), CILCC(W)) : AE(w). (209)

Depending on the assumptions behind the definition of the LCC, the tensors C(I)’CC(W) and
C%CC (w) are constructed in different ways. However, they are constructed in such a way that
they are uniform over each phase, hence the e; notation. In the secant method developed
by Berveiller and Zaoui (1978) the material is linearized as 2;(w) = C(w) : E;(w), in
which case only monotonic loading conditions can be considered. In the incremental-tangent
formulation pioneered by Hill (1965a) and developed by Pettermann et al. (1999); Doghri
and Ouaar (2003), the non-linear material is linearized as d¥;(w) = C*(w) : dE;(w),
where C;an(w) is an elasto-plastic tangent operator, allowing considering unloading. In the
affine method, which was first proposed by Molinari et al. (1987, 2004) for visco-plastic
materials, see also the work by Pierard and Doghri (2006); Doghri et al. (2010), the material
is linearized using a polarisation stress M;(w) as 3;(w) = Ci(w) : Ei(w) + M;(w), where
C;(w) can be different from the tangent moduli. Wu et al. (2013a,b) have also developed the
incremental-secant formulation, which contrarily to the secant method allows considering
cyclic loading, by defining the LCC and the operators CF°C(w) from a virtually unloaded
state of the composite material. This last definition of the LCC has several advantages as
compared to other formulations. First, the isotropization step required by the affine and
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incremental-tangent methods as discussed by Chaboche et al. (2005) is avoided because the
secant operators are naturally isotropic. Second, the method has a better accuracy in the
case of non-proportional loading as shown by Wu et al. (2013a) and in the case of damage-
enhanced elasto-plasticity since the virtual unloading step allows capturing a phase elastic
unloading during softening of another one as illustrated by Wu et al. (2013b).

With the first statistical moments formula, the equivalent von Mises stresses and equiva-
lent increment strains, corresponding to the averaged stress and strain tensors in the phases
wji, are evaluated as

2 (w) = \/;ﬁ /wl Y(x; w)dx : 19ev V(lwl) /wl Yi(x; w)dx (210)

N 2 1 1
©q — - . . |dev . .
and AFE(w) \/3 V@) /w AE(x; w)dx : 19¢v Vi) /w AE(x; w)dz, (211)

where 19¢V is the deviatoric fourth-order tensor. However, when considering the first statis-
tical moment values in the different phases when predicting their plastic flow, the plastic
yield is not always accurately captured in some material systems such as short fibres com-
posite materials, as discussed by Moulinec and Suquet (2003). In order to improve the
predictions, MFH was enriched by accounting for the second statistical moment estimates
m fwi e ® edx of field e. The second statistical moment estimate of the equivalent strain
increment in phase w; reads

2 2 1
AL = [ =|dev i AE ;o AE : 212

and the second statistical moment estimate of the equivalent stress increment in the phase
w; reads

2 3 1
A (w) = \/§|dev . V@) /wz AY L (xz; w) @ AX,(x; w)dx . (213)
In particular, the second statistical moment estimate of the incremental strain field in the
phase w; can be computed by

1 1 8CLCC(W)
Vo) /w AE, (z; w) @ AE, (x; w)dx = v_iAEM(W) : aQT

(w) : AEy(w), (214)

as detailed by Bobeth and Diener (1987); Buryachenko (2001), where C*CC (1) is the effective
elastic tensor of the LCC, corresponding to the given phase virtual elastic operators COLCC(W)
and C%CC(W). Second statistical moment values were accounted for by Suquet (1995) while
using the so-called modified-secant approach, by Ponte Castaneda (1996); Doghri et al.
(2011) while using the incremental tangent method, and by Wu et al. (2017) while using the
incremental-secant method. In order to capture with more accuracy the field fluctuations,
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Ponte Castanieda (2002a,b) have considered “generalised secant moduli” incorporating both
first and second statistical moment information and have applied the method to visco-plastic
composite materials.

Second statistical moments values are also accounted for when developing MFH meth-
ods based on variational principles as pioneered by Ponte Castaneda (1992) and further
developed by Lahellec and Suquet (2007a,b) in the context of in-elasticity, by Lahellec et al.
(2011) in the context of thermo-elasticity, and by Brassart et al. (2011, 2012); Lahellec and
Suquet (2013); Boudet et al. (2016) in the context of elasto-(visco-)plasticity.

4.8. Extraction of stochastic homogenised behaviours

For a given stochastic micro-structure w € #, the apparent properties observation,
e.g. the homogenised material tensor Cy(X; w), can be extracted using the approaches
developed in Section 4.2. In order to extract the random field {Cy(X; w) : X € Q, w €
W}, the sample space ¥ has to be spanned, and different methods can be considered.
For conciseness, in the following volume integrals, we note the volume element realization
w = w(X; w), in which we omit the reference to w, but it is understood that the homogenized
response is micro-structure dependent.

These methods are developed here in the particular case of stochastic micro-structure
homogenisation, but they can also be used when propagating uncertainties to the structural
scale as discussed in Section 5.5, where we further discuss their variations, advantages and
drawbacks.

4.3.1. Monte-Carlo simulations

The Monte-Carlo (MC) simulation method is the simplest resolution method. It involves
sampling several micro-structures w € ¥, from which the apparent properties, e.g. the
homogenised material tensor Cy(X; w), can be extracted using the approaches developed in
Section 4.2. For enough samples, the set of solutions corresponds to an accurate estimation
of the sought stochastic response. MC is a robust method that has widely been used in
stochastic homogenisation by Cottereau (2013); Lucas et al. (2015); Stefanou et al. (2015);
Wu et al. (2016); Lucas et al. (2017); Stefanou et al. (2017), e.g.

As examples, the correlation of the homogenised random field {Cy(X; w) : X € Q, w €
W} of apparent poly-crystal properties sudied in Fig. 26 and the apparent UD composite
property distributions illustrated in Fig. 29 have been obtained by combining MC simula-
tions with the computational homogenisation framework presented in Section 4.2.1.

4.3.2. Perturbation stochastic finite elements

We consider the probability space (¥, F, P) and as (continuous) random field U'(w) =
{U'(x) : « € w} the perturbation field (125) defined in the computational homogenisation
framework, with U'(z; w) € U(w) where U(w) is an admissible kinematic vector field subset
of the minimum kinematic field U™™® (129) defined depending on the boundary conditions
applied on the SVE.. It is assumed that the uncertainties can be expressed in terms of
E = T a vector of n random variables =; : 1/ — R. The stochastic strong

—_ —_
— | = — —
— [‘—‘1""—‘7,""—‘71]
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form of the micro-scale problem reads
[P (U'(x; €); )] - Vo =0, (215)

with & = BE(w).

We follow the summary given by Nouy (1999) of the perturbation stochastic framework
and adapt it to linear elasticity. The stochastic strong form of the micro-scale problem (215)
thus becomes

(Zn (U'(x; §); €)]- Vo =0, (216)

with & = E(w) and X, (e; &) the Cauchy stress tensor, which is here seen as an operator.
This operator is then developed around its value evaluated for E[E] as

S (U €) = Zu (U EE) +23~ E[Z]) (6 — E[Sd]) +
(") ,
) 4 (U)
2 Z Z ('Lkaul U E [E]l(&c —E[E)) (& —E[E]) +... (217)
= U)

way

wj(@) —
",i(w)
NI e U (e EED (6~ EED G €D+ (19
u’;’(m) g

Using the two developments (217) and (218), and assuming the operator is linear with
the unknown field, i.e. assuming linear elasticity in the present context, the strong form
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(216) reads
0 = [So(up) VO+Z 3o (u))] - Vo (& —E[E]) +

X (50 ()] Vole €= (6 €D ¢4

ZZ[E (ug)] - Vo (6 — E +ZZ |- Vo (& —E[E]) (& —E[E]) +
—ZZZ - Vo (€ — EIE4]) (& — EIE) (& — EIE)) + . +
—ZZ w (up)] - Vo (& — E[E4]) (& — EZ1) +

—ZZZ ] Vo (& — EE]) (& — E[E]) (& — EE]) +
—ZZZZ - Vo (& — E[Z4]) (& — EIE1) (& — EE]) (& — EE)) + -

(219)
This set of equations can be rewritten as a set of recursive deterministic problems
Order 0: 0= [X(ugy)] - Vo, (220)
Order 1: 0= [ (u})] - Vo+[3; (uy)]- VoVi=1.n, (221)
Order 2: 0= [ (u/;,)] - Vo+ [, (u))]-Vo+ [, (u))] - Vo+
S (wh)] - Vo, j = L, (222)
of unknowns wug, u/;, ufij ... The definition of these deterministic problems involves the

computation of the operator derivatives 3 ; (U’) with respect of the random variables Z;.
Since the method is developed for linear elasticity, considering the stochastic elasticity tensor
C¢ (x; E(w)) these derivatives read

Order 0: X (z; U') = C% (z; E[E]) : €,(U"), (223)
Order I: 8 (x; U’) = %25 (z; E[g]) : e,(U"), (224)

Once the recursive set of deterministic problems (220-222) solved, e.g. using a finite-
element discretisation, the stochastic field solution results from Eq. (218). Moments of the
solution can readily be evaluated

EU] = up+ = ZZR—M . (225)

E[(U' —E[U)) @ (U —E[U)] = ZZR_(mui®u,j+..., (226)



with the covariance matrix Rg of the random vector 2 defined by Eq. (46).

As an example, Sakata and Ashida (2011) have extracted the homogenised properties
of elastic fibre reinforced composites in which either the matrix properties of the volume
fraction of inclusions follows a given distribution. In that case, the theory of equivalent
inclusions, see also Section 4.2.4, was used. Lepage et al. (2011) formulated the homogeni-
sation problem using the asymptotic method described in Section 4.2.2, and have applied
the development in the uncertainties on the tensor (184) solving the problem using the finite
element discretisation of a poly-crystalline volume element. The perturbation stochastic
method was then applied to evaluate the mean and variance of the homogenised elastic
properties as a function of the grains property uncertainty of the poly-crystal.

4.3.3. Galerkin stochastic finite elements

The theory was pioneered by Ghanem and Spanos (1991) and further developed by
Ghanem and Kruger (1996); Ghanem (1999) who have set the bases of the Spectral Stochas-
tic Finite Element Method (SSFEM). The Galerkin stochastic finite element method is an
intrusive techniques avoiding the extensive sampling and deterministic simulations of the
MC methods and allowing treating more general cases than the perturbation method. More
details can also be found in the works by Nouy (1999) and Ernst and Ullmann (2010).

Finite approximation of the expansion of a random field. Let us consider the continuous
random field U'(w) = {U'(x) : « € w}, of random vectors U’ that take values in R™,
for w C R? a space of material points =, with d € N. Its expectation (26) is denoted by
u (x) = E[U' (x)] : w — R™. When considering a purely mechanical problem, the size m
is equal to the dimension d.

Let 2 = [Z;,...5;...2,]T be a vector of n independent, zero-mean, and unit variance
random variables =; : W — R of finite second order moment and of support &=,. The
support of E is denoted by 8z = 8=, X ... X 8=, X ... X 8,. Similarly as set in Appendix
A.4.4, and in particular Eq. (A.75), the stochastic field U'(w) = {U'(x) : = € w} is
represented by the finite separated expansion through the random vector E, for which a
realisation w € ) reads

u'(x) = U’ (z; E(w) )+ Zukw @) Yo (B(w)) (227)

with the multi-index k() = {k:il), o kr(ll)} € Ny defined in
= (kD eNg: kD + 1 kD kD <p i =0.05Y, (228)

of total degree at most p and elements k© = {0, ..., 0}, k@, ... k(%) w1th ny (”Tﬁ)' —1.

In B (227), (000 (€)= 046 o x Uh (6 x o x U (61 : KO € HE: € = B} i
an orthonormal polynomial family belonging to the Hilbert space # (W ), and the coefficients
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ugm () valued in R™ are evaluated by
wo (@) = E[(U'(2) - '(2)) Yo (E)]
- | W@ o-d@)o©m©dg, 1-Laf. (@9

Defining w0 () = u'(x) and considering 1) (E) =1, Eq. (227) becomes

u'(x) = U (x; B(w Zukm ) Y (E(w)) . (230)

A common choice for the orthonormal polynomials family {1/}1 : 1 € Ng,i = 1.n} is
based on the Hermite polynomials H,;(), see Eq. (A.52), with wll (fl) H(&).

Stochastic Galerkin finite element. We now consider the probability space (W, F, P) and
as (continuous) random field U’ (w) = {U’(x) : « € w} the perturbation field (125) defined
in the computational homogenisation framework.

It is assumed that, through a non-linear mapping, see Appendix A.1, the uncertainties
can be expressed in terms of E = [Z; ... Z; ... Z,]7 a vector of n independent, zero-mean, and
unit variance random variables =; : #/ — R of finite second order moment and of support
Sz,

Therefore the strong form of the micro-scale problem reads

[P (U'(x; €); €)]- Vo =0, (231)

with £ = E(w).

Following Pivovarov and Steinmann (2016), we now multiply Eq. (231) by a stochastic
test function U’ (x; &) € U(w) x #H (W), where U(w) is an admissible kinematic vector
field subset of the minimum kinematic field U™™ (129) defined depending on the boundary
conditions applied on the SVE. Integrating on the probabilistic space and on the spatial
domain yields

/ /_w'(w; &)- [P (U'(w; €); £)]- Vol 7a(€)dédm = 0 VSU' € U(w) x #(W). (232)

Integrating by parts in the spatial domain, the weak form (130) is then restated on the
product between the physical and probabilistic spaces as finding U’ € U(w) x # (W) such
that

//_ (U (m: £): €): (5U'(z: €) @ Vo) ma(€)dedm — 0, WoU' € U(w) x H(W).

(233)
The finite element discretisation of Eq. (233) is based on the separation of variables with
the use of the finite element discretisation (135) and of the expansion (230), yielding
(w))u'?) ; and

)
)

{U(’L’; € =X, X e (@) ( k() (234)
(

nc — a
SU'(m: €)= X, S0 0@ (@)t (B(w)) 6ul?)
89

(1



We note that Eq. (125) allows relating the fluctuation U’(z; €) to the displacement U (x; &)
and thus to the degrees of freedom. The degrees of freedom 'u,gl(g) represent ng + 1 nodal
displacement vectors resulting from the expansion (230), and are collected in the vector
d.,, which has now a size of d x (ng + 1) x n for n nodes and a physical space of
dimension d. It is seen that the system is similar to the traditional finite elements, with
however more degrees of freedom whose number increases dramatically with the size of the
stochastic process.

The vector fin of the internal forces associated to the weak forms (233) reads

node

fu =\ / / ()7 Py (; €)7s(€)deda, (235)

where b’ is the elementary matrix of the shape functions gradient associated to the stochas-
tic displacement vector field, i.e. built from V@ (x)y,0 (E(w)), P, is the first Piola-
Kirchhoff stress tensor P, written in the vector form, and where A . is used to symbolise
the assembly process.

The stiffness matrix k,, of the unconstrained meso-scale volume element reads

K, = af‘“t /\ / / ) (b'®)" Cpa(a; €)b"mg(&)deda (236)

where d, is the vector gathering all the micro-scale degrees of freedom, i.e. the nodal

displacements u;(g), Cun g?“ is the matrix notation of the micro-scale fourth-order material
tensor C,, = gllim, with F}, the deformation gradient F,, written in the vector form.

Spectral Stochastic Finite Element Method (SSFEM). In the context of linear elasticity, the

Galerkin stochastic finite element method simplifies as shown by Ghanem and Kruger (1996);

Ghanem and Brzakala (1996); Ghanem (1999), see also the review by Nouy (1999).
Assuming linear elasticity, the stress tensor reads

Yoz w) = Cl(x; w) : Bp(x; w), (237)

where the local elasticity tensor C%(z; w) is a realisation of the random field {C(x; w) :
T € w, w e W} assumed to be characterised through the covariance matrix chql(:c; T), in
which we have considered the elasticity properties written under the 21-component vector
form C¢ and a vector T separating two points of w.

Following Appendix A.3.2, a Karhunen Loeve expansion allows representing the random
field C%(w) by the collection of

Cel(w W >~ C + Z )\(éelH Cel Z Cel ((Zj)el(w) ’ (238)

where H is a new random vector of zero- mean, unit variance and uncorrelated (but possibly
dependent) components H;, >‘Cel and ucel( x) for i > 0 are the ordered eigen-values and
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orthonormal eigen-basis of the covariance matrix RCel (:1:; T), n is the order of the expansion,
and where we have defined Hy(w) = )‘Cel =1 and ucel(a:) as the expectation ¢ (z).

In particular, if the random process {Cﬁ(:c w); T € w, w € W} is Gaussian®, the random
variables {H;} are not only zero-mean and of unit variance, but they are also independent, as
discussed in Appendix A.3.2. It is thus assumed that the finite separation expansion (230)
of the displacement field is built on the same random variables, and Eq. (238) is rewritten
for convenience as

Cra(@; w) = & (x) + Z Nobitoy(@) = 3\ AguZilwlugy(@),  (239)
=0

—_

where 2 = [Z;...5;...2,]" is a vector of n independent, zero-mean, and unit variance
Gaussian random variables Z; : #/ — R of finite second order moment and of support
Sz, = K. Therefore, starting from the stochastic weak form (233) and considering the small
strain approximation with Eqs. (237) and (238) yields finding U (x; £€)” such that

T

[ [ X [genl@: 0 ee v iU 6o Ve -0,

w Sz =0

VoU' € U(w) x # (W), (240)
(%)

el

where u_,, is the symmetric matrix notation of u! Introducing the discretization (234),

Cﬁ%
this last equatlon becomes

SN adi, N\ / L_ { Aou€itbno (€) Yo (ﬁ)}

=0 p=0 ¢q=0
(b)) u? (z)brz(&)dédr  dpw =0, Vodyw ,(241)

el
Cm

where dy) is the vector of ugg,), part of d,, or again

ZZ A / (b)" ul), ()b da /é { Aew &tk (€) Yrio <£>} r=(€)dé dyo =0,

pOzOo.)e

7 ~

c(i’Pq q)

-~

kY
Vg =0.ns, (242)

The stiffness matrix ky, (236) is thus made of the blocks k»? = S c(br0k® vy g =
0. n . Ghanem and Kruger (1996) have used this formalism to study the loading of a sample

Swhich is an approximation since the material tensor is actually definite positive.
"We recall that Eq. (125) allows relating the fluctuation U’(z; £) to the displacement U (z; &).
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with spatially varying Young’s modulus taking advantage of the structure of the stiffness
matrix.

In the case for which the material stochasticity process is not Gaussian, Ghanem and
Brzakala (1996); Ghanem (1999) have assumed that C¢(z; w) depends in a non-linear man-
ner on a Gaussian process. For example Ghanem and Brzakala (1996) have considered an
interface between two media defined by the height

(w) +Z\/ATHZ Z\/>_ @D(z), (243)

where the random variables {Z;} form a Gaussian vector of zero-mean and unit-covariance
matrix, )\g) and u%)(:c) for ¢ > 0 are the ordered eigen-values and orthonormal eigen-basis
of the correlation Ry(x; 7), n is the order of the expansion, and where we have defined
Ho(w) = )\g) =1 and ug) (x) as the expectation h(x). As to obtain (230), the polynomial

chaos is then applied on the material operator C¢(x; w) written in the vector form as

[I]

h(x; w) = h(zx;

Chi(m; w) = Cp(; h(x; w)) ~ Cy (@3 h(a; B(w Zuk X) g (E(w)) ,  (244)

with the coefficients u,) () evaluated by

weo (@) = E[(Ch(a; W) — (@) v (B)]
= [ (Gt blas ) - (o) v Ornale)ie. 1= Ll (215)

and ugo) () = ¢ (x). The terms ugm(x) of Eq. (245) can be evaluated from the non-
linear dependency of C¢(z; w) with the Gaussian random field {H(x; w); € w, w € W}
developed under the Karhunen-Loeve expansion (243). Proceeding as before, Eq. (241)
becomes

C
np n

=Q

n

sQ

5dk<q> /\ / / ) (Ve (&) Vi (€) Vi (§)]

(b)) o (z)bemg(€)déde  dyp) =0, Vodw ,(246)

=0 p=0 g=

where ug (x) is the symmetric matrix notation of ua , or again

ZZ/\/ " a0 (@)b da /9_ [ (€) Vi (&) Vi (€)] 7=(§)dE  dy =0,
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clisp, q)
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Vg = 1..711()J ,(247)
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In Tootkaboni and Graham-Brady (2010), a spectral stochastic computational scheme
was proposed that links the global properties of multiphase periodic composites to the
random material properties of their microstructural components. In particular, they have
considered the case for which material properties of the two phases of the composite material
are uncorrelated and the case of perforated two-phase composites with correlated elastic
properties. Xu and Graham-Brady (2005) have analysed the elastic behaviour of random
media by considering varying elasticity constants, for the two cases of Gaussian and non-
Gaussian processes.

Finally, the case of perfect plasticity with varying elasticity constants and yield stress
was studied by Rosi and Matthies (2008).

1

D, (w)l

(a) Random inclusion loca- (b) Random inclusion ra- (c) Integration points of the random
tion dius inclusion radius

1
1
1
1
1

Figure 30: Schematics of the random unit cells studied: (a) by Pivovarov and Steinmann (2016) in which
the centre location (dj, d2) of the particle is defined by a couple of random variables (Dy, D2); (b) by
Pivovarov et al. (2018b) in which the inclusion radius r is defined by a random variable R; and (c) in which
a global stochastic finite element method is considered with the displayed integration points, resketched
from (Pivovarov et al., 2018b).

Local € global Galerkin finite elements. The difficulty with the Galerkin stochastic finite
element method is to define the boundary of phases in heterogeneous structures since the
latter are varying with the realisation «w € /. Another difficulty with the Galerkin stochastic
finite element method is the definition of the integration process both in the physical domain
w and in the stochastic support S=.

In the context of non-linear elasticity, Pivovarov and Steinmann (2016) have considered
an inclusion embedded in a matrix, see Fig. 30(a), and whose centre (di, dz) is defined by
a couple of random variables D; ~ nglug% and Dy ~ 72:{2“2%, where 71%9¢ is the truncated
normal distribution 77 (17). These random variables can be defined from two independent,
zero-mean, and unit variance random variables =1, =5 : ¥ — R with =, =5 ~ ngfgnc and

Dl(W) = Cil + 0‘151((&?); DQ(W) = JQ + UlE,Q(W) . (248)
The boundary of the inclusion of deterministic radius r is implicitly defined though a level-set
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function

z2(x, w)=r [\/[xl — Di(w) + 72 = Da()]* 1, (249)

r2 r2

defined as being negative within the inclusion and positive within the matrix. The material
properties, such as the shear modulus pu, are then described by a hyperbolic tangent of the
level set function

() = o+ 5 [ — o] [1 — tamh (k=(e, w))] (250)
where the subscripts I and 0 refer to the inclusion and matrix respectively, avoiding the
use of a Karhunen-Loeve expansion to define the random field. A regular spatial mesh
was then used in the stochastic finite element discretisation. Since the material properties
have large variations in a reduced space, this requires an increase of the basis {QZJl(z e
No, @ = 1..2} and thus of the order of the Hermite polynomials, yielding oscillations due
to numerical errors when performing the integration process in the stochastic support S=.
This required a special treatment and a new quadrature rule, in particular in the case
of truncated Gaussian distributions (Pivovarov and Steinmann, 2016). In this stochastic-
local finite element method, Pivovarov and Steinmann (2016) have also considered usual
Lagrangian shape functions ¢(®(z) in the physical domain, and sequences of trigonometric
functions to define the shape function ¢, (E(w)) in the stochastic domain.

A stochastic-global finite element method was developed by Pivovarov et al. (2018b)
in which the inclusion radius r is defined by a random variable R which follows a log-
normal distribution, see Fig. 30(b). Trigonometric shape functions are considered for both
the physical domain and the stochastic domain, resulting in a global discretisation and
integration rule as illustrated in Fig. 30(c). For the physical domain, the functions are
enriched by discontinuous functions defined by the level-set (249), and a rectangular splitting
was performed to get a local refinement. Compared to local stochastic finite elements, the
stiffness matrix is of reduced size, but its sparsity is lower. Accuracy is also generally lower
(Pivovarov et al., 2018b).

These approaches are in-line with the concept of statistically similar RVE proposed by
Pivovarov et al. (2018a) and shortly presented in Section 4.2.1 since in the latter a stochastic
model of a cell element with statistical properties has to be solved.

5. Stochastic macro-scale simulations

In the general context of non-linear and history dependent material behaviours at the
micro-structure scale, following Eq. (116), the macro-scale response of a body € ought to
capture this history-dependency and the meso-scale constitutive law (120) at a given time ¢
and material point X € () is written as

PM(X, t, W):PM<FM<X, t, W),ZM(X, T W), T € [0, t], W) y (251)
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where the macro-scale deformation gradient tensor Fy(X; w) = I+ Uy (X; w) ® Vy is
evaluated in terms of the macro-scale displacement Uy (X; w) and constitutes the aver-
age deformation gradient at the micro-scale following Eq. (121), and where Zy(X; w) is
a set of internal variables allowing history-dependent processes to be accounted for. In all
generalities, the constitutive equation depends on the micro-structure realisation w € f/
because of the geometrical and material uncertainties. In a classical multi-scale simulation
the macro-scale first Piola-Kirchhoff stress tensor Py (X, ¢; w) follows from the volume av-
eraging of the micro-scale following Eq. (122) which thus substitutes to the constitutive
law (251). However conducting concurrent deterministic non-linear multi-scale analyses is
already computationally demanding, so that concurrent stochastic non-linear multi-scale
analyses is usually unreachable, although in some particular cases it is possible to solve
the stochastic multi-scale problem in a fully coupled way. For example, in the context of
stochastic asymptotic homogenisation in which the fine-scale and coarse scale resolutions
are concurrent, see Section 4.2.2, Fish and Wu (2011) generated the material fields, corre-
sponding to fine-scale constitutive inelastic parameters of the constitutive law (197), using
KL expansion. However, this method can be expensive, and one alternative is to extract
apparent properties during an off-line stage, and to generate random fields at the meso-
scale level that can then be used for stochastic macro-scale simulations. In that case, the
stochastic meso-scale law (251) should be substituted by a surrogate model defined from
these meso-scale random fields.

In what follows, we first introduce general concepts on the discretisation of a random-
field when considering macro-scale stochastic finite elements. Particular attention is paid
on the requirements allowing the stochastic macro-scale simulation to capture the statistical
content of the random field. The different methods developed to represent a random field,
but also to generate pseudo-samples of the random field, are then introduced in a general
context. Some of these methods are particularised, first, in the context of random tensor
fields for stochastic linear analyses and then in the context of stochastic non-linear analyses
for which some multi-fidelity examples are given. Some stochastic finite element methods
used at the macro-scale are then briefly summarised since they closely follow the methods
developed at the micro-scale in Section 4.3.

5.1. Random fields and stochastic finite-element discretisation

5.1.1. Random field description

As discussed in Section 4.1.2; the window technique illustrated in Fig. 25 allows a meso-
scale random field {Qu (X, w): X € Q, w € W}, with the random vectors Qi (X)) valued
in N", to be extracted on the macro-scale domain 2. This random field is characterised
by a correlation matrix Rg, (X; 7) : Q@ x % — R™*" defined by Eq. (47), where 7 is
the separation vector between two points of (2. Assuming an homogeneous random field,
the correlation matrix simplifies into Rg,,(X; 7) = Rg,,(7), and is characterised by the

correlation lengths
_ = Rqy,.(T)dr

l =
fen, RQMTS(O)

(252)
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Figure 31: Extraction by Lucas et al. (2015) of different random field realisations E, (X, w’), with w’ € @’
and i = 1..5, of the apparent Young’s modulus E, of a columnar poly-silicon micro-structure of average grain
size of about lpicro ~ 200 nm for: (a) An SVE length lsyg = 0.1um and; (b) An SVE length lgyg = 0.4pm;
and extraction of (¢) The probability density function 7g, of the apparent Young’s modulus E, for different
SVE sizes lgyg; (d) The corresponding apparent Young’s modulus auto-correlation Rp, () for different
SVE sizes lsyg; and (e) Different entries (auto and cross) of the correlation matrix R(7) for lgyg = 0.1pm;
Reprinted from Computer Methods in Applied Mechanics and Engineering 294, Lucas, V., Golinval, J.C.,
Paquay, S., Nguyen, V.D., Noels, L., A stochastic computational multiscale approach; application to mems
resonators, 141-167. Copyright (2015), with permission from Elsevier.

As an example, Fig. 31 illustrates apparent properties extracted for different SVE length
lsvg values by Lucas et al. (2015) on poly-silicon micro-structures, see Fig. 25(c), of average
grain size of about lpico >~ 200 nm. Figures 31(a) and 31(b) illustrate five random field
realisations E,(X, w') of the Young’s modulus obtained with the window technique, see
Section 4.1.2; for two different SVE length sizes of respectively lgyg = 0.1um and lgyg =
0.4pm. Clearly, when increasing the SVE length, the “randommness” of the field decreases
since less spatial variations are observed and since the standard deviation o, decreases. This
is confirmed by Fig. 31(c), which reports the probability density function 7g, of the apparent
Young’s modulus for different sizes lsyg of the SVEs. It can be seen than when lgyg increases,
the coefficient of variation of the distribution decreases, and that the apparent properties
tend toward the effective properties of a RVE. Beside its entries distribution, the random
field Qn\(€2) defined from the apparent elasticity properties of the anisotropic homogenised
material —different Young’s modulii, Poisson ratios and shear modulii— is characterised by
its correlation matrix R, (X; 7) : Q x 12 — R™". The auto-correlation of the apparent
Young’s modulus is illustrated in Fig. 31(d) for different SVE length lsyg values. As
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shown in Fig. 25(c), since two SVEs share common grains even if they are not intersecting,
a correlation is observed at distances beyond the SVE length, although the correlation
at a distance equal or larger than the SVE size tends to vanish when the SVE length
increases. Finally, some components of the correlation matrix Rg,, (7), see Eq. (113), of the
homogeneous random field are reported in Fig. 31(e) for a given SVE length lsyg = 0.1pum
of the SVEs. It can be seen that the different auto- and cross-correlations are characterised
by a similar correlation length (252).

Several questions have then to be addressed when it comes to consider these random
fields as material input for stochastic macro-scale simulations, such as how to discretise the
random field with respect to the finite elements, but also, since the random field depends
on the choice of the SVE size, what are the conditions ensuring converge of the distribution
of the macro-scale response.

5.1.2. Discretisation of the random field
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(a) FE mesh (b) Point-discretisation (c) Average-
discretisation

Figure 32: Random field discretisation: (a) Illustration of a uni-variate random field realisation path
{Qm(X, w): X € Q} and of a finite element mesh discretization 2 ~ U.Q° into finite element Q°; (b)
Tllustration of different point discretisation methods of the random field sketched in grey with the mid-point
method in green, Gauss-point method in orange and shape function method in blue; and (c) Illustration
of different average discretisation methods of the random field sketched in grey with the spatial-average
method in green and the weighed integral method in blue.

Assuming the random field {Qu(X, w) : X € Q, w € W} description is available
—this point will be discussed in the random-field generation Section 5.2— for any point X in
the finite element discretisation U7 Q¢ of the macro-structure €2, the n stochastic material
properties at the n9 integration points Xg(Q of the n° finite elements 2¢ can be extracted
from a discretization of the random field, see Fig. 32(a). During this discretization the
approximated random field is defined from a finite set of N random vectors U® valued in

T
R" grouped in the form of a global random vector U, = (UM U®" . UM" | valued in
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RN, In order to define this random field approximation, including the value of N and
the expression of the random vectors U®, different methods have been developed and their
accuracy has been compared by Der Kiureghian and Ke (1988); Matthies et al. (1997). We
here below give the main lines of some popular methods and refer to the review by Sudret
and Der Kiureghian (2000) for more details

Point discretisation method. For the point discretisation method, the N random vectors
U® correspond to the evaluation Qu(X,") of the random field at N locations X" € X,

1t = 1..N. The number N of points and their locations Xéi) depend on the method, see Fig.
32(b):

e The mid-point method considers the N = n® finite element centroids location X,ge) =
X9, see the green sketch of Fig. 32(b); The random field approximation is then

e T
defined by the random vector U, = [Q{A(Xc(l)) QL (X?)...QL(x" >)] valued in

R and the random field at the Gauss integration point Xg(Q € Q¢ is approximated
by Qwm (Xg(;)) ~ Qum (Xc(e)>; The mid-point method tends to over-represent the vari-
ability of the random field as shown by Der Kiureghian and Ke (1988);

e The integration point method is a similar approach in which the random field is directly
evaluated at the N = n8? Gauss points at location X}(f) = Xé?, see the orange sketch
of Fig. 32(b); The random vector U, = [Q{/I (Xé?) QL <Xé§)> . QL (Xéggp)ﬂT
valued in R"™*" then defines the random field approximation, and the random field
at Gauss integration point Xg(;) is approximated by Qu <Xg(;f))>; This improves the

accuracy as compared to the mid-point method and we will discuss further on the
accuracy of this approach in the context of stochastic multi-scale method in Section
5.1.3;

e With the shape function method, the random field is evaluated at the N = n?ode
finite element nodes of locations XI(,a) = X see the blue sketch of Fig. 32(b),

T
and the random vector U, = [QI\TA (X(l)) QL (X(Z)) . QL (X(”mdc)ﬂ valued in

.,node

R defines the random field approximation; The random field at Gauss integra-
tion point Xg(f,) is then approximated using the finite element discretization (135) by

Qu (Xélp)) ~ 3w (@ (Xé;)) Qu (X @), where (@ (X)) are the nodal shape func-

tions;

e The optimal linear estimation method builds an approximated field under the form
Qu (X) ~ a(X) + b(X)U,, with U, the random vector constructed from N random

vectors U® corresponding to the evaluation QM(XI()i)) of the random field at N loca-

tions X\ € Q, i = 1..N; The coefficients functions a(X) and b(X) are evaluated in
order to minimise at each point X € () the variance of the error whilst keeping the
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mean unbiased, see the details given by Sudret and Der Kiureghian (2000); In order
to minimise the variance error, one wants

bpe(X) = arg milqb;q(X) (E [(QMz( = i ( Z biy Ug, agk)>

(QM]-(X) — (X)) — Zb;‘k(X)(ng - ugk)>])

Vi, j,p=1.n,q=1.n-N; (253)

The solution is obtained by evaluating the stationary point in terms of b,,(X) —i.e.
evaluating the root of the derivative, yielding

~ 71 ~
b(X) = Ry, Ru,, qux); (254)

Minimisation of the expectation error implies

a,(X) =arg min, () (qM (X) —a;(X Zb ugk> Vi, p = 1..n;(255)

which is obtained directly by
a(X) = qu(X)—-b(X)u,; (256)
This method always under-estimates the variance of the original random field.

Average discretisation methods. For the average discretisation method, the N = n® random
vectors U® correspond to the weighted averages of the random field over the finite element
Q¢ with U® = [, Qu(X)w(X)dQ¢, with the weight function w(X) and e = 1..n°, n
being the number of finite elements.

1
V(Qe)

to evaluate the random vectors U'®), see the green sketch in Fig. 32(c), with U,
the random vector valued in R™™ constructed from the n¢ random vectors U©): The
random field at the Gauss integration point Xég € Q¢ is approximated by U©): The
spatial-average method tends to under-represent the variability of the random field as
shown by Der Kiureghian and Ke (1988); Besides, Matthies et al. (1997) have pointed
out difficulties in the case of non-rectangular elements, such as the possibility to obtain
a non-positive-definite covariance matrix.

e In the spatial average method, the weight function is simply taken as w(X) =

e The weighted integral method performs the integration directly on the stiffness ma-
trix Ky = Age fﬂe (b6 C b°d X ; Assuming linear elasticity, and assuming that the
clasticity tensor C$; can be written under the matrix form C$j = &5k [1 4+ Qu(X)]
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with the zero-mean uni-variate random field Qy\(X), the elementary stiffness matrix
Is rewritten

monomials
n

K\ = / ) egbedw+ Y al [ xy?zeY (X)), (257)
J e =1 \Qe P
Kf\/EO) U<(ze)>

where pmonemials i the number of monomials Xy #" zo® resulting from the gradient
of the shape function b® and possibly from the tensor c$j, and where a®) is their
coefficients; One thus has the n®-nmeremials yandom variables U, ((l) with U, the random

§Rne .pmonomials monomials

vector valued in constructed from the n®-n random variables U, ((le));
The interpretation of the method is sketched in blue in Fig. 32(c); This method bears
similarities with the shape function point discretization method, but considering as
polynomial approximation the one defined from the gradient of the shape function b®
and possibly from the tensor Cg.

5.1.3. Convergence analysis

In order to study the effect of the SVE size and of the finite-element size on the distri-
bution of the macro-scale response, Lucas et al. (2015) have studied the eigen-frequencies
of a poly-crystalline MEMS (standing for MicroElectroMechanical Systems) beam. The
micro-structure corresponds to columnar poly-silicon grains of average size of about [0 >
200 nm, which is not several order of magnitude lower than the characteristic MEMS beam
length of a few pm.

As a reference case, direct Monte Carlo simulations were conducted on the fully discre-
tised beam as illustrated in Fig. 33(a). A random field {Ex(X, w): X € Q, w € W}
of the homogenised Young’s modulus F, was then extracted using the window technique
described in Section 4.1.2, for different SVE lengths as illustrated in Fig. 31. For each SVE,
the stochastic computational homogenisation was performed using the framework described
in Section 4.2.1. A stochastic multi-scale method could then be performed by considering
beam finite elements whose material properties were defined by discretising the random field
Ex(X) using the integration point method (one Gauss integration point by beam element).
Several random fields {Ex (X, w) : X € Q} trajectories, with w € ¥/, obtained for differ-
ent SVE lengths lgyg, and thus characterised by different corresponding correlation lengths

) Rp, » Were considered for different mesh sizes l,csn, defining the ratio a = ZZRL);, see Fig.
33(b). A large value of a corresponds in fine to overlapping SVE larger than the finite
element, and on the contrary a small value of a corresponds to smaller SVE than the finite
elements.

Fig. 33(c) shows than when the value of o becomes larger than one, i.e. when the
mesh size is smaller than the correlation length, the coefficient of variation of the structural
quantity of interest distribution, i.e. the first eigen-frequency of the beam, predicted by the
stochastic multi-scale method is converging to the one observed by the direct Monte Carlo

simulations conducted on the fully discretised poly-crystalline beam. This observation holds
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Figure 33: Convergence analysis conducted by Lucas et al. (2015) of the stochastic multi-scale method on
the vibration analysis of a poly-silicon MEMS beam: (a) One realisation of a direct simulation in which all
the grains of the micro-structure realisation w are meshed; (b) Stochastic multi-scale simulation for different

1
values of the ratio a = IR—ET, the ratio between the correlation length of the Youngs modulus, lg,_, and

the mesh size, lmesn, of the beam elements; (¢) Comparison of the coefficient of variation (EJ[?IO of the

first resonance frequency f; obtained with the direct stochastic method with the ones predicted by the
stochastic multi-scale method for different values of the ratio o = % and of the SVE length lgy g; and
(d) Comparison of the first resonance frequency histogram obtained with the direct stochastic method with
the one obtained with the stochastic multi-scale simulation for an SVE length lgy g = 0.4 um and a beam
mesh size gy p = 0.27 pm; Reprinted from Computer Methods in Applied Mechanics and Engineering 294,
189, Lucas, V., Golinval, J.C., Paquay, S., Nguyen, V.D., Noels, L., A stochastic computational multiscale
approach; application to mems resonators, 141-167. Copyright (2015), with permission from Elsevier.

for the different sizes of the SVE. Besides, the distributions were also found to be in good
agreement for & > 1 as shown in Fig. 33(d). The requirement to use > 1 can be physically
understood from Fig. 33(b). Indeed, if the mesh size is larger then the SVE size used to
evaluate the random field, i.e. for the cases a < 1, the random vector of properties associated
to the elements over-represents the scatter, see also Fig. 31(c). On the contrary, in the cases
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in which the SVEs overlap each other, i.e. for the cases a > 1, although the random vector

of properties in a given finite element under-estimates the scatter, this effect is corrected by

using a random field which naturally involves a spatial correlation. A similar analysis holds

in the case of several Gauss integration points per elements by using the length associated

to a Gauss integration point instead of the Finite Element length in the definition of a.
This example illustrates several important points:

e Because of the existing spatial correlation between the homogenised properties from
the SVEs, the meso-scale properties should be defined under the form of a random-field
and not considered as random vectors;

e The SVE length modifies the characteristics of the meso-scale random field of ho-
mogenised properties; However, as long as its correlation length remains small com-
pared to the structure size, it is possible to conduct stochastic multi-scale analyses;

e At the structural scale, the finite element length, or the length associated to a Gauss
point subdomain in the case of the integration point method, should remain smaller
than the meso-sale correlation length, which depends on the SVE length: considering
smaller SVE results in decreasing the size of the finite elements at the structural scale.

5.1.4. Case of spatially uncorrelated meso-scale properties

Material Property
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Figure 34: Stochastic multi-scale simulation of elastic UD composites conducted by Wu et al. (2018a): (a)
discretisation of the random field (top) into cells having the size of the SVEs and of the structure (bottom)
into finite elements of size smaller than the RF discretisation; and (b) properties interpolation smoothed at
the SVEs boundaries; Reprinted from Composite Structures 189, Wu, L., Chung, C.N., Major, Z., Adam,
L., Noels, L., From SEM images to elastic responses: A stochastic multiscale analysis of UD fiber reinforced
composites, 206-227, Copyright (2018), with permission from Elsevier.

In some cases, as in the homogenisation of elastic UD composites conducted by Wu et al.
(2018a) and illustrated in Figs. 25(b) and 29(b), the correlation can be neglected for two
adjacent SVEs because the amount of shared fibres remain marginal. In that case, if the
distributions are close enough from Gaussianity, which was the case for large enough SVEs,
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see Fig. 29(b), the homogenised properties of two adjacent SVEs are independent and the
apparent properties can be considered as random tensors {C$(w) : w € W} or simply C$.

Stochastic multi-scale simulations were then conducted by considering the discretisation
of the random field and of the finite elements illustrated in Fig. 34(a). The random field
at the two ends of the sample was discretised into domains of size 125 x 125um? whilst
the random field of material properties was discretized into squares of 25 x 25um? in the
central part in which higher strain gradients were expected because of the loading condition.
The random material properties were generated under the form of random tensors {C§j(w) :
w € W} based on the homogenisation of SVEs of sizes matching the cell size of the random-
field discretization, i.e. either 125 x 125um? or 25 x 25um?. As a result, the transition
of the material properties in the random vector field discretization follows a step function,
leading to a strong contrast of material properties at the boundaries of the random field
discretization. In order to avoid an artificial stress concentration which could arise in the
finite element resolution at the boundaries of the random field discretization, smooth-step
functions, see Fig. 34(b), were used to describe the transition of material properties at the
internal boundaries of the random field discretization. The finite element discretization was
then conducted so that the finite elements remain smaller that the grid of the random vector
field discretisation in order to account for the correct amount of properties scatter.

Alternatively, one can still consider random fields {Cy(X, w): X € Q, w € W} asin
Section 5.1.3, thus avoiding the need for the smooth-step functions.

5.2. Representation and Generation of random vectors and fields

During the stochastic resolution of the structural problem using e.g. MC simulations, see
Section 5.5, several random fields of the apparent properties need to be considered: one for
each structural scale resolution. Besides, if the structural-scale domain geometry changes,
the random fields need to be defined on a different spatial discretisation. It is thus not
possible to define the random field realisations directly from the stochastic homogenisation
described in Section 4. Similarly, when considering Spectral Stochastic Finite Element, the
random field of the apparent meso-scale properties needs to be adequately represented.

It is thus necessary to represent the random field from the apparent properties extracted
during the stochastic homogenisation and, if needed, to be able to generate pseudo-samples
of it, with an arbitrary number and on an arbitrary spatial domain.

We here below summarise some methods that are commonly considered in the literature
and which are more detailed in Appendix A.

5.2.1. Ezxpansion method

Considering the random vector field Qu(2) = {Qu(X, w) : X € Q, w € W}, with the
random vector Qy valued in R". The expectation is denoted by gu (X) = E[Qwm (X)] :
Q — R" and the covariance matrix by Rg,, (X; 7), see Eq. (50).

Representation.
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e As already introduced in Section 4.3.3, following Appendix A.3.2, a Karhunen Loeve
(KL) expansion allows representing the random field Qy\(€2) by the collection of

m

QuiX: @) = Gu(X) + 3\ ATH ()l (X Z 2D Hi(wyul) (X), (258)

i=1

where H is a new random vector of uncorrelated (but possibly dependent) compo-
nents H;, )\é and ué (X)) for i > 0 are the ordered eigen-values and orthonormal
eigen-basis of the covariance matrix RQM (X; ), m is the order of the expansion, and

where we have defined Hy(w) = )\QM =1 and uQM(X ) as the expectation @y. The
method is largely used for Gaussian processes {Qy (X; w) : X € Q, w € W) in which
case H = [H; ... H; ... H,,) is a vector of m independent, zero-mean, and unit variance
Gaussian random variables H; : %/ — R of finite second order moment and of support
Sy, = RN. The difficulty with the KL approach is to solve the eigen-value problem as ex-
plained in Appendix A.3.2. One solution consists in defining a Galerkin-type procedure
as suggested by Ghanem and Spanos (1991). Recently, in order to ease the implemen-
tation in the case of physical domain of given complexity, the use of isogeometric basis
functions in the Galerkin-type procedure was developed by Li et al. (2018). Another
approach is to sample the random field as the collection {Qn (X ™), ..., Qu(X ™)},
following Section 5.1.2, in order to define a new random vector Y valued in RY™ and
to build a covariance matrix whose eigen-values and vectors can be extracted using
the PCA as summarised in Appendix A.3.2.

e In the context of non-Gaussian random field, following Appendix A.4.4, the random
vector field Qum(Q2) = {Qu(X, w) : X € Q, w € W}, with the random vector Qy
valued in ™ can then be considered as a deterministic non-linear mapping of the
random germ Z valued in R following the Polynomial Chaos Expansion (PCE)

Qu(X; w) ~ gu(X +Zuka> ) (B(w)) (259)

with the complete multi-index set of total degree at most p defined by Eq. (228) and
composed of the elements k© = {0, ..., 0}, k@, .. k™) with ng = (ﬁ;'rzg)! 1, and
with the multi-variate polynomial chaos oy (B) taken from a polynomlal orthonormal

family {¢,a (2)} of the Hilbert space # (). The coefficients wuu) (X)) are defined as

wen(X) = E[(Qu(@) — qu(X)) Yy (E)]
a /W (Qu(X) — qu(X)) Ve (E)7=(8)dE, 1=1.n). (260)

e In order to define the polynomials chaos ¢,u(E) and to identify the coefficients
ugw) (X)), the PCE can be applied on the random vector H valued in R of uncorrelated
(but dependent in the non-Gaussian case) components H; defined in the KL expansion
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(258), with H = f(E) ~ 2750 c, Vrm (2), see the details in Appendix A.4.4. This
consists in a deterministic non-linear mapping of the random germ E, e.g., considering
the random germ as n? = m independent and uniformly distributed random variables
=;. As an example, one can consider the inverse of the Rosenblatt transform with
E = fRYH) following Appendix A.1.3, in combination with the shifted Legendre
polynomial for 1) (E), see the details provided in Appendix A.4.3. The coefficients
valued in R™ are then evaluated by

e = E[Hio (B)] = - F (&) (§)T=(8)dE (261)

and ugw (X) of Eq. (260) corresponds to u,n(X) = > 7", Ag)Mck(z)iug)M(X). As
for the KL expansion, in order to evaluate /\g)M and u(QZ)M (X), the approach can be

applied on the random vector Y = [QT(XW) ... Q{/I(X(N))}T taking values in "N
and built as the collection defined by {Qn(X™), ..., Qu(X ™)} of random vectors
sampled for X = (X® .0 X™). This last approach however suffers from the curse
of dimensionality when the size of the expansion m < n - N increases.

Generation.

e For Gaussian random fields, starting from the KL expansion (258), pseudo-samples
can be generated as

@ (X) =~ qu(X)+ > /Ao ug (X)), (262)

i=1

from pseudo-samples nP. Assuming Gaussianity, the pseudo-samples n” are generated
as m independent Gaussian variables 1 using either Monte Carlo sampling (MC) or
Latin Hyper-cube Sampling (LHS). In the case in which the random field was sampled
as the collection {Qn(X M), ..., Qu(X ™)} in order to build a larger random vector
Y on which PCA was applied, the formula is still used to generate pseudo samples y? of
the random vector Y and the random field pseudo-samples {gb (X "), ..., g¥ (X ™)}
are obtained by extraction of their components as summarised in Appendix A.3.3. If
other locations X than at the initial sampling points X *®), k = 1..N are sought, an op-
timal linear estimation, see details in Section 5.1.2, can be used. A non-Gaussian trans-
formation, see Appendix A.1, can also be applied in order to simulate non-Gaussian
random fields, with the details reported by Votechovsky (2008). The method has
however some limitations as studied by Votechovsky (2008). An iterative procedure
combined to a non-linear transformation can also be applied on the pseudo-samples
7 in order to generate non-Gaussian random fields as summarised in Appendix A.3.4.

e For non-Gaussian random fields, considering the PCE (259), and assuming that the
coefficients w,w (X) of the polynomials chaos ¥, (2) have been identified, pseudo-
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samples can be generated as

G(X) ~ aui(X) + 3w (X )i (€ (263)

from pseudo-samples &P of the random germ.

e After having applied the PCE on the KL expansion, see Eq. (261), and assuming the
coefficient ¢,y have been identified for a given germ =2 and a family {¢, (Z)} of the
Hilbert space, pseudo-samples of the random field follow from Eq. (262), for given
pseudo-samples nP. The latter follow from pseudo-samples &7 of the random germ
following n? = f(&P) ~ 27:‘90 Cr0 Vo (EP). The generation of the pseudo samples €7 is
straightforward if the transform H = f(E) was designed such that the random germ
E can be considered as m independent random variables =;, see Appendix A.4.3.

5.2.2. Spectral methods

Considering the random vector field Qu(Q2) = {Qum(X, w) : X € Q, w € W}, with the
random vector Qy valued in R". The expectation is denoted by gy (X) = E[Qum (X)] :
Q — R" and the covariance matrix by Rg,, (X; 7), see Eq. (50). We assume that the
random field is homogeneous with the covariance matrix RQM (1) : BT — R with d the
space dimension.

Representation. Following Shinozuka and Jan (1972), a spectral representation can be con-
structed from the random field evaluation at a set of discrete positions T = {7(Menmsn2)1
defined by the vector components 7" ") = [N AT, nyAT, n,A7,]T, where Ar;, for
1=, y, z, is the spatial increment in each dimension ¢+ and where n; =0, 1, 2, ..., N; — 1,
for i = x, y, z, with N; the total number of discrete points in each dimension 7. This allows
redefining the covariance R[] as the set

RTS[T] - {RQMTS (T(nwnyHZ))}’ (264)

from which the set of spectral density matrix S[k] can be computed using the Discrete Fourier
Transform (DFT) method, see details in Appendix A.6, with the set k = {K(Mm=mvm=)} of
regularly spaced sampling points in the frequency domain of vector components k(™ v M=) =
T
ném*’) /ig(,my) /f(zmz)] with m; =0, 1, ... for i = x, y, 2.
Generation. The set of spectral density matrix S[k] represents the random field in the fre-
quency domain and serves as a basis to generate pseudo-random fields

e Considering first the case of a Gaussian Random field, since S (K',(mz My mz)) is an
Hermitian matrix, one has S (m(mz My mz)) =H (Ii(mz My mz)) H* (Ii(mz My mz)), with H*
the conjugate transpose of H. A pseudo-sample realisation of random field Qy(£2)
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is generated as a set of random vector realisations g (X®) at different locations
X € Q, with for entry r of a realisation

@ (XY = g, + V2ARC S S SN H (w0memem)

s=1 mgz my m,

where A = Ak, Ary Ak,, where g(smemym=) s an independent random variable (for
each s, m,, m,, m,) sampled from © ~ Uy, and where nlsmamymz) is sampled from
a logarithmic transformation of a uniform distribution, see details in Appendix A.6.1.

e Following Deodatis and Micaletti (2001), it is possible to map the Gaussian field
generated by Eq. (265) to a non-Gaussian field. To this end, an intermediate spectral
representation S" [k] to be used in the generator of the Gaussian random fields (265)
is iteratively built so that the generated random field, after mapping, has the correct
spectral representation S8 [k], see details in Appendix A.6.2.

5.2.3. Mazximum entropy

Considering the random vector Qy; valued in R”, the maximum entropy principle al-
lows constructing a probability mass or density function when only a limited amount of
information is available, see Appendix B, without making assumptions on what is unknown.

Representation. In order to construct the probability density function, assuming a contin-
uous random vector, the Shannon entropy s (mg,,) € R of the probability density function
TQy» Which represents the measure of the uncertainties of the random vector Qy, with

s(7au) = = | e (aloe (ray (@) day. (266)

is maximised under some known constraints. The constraints can correspond to the known
statistical information such as the support $g,, C i" of the distribution or some statistical
properties written under the form

/ (@) oy (@n)dgy = b € B™ (267)

with the mapping g(qu) : R — R™. As an example, statistical moments can be used to
define the constraints. The maximum entropy principle is then stated as

TQy = arg Max,cps(m),  with

P = {’/T of support Sg,, : / m(gu)dgy =1, and / g(gu)m(gum)dgu = b} ,  (268)

% T
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where the second constraint is a normalisation. The constrained problem resolution consists
in introducing Lagrange multipliers (Ao, A) € RT x R™ with [, exp (—=ATg(qu)) dgu < oo,
yielding the Lagrangian

£ 20, 2) = 5(0) = O~ 1) ([ wtasidan 1) =5 ([ glar(aian o)
(269)
The problem (268) is then substituted by finding the stationary point of L(m; Ao, A) at wg,,

for (Mg, A) = (AL, A%°), with

exp(-2g(aqu)) .
if € Soy ;

TQu (qu) = exp(A5) am Qum
0 if qm ¢ CS)QM .

e A numerical method can be develop to solve the optimisation problem and is sum-
marised in Appendix B.3.

(270)

e In some cases a closed form expression of mg,, can be derived. For example, in the
case in which the support 8g,, = R", the expectation denoted by gu = E[Qum] € R"
is known and in which the covariance matrix denoted by RQM, see Eq. (50), is also
known, the maximum entropy principle yields, as shown by Soize (2017),

1 1 N ~ 1 _
TQu(an) = ———=0Xp (—5 (au — am)" R, (aqu — qM)) (271
(27)2 4 [ det (RQM>

resulting in a multi-variate Gaussian distribution. In all generalities, the random
variables @\, are dependent. Other examples including cases of bounded support
and/or in which only the first moment is given are detailed by Soize (2017).

e We now consider the random vector field Qy(€2) = {Qu(X, w) : X € Q, w € W},
with the random vector Qy valued in ®" and of support 8¢q,, = R". For simplicity, we
also assume that the random field is homogeneous, but this is not mandatory. We still
consider that both the expectation, denoted by gu = gum (X) =E[Qum (X)] : © — R
and the covariance matrix denoted by Re,, (7) = Rag,, (X; T), are known and have to
be constrained. Since the maximum entropy principle yields in this case a multi-variate
Gaussian distribution (271), one can define the homogeneous germ Z(X) valued in R"
of independent and zero-mean random fields =,.(€2), r = 1..n, i.e. with the covariance

matrix Rg(7) such that Rg(0) = I,. This germ is obtained from the non-linear
transformation Z(X) = f(Qu(X)) with

2(X) = F(Qu(X)) = Lo, (Qu(X) - au) . (272)

where the matrix Lg,, has been obtained by the Cholesky decomposition of RQM(O),
i.e. Rg,, (0) = Lo, Lo, see Appendix A.1.1. In that case, the d x n, with d the
spatial dimension, correlation lengths {lg_ }x, with k = 1..d and i = 1..n, define the
correlation of the random field. h
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Generation.

e In all generalities Markov chain Monte Carlo (MCMC) simulations, see Appendix
A.5.4, are used to generate pseudo-samples g};. Let us consider a stationary random
process Z(7) = {Z(#") : tO € T C R} in the discrete set T = (W), .., ¢t ),
with t® —t* =1 = At and Z(tV) valued in R". Having a pseudo-sample z (t?)) = 27,
the pseudo-sample z (t(p+1)) can be constructed in order to simulate the random vector
Qi taking values in R” and having as stationary distribution mz;) (2) of the Markov
chain, the distribution density function mg,, (gu) (270), see details in Appendix A.5.4.

e In the case of a Gaussian like distribution as in Eq. (271), Monte Carlo (MC) sim-
ulations can be used after having defined the germ = valued in R" as a zero-mean
with unit covariance matrix, i.e. Rg = I,,, Gaussian distribution, from the non-linear
transformation (272).

e In the case of a random field which can be expressed in terms of a germ Z(X) valued in
R" as a zero-mean with unit covariance matrix, i.e. Rz(0) = I,, Gaussian distribution
with the correlation structure {lp.  }x with k& = 1..d, i = 1..n known, a Gaussian
generation process such as the one developed by Shinozuka (1971), see Section 5.2.2,
can generate pseudo samples (X (‘1)), i = 1..n at different locations X @ from which
the pseudo-samples g7, (X @) = £ (€7(X@)) arise, e.g. by inverting Eq. (272) in
the case in which the maximum entropy yields the multi-variate distribution (271).

5.2.4. Data-driven probability sampling
We here present the data-driven sampling method that has recently been developed by
Soize and Ghanem (2016) and that is detailed in Appendix A.7.

Representation. Considering the random vector @y valued in R", and with support 8q,, C
R™, it is assumed that the available information consists in a given set of N statistically
independent realisations q§; = Qum(w"), with w* € W, k = 1..N. It is further assumed
that the local structure of the given data-set is preserved via a random matrix Qy =
QL ... Q% ... QF], which is defined on (), F,P), with value in ™" and in which each
column Q%;, k = 1..N, is an independent copy of the random vector Qy;. Therefore, the
matrix qy; = (@) ... @& ... @l is a realisation of Q.
The observation data-set q,; is then used to

e Define a random matrix realisation n = [n' ... n* ... n”] of size n x N defined from the
realisations of the random vector H of zero-mean and unit variance obtained through
a PCA, see Appendix A.3.1, with

1 — 4
"= —(df — @) uy,, k=1.N, (273)

/(@)
/\QM
(@)

with the ordered eigen-values )\g)M > 0, and the normalised eigen-vectors ug, —of the
covariance matrix Re,,, and with the mean gy.
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e Construct a kernel-density estimation of the probability distribution of the random
vector H;

e Construct a diffusion-map basis ¢ € V>V from the observation data-set n for dis-
covering and characterising the geometry and the structure of the data-set; A reduced-
order representation of the diffusion map ¢, € RV*™ then follows;

These three steps are detailed in Appendix A.7.

Generation. A MCMC process is then used to generate extra data samples based on the
matrix qy; through the following steps:

e Since the given data-set n serves as N realisations of the random vector H, it is also
a realisation of the random matrix V = [H' ... H* ... H"] with value in ®"*N. This
random matrix V is then represented using the reduced diffusion map basis @, as

V=27, (274)

in which .
Z =Va, witha= ¢, (¢, Pp,) € RV, (275)

In particular, using the realisation 1 of the stochastic matrix V yields the realisation
z =mna € RV

e Additional realisations n? of the random matrix V are computed through Eq. (274)
from additional realisations z” of Z obtained using a MCMC algorithm, see Appendix
AT

e The generated random data-set n? = [p'" ... n™"] is transferred back to recover the

scale and mean of the original data-set by inverting Eq. (273), yielding N new pseudo-
samples

4 = qu + Z Aoyt Vi=1.N, (276)

providing N pseudo-samples for each value of p.

5.8. Linear cases & Tensor random fields

In the context of linear problems, random fields of dependent material properties can
be generated using the expansions methods. Liebscher et al. (2013) have considered a
particular spatial correlation structure as an exponential function multiplied by sine- and
cosine-functions and an iterative KL, expansion to generate non-Gaussian random-fields as
summarised in Appendix A.3.4. Mehrez et al. (2018) have considered hierarchical stochastic
homogenisation in the context of non-crimp fabric laminates: considering uncertainties in the
resin and carbon-fibre properties, stochastic apparent properties of a tow could be described
using the Polynomial Chaos Expansion as described in Section 5.2.1; apparent properties of
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non-crimp fabric could then be predicted from observations of tow spacing distribution and
represented using the Polynomial Chaos Expansion and so on...

However, because the partial differential equations of a boundary value problem can be
stated in terms of positive-definite matrices, there is an interest in being able to represent
and generate random matrices or random matrix fields. For example, in the context of linear
mechanics, the meso-scale stochastic constitutive law (251) simplifies as

Su(X; w) = CH(X, ) ex(Un(X; w)), (277)

with the Cauchy stress tensor Xy (X; w) and the small deformation tensor operator € x (U)
standing for the small strain tensor 3 (Vo ® U + U ® V). The constitutive behaviour is
thus defined by the random field {C$(X, w): X € Q, w € W} of the meso-scale apparent
properties expressed as a random fourth-order tensor field, the latter being also expressed
as a 6 x 6 positive definite random matrix field {C§(X, w) : X € Q, w € W} using the
Voigt notations.

Without loss of generality, we here consider the random field {C$(X, w): X € Q, w €
W}, with C; : W — MI(R), where M (R) refers to all symmetric positive-definite real
matrices of size n x n. A realisation w € 0 is denoted by c$(X) = C5 (X, w) € MH(R),
VX €.

We here introduce some concepts for a n x n symmetric matrix b € M,,(R):

e The norm of the matrix
bl = sup <1, zen (IIP2]) = [Ag™], (278)
with A\p'®* the eigen-value of largest absolute value of the matrix b;

e The Frobenius norm
bz = tr (b"b) ZZb (279)
=1 j=1

with the properties
bl < [Ibllr < v/nb]|; (280)

e The Loewner ordering definition

{a<b if b—acM(R): (281)

a<b ifb—aecM_ (R).

In order to represent, and afterwards to generate, random fields, several physical con-
straints have to be satisfied, e.g. a material tensor should remain symmetric and some terms
have to be strictly positive. Besides, as emphasised by Soize (2006), in order to be able to
conduct macro-scale stochastic analyses, an important property for the random matrix field
is its invertibility, which is stated as

E | (CHX) ] £ <40 vX € Q. (282)
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As pointed out by Soize (2006), if c§;(X) belongs almost surely® to M;" (%), then (c§14(X))_1
exists almost surely, but this does not imply the mean-square convergence and Eq. (282)
cannot simply be deduced.

In this section we present several approach for generating pseudo-samples ¢} (X) of the
random field {C$(X, w) : X € Q, w € W} whilst ensuring invertibility.

5.3.1. Partition theorem

Remembering the definition of a statistically Representative Volume Element (RVE),
here denoted wryg(w), of size lyg large enough as compared to the size of the micro-structure
constituents [, see Section 4.1.1, following Huet (1990) there exists in the context of lin-
ear elasticity and under the small displacement assumption, an effective modulus tensor
¢, which is independent on the micro-structure realisation w € 1 and on the boundary
conditions.

Considering now Stochastic Volume Elements (SVE) realisations wg,,, (w) of a given size
lsvg and with w € W, in the context of linear elasticity the apparent homogenised elasticity
tensor C;7" (w) can be extracted following the approach described in Section 4.2.1 for a given
realisation of a given SVE length lsyg. In particular the problem can be solved either using
constrained boundary displacement (131), with the so-called KUBCs, or constrained surface

traction, with the so-called SUBCs, yielding respectively C?Sp\fEKUBC(w) and C?Sp\fESUBC(w),

with S?SI’\?EKUBC(W) and S?Sp\f’ESUBC(W) their respective inverse, i.e. the compliance tensors.
Huet (1990); Ostoja-Starzewski (1993)? have formulated the so-called partition theorem
from energetic considerations:

ghenss =1 (E |:Sla/ppSUBC]>_1 < (E [SappSUBC])_l < (7)1 =

SVE IsvE

Ceff < E [C?Sp\fEKUBC} < E [C;ppKUBC] < C\/oigt7 (283)

SVE

for lgyg < lsyr, and where we have used the Voigt notations and Loewner ordering.

5.3.2. High number of parameters approach
We here assume that the random field {C{(X, w) : X € Q, w € W}, with C$ :
W — M!(R) could be extracted in an accurate way, e.g. following the window technique

illustrated in Fig. 25 and discussed in Section 4.1.2, by evaluating enough realisations
ci(X) = CH(X, w) € MF(R), for w € 19

Introduction of a lower bound and of a Cholesky decomposition. In order to ensure the
invertibility (282), a deterministic symmetric positive definite lower bound cy, is introduced
such that

0<s,—SH(X,w) VX wei, (284)

8A condition is almost surely satisfied if there is a subset of probability 0 where it is not respected
9Huet (1990) has actually established a formulation in which the SVEs are subsets of the RVE
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where we have defined the inverse of the lower bound s, = c;', which exists and is also
positive definite, the random matrix S$ (X, w) = (Ciﬁ(X, w))fl, and where we have used

the Loewner ordering definition (281). We note that we have C5 (X, w) —cr, > 0.'°. From
the definition of a positive semi-definite matrix, one has:

2lspz — 2TS(X, w)z2 >0 VzeR". (288)

In particular, considering as vector z the normalised eigen-vector ug®(X) corresponding
to AZ*(X), the maximum eigen-value of the positive definite matrix S$j(X, w), this last
relation becomes

(ug™(X))" sLug™(X) — (ug™(X))" Sip(X, ©)ug™(X) >0, (289)
or, using the properties of eigen-values and normalised eigen-vectors,
(ug™(X))" sLug™(X) > Ag™(X). (290)
Since s, = ¢; ' is positive definite, one always has
2'spz < A2Tz Yz e R, (291)

with Ag®* the maximum eigen-value of the positive definite matrix s. Considering for z
the particular case of the normalised eigen-vector u§®(X) in the last equation, Eq. (290)
is rewritten as

A > Ag™(X), (292)

which demonstrates the property (282).
The lower bound introduced in Eq. (284) allows defining the random field { ACS; (X, w) :
X €Q, we W}, with AC; : W — MJ (R) as

ACSH(X, w) = CS(X, w) —cp,. (293)

10We remark that if sy, > sy, and considering uc, and uc,, as the respective square root matrices of cr,
and ¢y —which exist because they are symmetric positive definite- one has starting from Eq. (288) with

Z = Uey, Y:
y ul spue,y >y ul suue,y =y Iy, vy e Ry £0. (285)

This shows that g = uZMsLuCM > I, with g a symmetric definite positive matrix and g = ugug. Therefore,
considering y = ug 12 for any z € R"|z # 0 in this last equation results in

271z = zTug_lguglz >2lg 2z = 2Tulerullz V2 € R 2 # 0. (286)

CM CM

Considering this time z = uc,,p for any p € R"|p # 0 in this last result yields

plenp = plucyue,p > plep,Vp € R p £0, (287)

showing that cy > cr..
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Besides, the Cholesky decomposition allows defining the random field {L Ny (X, w), X €
Q, w € W}, with the realisation Lce (X, w) a lower triangular matrix in ®"*" with

T
ACH(X, @) = Lacg (X, ©) (Lacg (X, ). (294)

The matrix Lyce (X, w) has n(n+1)/2 non-zero entries, which form the n(n+1)/2 depen-
dent entries of a new random vector field Qu(2) = {Qu(X, w) : X € Q, w € W}, with

L on(nt1) . .
the random vector Qy; valued in R % No conditions are required on the elements of the

random vector field Qi (2) since Eq. (293) ensures the invertibility (282).

Definition of the random vector field. The random vector field Qu(Q2) = {Qu(X, w) : X €
Q, w € W}, with the random vector @y valued in ™ and of support Sg,, = R” can be
defined from the entries of the triangular matrices of the Cholesky decomposition (294),
possibly applied on different dependent random fieldse.g. when considering a multi-physics
problem characterised by several tensorial properties. Considering a random field defined by
n'ms°r dependent random matrix fields {Cl(\?(X ,w): X €Q,we W} i = 1.n'* with
Cl(\?(X , w) valued in R each random matrix field yields the triangular matrix field
{LACS{)(X, w), X € Q, we W} of % dependent entries valued in . The random
vector field Qi () = {Qu(X, w): X € Q, w € W} is then defined from the random vector

tensor n(z) (n(z)

Qv valued in R™ and of support Sg,, = ™ with m =", 5 D and with

T

QM = LACﬁ)l ) LACI(&)M LAC&II)M LACI(\/ll)n(l) T LACI(\Ztcnsor)nmtensor) utenon . (295)
It is mandatory to define a single random field in the case in which different apparent
properties are obtained from the stochastic homogenisation process in order to take into
account their dependency.

Lucas et al. (2015) have used this approach in order to define a vector random field
Qv valued in % from the random field {C${(X, w) : X € Q, w € W} of the meso-scale
apparent properties of a columnar poly-crystalline material. After applying the Cholesky
decomposition (294) on the matrix random field AC§;(2) obtained from Eq. (293), the
21 entries of the random triangular matrix field Lycq (€2) were used to define the vector
random field Qy(£2).

When extending to thermo-mechanical damping, Wu et al. (2016) have also applied the
Cholesky decomposition (294) on the apparent thermal conductivity random tensor field
{Ku(X, w) : X € Q, w € W}, yielding the 6 entries of the random triangular matrix
field Lak,,(£2). The 21%" entries of the random vector field Qu(2) = {Qu(X, w) : X €
Q, w € W}, with Qu(X, w) € R, were then obtained from Lyge (), the Cholesky
decomposition of the elasticity tensor increment, and the entries 22 to 27 from Laxk,, (£2)
the Cholesky decomposition of the conductivity tensor. Entries 28 to 33 were obtained from
the dilation coefficient random matrix field {Ay(X, w) : X € Q, w € W}, which does
not require a Cholesky decomposition because there is no restriction on its definite positive
nature.

114



Lucas et al. (2017) have considered stochastic higher order homogenisation of 3D micro-
structures for plate structural simulations, yielding the random matrix field {Uy (X, w) :
X € Q, we W} valued in R® x R of the so-called A-B-D matrix of thin structures. Because
of the characteristic of the micro-structure (rough surface in that case), the apparent density
per unit surface was also defining a random value field {Py (X, w) : X € Q, w € W}, with
a lower bound pr,. The 21 entries of the random vector field Qu(Q) = {Qu(X, w): X €
Q, w e W}, with Qu(X, w) € R*2, were then obtained from Lay,, () the Cholesky decom-
position of the A-B-D matrix increment, and the 22°¢ entry was obtained by considering the
random value field resulting from the transformation log(Py (X, w) — pr,) in order to ensure
the positive nature of the density py.

FEvaluation of the lower bound. The definition of the lower bound sy, depends on the material
system under consideration. For a multi-phase material w = U;w; of known and fixed volume
fractions v;, the Reuss bound sRe"ss = ﬁ [, Sm(x)dw = Y, v;8; can be evaluated from the
phases material compliance tensor S; and can be used to define the lower bound c;,. However,
when evaluating the random field from SVE simulations, e.g. following the window technique
illustrated in Fig. 25, the volume fraction is not constant from one SVE to the others and
the Reuss bound cannot be used.

In the context of the homogenisation of the mechanical properties of a poly-crystal, Lucas
et al. (2015) have considered as lower bound ¢y, an isotropic elasticity tensor Ciso(Eiso, Viso)

whose Young’s modulus Fji, and Poisson ratio v, result from an optimisation problem

ciSO(E,iSOa V/iso) - ccrystal”
Wlth G — {E/ism V/iso S §R+ : Ciso(E/ism V/iso) S Ccrystal} ) (296)

Eisoa Viso = arg Mg, v, ,)eC

with Cerystal the elasticity tensor of a single-crystal.

Wu et al. (2016) have considered thermo-mechanical damping problem and have con-
sidered Ciso(Eiso, Viso) With Eq. (296) as a bound cr, for the elasticity tensor random field
{C(X, w): X €, we W} An empirical monotonic relation in terms of the grain size
was used to define the lower scale conductivity tensor k., (x) during the application of the
window technique. Knowing the minimum grain size of the SVE realisations w, the same
relation was used in order to evaluate the bound &y, of the homogenised thermal conductivity
tensor field {Ky (X, w): X € Q, w € W}.

In the case of a higher order homogenisation of 3D micro-structures for plate structural
simulations, Lucas et al. (2017) have used the available realisations extracted following the
window technique in order to evaluate a bound uy, of the random field {Uy (X, w) : X €
Q, w € W} valued in N6 of the so-called A-B-D matrix of thin structures. To this end,
they set

Up, = €>\min|6a (297)

where A, is the smallest of the eigen-values of the evaluated realisations Uy (X, w) and
0 < e < 1. A similar approach was used to evaluate the apparent density bound.
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Generation. The method able to generate pseudo-samples cl(\j[)p(X ) of the n**"°r dependent
random matrix fields {C&)(X, w): X €Q,we W} i=1.n"" with C&)(X, w) valued
in R > s then summarised as

e Evaluate a number of observations CI(\Z)(X , wh), wh € 1 with [ = 1..pobservation ¢ ¢
from SVE simulations following the window technique illustrated in Fig. 25 and dis-
cussed in Section 4.1.2;

e When required, i.e. when c&) (X) € M:(i)(ﬁR), evaluate a lower bound and apply the
Cholesky decomposition (294) to evaluate the observations L, o) (X, w!) of the tri-

M

angular random matrix field {L X, w): XeQ weW}of m dependent

Ac$<
entries valued in R;

e Build the realisations Qy (X, w') of the random vector field Q(Q) = {Qu(X, w):
X €Q, we W} valued in R™ and of support Sg,, = R™ with m = Z?:lnsor w
following Eq. (295);

e Use the realisations Qu(X, w') to build a random vector field representation and
generator following Section 5.2; In particular, assuming that enough realisations could
be extracted in order to represent the fields in an accurate way, an expansion method
or a spectral method followed by a non-Gaussian mapping can be considered;

e Generate pseudo-samples gy (X);

e Deduce the pseudo-samples 17

A (X)) from Eq. (295); and deduce the pseudo samples
M

cl(\j[)p(X) from Eq. (294).

This methodology was used in combination with a spectral generator in the context of
poly-silicon elasticity by Lucas et al. (2015), thermo-elastic damping by Wu et al. (2016), and
plate bending by Lucas et al. (2017), and in the context of two-phase composite materials
by Stefanou et al. (2017). It was used in combination with a copula method, see Appendix
A.2.2) by Wu et al. (2018a) in the context of two-phase composite materials. Liebscher et al.
(2012) have considered both the KL expansion and the spectral generator in the context
of open foams. Finally, Sena et al. (2013) have used the window technique to extract the
spatial correlation structure of a two-phase material.

As an illustration example, the described methodology using a spectral generator com-
bined to a non-Gaussian mapping, see Section 5.2.2, was applied by Wu et al. (2016) to gen-
erate pseudo-samples of the apparent thermo-mechanical properties of a poly-silicon micro-
structure. Figure 35 compares, for some entries, the distributions and cross-correlation eval-
uated from the observations Cl(\z)(X , wh), wh € W with [ = 1..pobservation extracted from SVE
simulations, e.g. following the window technique illustrated in Fig. 25, with the distributions
and cross-correlation arising from the generated pseudo-samples cl(\j[)p(X ), p=1,2, ... This
example shows that the method can represent non-Gaussian distributions, see Figs. 35(a)
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and 35(b), whilst preserving the cross-correlation, see Figs. 35(c) and 35(d). However, Wu
et al. (2016) showed that although non-Gaussian distributions of the random vector field
Qu() = {Qu(X, w) : X € Q, w € W} valued in R™ are always accurately captured
by the intermediate pseudo-samples gy;(X ), when combining their entries to evaluate the
pseudo samples cl(\j[)p(X) to represent the random fields {Cl(\j[)(X, w): X € Qwe W}
i = 1.n'"°" with C&)(X , w) valued in %n(i)xn(i), some components loose accuracy when
they result from several dependent component of gy;(X). Illustrations of a random field
realisation directly deduced from the window technique and as generated are also given in
respectively Fig. 35(e) and 35(f) showing that the “randomness” of the random field is
preserved by the generator.

5.3.3. Covariance structure and spectral representation of elasticity tensors

Malyarenko and Ostoja-Starzewski (2016b,c, 2017) have developed models of second-
order random fields, taking values in some sets of tensors, for each of the eight different
elasticity symmetry classes of crystal. For these models, the one-point, i.e. mean CgI,
and two-point covariance, i.e. ﬁcﬁ (1) where R is a 8™-order tensor and T is the vector
between two material points, functions need to be explicitly specified, under the assumption
of statistical homogeneity and wide sense isotropy!! The two-point correlation is needed to
account for the dependency in the orientation of neighbouring crystals.

In particular Malyarenko and Ostoja-Starzewski (2017) derived the general form of the
two-point covariance tensor ﬁcill (7) under the form (Karimi et al., 2020)

Rea (r)=> L (T)K™ (1), (298)

Mijklprst ijkiprst

where the 8"-order tensors L™ depend on the symmetry class and are given by Malyarenko
and Ostoja-Starzewski (2016a), and where the scalar functions K™ (7) can be obtained by
micro-mechanics considerations: e.g. using the window techniques in combination with MC
simulations, as described in Section 5.3.2, see also the work by Sena et al. (2013). Finally,
using this structure, Malyarenko and Ostoja-Starzewski (2017) have also derived the general
expression of the spectral expansion of the random field Cg}.

Extending this approach to account for the SVE size has been studied by Karimi et al.
(2020), using as a basis the partition theorem, see Section 5.3.1.

5.3.4. Bayesian inference of meso-scale random fields

More recently, assuming that realisations ci;(X) = C% (X, w') € M (R), for w’ € 10,
could be extracted following the window technique illustrated in Fig. 25 and discussed in
Section 4.1.2, the random field of an apparent uni-variate elastic property, and in particular
its correlation structure, was inferred using the Bayesian approach, see Section 3.4.2.

11ItIere homogeneity and wide sense isotropy are related to the random field and not the material property,
i.e. Rea (kT) = r(k)Req (T)r~" (k) for k belonging to the group of rotation and reflection in ®* and r(k) an
orthogonal representation of that group.
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Rappel et al. (2019¢) have inferred the Young’s modulus random field of poly-crystalline
beams by constructing a random field characterised by non-Gaussian uni-variate marginal
distributions (at different material points X (9 € Q) that are joined in a single distribution
using Gaussian copulas. They used a beta distributions for the uni-variate marginal dis-
tributions of the Young’s modulus in order to ensure its positiveness. The parameters of
the correlation matrix, characterising the spatial correlation, and of the uni-variate distribu-
tion were inferred from the SVE realisations using the Bayesian approach. Using Bayesian
learning, Savvas et al. (2020) have identified the most appropriate correlation kernels and
marginal distributions of uni-variate random field corresponding to different entries of the
apparent elasticity tensor field {C$(X, w) : X € Q, w € 0} of two-phase composite ma-
terials. The method should be extended to multi-variate random fields to account for the
cross-correlation function between the entries.

5.3.5. Limited amount of information is available

Soize (2005, 2006); Guilleminot et al. (2011); Noshadravan et al. (2013) have applied the
maximum entropy principle, see the summary in Section 5.2.3, in order to represent random
matrices when the available information is limited. The available information is typically
the positive definite nature of the matrix, some statistical moments, or again some known
bounds on the matrix. The maximum entropy principle was also applied by Mignolet and
Soize (2008) to enforce the variance of a set of eigenvalues in stochastic dynamics problems.

Case in which the ezpectation is known. This case was developed by Soize (2005) who
considered the random matrix field {C$[(X, w) : X € Q, w € W}, with C5y : W — MH(R),
with the expectation cj(X) = E [C%(X )] € M (R) known. Because of the positive definite
nature of the expectation, the Cholesky decomposition allows defining the lower triangular
matrix lza (X)

SHX) =1y (X) (1(X)) (299)

This, in turns, allows defining the symmetric random matrix field {G(X, w) : X € Q, w €
W1, with G : W — Mf(R) and with identity as mean value, following

CEH(X) = 1 (0G(X) (1(X)) (300)
with E[G(X)] = L.

Considering the random matrix G : ¥/ — M} (), the associated Shannon entropy (266)
is written as

s(ne) = — / ra(®)log (ma(g)) dg . (301)
M (R)

whose constrained maximisation defines the probability density function 7. The maximum
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entropy principle (268) then becomes

Te = arg maX,eps(m),  with

P = {7‘(‘ of support M (R) : / n(g)dg =1 ,/ gr(g)dg =1,,
M (R) Mz (R)

and / log (det(g)) 7(g)dg = cg, |cg| < +oo} . (302)
Mt (%)

The first constraint defining the manifold & enforces the positive-definiteness of G, the sec-
ond constraint enforces the normalisation of the probability density function, and the third
constraint the matrix expectation. The last constraint of the manifold % was introduced by
Soize (2005) in order to ensure the invertibility relation (282).

The solution of the constrained optimisation problem can be expressed in terms of the
Lagrange multipliers following Eq. (270), and in turns in terms of ¢z used as a constraint
in Eq. (302). Following Soize (2000), expressing the distribution in terms of the latter
parameter is not necessarily useful since its purpose is to ensure the invertibility. Instead,
the probability density function can be written as

(n+1)(1-6%)
2%, _n+l

re (@) — 3 o (det(g)) exp (-3 (g)) EEMI®): (g
0 if g & M (R) ;

in which ¢y is the normalisation constant and dg is the dispersion parameter controlling the
fluctuation of the random matrix and defined as:
E[l|G —L,|[2

n

n+5
+0o  (Soize, 2005) and thus, because of Eq. (280), the invertibility (282). This last
condition substitutes to the last constraint of the optimisation problem defined by Eq.
(302).

where 0 < dg < /2L is required to hold in order to ensure E [|| (Ci}[(X))f1 H%} <<

Case in which bounds are known. Assuming a deterministic symmetric positive definite
lower bound cy, is known such that C$(X, w) > cp(X) is satisfied, then the random field
{ACY(X, w): X €Q, we W}, where ACS) : 1) — M (R) can be defined from Eq. (293)
and the approach developed in the previous paragraph can be applied on the latter.

Guilleminot et al. (2011); Noshadravan et al. (2013) have developed two methods in
order to introduce both a deterministic symmetric positive definite lower bound c, and a
deterministic symmetric positive definite upper bound cy such that

0<cy(X)<CH(X,w) <cy(X) VX eQ well, (305)

allowing the following non-linear transformation

-1

N(X, ) = (CH(X, ©) — i (X))
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It is also considered that the expectation n(X) = E[N(X)] € Mf(R) is known. The
approach developed in the previous paragraph can then be applied on the random tensor
field {N(X, w) : X € Q, w € W}, with N : ¥ — MI(R). We note that, because of
the non-linear mapping, this method does not constrain the expectation of C$;(X), so that
generated samples based on this formalism will not have the same expectation.

Another approach proposed by Guilleminot et al. (2011) is to introduce the bounds when
writing the constrained optimisation problem (302), which now becomes

Teel = arg maXreps(m),  with

P = {7r of support Sce with S = {c eMR): e <l <cu}:

/ r(eh)des = 1, / eShm(cshydest = o3l
S ol S

el
M 551

/ log (det(c§) — c)) m(cyy)deyy = cr, || < 400
S el

M

and / log (det(cy — cfy)) m(c§p)desy = cu, |eu| < +o0 p . (307)
CS)Ci}[
The first constraint defines the support, the second constraint enforces the normalisation of
the probability density function, and the third constraint the matrix expectation. The last
two constraints were introduced by Das and Ghanem (2009) to control the behaviour near
the bounds.
The lower and upper bounds were evaluated by Guilleminot et al. (2011); Noshadravan
et al. (2013) from micro-structure realisations using the partition theorem, see Section 5.3.1,
in the context of poly-crystalline materials.

Generation of random matriz field. The resolution of the constrained optimisation problem
(307) yields a distribution in terms of the Lagrange multipliers following Eq. (270), and in
turns in terms of ¢, and cy. The generation of pseudo-samples ¢, can be achieved using a
Markov Chain Monte Carlo method, see Appendix A.5.3.

The other cases result in the probability density function (303) of the random matrix
field {G(X, w) : X € Q, w € W}, with G : W — MI(R) with identity as mean value.
The probability density function is controlled by the dispersion parameter dg (304). Fol-
lowing Soize (2005); Guilleminot et al. (2011), one can define the ~ "; Y homogeneous germs
Z;;(X) valued in R of independent and zero-mean random fields, i.e. with the covariance'
RE”(T) such that RE”(O) =1,1 <14 < j <mn. This germ is obtained from a non-linear
transformation of the lower triangular random matrix field {Lg (X, w) : X € Q, w € W}
of the new Cholesky decomposition

G(X, w) =Lg(X, ) (La(X, w)" . (308)

12In this section, the symbol Rz, ,(7) is not the component i j of the matrix R=(7) but the covariance of
the random variable field =, ;.
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The non-linear transformation reads
{LG”(X) = 2o /2h,, (Z,(X)) and;

\/gm

(309)

with the parameter a; = ((721;;1))
G

Gaussian random variable towards a Gamma random variable of shape parameter a; and
rate parameter 1, i.e.

+ (12;1) and where h,, defines a non-linear mapping from a

—_ -1 —_
['=he,(Z) = F£,1,0,1 (For,z1(5)) ~ T4 1,01, (310)

where Fg?l is the zero-mean and unit variance Gaussian cumulative distribution, and where
F 2’1’071 is the cumulative distribution of the Gamma distribution I'y; 1 0,1 defined by Eq.

(20). Since the @ homogeneous germs =;;(X), 1 < i < j < n, valued in R are

independent with the covariance REU(T) such that REU(O) =1, the d x @, with d the
spatial dimension, correlation lengths {leij}k with £k = 1..d, 1 < i < j < n, define the
correlation of the random field.

In this case, the generation of pseudo-samples c§; follows

e Evaluate a number of realisations C§ (X, w'), e.g. from SVE simulations;

e If required evaluate a lower bound cp(X) and an upper bound cy(X), e.g. using
partition theorem (283) as suggested by Guilleminot et al. (2011); Noshadravan et al.
(2013), in order to define the observations ACS; (X, w?), with X € Q, w’ € ¥, through
Eq. (293) or the observation N(X, w?), with X € Q, w' € W, through Eq. (306);
These observations then substitutes to C5y(X, w?) in the following;

e Perform the different non-linear mappings, i.e. through (300), from either the obser-
vations C$(X, w'), ACS(X, w') or N(X, w'), with X € Q, w’ € W, in order to
evaluate the observations G(X, w’) and the dispersion parameter dg from Eq. (304);

o Evaluate the d x % correlation lengths {leU}k withk=1..d,1<i<j<n,eq.

from the non-linear mappings (308-310);

e Use a Gaussian generation process such as the one developed by Shinozuka (1971),
see Appendix A.6.1, to generate pseudo samples £fj(X(q)), 1 <i <5 <n,at dif-
ferent locations X @ with =, ; the independent and normalised Gaussian variables of
correlation lengths {leij}k: with k = 1..d.

e From the pseudo-samples &;;(X (k) evaluate the pseudo samples gP(X (9) through the
mappings (308-310);

e Perform the different non-linear mappings, i.e. through Eq. (300), from the pseudo
samples gP(X(?) to obtain the pseudo-samples of either c§i (X@), Acgl(X@) or
n?(X (@) and in the last cases finally evaluate the pseudo-samples of c§; (X (@) through
either Eq. (293) or Eq. (306).
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5.4. Non-linear cases: multi-fidelity approach

In the linear case, the meso-scale stochastic constitutive law (251) simplifies in the eval-
uation of tensor random fields, as detailed in Section 5.3, since the macro-scale behaviours
is fully characterised by the latter. However, in the context of non-linear and history depen-
dent material behaviours at the micro-structure scale, following Eq. (116), a surrogate of
Eq. (251) has to be provided, which bears some difficulties since it should remain accurate
for different loading conditions but also for the full range of micro-structure realisations.

Because of the prohibitive cost of direct computational homogenisation and of the possi-
ble loss of accuracy of reduced order models, it is possible to conduct multi-fidelity analyses
in which a high fidelity model (HFM) is first calibrated and then used to train a low fidelity
model as suggested by Fish et al. (2018).

In particular, Fish et al. (2018) have used such a multi-fidelity model to develop a
computational certification framework of woven composites under limited experimental data,
in which the high fidelity model is a first-order computational homogenization model, which
resolves microstructural details including the structure of defects, as illustrated in Fig. 23,
and in which the low fidelity model is a reduced-order homogenization in the spirit of the
unit cells used in Section 4.2.2.

This multi-fidelity approach is a pragmatic approach for stochastic multi-scale simulation
in the non-linear range since it allows the definition of a “fast” stochastic model and since
stochastic computational homogenisation is unreachable.

5.4.1. Meso-scopic constitutive behaviours

One solution is to use an existing constitutive model whose parameters are defined as
random fields. Yin et al. (2008) have conducted simulations on porous SVEs in order to
obtain the stochastic properties of the parameters of a porous steel alloy constitutive material
model, and Yin et al. (2009) used the Karhunen-Loeéve expansion method to generate these
stochastic parameters.

Hun et al. (2019) have homogenised 2D particle-reinforced matrix using a circular moving
window technique to extract the random-field {[K(X; w) G((X; w))]T; X € Q, w € W} of
an assumed isotropic elastic behaviour characterised by apparent bulk £ and shear g mod-
ulii. They have extracted a homogenised critical energy release rate, which was approxi-
mated as being deterministic. Hun et al. (2019) have generated random field realisations
{[kP(X) g?(X)]T : X € Q}, though a non-linear transformation from a bi-variate Gaus-
sian field. They have thus built a stochastic meso-scale elasticity-phase-field formulation
using the homogenised critical energy release rate extracted from lower scale simulation and
approximated as being deterministic.

In the context of MicroElectroMechanical Systems (MEMS), adhesive surface forces, such
as van der Waals (vdW) forces and capillary forces, are of comparable order of magnitude
as the repulsive surface forces described by a Hertz model. As a result, the contact forces
fu(dy; X) exhibit an attractive and a repulsive parts in terms of the contact distance
dy as sketched in Fig. 36(a). Because the surface roughness is of random nature, the
apparent force evolution at the meso-scale exhibits uncertainties. Hoang et al. (2017, 2018)
have generated random surfaces, standing for micro-scale realisations w”* € {f, from which
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the apparent contact force evolution Fy(dy; X, w*) could be predicted from a micro-
mechanics model standing as high-fidelity model. Clearly the evolution is non-linear with
the separation distance dy;, and, in order to perform stochastic analyses of the MEMS
behaviour, a stochastic low fidelity model of the adhesive contact force was developed. Since
the adhesive contact curve has a shape similar to a Morse potential, it was described by

fmax<e_2aright(dM_dlnax) _ 2e_aright(dM_dmax)) for dM Z dmax;

fmax<e—2aleft(d1\/l_dmax) _ 2e—a1eft(dM—dmax)) for  dyp < dipax. (31 1)

fulda) = {

which reaches the maximum adhesive force f.. at a distance d,.,, and involves the adhesive
energy en = Qright + Qleg. A fourth parameter is defined as the distance dji, at which the
compressive force reaches a given value, e.g. 2 MPa.

Performing Monte-Carlo (MC) simulations of the micro-mechanics model allowed ex-
tracting the observations f¥ . dF . ef and df  for each micro-mechanics model realisa-

tion w* € 1, see the observation curves in Fig. 36(b). The observation vectors were then

constructed as

T
qI]\C/[ _ 10g<€§/[) log( r]fqax) dkmax log(dfnax _ dﬁm) , (312)
Ulog(EM) O_IOg(Fmax) O-Dm'dx O_IOg(DmaxiDlim)

in which the log operators are used to enforce the physical constraints, i.e. the positive
nature, during the generation process. The vectors gi; correspond to observations of the
random vector Qy : W — RY. Hoang et al. (2017, 2018) have shown that two neighbour-
ing SVEs w(X; w*) and w(X’; w*) yield spatially uncorrelated apparent properties Q.
Following the discussion in Section 5.1.4, the apparent properties were thus considered as
random vectors and not random vector fields.

A polynomial chaos expansion of the random vector Qy : 1 — R* was then considered
and a generator was constructed following the polynomial chaos expansion (PCE) methodol-
ogy summarised in Section 5.2.1 and detailed in Appendix A.4.3. Pseudo-samples g}, could
then be obtained from which the pseudo-samples f? . d2 . eb, and df;  are deduced from
Eq. (312) and the pseudo-samples of the adhesive contact curves fy;(dy) from Eq. (311),
see some examples in Fig. 36(c).

5.4.2. Stochastic MFH model

In the following we detail a process developed by Wu et al. (2018b, 2019) for particle-
reinforced composites using Mean-Field Homogenisation (MFH) as a stochastic low fidelity
model. In the context of MFH, the volume element w is not discretised and is defined by
an equivalent ellipsoid embedded in a matrix material, see Fig. 27(d), on which a micro-
mechanics based model is applied to extract the homogenised response, see Section 4.2.4.
Wu et al. (2018b, 2019) have identified the equivalent MFH model from computational
homogenisation performed on different SVE realisations as sketched in Fig. 37, leading to
a stochastic MFH meso-scale model. MFH was also considered by Hoang et al. (2016) as
a low fidelity model in order to determine the size of RVE. Equivalent MFH models of
nano-composites have also been identified by Yang et al. (2013) from the overall mechanical
behaviour given by molecular dynamics simulations.
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Inverse identification of the stochastic MFH model. Wu et al. (2018b, 2019) have considered
as high-fidelity model the computational homogenisation described in Section 4.2.1 and
applied on SVE of random 52% volume ratio particle-reinforced matrix constructed using
the technique described in Section 3.2.1 and illustrated in Fig. 9. The SVE length considered
was lgvg = 25um and the extracted apparent Young’s modulus distributions are illustrated
in Fig. 29(b). The low fidelity model considered was the MFH model described in Section
4.2.4.

In the context of linear elasticity, Wu et al. (2018b) have extracted the fibre volume
fraction vy, the equivalent inclusions of equivalent semi-axes a and 5, equivalent orientation
6 and the equivalent matrix elastic properties as illustrated in Fig. 38(a) for each SVE
realisation w(X; w*) whose homogenised elasticity tensor was extracted in Section 4.2.1.
The resulting equivalent values are reported in Fig. 39 in the first three and in the last
columns, where the dependency between the parameters can be observed.

Wu et al. (2019) have extended this methodology in the context of elastic inclusions em-
bedded in an elasto-plastic matrix as illustrated in Fig. 38(b). In that case, the incremental-
secant MFH is used as low fidelity model and, beside the equivalent inclusions and elastic
matrix properties being evaluated in the elastic regime, an equivalent matrix yield stress
dyo and hardening law 7y(pg) = 12510]50 + ]%20 (1 — e’mOf’O) of the non-linear incremental se-
cant MFH model, see Fig. 38(b), was extracted from each SVE realisation w(X; w*) by
computational homogenisation. The extracted effective parameters for the different SVE
realisations w(X; w¥) with w* € W are reported in Fig. 39, and the study of the correlation
distance matrix by Wu et al. (2019) showed a dependency between most of the parameters.

Taking advantage of the incremental-secant MF'H scheme which can account for Lemaitre-
Chaboche damage-enhanced materials through a virtual unloading, the inverse identification
was then applied by Wu et al. (2019) to the case of elastic-inclusions embedded in a damage-
enhanced elasto-plastic matrix following the methodology illustrated in Figs. 38(c)-38(d).
For a given SVE, once the equivalent inclusion and matrix elastic properties are identified
from the elastic behaviour, see Fig. 38(a), the equivalent damage evolution law do(fo) is
identified from the virtual unloading step of the incremental-secant formulation through
the change in the elastic response, see Fig. 38(c). The equivalent matrix hardening law
7o(Po) = koo + ko (1 — ™) can then be extracted from the effective (or undamaged)
stress lf—%o evolution evaluated during the reloading process, see Fig. 38(d). The extracted
effective elasto-plastic parameters are also reported in Fig. 39 for the different SVE reali-
sations w(X; w¥), with w* € . The application to the damage-enhanced elasto-plasticity
holds up to strain softening onset only since the stress-stain curve looses objectivity beyond
that point. The method can still be applied during strain softening by considering other ob-
jective quantities such as an equivalent fracture critical energy release rate. Critical strength
and energy release rates were extracted from SVE direct simulations by Nguyen et al. (2019)
for carbon fibre reinforced high-cross-linked RTM6 epoxy resin and exploited in the MFH
inverse identification process by Calleja et al. (In Preparation).

One important note is that, apart in the elastic-regime for which the homogenisation is
not assuming a loading case, the equivalent properties extracted with the methodology can
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depend on the loading case, in which case the micro-model should be enriched.

Random field generation process. This low fidelity model of an SVE w(X; w*) is defined by
its fibre volume fraction vy, by the equivalent semi-axes a and b of the equivalent inclusion
of equivalent orientation 6, by the equivalent matrix Young’s modulus E, and Poisson ratio
Vg, by an equivalent matrix yield stress oyo and by an equivalent matrix hardening law
Fo(Po) = kioPo + kay (1 — e7M00),

Since each SVE realisation w ( k), wh e W, yields new effective values, Wu et al. (2019)
have defined the observation vector g, = [vF 2 % " gk Eb vk sk kk kk mE]T, where the super-

script k refers to the SVE realisation w (w ) These vectors gy correspond to observations
of the random vector Qy : W — R? of meso-scale effective propertles Following the discus-
sion in Section 5.1.4, two neighbouring SVEs w(X; w”) and w(X’; w*) of particle-reinforced
composites yield spatially uncorrelated apparent properties @y and the apparent properties
are thus considered as random vectors and not random vector fields.

Considering n°VE = 1900 independent realisations allowed Wu et al. (2019) to define
the observation data-set qy; = [q3; ... @& ... q&SVE] as a realisation of the random matrix Q.
The data-driven sampling method developed by Soize and Ghanem (2016) and summarised
in Section 5.2.4, was then applied in order to generate 18,000 additional samples. 300
random observations and 300 pseudo-samples are illustrated in Fig. 40 showing that the
pseudo-samples respect the statistical content, including dependency, of the observations.

5.5. Macro-scale realisations

In the absence of dynamical effects the equilibrium of the body €2 was formulated by Eq.
(117) repeated here for clarity as

Py (X;w) - Vo+bX)=0 VXeEQ, Ywell, (313)

where the subscript “M” refers to the local value at the macro-scale, Py is the first Piola-
Kirchhoff stress tensor, and the gradient operator V| refers to the macro-scale reference
configuration. The linear momentum equation is completed by the boundary conditions
(118-119), also repeated for clarity as

Uu(X; w)=up, VX €€dp, VwelW, and (314)
PM(X, W) -y =ty vX € 8NQ, Vw € W, (315)

where ty; is the surface traction, per unit reference surface, on the Neumann boundary
On? of outward unit normal ny; in the reference configuration, and up,, is the constrained
displacement on the Dirichlet boundary 0p€). In these equations we assume that the uncer-
tainties result from the micro-scale information only.

The uncertainties of the material properties can then be propagated to the macro-scale
structural response through a stochastic finite element discretisation 2 ~ U.Q°¢ of the
boundary value problem problem (313) as suggested by Alzebdeh and Ostoja-Starzewski
(1996); Ostoja-Starzewski and Wang (1999); Ghanem and Spanos (1991); Le Maitre and
Knio (2010). To this end, the problem is completed by the stochastic constitutive behaviour
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(251) which is formulated under the form of a random field, see Section 5.3 in the linear
range and Section 5.4 in the non-linear range. The random field is discretised following the
methods developed in Section 5.1.

The different stochastic finite element methods detailed in Section 4.3 can then be used
to evaluate the stochastic structural behaviour. These methods are here summarised in the
context of handling the meso-scale random field {Q\ (X, w): X € Q, w € W} of apparent
meso-scale properties and their technical aspects are discussed. A recent discussion on
their practical applications was given by Arregui-Mena et al. (2016). Finally, an alternative
to the stochastic multi-scale approach is to consider a multi-scale adaptive model, which
locally resolves the heterogeneity and their randomness in sub-domains where they affect the
separation of scales, whilst considering an homogenenous deterministic continuum elsewhere.
This will be briefly summarised in Section 5.5.4.

5.5.1. Monte-Carlo simulations

The Monte-Carlo simulation strategy, see also Section 4.3.1, involves considering nM¢
realisations Q\(X, w'), with w’ € W, of the random field Qy(€2). In practice pseudo-
samples {g}; (X @) : X@ € O} are generated by any of the different methods summarised in
Section 5.2 and a deterministic simulation is conducted for each realisation. As an example,
Fig. 33(c) was obtained using the MC simulation approach.

Assuming the standard deviation of the structural response Fy; is op,, the error on the

expectation of Fy is a random variable E following a Gaussian distribution (Nouy, 1999)

MC
1 X ; o
E = E[Ru] — 5 > Fulw) ~ ;ﬁcnm , (316)

with the normal distribution (17), showing that the error decreases with the square-root of
the number of pseudo-samples but does not depend on the dimension of the random field.
The Monte-Carlo simulations method has several advantages

e Any of the different random-field representation and generation methods, see Section
5.2, can be considered;

e Both linear and non-linear problems can be handled;

e Modifications to an existing finite-element code are limited to the discretisation of the
random field, see Section 5.1;

MC

e [t can capture rare events, but this requires a high number of realisations n**~ in order

to have enough samples in the regions of rare events;

e [t can handle systems that have large variability and involve complex models that
include several dependent random variables since Eq. (316) shows that the error does
not depend on the size of the random field;
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e Parallelisation is straightforward since it consists in sending the different uncoupled
deterministic resolutions on different processors.

The main disadvantage of the MC simulation method is that it can require a high number
of realisations in order to be accurate, as shown by the error (316) of order ©(rMC¢™""*), which
decreases with the square root of the number of samples. Accuracy has to be assessed during
the iterations by asserting the convergence of the structural responses distribution. Several
strategies have thus been developed to reduce the number of samplings, which are detailed
by Caflisch (1998); Nouy (1999); Stefanou (2009), among which two commonly used methods
are

e Variance-reduction techniques in which the generation of pseudo-samples is controlled
in order to improve the efficiency, e.g. in the importance sampling technique the
generation of samples is controlled by a sampling distribution concentrated in the
regions of rare events; this is, however, only efficient for a limited number of random
variables; in the stratified sampling technique, the sampling region is first divided, e.g.
with a regular grid with uniform density;

e Quasi-Monte Carlo method: Whilst Monte Carlo methods use independent pseudo-
samples (following pseudo-random sequences), with the Quasi-Monte Carlo method,
the pseudo-samples are correlated (following a quasi-random or low discrepancy se-

quence) to make them more uniform; Convergence is faster, order © (nMC*llogl‘C (nMC)>

instead of O(nMC®™""*); The method is however rather used for integration than sim-
ulation and behaves like Monte Carlo in high dimension (Caflisch, 1998); However, it
can provide faster convergence when studying structural failure as shown by Pitz and
Pochiraju (2019).

5.5.2. Stochastic Galerkin finite element method

The displacement field solution of (313) is written as a continuous random field U (2) =
{U(X) : X € Q}, which takes values in R?, for 2 C R? a space of material points X,
with d € N. Its expectation (26) is denoted by u(X) = E[U (X)] : Q — R%L Let
E = [2,...5;...2,]T be a vector of n independent, zero-mean, and unit variance random
variables Z; : 4 — R of finite second order moment and of support &=,. The support of E
is denoted by 8z = &=, X ... X 85, X ... X 8%, . Similarly as set in Appendix A.4.4, and in
particular Eq. (A.75), the stochastic field U(Q2) = {U(X) : X € w} is represented by the

finite separated expansion through the random vector =, with for a realisation w € {f/

u(X) =U(X; B(w Zuk(l) ) Urw (B(w)) (317)

with the multi-index k© = {k\", ... k{’} € NG defined by Eq. (228) and of total degree at
most p and with ”S — (’:!Z;) —1, w1th {pw (€) = @/ka(fl) . X ¢liﬁ)l)(§,) X ... X @bgl)) (&) :
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OIS g{g ; € = E(w)} an orthonormal polynomial family belonging to the Hilbert space
F (1), and with the coefficients ua (X) valued in R? and evaluated for & = Z(w) by

(X)) = / (U(X; &) (X)) vy (€)n=(€)dE, 1= 1.nS, (318)

and by v (X) = w(X). In the Stochastic Galerkin finite element approach, the stochastic
problem (313) is solved simultaneously in the spatial and stochastic domains by considering
stochastic test functions U (X; &) € U(2) x #H (W), where U(S2) is an admissible kinematic
vector field subset of #(2). The weak form associated to Eq. (313) is then restated on the
product between the physical and probabilistic spaces as finding U € #(2) x # (%) such
that, assuming no external forces for conciseness,

// Py (U(X; £)): (GU(X: £) ® Vo) m=(€)dédw = 0, VU € U(Q) x 7(1W), (319)

see details in Section 4.3.3. The finite element discretisation of the latter is based on the
separation of variables with the use of the finite element discretisation

u = Z P X)u € #(Q) and du = Z P X)ou € #(Q), (320)

where ¢(® (X)) are the nodal shape functions and w(® are the nodal degrees of freedom, and
of the expansion (317), yielding

{U(X; € =X, Ll e (X)uk (B(w)) i) ; and (321)

SUX; €)= 5, S0 0@ (X )by (B(w)) 6ul?)

(a)
R
sion (317), and are collected in the vector dy;, which has now a size of d x (n§ +1) x n

for n"°d¢ nodes and a physical space of dimension d. The stochastic Galerkin finite element
form thus yields, see details in Section 4.3.3, the vector fy; of the internal forces and the
stifflness matrix kyy

The degrees of freedom u, ;) represent ng + 1 nodal displacements resulting from the expan-

node
;

fi= / e / (b°)” Py(X:; €)ma(€)d€dX (322)
=\ / E / (b)” Cu(X; €)b*ra(€)dedX (323)

where b’ is the elementary matrix of the shape functions gradient associated to the stochas-
tic displacement vector field, i.e. built from V@) (E(w)), Cy is the matrix notation
of the fourth-order material tensor Cy = ggx, and where /. is used to symbolise the
assembly process.

Some remarks on the method
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e [t is seen that the system is similar to the traditional finite elements, with however
more degrees of freedom whose number increases dramatically with the size n of the
stochastic process.

e Assuming linear elasticity and the random field {C$[(X, w) : X € Q, w € W} of
the elastic properties, in the Spectral Stochastic Finite Element approach, Ghanem
and Kruger (1996); Ghanem and Brzakala (1996); Ghanem (1999), see also the re-
view by Nouy (1999), have considered an expansion of C5i(€), either a KL expansion
or a PCE for respectively Gaussian and non-Gaussian processes, with the stochastic
germ E = [Z;...5;...2,]7, of n independent, zero-mean, and unit variance random
variables =; : W — R, consisting of the same random vector as the one used for the
displacement separation of variables, Eq. (317). This allows evaluating the stochastic
stiffness matrix (323) as detailed in Section 4.3.3. Recently, still in the context of linear
elasticity, in order to ease the implementation in the case of physical domains of given
complexity, Li et al. (2018) have used isogeometric basis functions in the KL expan-
sion of the random field, see Section Appendix A.3.2, and a PCE for the displacement
separation of variables, Eq. (317). Liu et al. (2021) used the same discretisation of
the random field but have represented the structural response in the basis vectors of
the Krylov subspace to reduce the dimensions.

e Although the consideration of linear elasticity with an expansion of the random field is
the most common approach, it is possible to also express meso-scale material properties
directly in terms of independent, zero-mean, and unit variance random variables and
to perform non-linear analyses, see the work by Pivovarov and Steinmann (2016);
Pivovarov et al. (2018b) summarised in Section 4.3.3.

5.5.3. Perturbation stochastic finite element method

In the perturbation method, the displacement field solution of Eq. (313) is written as
a random field U(2) = {U(X) : X € Q} and is expressed in terms of the random vector
E =[Z...5...2,)7 of n random variables =; : ) — R. The random field U(f?) is then
developed around its value evaluated for E[E], yielding,

[
_l’_

UX;8) = uo(X)+) wilX)(E ~E[E,
%Z Zum’j(X) (=: —E[Z)]) E; —E[E;]) + ..., (324)

where the operator e ; means derivative with respect to the random variable =;, see Section
4.3.2 for details. Assuming a linear response and no external forces for conciseness, after
having applied a similar development on the Cauchy stress tensor, this yields a system of
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deterministic problems to be solved, see Section 4.3.2 for details,

Order 0: 0= [Cy(X;E[E]) : ex(uo)] - Vo, (325)
Order 1: 0= [C§(X;E[E]):ex (u;)] Vo+
oy (X E[E]) :ex (ug)| - VoVi=1.n, (326)

0=,

Y

where the operator ex (u) stands for the small strain tensor % (Vo®u+u® V).
The method has some practical limitations

e As pointed out by Nouy (1999), although theoretically the method can be used for a
complete representation of the solution, the perturbation method is practically limited
to second order and can thus be applied only when the coefficient of variation remains
limited.

e Although non-linear extensions have been considered by Liu et al. (1986), the method
is mainly applied to linear systems.

5.5.4. Adaptive multi-scale model

This model initially aims at reducing the error arising when considering a deterministic
homogeneous model at the macro-scale by locally accounting explicitly for heterogeneous
and random structures. In that context, the body {2 is initially divided into sub-domains €2
with © = U2, Considering at first that the solution is deterministic and can be obtained,
in the linear range, by considering the meso-scale effective elastic properties c§if on each
Qr C Q, the governing Eq. (313) is rewritten

Vo[ ex (uf(X))] +b(X)=0 VX €Q, (327)
where ul (X)) is the homogeneous solution obtained by a deterministic multi-scale process.
A dual problem is then defined from the definition of a quantity of interest, e.g. a quantity
defined from statistical properties of Uy (X; w) on some €; C €. If the quantity of interest
only involves statistical properties of Uy (X; w), the solution w}(X) of the dual problem
considered with the meso-scale effective elastic properties c§f on each Q; C Q is also deter-
ministic (Albert et al., 2006). Using these two solutions, lower and upper bounds of the ho-
mogenisation error can be computed from the random field {C${(X, w): X € Q, w € W},
e.g. using Monte-Carlo simulations. From the error bounds, some sub-domains €2;, C €2 can
be solved locally using stochastic finite elements stated. The governing equations in these

sub-domains read
Vo [Ca(x, w): e, (UL(x, w))] +b(x) =0 VoeQ,, VYowei, (328)

where the heterogeneities of the sub-domain 2, have to be explicitly represented, hence
the use of the subscript “m” referring to the local value at the micro-scale, and where
{Ul(xz, w) : € O, w € W} is the local random field. This problem is completed by
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applying Dirichlet boundary conditions arising from the homogeneous solution obtained by
the deterministic multi-scale process, i.e. uy;(X) the homogeneous solution obtained by the

deterministic multi-scale process, yielding
Ul (x, w) =ul(X) V=X ecoQ\oxQ, VYwcip. (329)

Finally, using the indicator function xgq,(X) the random field on the full domain € reads
{Un(z, w) = uly(X) + xo,(X) [UL(x, w) —uf(X)] : ¢ €Q, we W}
Some remarks on the method

e As discussed in Section 4.2.1, enforcing Dirichlet boundary conditions might result in
stress/strain concentrations, motivating the use of Arlekin methods as the alternative
developed by Cottercau (2013).

e Bonilla-Villalba et al. (2020) have developed error estimates based on Huet’s partition
theorem (283), which prevents the need of performing the integration in the small scale
features.

e The different stochastic finite element methods detailed in Section 4.3 can be readily
used to solve the problem (328-329).

6. Conclusions

In this work we have reviewed different methods aiming at conducting stochastic virtual
testing. There remain however several problems motivating future research.

In order to build accurate virtual micro-structures, which represent the variability of real
micro-structure geometry and local material responses, it is necessary to account for envi-
ronment and process parameters of the manufacturing technique. In particular, whilst most
of the current research has focused on the geometrical uncertainty characterisation, identi-
fying material properties as random field at the micro-structure level remains challenging.
Similarly, a quantitative defects characterisation is still not commonly performed, although
they strongly affect the failure behaviour. These quantifications require a combination of in-
situ. experimental measurements and accurate models of the manufacturing process, which
should allow for building data-base of micro-structures by relying on data-driven concepts
and tools developed for uncertainty quantification, statistical analysis, dimension reduction,
machine learning, and data mining methods. This approach has recently led to the so-called
material data sciences (Kalidindi et al., 2016).

Coupling stochastic micro-scale behaviour to stochastic macro-scale response remains
challenging in the non-linear range since the stochastic apparent properties of the Stochas-
tic Volume Elements cannot be decoupled from the macro-scale stochastic finite element
analyses. One more time, data-driven approaches relying on data obtained from numerical
realisations of the virtual random micro-structures (Clément et al., 2012; Yvonnet et al.,
2013; Bessa et al., 2017) offer a possibility to couple micro-scale and structural scale anal-
ysis at affordable cost in the context of uncertainty quantification for non-linear systems.
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In this context the use of Neural Networks as surrogate appears to be a promising tool as
illustrated by the first results (Rao and Liu, 2020; Lu et al., 2021), but which is yet to be
deepened.

The problem of failure is only partly addressed in the literature because of the loss of
objectivity of the stress-strain curves during homogenisation. Stochastic multi-scale methods
are currently only addressing strength envelope and in some cases the brittle failure response.

With these tools in hand, it would be possible to develop a so-called process-(micro)structure-
(structural)properties (PSP) linkage (Gupta et al., 2015; Yang et al., 2018, e.g.), which,
from the simulation of the manufacturing, via the prediction of micro-scale properties and
geometry, including their uncertainties, could provide a relationship between manufacturing
conditions and the statistical structural response. This, in turn, would allow optimising
process and design in order to achieve some targeted performance within a given confidence
interval.

Acknowledgement

This project has received funding from the European Unions Horizon 2020 research
and innovation programme under grant agreement No 862015 for the project “Multi-scale
Optimisation for Additive Manufacturing of fatigue resistant shock-absorbing MetaMaterials
(MOAMMM) of the H2020-EU.1.2.1. - FET Open Programme.

Appendix A. Generation tools

The purpose of this appendix is not to provide complete formalisms, but to give a quick
overview of the different methods used in the literature. These methods are discussed further
in the provided references. Before presenting the main methods, we recall some common
probabilistic transformations.

Appendixz A.1. Probabilistic transformations

Let us consider the n-dimension random vector @ : Q — R™. Its expectation (26) is
denoted by ¢ = E[Q], and its covariance matrix (46) by Rg € M/ (R). We note that we
assume the positive definite nature of f{QB, and the existence of the probability density
function mg : R™* — [0, oo[ following Eq. (24).

In this section, we apply a transformation E = f(Q) in order to obtain some sought
particular properties of the random vector Z valued in ®”, of covariance matrix Rz € M} (R),
and of probability density function 7= : R" — [0, col.

13We assume in this section that the standard deviations 0q, of the random variables @, are all strictly
positive

132



Appendiz A.1.1. Transformation of a Gaussian random vector

Assuming Q follows a Gaussian distribution with expectation ¢ = E [Q] and covariance
matrix Rg € M/ (R) and assuming we want 2 to follow a zero-mean with unit covariance
matrix, i.e. Rg = I, with I, the unit matrix of size n, Gaussian distribution, we consider
the non-linear transformation = = f"(Q) which reads

E=f1Q) =Ly (Q-4), (A1)

with the lower triangular matrix Lg obtained by the Cholesky decomposition of RQ, i.€.
Rq = LoLy,.

Appendiz A.1.2. Nataf transformation of a non-Gaussian random vector

In this section, we consider the random vector @ with the n dependent components @Q);
and with the correlation matrix Rg given by Eq. (47). Each random variable has a marginal
cumulative distribution function Fp,(¢;) : ® — [0, 1] assumed to be continuous and of
support &g,. We assume we want = to follow a zero-mean with unit covariance matrix,
i.e. Re = Rg = I, Gaussian distribution through the non-linear Nataf transformation
== 17(Q).

First a Gaussian random vector Z is constructed from
nfl
< = FO,l (FQz(Ql)) ) (AQ)

where Fg?l is the zero-mean and unit variance Gaussian cumulative distribution. It is then
assumed that the joint probability density function reads

1 L rna
Tz(z) = 2n 2 det(Rz)exp (—éz R, z) , (A.3)

with the correlation matrix Rz that has to be evaluated so that the joint probability density
function of @ can be written as

a(a) = 70, 1) T 1) F— e (A.4)

with the probability density function (A.3) and the normal probability density function 71,
given by Eq. (17). The correlation matrix Rz is now computed so that the correlation of
two components Q; and Q; arising from Eq. (A.4) matches the prescribed correlation Rg, ;,
yielding, see the details by Der Kiureghian and Ke (1988), the following implicit equation
in the unknown correlation Rz, to be solved

T (@ — G q; — qj
R, :/ / ( o ) ( ’ J) 7T[ZiZj]T([Zi Zj]T)dzidev (A.5)
—o0 J —o0 Qi 0Q;

i
with 7, Zj]T([Zi Zj]T> = o det(i{[ ]T)eXp (—%[zi zj]R[_Zli 2 2 zj]T) the standard bi-variate
Z; Z;

Gaussian density function of zero-mean, unit variance and correlation Rz, (we note that
the diagonal terms of R[ZZ_ 2,7 are 1 and the out of diagonal terms Rz, ).
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Assuming @ has a Nataf joint probability density function, then Z is a Gaussian random
vector of zero-mean and covariance matrix Rz = Rz = LzLL. The transformation (A.1)
can then be applied

E=L,'Z, (A.6)

yielding = a random vector of zero-mean with unit covariance matrix, i.e. Rz = I,,, following
a Gaussian distribution.

We note that this transformation has required some assumptions on the joint probability
distribution of Q.

Appendiz A.1.3. Rosenblatt Transformation of a non-Gaussian random vector
Contrarily to the other transformations, the conditional probability density functions
have first to be evaluated from

(s s Qle1s -
T Qi @1 (G Gh1s 1) k=L, (AT
f;}e ﬂ—Qkan—lv---le(qk" Qk—1, -'-Ch)ko

TQrIQk—1,., Q1 (Qk‘Qk—h ey q1)

and the conditional cumulative distribution follows from

dk

Fouor v, .0 (@lak-1, -\ ¢1) —/ TOuQr s 01 (@l Qe—1, -y q1)dqy,, E=1.n. (A8)

—00

To hyper-cube distribution. We first consider the case in which we want E to be defined as
n independent and uniformly distributed random variables Z; in the support Sz = [0, 1]",
i.e.

WE(E) = u071 X ..o X Uo,l, (Ag)

with Uy 1 defined by Eq. (18).
The non-linear transformation 2 = f2%(Q) thus reads

51 = FQ1(Q1>7 52 = FQ2\Q1 (QQ|Q1)7 ST fn = Finanla--le (Qn|Qn—17 ) QI) ) (AlO)

with the conditional cumulative distribution following from Eq. (A.8).

To Gaussian distribution. In the case in which we want E to follow a zero-mean with unit
covariance matrix, i.e. Rz = I,,, Gaussian distribution, we consider the non-linear transfor-
mation E = fR"(Q) which reads

—1 -1
&1 = Fg,ll (FQ.(q1)), &= Fg,ll (FQ2|Q1<Q2‘Q1)) » o
-1
571 = FO7,11 (FQn\Qn—1,~~~,Q1 (Qn|Qn—1a s ql)) ) (All)

where F{!, is the zero-mean and unit variance Gaussian cumulative distribution and where
the conditional cumulative distribution follows from Eq. (A.8).
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Appendiz A.2. Generation from cumulative distribution functions

Appendixz A.2.1. Inverse transform sampling

Pseudo-random samples of a random variable () can be generated by constructing the
inverse F, L]0, 1] — 8¢ of the cumulative distribution function, assumed to be continuous,
of support &g. Therefore, considering a random variable U ~ U, ; following a uniform
distribution, see Eq. (18), one has the inverse function

Q=F,'(U). (A.12)

By generating pseudo-random samples u” of the random variable U ~ U 1, pseudo
random samples of the random variable @ are obtained as {¢” : ¢ = I, Y(uP)} using Eq.
(A.12).

Appendiz A.2.2. Copula method

Let us consider the random vector Q@ = [Q; ... Q,]7 of dependent random variables Q;.
Each random variable has a marginal cumulative distribution function Fy,(¢;) : ® — [0, 1]
assumed to be continuous and of support Sp,. A random vector U = [U; ... U,]" whose

components marginal probability density functions 7y, are uniform, ¢.e. U; ~ Uy, 1, see Eq.
(18), is then defined as

Ut .. Ua]" = [F, (Q1) - Fo, (Qu)]" . (A.13)

The copula of @ is defined as the joint cumulative distribution function Fy : [0, 1]* —
0, 1] of the random vector U, see Eq. (21), and is denoted

C(Ul, ceey Un) =P (U1 S Uty vy Un S U,n) R (A14)
or using Eq. (A.13),
Clut, oy up) =P (Q1 < Féll(ul), ey Qn < Féj(un)) . (A.15)

Therefore, considering a random variable U whose joint cumulative distribution function
Fy follows the copula (A.14), one has the inverse function

Q1 ... Qu]" = [Fo (Uh) ... FoM(UL)]" . (A.16)

Pseudo-random samples u? of U are generated from the copula distribution Fy(u) =
C(uy, ..., u,) using the process described here below and the pseudo-random samples of the
random vector @ are obtained as {g” : q* = [Féll(ulf) Fé: (uf)]"'} using Eq. (A.16).

In order to generate a pseudo-sample u? of U following the copula joint cumulative
distribution C'(uy, ..., u,) = Fy(u), one follows the chain rule

e Draw a pseudo sample u? from U 1;
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Evaluate the conditional probability density 7y, v, (tn—1|u?) from

1 0?
7TUn—1|Un (Un_1|u7€) = uo 1(“%) aun_laun FUn—l,Un (uﬂ—h uﬁ) ’ (A]‘?)

Draw a pseudo sample u, _, from the conditional probability density 7y, v, (tn-1|u),
using the inverse transform sampling of Appendix A.2.1;

Evaluate the conditional probability density 7, , ,jv, .. ...vn (Un—i—1|td_;, ..., u2) from
ﬂ-Un_i_l‘U"—i:"-yUn (un—i—l‘ufb_i, ceey uﬁ) =
1
[WU“—”U’I—iHWwUn (Un—i|Up s s Un) X oo X Ty, (U [Un) X UO,I(U:Z)]

ai+2

Fy
@un,i,l 8un noihe

U (Unmict, by, o ul) 5 (ALL8)

Draw a pseudo sample u;, _;_; from the conditional probability density 7y, , ,ju, ... v,
p

(un,i,l\unﬂ», e uﬁ), using the inverse transform sampling of Appendix A.2.1;

Evaluate the conditional probability density 7y, |u,, .., v, (w1]u$, ..., u?) from
P Py
UL U2, ..., Up, (ul‘u% ey un) -
1
P\, P P P |, P P
(T, o0 (U, o un) X o X o, o, (uh_y |uh) X U, (uh)]
an
—Fy, oy (ug, U, . uP) A.19
8u1...8un 1yeeny n( ) 2 ’ n) ’ ( )
Draw a pseudo sample u¥ from 7 uqlub, ..., uP), using the inverse transform
p P 1 U1|U27...,Un 25 y Wn )y
sampling of Appendix A.2.1.
In this method, the derivati UMK P P 1
n this method, the derivatives 5—=———Fp, , | v, (un_i_l, ub o un) are evalu-

ated numerically using a hash-table of the observations u* obtained from Eq. (A.13) for the
observations ¢* = Q(q%), with ¢* € Q.

More details are provided by Strelen and Nassaj (2007).

Appendiz A.3. Principal Components Analysis € Karhunen-Loéve (KL) series expansion
Appendiz A.3.1. Principal Components Analysis (PCA)

Let us consider the n-dimension random vector @ : Q — R™. Its expectation (26) is

denoted by g = E[Q], and its covariance matrix (46) by Ro € M/ (R). We note that we
assume the positive definite nature of Rg.
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One can extract the n eigen-vectors u(i) and the n eigen-values )\(i) of the matrix R, ,
g Q g Q Q
with

Rq uy) = A\Jul) Vi=1l.n, (A.20)

with no sum on (7) intended. The eigen-values are ordered as )\g) > )\8—1) > .2 )\g) >0,

NT .
and the eigen-vectors are normalised so that (u%}) 'u,g) = 0;j.
A new random vector H with values in R™ is then defined, with its realisation n € R”

such that ]

= (@— @) " uy) Vi=1l.n. (A21)
Q

i =

The random vector H is characterised by the following properties
EH] =0, andRyg=1,, (A.22)

with 0,, a zero vector of size n and I,, the unit matrix of size n. We note that the components
of H are uncorrelated, but can be dependent. For Gaussian distributions, they are also
independent since uncorrelated.

Using the orthogonality property of the eigen-modes, inverting Eq. (A.21) allows ex-
pressing a realisation g of the random vector @ from the relation

m<n

q~q+ Z )\g)niug) . (A.23)
i=1
In the case m = n, Eq. (A.23) is exact whilst in the case m < n one has performed an order
reduction.

Appendiz A.3.2. Karhunen-Loéve (KL) series expansion

Let us consider the continuous random vector field Q(Q) = {Q(x) : = € Q} for Q@ C R?
a space of material points @, with d € N. Its expectation (26) is denoted by q(x) =
E[Q ()] : Q — R, and its covariance matrix by R (z; T), see Eq. (50). In this section,
using @’ = x + T, we use the notation R (z, ') : Q x Q — R™".

Eigen-vectors ug)(w) and eigen-values /\g) have to be extracted from the Fredholm inte-
gral equation of the second kind

/RQ (x, o) 'u,g)(a:’)da:’ = /\g)ug)(m), Vie N, (A.24)
Q

with the ordered eigen-values )\S) > )\8) > ... = 0, and with the orthonormal eigen basis
, T .
such that [, <ug)(w)> ug)(w)dm = 0;5.
A new random vector H is then defined, with its realisation 7 such that

= ! a:—’azTu(i)az T 7
nz—\@/gmu §(2)" ul(@)dz VieN. (A.25)
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The random vector H is characterised by the following properties
E[H,)]=0 and RHM =0,s Vr,seN. (A.26)

We note that the components of H are uncorrelated, but can be dependent. For Gaussian
fields, they are also independent since uncorrelated.
The random field Q(2) can then be represented by the collection of realisations

al@) = (@) + 3\ nuf (@) (A.27)

where the relation is exact for m — oc.

Since the resolution of Eq. (A.24) cannot always be pursued, it is possible to consider
the collection {Q(x™M), ..., Q(x™))} of random vectors sampled for x = (2, ..., M), i.e.
N members of , defining the random vector Y = [Q%(zV) ... QT(a:(N))}T taking values
in RV, see details in Section 5.1.2. From its expectation ¢ and its covariance matrix Ry
the PCA described in Appendix A.3.1 is applied in order to construct a statistical reduction
similar to Eq. (A.23), i.e.

m<n-N
y=g+ Y Ay, (A.28)
=1

with the n - N eigen-vectors ug) and the n - N ordered eigen-values )\gi) of the matrix f{y,

and realisations of the random variable H' obtained as

1 .
(y—9) " u) Vi=1l.n-N. (A.29)

= —=
AY

An approximation of {Q(xz™M), ..., Q(x™))} is deduced directly from Eq. (A.28) by reorder-
ing the components of Y, or if other locations @ than at the initial sampling points ),
k = 1..N, are sought by using an optimal linear estimation, see details in Section 5.1.2.

Another solution to solve the system of Eqs. (A.24) consists in defining a Galerkin-type
procedure as suggested for uni-variate random fields by Ghanem and Spanos (1991) and
summarised by Sudret and Der Kiureghian (2000). Recently, Li et al. (2018) have used
isogeometric basis functions in this Galerkin-type procedure.

Appendiz A.3.3. Generation of Gaussian random fields using the Karhunen-Loéve (KL) ex-

pansion
We here consider as random field the collection {Q(zV), ..., Q(x™))} of N random
vectors valued in R and extracted for x = (2@, ..., x™)), with ) € Q, j = 1..N, see

details in Section 5.1.2. An approximation of a Gaussian random field can be sampled
following

e The definition of the random vector ¥ = [Q”(zW)... QT(:I:(N))}T taking values in
%n-N;
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e The pseudo-sampling of the random field using Eq. (A.28) as

m<n-N

Yy’ ~ g+ Z F (A.30)

from pseudo-samples 7. Assuming Gaussianity, the pseudo-samples n’? are generated
as m independent Gaussian variables 1}’ using either Monte Carlo sampling (MC) or
Latin Hyper-cube Sampling (LHS);

e The extraction of a pseudo-sample of {g?(x), ..., g?(x™))} from Eq. (A.30) by
reordering the components of y?, or through an optimal linear estimation, see details
in Section 5.1.2, if other locations & than at the initial sampling points £®), k = 1..N,
are sought.

However, the size m < n - N of the covariance matrix can be overwhelming when N
or n increases. Therefore, Votrechovsky (2008) has developed a method to simulate cross
correlated Gaussian homogeneous random fields by using the KL series expansion method,
which reduces the size of the correlation matrix to be considered. It is assumed that the
random field is homogeneous, yielding q () = ¢ and a covariance matrix Rg € M} (R).
Besides, it is assumed that all the components (); of the random vector ) share the same
spatial correlation function on (2.

First, for a fixed ), j = 1..N, the eigen-values and vectors of f{Q are extracted see

Appendix A.3.1, yielding the n eigen values )\( and orthonormal eigen-vectors uQ Then the
uni-variate random field U(2) valued in # can be defined from any random field @;(£2) and
yields the correlation Ry (x, «'). Since it is assumed that all the components share the same
spatial correlation, any value ¢ = 1..n can be chosen providing the correlation is used instead
of the covariance since the variance might change between components The eigen-values and
vectors of Ry(x, ') are extracted, and N eigen values )\ and orthonormal eigen-vectors
ug)(:c) related to the unit standard deviation are retained. This extraction can result from
the sampling at the N locations ) using U = [Qi(x™) ... Q;(x™))]T as described in
Appendlx A.3.2 and following the methods described in Section 5.1.2, yielding the N eigen
values )\,} and orthonormal eigen-vectors ugj) related to a unit standard deviation.

Second, a random vector = with values in RV™ is defined. The idea suggested by
Vorechovsky (2008) is that the components E(j—1)-N+1 t0 Ej.n, for j = 1..n represent a Gaus-
sian random vector with N independent random variables, whilst the components Z¢;_1).x41
to Z;.v are correlated to Z¢_1).n41 to Ep.n, for £ = 1..n. We use the notation

E= Q| Eg-pne-En]" |- (A.31)

Qn [E(n—1)~N+1 EnN



Its covariance matrix Rg € M y(R) is built from the covariance matrix RQ € MI(R) as

follows
@ S v @
Qi [ R, In ... Ro, I~ .. Rg. Iy
RE: Qj RleIN RjSIN RanIN 5 (A32)
Qn \Ro, In .. Rg,IN .. Ro, Iy

where Iy is the N x N identity matrix. The matrix Rg has the ordered eigen-values )\

which are N repeated times the eigen values )\Q , and the orthonormal eigen-vectors u(—)

which are constructed from u(Q) (avoiding the resolution of the eigen-value problem).
Similarly to Eq. (A.23), the random vector E has realisations & € RN

n-N
€= VA&ud¢ vi=1.n-N, (A.33)
=1

with the random vector Z —of realisations (— having independent Gaussian random variables
as components:

E[Z.]=0 and Rzm =045 Vr,s=1.n-N. (A.34)

Finally, pseudo-samples &P are obtained from Eq. (A.33) by generating n - m indepen-
dent Gaussian variables (7 using either Monte Carlo sampling (MC) or Latin Hyper-cube
Sampling (LHS). One can then express pseudo-sampling g” of the Gaussian random vector
Q from the relation

qf( ~ q; + 0g, Z A/ A 5 )N (x), Vj=1.n, (A.35)

where we note the use of the eigen-vectors and eigen-values resulting from the uni-variate
random field U(2). In the case in which the PCA was achieved from the sampling at the
N locations ) using U = [Q;(zW) ... Q;(x™))]T, pseudo-samples of the Gaussian random
vector at locations ™, k = 1..N, arise from

¢(x™) ~ g +UQJZ\/ D i, Yi=lan Yk=1.N, (A.36)

where we note the use of the eigen-vectors and eigen-values resulting from the spatial sam-
pling. If other locations @ than at the initial sampling points ®), k = 1..N, are sought, an
optimal linear estimation, see details in Section 5.1.2, can be used.

Besides, it is possible to apply order reduction in both equation (A.33) and (A.35).
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Appendiz A.3.4. Generation of non-Gaussian random fields using the Karhunen-Loéve (KL)
eTpansion
Following Eq. (A.27), the random field Q(f2), with @ valued in ", can be represented

by the collection
qg(x) ~q(x)+ Z \/ A 77qu (A.37)

where the relation is exact for m — oco. As prev1ously described, for Gaussian random fields,
starting from the KL expansion (A.37), pseudo-samples can be generated as

g )+ Z VAl (A.38)

from pseudo-samples n? generated as m independent Gaussian variables 1! using either
Monte Carlo sampling (MC) or Latin Hyper-cube Sampling (LHS).

If one wants to generate pseudo-samples following the targeted marginal cumulative
distributions Fy, of the random variables @),., Phoon et al. (2005) have proposed the following
iterative process:

e Construct the inverse F,' : [0, 1] — S, of the marginal cumulative distribution
functions, assumed to be continuous, of support 8, of the component r of the random
vector Q;

e - (0) . . . . .
e Initialise the pseudo-samples 7Y ’ , see the discussion for the univariate case given by
Phoon et al. (2005), as m independent variables drawn from a zero-mean and unit
variance distribution;

e Repeat until convergence

1. At iteration (k), generate several pseudo-samples

¢ (@) +Z\/> I ul)( (A.39)

k)
from the pseudo-samples nf ;
2. Estimate the marginal cumulative distributions F-x) from the pseudo-samples

(A.39);
3. Transform each pseudo-sample to have the target marginal distribution following

qf(k>(:c) _ Féj (FQW(@f(k) (m))> , r=1.n; (A.40)

4. Estimate the new pseudo—samples n “ from

plh+D)

<k)
D
e [l
(k+1)

followed by a standardisation to give unit variance to n;  ;
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q’ (:c)) ug (x)dx, i=1.m, (A.41)



5. Ensure that the updated n? “* Landom variables are approximately uncorrelated
by product-moment orthogonalisation technique, see the developments by Phoon
et al. (2005);

6. Go back to step #1 until convergence.

We note that the method was developed by Phoon et al. (2005) in the uni-variate case, i.e.
assuming n = 1, but has been used by Liebscher et al. (2012) when considering correlated
random variables @,.

The method described in Appendix A.3.3 was also extended to non-Gaussian random-
fields by considering a non-linear transformation, see Appendix A.1, before applying the KL
expansion. In particular, Vorechovsky (2008) has applied the Nataf transformation, see Ap-
pendix A.1.2, and adapted the block-generation process described in Appendix A.3.3. The
following difficulty was however pointed out: “We remark also that not every combination of
the auto-correlation structure with the non-Gaussian marginal distribution can be admissible
for the mapping via underlying Gaussian random field. There are two possible incompatibil-
ities. The first one arises when the auto-correlation functions of the non-Gaussian fields do
not have a corresponding admissible correlations in the Gaussian space (this happens often
in cases of high negative correlations combined with strongly non-Gaussian marginals). The
second incompatibility arises when the auto-correlation function (or matrix) in the Gaussian
space becomes non-positive definite and, therefore, not admissible.”

Appendiz A.4. Polynomial Chaos Expansion (PCE)
Appendiz A.4.1. Definitions

Let E = [Z;...5;...5Z,]7 be a vector of n random variables Z; : Q — R with the joint
probability density function g : 2" — [0, oo and which is p*t-order, see Eq. (27), Vp € N.
The support of E is denoted by Sz. Following Soize (2017), the random vector E is called
a random germ. We thus have the realisation E(q) € 8g for all ¢ € Q.

Let us consider the second-order random vector X = f(Z) valued in R™ as the deter-
ministic non-linear mapping of the random germ = such that = f(§) : " — R

The algebraic form of the polynomial chaos expansion of X = f(Z) reads

X => cMy,w(E), (A.42)

k=0

where {1, m (E) : k € Ny} are the multi-variate polynomial chaos and where {c®) : c¥) ¢
R™ k € No} are the vector valued coefficients.

Finally, we define the Hilbert space #(Q) of R-valued functions square integrable on R
with respect to the probability density function m=(&) so that for two functions f(Z) and
g(E) in #(Q), the inner product is defined by

Ef(E)gE)] = [ [f(&)g(&)r=(£)dE. (A.43)



Appendiz A.4.2. Polynomial Chaos Ezxpansion of a random vector
Let kO = {&", . kY € % = NP be the multi-index, with [k®| = &\ + .. + &
We then consider the Hilbert basis {¢0) : k) € K, 1 € No}, as an orthonormal family of
H(Q), i.e.
E [¢k(z)¢k(z/)] = (5k(z)k(z/) Vk(l), k(l/) e XK, (A.44)
and as a total family, i.e. if E [0 g] = 0 for all k) € K then g = 0.
The expansion of the random vector X = f(E) valued in " thus reads

X = f E = Z Ck(z)wk(z) E (A.45)
EWex

with the coefficients ¢ valued in 1™ given by

ey = E[ X0 (B)] = " f (&) by (§)m=(£)dE . (A.46)

Finite approximation of the expansion. The complete multi-index set of total degree at most
p is defined as

KE = (kD eNg: & + .+ B + kD <p, 1=0.n5} C K, (A.47)

and has the clements k© = {0, ..., 0}, k@, .., k") with ny = ("nT—;)! -1
The approximation of the expansion (A.46) of the random vector X = f(E) valued in
R™ thus reads

[I]

Z Cr(l wk(z) E ch(zﬂﬂk(z) E (A.48)

Oexs

with the coefficients valued in R evaluated by

crn = E[ X (B)] = . F&)vpw (&)T=(£)dE . (A.49)

—_

Particular case of independent Z;. Let 2 = [Z;...Z;...2,]T be defined from n independent
random variables =; : Q — R. Therefore, the joint probability density function 7z : R" —
0, oo[ reads m=(€) = 7=, (&) X ... X 7g,(&) X ... X 7, (£,), with the probability density
function 7z, : ® — [0, oo| of the random variable =;. Besides, the support of 2 reads
8z =38z, X ... x 8, X ... x 8z, with Sz, the support of =;.
Let {wl(i) : 1 € Np, © = 1..n} be the family of orthonormal polynomials such that
U s, (6)dE = bio (A.50)

Sz,
then the Hilbert basis {¢y0) : k" € K} can be defined from the multi-variate polynomials
Y (€) = 90 (60) X o x U0 (6) x o x U (). (A.51)

since Eq. (A.44) is satisfied.
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Gaussian polynomial chaos expansion. Considering the particular case for which & = [=; ...

Z;... 2T is defined from n independent random variables Z; : Q — R whose distributions
follow a Gaussian density probability function, =; ~ 11 1, of zero-mean and unit variance, see

Eq. (17), a common choice for the orthonormal polynomials family {%(i) : 1€ Np,i=1.n}
is based on the Hermite polynomials

‘ dH,; (& .
%(-?1(52) = Hi1(&) = \/% (szl(ﬁz) — }filéf )) Vi=1.n,1€Np, (A.52)

The approximation of the Gaussian polynomial expansion of the random vector X =
f(E) valued in R™ is then defined by Eqs. (A.48-A.49) with the multi-variate polynomials
(A.51) defined using the Hermite polynomials (A.52). We finally note that, because of the
shape of Hy(&;), Eq. (A.48) can alternatively be rewritten when considering a realisation @

for g € Q as

nC

z = f(E(9) =Y cotrn(E@) =2+ Y oty (E(q)), (A.53)
=0 =1

with
Gk (€)= U0 (&) X X B0y (€) X X U0 ()
Hk%” (fl) X ..o X Hkgz) (fl) X ..o X Hkg>(§n) (A.54)

Appendiz A.4.3. Generation of non-Gaussian random vectors

Let us consider the n-dimension random vector @ : Q — R". Its expectation (26) is
denoted by ¢ = E[Q], and its covariance matrix (46) by Rg € M*(R). We note that we
assume the positive definite nature of RQ. Following Appendix A.3.1, a principal component
analysis can be conducted up to order m < n to approximate the random vector realisations

by

m<n m
Qg) ~ g+ > \VAJHi(@uy =D \/AJH(g)uy | (A.55)
=1 1=0

where H is a new random vector of uncorrelated (but possibly dependent) components
H;, )\8) and 'u,g) for ¢ > 0 are the ordered eigen-values and orthonormal eigen-basis of the
covariance matrix RQ, m is the order of the expansion, and where we have defined Hy(q) =

/\(QO) =1 and ug) as the expectation q. We note that the components of H are uncorrelated,
but can be dependent; however, for Gaussian distributions they are also independent since
uncorrelated. Besides, the random vector H is characterised by the following properties

E[H =0, and Rg=1,. (A.56)
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A finite PCE on the random vector H valued in R™ can then be considered as a de-
terministic non-linear mapping of the random germ Z valued in R™. Following Appendix
A.4.2, it comes

H=fE)~ Y cotw@E) =) cotw(E), (A.57)
=0

EDexS

with the coefficients valued in R™ evaluated by

¢ = E[Hypo (E)] = - F (&)Y (&)m=(§)dE, (A.58)

and with the complete multi-index set of total degree at most p defined by Eq. (A.47) and
composed of the elements k© = {0, ..., 0}, k@, ..., k"5 with ng = Wm—w — 1. Because of

the properties (A.56), Eq. (A.57) implies that the following properties must be satisfied

np
Cp(0) = 0 and Z Cr(1) CZ(Z) = Im N (A59)
=1

with I, the identity matrix of size m.

Starting from Eq. (A.57), the question is to identify the coefficient ¢ and the ap-
propriate germ = valued in R™ in order to build a suitable generator. We here follow the
method summarised by Hoang et al. (2017).

Multivariate kernel density estimation. The random vector H with values in R™ can be
sampled from n" realisations q° following

1 .
n = (@ - @) uy) Vi=1l.m, (A.60)

G
Aq

allowing defining an approximation of the probability density mg(n), for example using as
bandwidth matrix the thumb-up rule proposed by Scott (2015) with

L - 1 Im — )
7TH(77) g Z (27T)m/2(n77)_m/(m+4) exp <—W . (A.61)

s=1

The conditional probability density functions thus arise from

WHk,kal,“.,Hl(T]kJ Mk—1, ---771)
THy|Hg_1, ..., H1 (T’k|nk—1a XD T]l) =

= , k=1..m, (A.62)
fﬁR THy, Hy—1, ..., Hy (nlw Ne—1, '--771)d77k

and the conditional cumulative distribution follows from

Mk

FHk|Hk,1,...,H1(77k’77k717 ey 771) I/ 7THk|Hk,1,...,H1(77;€’77k—17 ey 'fh)dﬁfw kE=1.m. (A-63)
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Rosenblatt transformation. In order to obtain a germ = defined as m independent and
uniformly distributed random variables =; with the support 8z = [0, 1]™, i.e.

WE(S) = u071 X ... X uO71, (A64)

with Up, 1 defined by Eq. (18), we apply the Rosenblatt transformation & = f*¥(H) follow-
ing Appendix A.1.3, with Eq. (A.10) evaluated from the conditional cumulative distribution
following from Eq. (A.63) as

& = Fia,(m), & = Frgi, (02lm)s s &m = Friin o, oo 1y (M| 15 s 1) - (A.65)

Legendre polynomials. Since the random variables =;, © = 1..m, are independent, the Hilbert
basis can be defined by the multi-variate polynomials (A.51), with the family of orthonormal

polynomials {wz(f) . p € Ng, @ = 1..m}. A practical choice for the polynomials wz(f) is to
consider the Legendre polynomials shifted in the domain [0, 1], with

V(&) = Pp(26 — 1)\/2p+ 1, (A.66)

where P, is the Legendre polynomial of order p with Py(z) = 1, Pi(z) = z, ..., Pyyi(x) =
il p ( ) — =P, 1(x), for x € [-1, 1]. Finally, one has

p+1 p+1
e (€)= U (€)X o X B0 (E) X XU () (A.67)

Identification of the PCE coefficients. Considering the multi-variate polynomial chaos {¢,u (E) :
l = 1..ng} built using the Legendre polynomials (A.66), and using Eq. (A.64), the coeffi-
cients (A.58) are obtained from the inverse Rosenblatt transformation following

evo =E[HU0 @) = | FEU0@m=@dé = [ T @vode,  (A65)

S._

which is detailed components by components as

Crng = / Fip (&) o (§1)dEy
[01]
Cryg = / HQ‘Hl (§2|£1) k;(l)(glu 62)d£1d§2 PRI
(01]2
Chity = /[0 - Fil oo ol €000 (61, &, s En)dE1dEn.dE,  (AL69)
with o (&1, &, -y &) = f[o,l]m—i Vr (€)dis1diys...dEp,.

Sampling of non-Gaussian random vectors. Once the coefficient ¢,y are identified, pseudo-
samples gP of the random vector @) can be generated as follows:

e Pseudo-samples &” can be readily generated from =; ~ Uy 1;
e Transform them into pseudo-samples n* using Eq. (A.57);

e Transform the latter into pseudo-samples g” using Eq. (A.55).
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Appendiz A.4.4. PCE of a random field

Let us consider the continuous random vector field Q(Q) = {Q(x) : = € Q} for Q@ C R?
a space of material points @, with d € N. Its expectation (26) is denoted by q(x) =
E[Q ()] : Q — R, and its covariance matrix by R (z; T), see Eq. (50). In this section,
using @’ = x + T, we use the notation Rg (z, ') : Q x Q — R™".

Following Appendix A.3.2, a finite Karhunen Loeve expansion up to order m allows
approximating the random field Q(£2) by the collection of

Q(x; q) ~ q(x +Z\/>H Z\/>H (A.70)

where H is a new random vector of uncorrelated (but possibly dependent) components H;,
/\g) and ug)(:v) for ¢ > 0 are the ordered eigen-values and orthonormal eigen-vectors of the
covariance matrix RQ(az, a’), m is the order of the expansion, and where we have defined

Ho(q) = )\8) =1 and ug)(w) as the expectation q(x). Besides, the random vector H is
characterised by the following properties

EH =0, and Ry=1,,. (A.71)

A PCE of the random field consists in performing a finite PCE on the random vector H
valued in ™ and considered as the deterministic non-linear mapping of the random germ
= valued in ®"°. Following Appendix A.4.2, it comes

E Z Ck(z)¢k(z) E ch(z)wk(z) E (A72)

EWeXS

with the coefficients valued in R™ evaluated by

¢ = E[Hp0 (B)] = F(&)rw (§)m=(£)dE, (A.73)

Rnd
and with the complete multi-index set of total degree at most p defined by Eq. (A.47) and
of elements k© = {0, ..., 0}, &M, ..., k™) with ng = (Zgg—g!)! — 1. Because of the properties

(A.71), Eq. (A.72) implies that the following conditions must be satisfied

cpo =0 and ch(z)c:,gm =1L,, (A.74)
=1

with I, the identity matrix of size m.
Defining uyo (z) = >0, )\g)ckmiug)(a:), Eq. (A.70) is then rewritten

Q(w; 9) ~q(z +Zuka Yoeo (E(q)) (A.75)
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with, using Eq. (A.74) and the orthonormal properties of ug) (),

m

upo) =0 and / wey () u o () dz = Z )\(i)ck(z)ick(l/)i RS 1..ng, (A.76)
0

i=1
and with

uo () = E[(Qx) — q(x)) Ypw (B)]
- /Wg (Q(z) — q () Ypw (§)T=(§)dE | = 1..ng. (A.77)

Appendix A.5. Markov chain Monte Carlo
Appendiz A.5.1. Markov Chain of discrete random vectors
Definition. Let us consider a random process Q(7) = {Q(t™) : t@ € T c R}, the
collection of random vectors in the discrete set 7 = (tM), ..., t®) ), with 0 <t < ¢ <

. < thD < t®) | Besides it is assumed that Q(t(i)) takes values in a countable support
Sq C N" with N possible states q"Y) € Sg, j=1..N.

The random process is a Markov chain if the probability of an event at t**) only depends

on the event at t*~1, j.e.

P(Q(™) = qV|Q1") = ¢
Q") =4¢"7 ... Q(t?) = ¢, Q") =q') =
P Q™) =g”Q(t" ) = ¢"") = ., (A.78)
where gP~! € Sg denotes the state taken by Q(¢t®~Y).

—1
)

Transition matriz & homogeneous Markov chain. For an homogeneous Markov chain process
indexed in the discrete set 7 = (t, ..., t®) ) with 0 < t® < @) < | < k1) < k),
and assuming t®) — ¢ = ¢(:=1) _¢(:=2) — = At one has a transition probability that
depends only on At = t® — ¢t~ with,

PQ (q(i); q(j), At) — P (Q(t(k)) — q(j)’Q(t(kfl)) — q(i))
= P(QU*) = qPIQU*) = q7) . (A.79)

where pg (q(i); q", At) is the transition probability of the homogeneous process, which
corresponds to a conditional probability mass function, and which defines the transition
matrix

po (@V; @M, At) ... pg (gW; @™, At) ... pg (qV; g™, At)
Pq (At) = | pq (q(");“;l(”, At) PQ (q(”);“t.z(”), At) PQ (q(”);.é(’v), At)
PQ (q(N);”q(”,At) - pa (q(N);”é(m), At) - pa (q(N);”r'J(N), At)

(A.80)

The transition matrix is a stochastic matrix, i.e. of non-negative entries pg (q(i); q", At) >
0 and whose rows have a unit sum Zjvzl PQ (q(i); q", At) = 1, and its entries are denoted
P, (At) = pq (¢); ¢, At).
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Stationary distribution. Considering the Markov chain process indexed in the discrete set
T =D, .., t® ), with 0 <t < 1@ < . < t*D < ¢*) and assuming t*) — ¢ =
tk=1) _¢(k=2) — = At, the distribution at sampling point t¥) is represented by the vector

7o (D) = [P(QUY) = qM) .. P(QEY) = q(N))}T , (A.81)

with its entry {mq (t¥))}, = 7 (¢”; t¥)) € [0, 1] and SN T (¢; t¥)) = 1. Assuming
a homogeneous chain, one has 7/, (t0+) = 4 (t9) Pg(AL).
The distribution g is a stationary distribution of the homogeneous chain if

7o = woPo(Al) = wHPG(AL) Vm e Ny. (A.82)

Reversibility. If Q(T) = {Q(t™) : t@ € 7}, with T = (t), ..., t*)) and assuming ¢t —
tk=D) = ¢k=1) _4(k=2) — = At, is an irreducible non-null persistent Markov chain with
transition matrix Pg (At) and stationary distribution mq, the sequence Y () = {Y (t@) =
Q (t(k*”l)) 19 € 7,1 <i <k} is also a Markov chain with

()
P (Y (t®) = gy (t¢V) = ) = %p(g (q¥; ¢, At) , (A.83)

with no sum intended.
The Markov chain Q(7) = {Q(t") : t) € T} is said to be reversible if its transition
matrix is the same as the one of Y/(7) = {Y (t@) = Q (t*="V) : ¢t € 7,1 <i <k}, e

TQ (q(j))

@. q0) At) =
Po\gq ;5 g, -
a ) ()

with no sum intended.

Appendiz A.5.2. Markov chain Monte Carlo simulation of a discrete random vector

Let us consider a stationary random process Q(7) = {Q(tW) : t) € T C RI} in the
discrete set 7 = (¢t ..., "), with tUT) —+0) = At and Q(t'¥) taking values in a countable
support Sg C R", with N possible states qY) € 8q, j = 1..N. Besides, it is assumed that
the chain is reversible, so that the transition probability satisfies Eq. (A.84).

Having a pseudo-sample g (t(p)) = g%, the pseudo-sample g (t(p+1)) can be constructed
to simulate a random vector Z taking values in a countable support $¢ C R" and having
as probability mass function 7z (z) the stationary distribution 7g of the Markov chain.

Principles. The general lines of the algorithm are

e The so-called proposal stochastic matrix H of size N x N is first constructed; Its
entries are denoted H, ;, with H;; > 0 and Zfil H;; =1;

e The realisation y of the random vector Y is picked so that P (Y = q\|g (¢t??)) = q¥)) =
H;j;
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e The so-called acceptance matrix A, with entries 0 < A4;; = a (q(i); q(j)) < 1 and of
size N x N is then constructed;

e Knowing Y = gV, the pseudo-sample g (t(p“)) is constructed as follows

q with probability A, ;;

) = A.85
! ( ) {q (t(P)) with probability 1 — A;; . ( )

In order to define H and A, following Grimmett and Stirzaker (2001), the transition
probability of Eq. (A.85) reads

i j H;jA; if i # j;
pq (¢¥; @V, At) = Y P (A.86)
V=2 Hig Ay ifi =75
and Eq. (A.84) is satisfied by the Hasting algorithm
Wz(q(j>>Hji . Wz(q(j)>Hji <1
Aij=a (q(i); q(j)) — { mz(aW)H;, nz(a®)H; ’ (A.87)
1 if not .

A particular case is studied here below.

Markov chain Monte Carlo simulation of a uni-variate random process/field. We here sum-
marise the methodology developed by Blacklock et al. (2012) to generate pseudo-samples
q (t(p)) satisfying the statistical properties of the random variable field Q(7) (or random
vector, of independent components, fields).

Considering a random process Q(7) = {Q(t") : t € T C RJ} in the discrete set
T = (W, ..., t® ), with t**+) — t®) = At and Q(¢t™) taking values in an uncountable
support &g, the random variable () (t(j)) is then discretized on a N = 2N™ + 1-grid with
values ¢™ — @ = (m — N™ — 1)Aq, with m = 1..2N™ + 1. This corresponds to the creation
of a discrete random variable, so that the algorithms of Appendix A.5.1 can be applied.
The distribution (A.81) of @ (t(j)) at sampling point t) is thus represented by the vector
g (tV) of size N = 2N™ + 1.

We also define the associated cumulative distribution function

0 if ¢ < ¢";
Folg; tV) = Zk:q(k)<q P (Q(t(j)> = Q(k)) if gV < g < BNt (A.88)
1 if gV < g.

Assuming an homogeneous Markov chain process, one has
nl ((U)) = wl (t9) Pg (AY) (A.89)

with the probability transition matrix Pg (At).
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Assuming a stationary process of distribution ¢, the matrix P has to be calibrated so
that, in the asymptotic regime, the distribution g (t(j)), but also the correlation between
mq(tV) and wg (tU~1), are good approximations of the random field Q(7) to be simulated.

Once the matrix Pg has been calibrated, one can generate pseudo-samples following the
argumentation by Blacklock et al. (2012).

e Generate a pseudo-sample u' from the random variable U ~ U, 1;

e Initialise the function Fy(q; t!)) from the stationary distribution 7 in order to avoid
a transient stage;

e Compare u' with the function Fg(g; tV) to generate ¢ (t)) = ¢ with Fy(¢?; tM)) <
ul < FQ(q(”l); tM), giving the first point of the pseudo-sample of the random process
to be simulated;

e Repeat the iterative process

1. Given the generated pseudo-sample ¢ (t(p)) = ¢ create the distribution vector
wo(t®) =[0...1...0]T with the only non-zero entry at location i;

2. Evaluate the distribution vector 7§, (t#*™)) = x§; (@) Py;

Generate a pseudo-sample u*! from the random variable U ~ U, 1;

4. Compare uP*! with the function Fy (g; tP™V)) to generate ¢ (t#*V)) = ¢\ with
Fo (q(j); t(p+l)) <Pt < Fy (q(jJrl); t(erl));

5. Increment p and go back to step #1.

@

Appendiz A.5.3. Markov Chain of continuous random vectors
We refer to the book by Soize (2017) for a complete description and give here the main
concepts in order to build a Metropolis-Hasting Markov Chain Monte-Carlo algorithm.

Definition. Let us consider a random process Q(7) = {Q(t") : tO € T c R} the
collection of random vectors in the, here assumed discrete, set 7 = (), ..., t®) ), with
0 <t <@ < . < t;=D < ) Besides, it is assumed that Q(t?) takes values in an
uncountable support S C R".

The random process is a Markov chain if the probability of an event at ¢**) only depends
on the event at t*=1 j.e.

P(Q(™) e ﬂ@( <’H>> = q’f-l
Q") = Q(1?
P(Q(t('“ ) € J‘?|Q( 1= ) q 1) , (A.90)

where g* € Sg denotes the state taken by Q(¢#~V).
Similarly, the random process Q(Ry) = {Q(¢) : t € Ry}, defined as the collection of

random vectors indexed by continuous time and taking values in an uncountable support
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Sq C R, has a Markov property if the state at time ¢ + dt depends on the state at time ¢
only, u.e. if

P(Q(t) € 11Q(s) = q,
Q") =4¢" .. Q") =¢ Q") =q') =
P(Q(t) € A|Q(s) = q) , (A.91)
where 0 < ! < ... < tF < s <t and where g” € Sg denotes the state taken by Q(¢?).

Transition probability (density) distribution. For an homogeneous Markov chain process in-
dexed in the discrete set 7 = (1), .., t®) ) with 0 <t <@ < < ;=) <) one
has a transition probability that depends only on At* = ¢t — ¢t(*=1) and neither on ¢**) nor
on t*=1 with,

po (q; A, At) = P(Q(t(k))Eﬂ’Q(t(k1))ZQ):LPQ (¢; ¢, AtF) dg', (A.92)

where pg (g; A, AtF) is a transition probability with fq,ew po (g; dg', AtF) = fq,ew pq (q; @', AtF) dg’
1, and where pg (q; q, Atk) is the transition probability density function of the homoge-
neous process. Therefore, for an homogeneous process, one can write

P(QI™) € A, ..., QM) € ) =
/ / TQEM), .., Q™) (ql, o gtttV t(k)) dq*...dq" =
Ay, va

/ﬂ /ﬂ moum) (¢' 1Y) po (¢'s @, AP) . pg (67" ¢*, At*) dq'dq® ... dq" , (A.93)
k 1

where we have used the transition probability density functions and where mg;a)) (q; t(l))
is the probability density function of Q(¢™).

Similarly, for an homogeneous Markov chain process indexed by a continuous time in
Ry, with 0 < s < ¢, one has a transition probability dependent on the difference ¢ — s and
not on the time indices ¢t and s with

pol(g; A t—s) = PQ(H)€AIQ(s) = q) = /ﬁ po (@ d.t—s)dg, (A94)

where pg (g; A, t —s) is a transition probability, i.e. pg (q; A, At) : R* — [0, 1] and

fq’@ﬁ‘:" pq (q; dq', t —s) = fq’é?R" po(q; q',t —s)dq’ =1, and where pg (q; ¢/, t — s) is the
transition probability density function of the homogeneous process. Also, for an homoge-
neous process one can write

P(Q(t") € A, ..., Q(t') € A1) =

/ / TQ@Y), ..., Q(tk) (ql, . qk, tl, ey tk) dqlqu =
Ay Ay

/;( /ﬂ Tam (a'; t') pa (a'; @, AF) ... pg (qk_l; q~, Atk) dq'dg® ...dq", (A.95)
k 1
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where we have used the transition probability density functions and where mg«1) (q; th) is
the probability density function of Q(t!).

Stationary distribution. Considering the stochastic process indexed in the discrete set I =
W, R ), with 0 <t <@ < < tF=D <) and A#* = @) — 0= it is said to
be stationary if, for a shift © > 0, one has

P(Q(t™ +u) € Ay, ..., QY +u) € A,) =P (Q(t™)) € Ay, ..., Q(tV) € A,) .(A.96)
A necessary and sufficient condition for a process to be stationary is to be homogeneous
and to have mg ;) (q; t(i)) = 7g(q) the probability density function of Q () independent

on t®. Since for a stationary process Touw) (€ 1)) is independent on ¢, Eq. (A.93)
becomes

P(QUY) € s .. QUY) € ) =

/ / 7Q (q1) po (ql; q°, Atz) —PQ (qk_l; q~, Atk) dq'dg® ... dq" . (A.97)
A Ay

Similarly, considering the stochastic process indexed by a continuous time ¢ in R§ with
0<th<t®?< .. <tk with At =t — 7! it is said to be stationary if, for a shift u > 0,
one has

P(Q(tF+u) € Ay, .., Qt' +u) € 4,) =P (Q(t*) € Ay, ..., Q(t') € A1) . (A.98)

A necessary and sufficient condition for a process to be stationary is to be homogeneous and
to have mgi) (q; t') = mq(q) the probability density function of Q(¢) independent on ¢'.
Therefore, Eq. (A.95) is rewritten

P(Q(t") € Ak, ..., Q(t') € A1) =
// 7q (a') pq (@' @, AF?) . pq (6" ¢", At*) dg'dq” ..dg" . (A.99)
Al Ay

Wiener process. A process W (Rg) = {W (t): t € R} } defined as the collection of random
vectors valued in R" and indexed by a continuous time is said to be a normalised Wiener
process if i) the R-valued processes W;, i = 1..n, are mutually independent; ii) W (0) = 0,;
iii) {W(t) : t € J C Ry} is a process with random increments; and (iv) AW =
Wi(t)—Wi(s),0<s <t inan R" valued second order zero-mean Gaussian random vector
of covariance matrix Ry = (t — s)I, € M} (R), for ¢t > s.

The normalised Wiener stochastic process W (R ) is a homogeneous Markov process
with the transition probability density function written for ¢ > s,

1 1 (w —w)T(w' — w))
/
pw (w; w', t —s) = —— exp (—— . A.100
w ) (2n(t — )2 2 t—s ( )
The probability density function of W (¢) reads for ¢t > 0
1 1wlw
p = _ _1 7 A.101
Tw () (w; t) (27#)565(1) ( 5 ¢ ) ( )

which depends on ¢ showing that the Wiener process is not stationary.
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Appendiz A.5.4. Markov chain Monte Carlo simulation of a continuous random vector
Let us consider a stationary random process Q(7) = {Q(tW) : t) € T C RI} in the
discrete set 7 = (M), .., t®) ), with t®) — =1 = At and Q(t™) taking values in an
uncountable support g C R™.
Having a pseudo-sample q (t(p)) = @P, the pseudo-sample q (t(p“)) can be constructed in
order to simulate a random vector Z taking values in " and having as distribution density
function 7z (z) the stationary distribution TQ(u) (g; ) = mg (q) of the Markov chain.

Principles. The general lines of the algorithm are

e The so-called proposal distribution density p(q; y) is constructed with p(q; y) > 0
and [, p(q; y)dy = 1;

e The realisation y of the random vector Y is picked from the probability distribution
Tyiouw) (Yla (t7)) dy = p (g% y) dy;

e Construct an acceptance ratio a (g*; q) with 0 < a(q”; q) < 1;

e Knowing y, the pseudo-sample g (t(p“)) is constructed as follows

. (t(p+1)) _Jy W?th probab?l?ty a(q’; y); (A.102)
q (t?)) = g*  with probability 1 —a(g”; y) .

The equivalent of the Hasting acceptance (A.87) reads

nz(q”)p(aP; q) z(a?)p(qP; q)

_ (A.103)
1 if not .

( , ) {WZ(Q)p(q;qp) if nz(q)p(g; a”) <1;
alqg; q)=

Common particular choices for the proposal distribution density and acceptance ratio
are described here below.

Metropolis Hastings algorithm. The proposal matrix has to be chosen, and there is no general
form. Here we consider a normal distribution (17) centred on the previous realisation with
a covariance matrix regularly adapted as proposed by Haario et al. (1999), i.e.

P @ y) =N saeg (Y) (A.104)

where Rg € M (R) is the covariance matrix updated from the last Ny sampling.
The algorithm is as follows

e Initialise R to the n x n identity matrix I,;
e Take an initial pseudo-sample g (¢tV)) € R™;

e Repeat the iterative process
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1. Given the pseudo-sample q(t)) = qP, generate a pseudo-sample y?*! from Y ~

nq(t(p>), 238 Ry
2. Evaluate the Hasting acceptance (A.103), which simplifies because the proposal
matrix is symmetric into

) el
o (q(t); gty = { o) H ) <H O (aoy)
1 if not .

3. Generate a pseudo-sample uP™ from the random variable U ~ U 1;

4. If a (q(t®)); y?™) > uPt! then q(t®+V) = y?™; If a (q(t@); yP™') < uP™ reject
the pseudo-sample and go back to step #1;

5. For steps p+ 1 = x - N, © € N reevaluate the covariance matrix, i.e.

B T

Ro = N o1 Z <q(t(p—Nk+1+k)) _ E[Q]) <q(t(p—Nk+1+k)) B E[Q])T ;

(A.106)
6. Increment p and go back to step #1.

e Do not consider the first thousands of pseudo-samples in order to have a stationary
process.

Gibbs sampling. Each step of the Gibbs sampling process corresponds in replacing the value
of the component ¢ of the sampled vector by a value drawn from the conditional distribution
of that variable knowing the remaining components. The proposal matrix thus reads

p(q; y) = TZi\Z1, ... Zic1, Zig1s ooy Zn (yi|(hv vy Qi1 Qig1y --ey qn) . (A107>

This method thus requires the possibility to build the conditional distributions, contrarily
to the Metropolis Hastings algorithm. However, because of the definition of the proposal
(A.107), the Hasting acceptance (A.103) simplifies into

a(q’; q) =1, (A.108)
since
Tz (q)p(q; qp) _ Tz (CI) T Z\Z s ooy Zi1y Zig 1 oo Zom (Qf’Ch, coey Qi1 Qig1y -eey qn)
7z (q°) p(q%; q) Tz (@) T 2021, 21 Zosrs oo 20 (Gl QY s @iy s ey 1)

Tz Q) 7z1z_, (G lq-i)  Tziz_ (Gla-i) Tz_, (@) Tzz_, (¢|q-)

WACIETAVS (%’q_z) N TZ:|Z_; (qz ’q_z) TZ_, (qﬁi) TZ|Z_; (Qi|qlii)

_ Tzz, (Qi —i) TZ_; ( —z) TZi|Z— (qﬂq—l) =1 (A109)

Tz Z_; (Qﬂq[ii) TZ_; ( _Z) TZ|Z_; (q@|q_z)

where Z_; = [Zy ... Z;_1 Zi 1 ... Zy,) T is the random vector with realisations z_; in "1, and
where we have used the fact that q_; = ¢”;.
The algorithm is as follows
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e Take an initial pseudo-sample g (t(l)) IS
e Repeat the iterative process

1. Given the pseudo-sample q(t)) = g”, select the component i € [1, n] either from
a uniform distribution or following a given order;

2. Generate a pseudo-sample P! from Y defined using the conditional distribution
Y o~ T2 Zi Zoss o Zo YTy oos @y @y s @)

3. The new pseudo-sample is constructed as g*™' = [¢} ... ¢"_; y?* 1 ¢¥ ;... )T,

4. The Hasting acceptance (A.103) simplifies into a (q(t(p)); qp“) = 1, so that
pseudo-sample g(tP1)) = gP*! is accepted;

5. Increment p and go back to step #1.

e Do not consider the first thousands of pseudo-samples in order to have a stationary
process.

Ité Stochastic Differential Equations (ISDFEs). Considering the random vector Z with a
probability density function mz(z), we assume the support Sz = R", the cases of bounded
supports being detailed by Soize (2017). There is thus a potential function ¢(z), assumed
to be continuous, and a normalisation constant ¢ such that

wz(2z) = cexp (—p(2)) . (A.110)

The ISDEs are defined as a Markov stochastic process {(Q(t), Y'(¢)) : t € Ry } on the
probability space (Q,F,P), with value in " x R", indexed on Rg. The ISDEs are defined
for t > 0 as

dQ() = Y, (A111)
AY (1) = —V,6(Q(t))dt — % FY ()dt +/Fod W (8), (A112)

with the initial conditions
Q) =z R, Y(0)=yoeR", W(0)=0,. (A.113)

where W (t) consists in a normalised Wiener process valued in R", see Appendix A.5.3, and
fo > 0 is an algorithmic parameter. In general the initial boundary conditions are taken as
zo = 0 and vy, sampled from Y, ~ 1 ;.

There is a unique asymptotic stationary solution, which is a Markov process with

limy oo g, vy (@, Y5 B, t)dqdy = ps(q; y)dqdy (A.114)
with .
ps(@; Yy) = caexp (—§yTy - qb(q)) , (A.115)
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where ¢, is a normalisation constant. As a result, using the definition (A.110), one has

limy o) (q; t) = 72(q) , (A.116)

showing that the stationary state of the Markov chain process Q(R]) can simulate the
random vector Z taking values in " and having as distribution density function 7z (2z) since
it corresponds to the stationary distribution mg (g) of the Markov chain process Q(Ry).

The ISDEs presented in Eqs. (A.111-A.112) are discretised and integrated using the
Stormer-Verlet scheme. The continuous index parameter ¢ is discretized into ¢, ¢ . t® .
with the constant sampling step At and t©) = [At. Using the following notations Q' =
Q(tY), Y =Y (t®) and W! = W (t®), the Stérmer-Verlet scheme yields

Qz+% _ Qz+%yz’

yiH — 1- “vi At LS o Vo AW
14+« 14+« 14+«
1 At

where L2 = L (QH%), with L (q) = —V4¢(q), and a = fyAt/4.
The generation algorithm consists in evaluating the stationary state of the realisation
path {(Q(t; q),Y(t;q)): te %g}, i.e. for given g € Q of the stochastic process, as follows

e Take initial conditions Q(0; ¢) = 0 and Y (0; ¢) drawn from n zero-mean normalised
Gaussian distributions;

e Consider a time integration with t) = [At, and generate a Wiener process realisation

W(RT, q) ={W(t; q): t € R} from which the increments AW!(q) arise;

e Integrate the differential equations using the Stormer-Verlet scheme (A.117) yielding
one realisation path {(Q(%; q), Y(t; q)) : t € Ry } of the stationary diffusion process;

e Extract the pseudo-samples g¥ = Q (pMyAt; q), where My is a positive integer sam-
pling parameter.

Appendiz A.6. Spectral Generator

Let us consider the continuous random vector field Q(Q) = {Q(x) : = € Q} for Q C R?
a space of material points @, with d = 3 in this section. Its expectation (26) is denoted
by q(x) = E[Q(x)] : © — R*, and its covariance matrix by Rg (x; 7), see Eq. (50).
We assume that the random field is homogeneous, i.e. we consider the covariance matrix

Rq (1) : R — R,
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Appendiz A.6.1. Gaussian random field generator
In this section we detail the spectral representation method (Shinozuka and Jan, 1972),
which is applied to generate the required Gaussian random field Q(€2) = {Q(x) : = € Q}.
The covariance entries are denoted RQ” (1), r, s = 1.n. In order to use the Discrete
Fourier Transform (DFT), we first define the covariance matrices set R[] as

R’r’s[T] = {RQrs (T(nynynz))}7 <A118)
where the set of discrete positions T = {7(=™ ")} is defined by its vector components
remyn:) = [n, A1, n,A1, n,AT,|T, where A7, for i = =, y, 2, is the spatial increment
in each dimension ¢ and where n; = 0, 1, 2, ..., N; — 1, for ¢ = x, y, z, with N; the total

number of discrete points in each dimension i. Depending on the spatial size, [I, 1, [.]", of
the random field to be generated, it is required that N;Ar; > [; (with no sum on ¢ intended).
This is achieved through a zero-padding once R(T) reaches zero, allowing the number of
points N; to be increased as required. The set of covariance matrix f{['t] is now periodised
by adding extra discrete points at its end in order to satisfy

R ([(Ne = 1+ j)A7s (N, = 1+ K)A7, (V. = 1+ p)Ar]") =

R ([(N. = ))A7 (N, = K)Ar, (N, = p)Ar]")
for j=1.N,—-1;k=1..N,—1;p=1.N, -1, (A.119)

and to have 2N; — 1 discrete points along each dimension.

The indices set m is defined by the vector components m(™=™s™:) = [m,, m, m.]" with
m; =0, 1, ..., 2N; — 2 for ©+ = x, y, z. The increments in the frequency domain are defined
in each direction as

1

Akj=

i=x,y, z, (A.120)

allowing defining the set k = {k(™=™v™2)} of sampling points in the frequency domain from

p{ma) ) ms)

T
the vector components ("= M =) — [ Kz defined as (no sum on i =z, y, z)

R

' [m; — (2N; — 1)]Ak; if my > (2N; —1)/2;
where the second case is consider in order to avoid the failure of power and logarithm

identities during the inverse DFT of the coming random field generation.
The spectral density matrix S[k] of the covariance matrices set R[T] is computed using
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the DFT method following

Sy s (e mim)

2N;—22Ny—22N, -2
. AT AT AT Z Z Z R (T(nmnynz)) 6—27I’7:K/("Lz7ny”LZ)~T("E"ynz)
- T y z TS

nz=0 ny=0 n.=0

2N;—22Ny—22N, -2 —

D, Ng Ny N —27i ( G 4 e
_ ATIATyATZ § E E R, (’T( @ Ny z))e (2N1 1T3N,—1 2N, 1)7

ng=0 ny=0 n.=0

(A.122)

for m; < (2N; — 1)/2. We note that the matrix S, (F{,(m” My mz)) actually depends on
m"= "y =) and not k(™™ ™) The matrix S (Ii',(m’” My mz)) is an Hermitian matrix, which
can be expressed as

S (K/(mxmymz)) =H (K/(mx my mz)) H* (K/(mﬂc My mZ)) , <A123)

with H* (K,(mw my mz)) the conjugate transpose of the matrix H (F.‘,(m“' my mz)).

Eventually, a pseudo-sample realisation of random field Q(f2) is generated as a set of
random vector realisations g”() at different locations ) € Q, with for entry r of a reali-
sation

n 2Np—22Ny—22N,—2
@@?) =g +V2ARIY ST ST N Hy (wtmemema)
s=1 mz=0 my=0 m.=0

(smgmy mz)627ri(w(i>n<ml my mz) 1 g(sma my mZ)) }

n , (A.124)
where A = Ar,Ak, Ak,, where g(smamym=) i an independent random variable (for each
S, My, my,, m;) sampled from © ~ Uy, and where nsm=mymz) can be defined in the two
following ways

1 yields a Gaussian field only when

T](szmymz) _ N, Ny’ N; = 0; (A125)
V/ —logp(smemyms)  yields a Gaussian field when

plsmamymz) is sampled from ® ~ U,

Appendiz A.6.2. Non-Gaussian random field generator

In order to generate a non-Gaussian random field, the described method of Appendix
A.6.1 is first applied to generate an intermediate Gaussian random field. Afterwards, this
Gaussian stochastic vector field is transformed into a non-Gaussian random field using proper
mapping techniques, see for example the work by Popescu et al. (1998).

The Discrete Fourier Transform (DFT), Eq. (A.122), was computed on evenly spaced dis-
crete points using the periodised covariance matrices set R, [T], with the set of discrete posi-
tions T = {7 ")} This defines the target spectrum S Tareet (i) = (A7, A7, AT,)STareet (k)
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evaluated in the frequency range at K as

SEm T ) = (AT, AT AT ST ()

2Ny —22Ny—22N,-2

= (AT%ATyATZ) Z Z Z Rrs (T(nznynz)) 6727ri7-(”1'”y"z).,.;,7

nz=0 ny=0 n.=0

(A.126)

where S T8¢ (k) is the continuous form of the spectrum ST (k), 7= " "=) are the spa-
tial points coordinates, [A7, A, A7.]T the coordinates increments and R. () the periodised
covariance matrix following Eq. (A.119).

A pseudo-sample of the non-Gaussian vector field is obtained following the steps:

e Construct the inverse Féj : [0, 1] — 8, of the marginal cumulative distribution
functions, assumed to be continuous and of support &g, , of the components r of the
random vector Q);

e Initialise the spectrum of the Gaussian spectral representation S« ne (k)= Seont Tareet(4o)

and iteration index at (k) = 0;

e Repeat until convergence

1.

Generate the Gaussian pseudo-samples {g""" (x")} of the Gaussian field Q" ()
from Eq. (A.124) using as spectrum geone 1) (k) (in the continuous form);
Evaluate the expectation g, and the standard deviation ogn from the pseudo-
samples g

Following Deodatis and Micaletti (2001), map the Gaussian field to a non-Gaussian
field by

g (@) = Fo! |F) e (0 (™)) ] (A.127)

ke
where F qﬁ ,2 (e) is the marginal cumulative Gaussian distribution function, and
el
Fé} is the inverse of the (targeted) marginal cumulative distribution function of

the random variable Q,;

Compute the continuum spectrum S®™ N¢(k) of the non-Gaussian random field
QNC(Q) obtained from Eq. (A.127) using the Fourier transform QN¢(k) with

l

QNG(K)) _ Z <qNGp (m(i)) _ q) e—27riac<i)~n; (A.128)
z()=0
and Ar Ar A .
con T AT, AT, = A
S NG (1) = SR QN () (@Y ) (A.129)

where N® is the total number of discrete points of the generated field, and éNG(m)
is the conjugate of QV%(k); Because sample points of each random field are not
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enough to calculate the converged spectrum S NG(F;), thousands of pseudo-
samples {g'" (™)} of the random fields are generated at once in step #1 to
calculate the converged spectrum S NG(k) in this step;
5. Compare S®™ NG (k) to 8% Taret () the error being calculated by (Popescu
et al., 1998)
L3016 NG ) — S et () i

Jo S IS )

6. If e < Tol, then the pseudo-samples g¥¢’ (Q) computed from Eq. (A.127) corre-
spond to pseudo-samples of the random field Q(2); Else, if e > T'ol, update the

(A.130)

spectrum geont ®) (k) of the Gaussian spectral representation following Wu et al.

(2016)
cont 4D cont N0 Sﬁant Target K
Srr o (K’) = S’I‘T‘ o (K/) Scont NG([({,)) ’ <A131)
L Scont Target(n)Scont Target(h.,) %
Scontn(’“r ) — ScontTl(k) rr ss .
rs (K’) rs (K’) Sﬁ?nm NG(R)S;;(;nt NG(,;]) !
(A.132)

Set (k) = (k + 1); and go back to step #1.

Appendiz A.7. Data-driven probability sampling
The data-driven sampling method has been developed by Soize and Ghanem (2016).
Let us consider the probability space (2, F, P) and the random vector Q = [Q; ... Q,]T :
Q — R of dependent random variables (); and of support S C R™. The available infor-
mation consists of a given set of N statistically independent realisations q* = Q(g"), with
qg* € Q, k = 1..N. It is further assumed that the local structure of the given data-set is
preserved via a random matrix Q = [Q! ... QF ... Q"], which is defined on (Q,F,P), with
values in R"*" and in which each column Q¥, k = 1..N, is an independent copy of the
random vector Q. Therefore, the matrix q = [q* ... ¢* ... ¢"V] is a realisation of Q.
A MCMC process is then used to generate extra data samples based on the matrix q
following the detailed three sequential sub-processes:
e The original data-set g*, k = 1..N is first normalised by removing the mean and scaling
it to the unit variance using the PCA, see Appendix A.3.1, from the covariance matrix
~ 1 a i N/ kT
= (¢*-4q)(¢"—a) , (A.133)

T N1
k=1

with the mean g = % Zgzl g"; The normalised data-set is then computed from Eq.
(A.21) by
1 .
{n*}: = —o(qk —@)"uy),  k=1.N, i=1lun, (A.134)
/\Q
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i

with the ordered eigen-values )\g) > (), and the normalised eigen-vectors uga) of RQ;
The original data-set q of size n x N is thus transferred to n = [n' ... n* ... ] of
size n X N,

e The random data generating process is built through the following steps:

1. The given data-set {n* : k = 1..N} serves as N realisations of the random vector
H: 9 — R" defined so that E[H] = 0,, and Ry = I, because of the PCA; The
non-parametric estimate of the probability density function 7y is obtained using
the Gaussian kernel-density estimation method, with

N
1 1 180, oy
) = exp [ —— [ 22pi — , A.135
u(n) N;1 o) p( 2S%HSnn nl|) ( )

where ||7]|* = n? + ... + 12, and where the multidimensional optimal Silverman
bandwidth s, and parameter s, read

R Sn

Sy = (A.136)

2 N—1
Sy + -~

- 4 1/(44n)
= INE )

2. Based on the observation data-set 7, a diffusion-map basis ¢ € RV is con-
structed as follows
(a) Considering the Gaussian kernel defined on R™ x R"

S 1 , o
ke(n', n’) = exp (—4—6\an — nJH?) ,  i,j=1.N, (A.137)

the symmetric matrix K is defined in My (R) with entries K;; = k(n, n’);
(b) A diagonal real matrix p = diag(p', ..., pV) is constructed in My with

N
p=> Ky i, j=1.N; (A.138)
j=1

(¢) A symmetric matrix Py is then defined as
P, = p /?Kp~ /2, (A.139)

with its eigen-values >‘(P2 and eigen-vectors ugi, with ¢ = 1..N. The definition
of Py, Eq. (A.139), and multiplying by p~'/? its corresponding eigen-value
problem, lead to

o Kp ) = A (110
which corresponds to the new eigen-value problem,

Pul) = AulY, i=1.N, (A.141)
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with the matrix P = p~'K and its eigen-values )\g) = )\g)s and eigen-vectors

ug) =pV 2u§2; Because of the definition of the diagonal matrix p, Eq.

(A.138), one has Zjvzl P;; = 1, Vi = 1..N; Therefore, P is a transition
matrix, obtained in one step, of a Markov chain, see Appendix A.5.1;
(d) The diffusion map basis is defined by ¢ = [¢p' ... &* ... dV] € RV*N such
that
¢ = 2\u eRV, k=1.N; (A.142)

Assuming the eigen-values of P are ordered in a descending order, it can be
proved that
1= > A0 > >, (A.143)

A dimension reduction can be achieved by discarding the basis vectors corre-
sponding to the eigen-values which are lower than a threshold value 7, such
that

7> AT > A s>\ (A.144)

leading to the reduced basis ¢, = [¢p! ... p™] € RV*™,

Remembering that the given data-set m serves as N realisations of the ran-
dom vector H, it can also be seen as a realisation of the random matrix V =
[H' ... H" ... H"], which is defined on the probability space (Q, F, P), with value
in $"*N: This random matrix V is then represented using the reduced diffusion
map basis @, as

V=27, (A.145)

in which

7 =Va, witha= ¢, (¢Td,) " € RV (A.146)

In particular, using the realisation 1n of the stochastic matrix V yields the reali-
sation

z=mnac K" (A.147)

Remark: In the absence of order reduction in the random vector generating pro-
cess, the step of diffusion map basis construction is not necessary anymore and
one has a =Iyxny, m =N and ¢, = p = Iy;

. Additional realisations of the random matrix V are computed through Eq. (A.145)
with additional realisations of Z, which are generated by solving the It6 stochastic
differential equations (ISDEs), see Appendix A.5.4; Considering stochastic matri-
ces, the ISDEs are defined as a Markov stochastic process {(Z(r), Y(r)) : r € R§ }
on the probability space (Q,F,P), with values in R™*™ x R"*™_indexed on R ;
The ISDEs for » > 0 are defined as

dz(r) = Y(r)dr, (A.148)
ay(r) — J(Z(T))dr—%foy(r)drqt\/%dﬂ’)(r), (A.149)
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with the initial conditions
Z'=z=ma, Y’°=Na, W'=0,.n, (A.150)

where 11 represents the random matrix whose entries are n X N independent
random variables with normalised Gaussian distribution, and d¥/(r) = dW (r)a
with dW (r) consisting of a n x N independent normalised Wiener process; The
term L (Z(r)) of size n x m in Eq. (A.149) is expressed as

L(Z(r) =L (Z(r)de,)a; (A.151)
The columns of the matrix L (y) read
oV(g .
{L (Y)},z - _%L]:{Z(T)q)?}z 5 \V/Z - 1N, (A152)

where the potential ¥/(g) is evaluated using column i of Z(r)¢d; and is defined
on R" from the probability density function (A.135), with values in RT, i.e.

V(g) ——log[ ZeXp< AQHA n'—gH2>]' (A.153)

In this last equation, n’, ¥j = 1..N are column vectors of the given data-set 7,
and the parameters §,, and s, are defined in Eq. (A.136);

4. The ISDEs presented in Eqs. (A.148-A.149) is then solved with the Stormer-
Verlet scheme (A.117); The continuous index parameter r is discretized into
r©@ @@ with the constant sampling step Ar and ¥ = [Ar; Per-
forming the integration for one realisation ¢ € Q of the stochastic process yields
the stationary state of the realisation path {(Z(r; q), Y(r; q)) : r € R{}; The
additional realisations of Z are sampled after every M, steps of the realisation
path {Z (r;q):re€ 3?(4{}; Let z? denote the additional samples of Z, which take
the value of Z(r"; q) at [ = pM, with p = 1..NMC, where NMC is the number of
the required additional realisations and M, is a positive integer sampling param-
eter, hence, the additional realisations of the random matrix V are obtained by
rewriting Eq. (A.145) as

N =2z"¢; ¢ RN Vp=1.NMC. (A.154)

e Generated data are finally expressed according to the original data-set using Eq.
(A.134); The generated random data-set n? = [’ ... "], with p = 1.NMC is
transferred back to recover the scale and mean of the original data-set by

q" =g+ > \AJudn’, vi=1.N, (A.155)
j=1

providing N additional pseudo-samples of Q for each p = 1..NMC,
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Appendix B. Maximum Entropy framework

Let us consider the probability space (Q, F, P) and the random vector Q = [Q; ... Q,]T :
Q — R" of dependent random variables @); and of support S C R".

Appendiz B.1. Shannon entropy

The Shannon entropy s (mg) € R (RT for discrete random variables) of the probability
mass or density function m¢g represents the measure of the uncertainties of the random vector
Q, with

s(mg)=— Y molg™)log (rq(q")) (B.1)
q(l) ECS’Q
and

s(7) = - [ mal@log (rola)) da, (B2)
for respectively discrete and continuous random vectors.

Appendiz B.2. Maximum entropy principle

The maximum entropy principle allows constructing a probability mass or density func-
tion when only a limited amount of information is available. In this section we assume a
continuous random vector.

Following Jaynes (2003), “Amongst the probability distributions that satisfy our incom-
plete information about the system, the probability distribution that maximises entropy is
the least-biased estimate that can be made. It agrees with everything that is known but
carefully avoids anything that is unknown.”

In particular what is known are the support g C R" of the distribution and some
statistical properties written under the form

| sl@ma(aria—be ", (B3

with the mapping g(q) : R" — R™. As an example, statistical moments can be used to
define the constraints.
The maximum entropy principle is then stated as

TQ = arg max,ecps(m),  with

?— {w of support Sg : / (q)dg =1, and / 9(q)7(q)dgq = b} | (B.4)

n n

Appendix B.3. Constrained problem resolution
Following Agmon et al. (1979); Soize (2017), the optimisation problem (B.4) is solved

by introducing Lagrange multipliers (Ao, A) € RF x R™ with [, exp (—~ATg(q)) dg < oo,
yielding the Lagrangian
£ 202 =50 = 0= 1) [ ataia—1) -3 ([ g@r(aiaa-o) . ©3
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The problem (B.4) is then substituted by finding the stationary point of L' (m; Ag, A) at mg
for (Mg, A) = (A1, A%°), with

exp(-21" g(q))
rola) =] 0]

ifqeSq; (B.6)

Finding the solution (A5, A*°") usually requires a numerical method. First, the solution
(B.6) is rewritten as

exp(—x1Tg(q))

if q € Sg ;
7o (q) = { Jgew(- 3 Tg@)ar 950 ..
0 if g ¢ So .
The constraints equation (B.3) then becomes
! solT
T glg)exp <—>\ g(q)) dg=b. (B.8)
fsq exp (—)\SOI g(q’)) dq' Jsq

The dual optimisation problem of (B.4) is restated as finding A% € ™ such that

A% = arg minaI'(A) with T'(A) = A”Tb + log (/ exp (—A"g(q")) dq') : (B.9)
g

Q
since the gradient reads

 Js,9(@)exp (-Xg(q) dg’
Jsoxp (=ATg(q))dg’

VaI(A) = b (B.10)

showing that the constraints equation (B.8) is the solution of VI'(A) = 0, justifying the
optimisation problem (B.9). The problem (B.9), i.e. V I'(A) = 0, is solved using a Newton
Raphson method, with the Hessian

 Jsq(9(a)) (9(@) exp (—XTg(q) dg’
N Js, exp (=ATg(q')) dg’

(Jyq 9(@)exp (-X'g(a) da') (1, 9(a)ex0 (~N'g(a)) da’)

(fgq exp (—ATg(q')) dq’) i

VA (VaI'(A))

(B.11)

166



Appendix C. Finite element resolution of the homogenisation problems

Appendixz C.1. Resolution of the constrained micro-scale finite element problem

Appendiz C.1.1. Constraint and kinematic matrices for PBCs

Using Eq. (125) allows relating the fluctuation ' to the nodal unknowns «(® on the
boundary gathered in the nodal vector dX, where the superscript “+” refers to all the
boundary nodes, and Eq. (140) becomes

dt —sfy,—ad’ =0, (C.1)

where a is the constraint coefficients matrix constructed from the values of the interpolation
bases go&)) (x~), where a&)) with £ =1,...,n + 1 are gathered under the nodal vector d, of
size 9(n + 1) (3 surfaces Ow® and three degrees of freedom per term aEQ)), and where s is

the assembly matrix of boundary nodal positions £* from X

-miﬁT O15np 01an- !
w:ytT lenb lenb
"B;ET lenb lenb
lenb $;:ctT lenb
S3nbx9 = | O1xnp w;tT 015np ) (CQ)
lenb w;tT lenb
lenb lenb "B;:xtT
O15mp O15mp m;l:T
lenb lenb mziT

where n® is the number of boundary nodes.

The set of Eqgs. (136) is then rewritten by considering as degrees of freedom d,, =
[dl" dEf" de']7, where dZ are the nodal degrees of freedom u(® of the n/ nodes not lying
on the boundary Ow.

The missing matrices read

C= [O?mbxsnf | BT —asnbxg(nﬂ)} ) (C.3)
and
k,, ko O3 wo(n1)
ky, = kil kii O30 x9(n+1) ) (C4)

O9(n+1)x3n1 09(n+1)x3nb 09(n+1)><9(n+1)

where the micro-scale BVP stiffness matrix (138) has been redefined in terms of the internal
and boudary displacement degrees of freedom and completed to match the system size. More
details about the implementation are given by Nguyen et al. (2017).
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Appendiz C.1.2. Resolution of the constrained meso-scale BVP
The set of Egs. (136) is solved by the multiplier elimination method pioneered by
Ainsworth (2001) and detailed by Nguyen et al. (2017). The first set of equations of the

system (136) yields A = (ccT)_1 ¢ fint, allowing the system (136) to be rewritten under the
residual form

{rm = it — A =q fiur = 0, and ©5)

re=cdy —sfi; =0,

with q = I—c” (ccT)f1 c. Linearizing the system (C.5) with respect to both the micro-scale
unknown fields d,, and the macro-scale kinematic field fi; leads to

{rm + q"knqddn — q"kmc” (CCT)il [re —séfy;] =0, and (C.6)

re +cddy, —sifi; =0,

where the stiffness matrix ky, is given in Appendix C.1.1.
The solution of the meso-scale BVP is obtained by considering 6 fi; = 0 in Eq. (C.6)
and the solution reads .
Sd = —K_ T, (C.7)
with R
k., = c’c+q’k,q, and
{ (C.8)

T = T + (cT — qTky,c” (ccT)_1> re.

Appendiz C.1.3. Extraction of homogenised material tensors

Following the Lagrange multiplier elimination approach detailed by Nguyen et al. (2017)
and summarised in Appendix C.1.2; the fourth order macro-scale material tensors cy; can
be extracted in the matrix form cy; as

Opwm 0 1 od,, od,,
_ _ SOm g2 tm :
M= Sf Odn, (V(w) /w”““d””> ofs ~ Cofk (©9)

The last term on the right hand side is obtained by considering zero-residual in the system
of Egs. (C.6), yielding

M = dl;;ll (cT —q' ke (ccT)A) S, (C.10)

where the last term d = % (% L pmdaz) reads

1 (S
d:mé/wecmb dz . (C.11)

The extraction of the meso-scale material tensor (C.10) is obtained at no additional cost
since the required matrix inverse l;;l is the same as during the finite-element resolution
(C.7).
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Appendiz C.2. Resolution of AH

For conciseness, in the following, we drop the reference to the random micro-structure w
symbol, and consider the realisation u = U(w), o0 = 3(w), € = E(w), p = M(w), and the
different material tensor realisations ¢ = C®(w) and h = H(w).

Appendiz C.2.1. Resolution of the AH finite element problem
Omitting the reference to the macro-scale material point X, each meso-scale problem is

3
stated as finding the periodic h () with the periodicity constraint (158) such that

m

/ew (6v) : c(x) : Il + h(z)]de =0 Vév € UTPC(w), (C.12)

where | is the fourth-order identity tensor with Iz = %5ik5jl + %@ﬁjk, and the fourth-order

3 3
- ) )
tensor h (x) is defined as hyji, = %gjhikz + %8_xihjkl'
3 3 3(a)
Each component hy;x () is written under the form hyjy, () = ¢ (x)h
3(11)
is the shape function related to the node a = 1..n"°% and h,, is the nodal unknowns, with
3 3 3(@)
n™ the number of nodes. As a result hyjy (z) = 255 hiy () +32hjy (z) = %bg.a)(a:)hikl +

ijx> Where (@ (x)

3(‘1)
%bga (2)hj,, where b (x) is the gradient of the shape function at node a = 1..n™%.
3('1) 3(‘1)
Because h;,; = h;;;,, the unknowns can be sorted in the matrix d,, with
r 31 3(1) 3(1) T
hin g hyss
3 (nnode) 3 (nnode) 3 (nnode)
hin i1y SR LT
3(1) 3@ 3(1)
han hara hass
m3nnode><6 - .r‘u:)de ‘r'u‘)de node ' <013)
3(” ) 3(” ) 3(” )
hany hai o hggy
3(1) 3@ 3(1)
han h31a P33
3 (nnode) 3 (nnode) 3 (nnode)
P11 haia o hggy

The system of Eqgs. (C.12) is thus rewritten as
A / () ch@)de + N\ / () @b dady ., =0, (C.14)
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where b® is the elementary matrix of the shape functions gradient of size 6 x 3n™°4° and c¢

of size 6 x 6 is the matrix notation of the material tensor c. The set of Eq. (C.14) actually
consists into 6 problems that can be successively solved under the constraints of periodic
boundary condition and of zero-average on w.

Appendix C.2.2. Extension of the AH to elasto-plasticity
Using (189), the governing equation (175) at order ™!
0= {ch(X, @) : [ex (uo(X)) + &z (wi(X, @) — po (X, @)]} - V,
VX xzeQxw. (C.15)

is thus rewritten

This problem is solved by introducing the separation of variables similarly to Eq. (181) but
accounting for the eigen-strain through the tensor d,(X), which is the macroscopic portion
of the solution resulting from the eigen-strains (Fish et al., 1997), with d,(X) = 0 when

3
o (X, ) = 0. One thus has, with the third-order tensor h (X, x) periodic on w,
3
ui(z, X)=h(X, z): [ex (uo(X)) +d,(X)] € UE°(w). (C.16)
Equation (C.15) thus becomes

0 = {ci(X,z): 1+h(X, x)]:ex (ug(X))+
(X, z):h(X,x):d,(X)—ch(X,z): po(X,z)} Vo

VX xx el Xw, (C.17)
with the fourth-order tensor h (X, x) such that h;, = %%21‘1@1 + %%;ijl. Since this
equation should be satisfied for arbitrary elastic responses, this equation can be split into

0 = Vo2 {cl(X,x): I +h(X, )]} rex (uo(X)) VX xz € Q x w; (C.18)
0 = V.2 {ci(X,z):h(X,2)}:d,(X) =V, > {cA(X, z): po (X, )}
VX xx e xw, (C.19)

where -2 means a contraction on the second index of the right hand side.
Equation (C.18) is the same as in the linear case and, after multiplying by a test function,
integrating by parts and accounting for periodicity, yields Eq. (182). The resolution of this

3
system in terms of h (X, x) is detailed in Appendix C.2.1. This results in the apparent
elastic properties c;(X) defined by either Eq. (184) or Eq. (186).

3
From the knowledge of h (X, x), Eq. (C.19) can now be solved. To this end, Eq. (C.19)
3

is multiplied by h (X, x), integrated by parts over w, which, because of the periodicity of
3
h (x), results in

1 / W' (X, @) : ¢L(X, @) : h(X, @)da : d,(X) =

b / W (z): (X, @) : po (X, @) de (C.20)
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where (h”);jx1 = ;. Substituting h(X, ) by I + h(X, ) — | in the left hand side, and
using both Eq. (184) and Eq. (186) result in

du(X):ﬁ [cVOigt(X)—cgg(X)]‘l:/hT(X, x): (X, ) puo (X, x)de. (C.21)

This system can be solved using a ROM, see Appendix C.2.3.
Using this expression, the strain at zero order gy (X, @) is evaluated using Eq. (C.16)
as

g0 (X, ) =ex (ug(X))+ez (w1 (X, ) = [ + (X, x)] : ex (uo(X))+h(X, z) : d,(X).

(C.22)
The homogenised stress tensor (179) then follows as
1 1
o (X) = WLUO(X’ 2)da — W/wci(x’ 2) [0 (X, @) — po(X, 2] da
1
_ m/wcf;(x, 2): [+ h(X, @) de : ex (uo(X)) +
1 1
W/wcffl(X, @) (X, @) d,(X) - o [ X @) (X, @)
(C.23)
The overall eigen-strain tensor py (X)) is defined such that
1
—c(X) (X)) = %) / (X, z): h(X, z)dx : d,(X) —
1
V—w)/wcill(Xa CC) H’O(X7 iB)diE
1 €.
1 €.
m/wc;l(x, x)dx : d,(X) —
1
m/wcill(xa x) : po(X, T)dw
. 1
e () V(X)) -y (X) m/ci(X, 2): (X, z)da,
(C.24)
where we have used Eq. (184). Using Eq. (C.21), this last result reads
- 1
p(X) = (X)) m/ [h(X, z) + 1] s el (X, @) : po(X, x)dz, (C.25)
and the homogenised stress tensor (C.23) reads
on (X) = (X))« [ex (uo(X)) — paa(X)] . (C.26)
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Appendiz C.2.3. Reduced Order Modelling within AH
The eigen-strains pg (X, x) are approximated using the separation of variables (192).
Equation (C.21) thus becomes

N(X. @) dy(X) = 3 d9(X, 2) : u) (X) (C.27)
with k
dM(X ) = rsh(X @) s €90 - ()]
/w W (X, @) : ¢ (X, 2)h® (z)dx . (C.28)

Assuming piece-wise constant functions for h(*)(x) on the partition §w™® of w, the func-
tions h®)(z) correspond to the spatial indicators (60), repeated here below

1 ifx e dw®;

C.29
0 if not; ( )

W) = xguo (@) = {

with m L, Xswo) () Xsum () de = 6. In that case, in order to unify the notations,

the separation of variables (192) is rewritten

po (X, @) =3~ Xauw (@) ™ (X)), (C.30)

with

p (X)) = V0™ /(Mk) o (X, x)dx = V o) /wuo (X, @) x50 (x)dx, (C.31)

and Eq. (C.27) is rewritten

hX, @) :d,(X)=> d*"(X, z): " (X), (C.32)
with k
(X, @) = %mx, 2) : [ (X) — cii(X)]
W/M h'(X, x): ¢ (X, x)dx. (C.33)

Equation (C.17) is then used to deduce the micro-scale stress tensor, which, using Eq.
(C.30) and Eq. (C.32), reads

oo (X, z) =c : {[I +h(X, @) ex (uo(X)) + > _s™" (X, 2) : p" (X)} , (C.34)
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with the fourth-order tensors

Sw (k) _ qdw® 1 ife e dw®

(X, x) =d (X, ®) — lsum (x) and g m () = {O if o ¢ G (C.35)
Similarly, the strain at zero order gy (X, x) (C.22) is rewritten as

e (X, ) =[1+h(X, z)]:e )+ Zd“‘ ) p " (X) . (C.36)

The average strain on cluster dw® results from the volume averaging of Eq. (C.36), yielding

Sw® B 1
ey’ (X)) = V0] /aw(l)so(X, x)dx

= @™ (X)) ex (ug(X)) + Y d™" T (X) (X)L (C37)

with
" (X) = g [ 1K e de
_ m /w I+ h(X, @)] vauo (@) da, and (C.38)
d M (x) = m /M) & (X, x)da
= mz)d&”w(X, ) X5, () d . (C.39)

Considering the constitutive law (116) written for each cluster dw®, with the internal
variables " (X), i.c.

g3 _ 80 (68“’([) (X): 10 (X 7o, t])) 7 (C.40)

in combination with Eq. (C. 37) constitutes a set of 6 x N% equations in 5" (X), with
N% the number of clusters dw*

The homogenised stress tensor (179) then follows from Eq. (C.23) using Eqs. (C.32) and
(C.30) as

o (X) = %/ (X, ) : | +h(X, @) d : ex (wg(X)) +
L [ R U P i
v L (X, z) :h(X, z)dx : d,(X) V(w)/ w(X, @)t po(X, x)d
= ) ex WX+ i / (X, @) - d*(X, @)da: " (X) —
Z ﬁ/ci(X, x): ls,m (X, @) de ,ufsw(k)(X), (C.41)
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or using Eq. (C.35) as

o (X) = i (X):ex (uo(X) + sl (X):p™7 (X)) (C42)

with s3™ (X) = o5 [, (X, @) - ™" (X, @)da.
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Figure 35: Extraction and pseudo-samples generation using the high-number of parameters approach com-
bined with a spectral generator for non-Gaussian random field of thermo-mechanical properties by Wu et al.
(2016); The micro structure consists in a columnar poly-silicon of average grain size of about liicro ~ 200 nm:
(a) and (b) Comparison of the distribution of respectively an elasticity tensor c§; component (11) and a ther-
mal conductivity tensor sy component (3 3) extracted from the observations w! € 1§ with [ = 1..pobservation
obtained by the window technique with an SVE size lgyg = 0.5um and from the generated pseudo-samples;
(¢c) and (d) Comparison of the cross correlation of the random field {Qu(X, w) : X € Q, w € W} (295)
obtained by, respectively, the window technique and the pseudo-samples generator; and (e) and (f) Illus-
trations of a random field realisation of an elasticity tensor ci}[ component (12) obtained by, respectively,
the window technique and the pseudo-samples generator; Modified from Computer Methods in Applied
Mechanics and Engineering 310, Wu, L., Lucas, V., Nguyen, V.D., Golinval, J.C., Paquay, S., Noels, L.,
A stochastic multi-scale approach for the modeling of thermo-elastic damping in micro-resonators, 802-839.
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Figure 36: Generation by Hoang et al. (2017) of stochastic adhesive contact forces accounting for the
roughness of the surface: (a) Identification of adhesive force features; (b) 200 observations { Fyr(dy; X, wF) :
w® € W} obtained by MC of the micro-mechanics model, 10 of which are highlighted; and (c) 200 pseudo-
samples {f};(dv; X) : p = 1, 2, ...} obtained by the PCE, 10 of which are highlighted; Modified from
Tribology International 110, Hoang, T.V., Wu, L., Paquay, S., Golinval, J.C., Arnst, M., Noels, L., A
computational stochastic multiscale methodology for mems structures involving adhesive contact, 401-425.
Copyright (2017).
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Figure 37: MFH-based multi-fidelity: Extraction of stochastic equivalent MFH problems w(X; w*) from
direct computational homogenisation performed on virtual SVEs.
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Figure 38: Equivalent MFH problem defintion for each SVE realisation w(X; w*): (a) Identification of the
equivalent inclusion of equivalent semi-axes a and b and equivalent orientation 6 and of the equivalent elastic
matrix of equivalent elastic tensor €§'; (b) Case of elastic inclusions embedded in an elasto-plastic matrix
with the identification of the equivalent matrix yield stress 6y and equivalent matrix hardening law 7o (pg);
(c) Case of elastic inclusions embedded in a damage-enhanced elasto-plastic matrix with the identification
of the equivalent damage law do(pp) during a virtual elastic unloading; and (d) Case of elastic inclusions
embedded in a damage-enhanced elasto-plastic matrix with the identification of the equivalent matrix yield
stress y( and equivalent matrix hardening law 7(po) upon reloading.
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Figure 39: Equivalent parameters distributions and dependencies for the different SVE realisations w(X; ")
with w® € 10 as identified by Wu et al. (2019) in the case of elastic inclusion of volume fraction vy
embedded either in an elasto-plastic matrix or in a damage-enhanced elasto-plastic matrix: equivalent
inclusion of equivalent semi-axes a and b and equivalent orientation #; equivalent matrix Young’s mod-
ulus Ey and Poisson ratio 7g; equivalent matrix yield stress oyg and equivalent matrix hardening law
fo(Po) = /;10 Po + 1520 (1 - e_ﬁ"“)ﬁo); equivalent damage parameters not shown for conciseness; Modified from
Computer Methods in Applied Mechanics and Engineering 348, Wu, L., Nguyen, V.D., Adam, L., Noels, L.,
An inverse micro-mechanical analysis toward the stochastic homogenization of nonlinear random composites,
97-138. Copyright (2019).
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Figure 40: Generation of the identified parameters distributions and dependencies by Wu et al. (2019) of
the stochastic MFH described in Section 5.4.2 and illustrated in Fig. 39 in the case of elastic inclusion
of volume fraction v; embedded in an elasto-plastic matrix: equivalent inclusion of equivalent semi-axes a
and b and equivalent orientation 0~; equivalent matrix Young’s modulus Fy and Poisson ratio 7; equivalent
matrix yield stress 6y and equivalent matrix hardening law 7y (pg) = 12710130 + 1520 (1 - e‘m‘)ﬁ(’); Modified
from Computer Methods in Applied Mechanics and Engineering 348, Wu, L., Nguyen, V.D., Adam, L.,
Noels, L., An inverse micro-mechanical analysis toward the stochastic homogenization of nonlinear random
composites, 97-138. Copyright (2019).
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